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Zusammenfassung

Die chemische Analyse von Rohdlen und daraus hergestellten Petrochemikalien ist sehr
wichtig flr die Gewahrleistung von Wirtschaftlichkeit und Produktqualitdt. Nur durch das
Identifizieren und Quantifizieren von Bestandteilen kdénnen Probleme gelést und
Entwicklungen vorangetrieben werden. Wahrend fiir leichte Fraktionen leistungsstarke
analytische Techniken zur Verfligung stehen, bereiten héher siedende Fraktionen mit ihren
herausfordernden physikalischen Eigenschaften oft Probleme. Schwere Fraktionen sind dabei
nicht nur weniger fllichtig und |6slich, sondern besitzen auch eine gesteigerte Komplexitat.
Durch die Verschiebung des Marktes von leichten zu schweren Erdodlen, gewinnen die
schweren Fraktionen zusétzlich an Bedeutung.

Daher ist das Ziel der vorliegenden Arbeit, hochviskose, nicht verdampfbare und komplexe
Petrochemikalien mittels thermischer Analyse und gleichzeitiger Emissionsgasanalyse per
Photoionisierungsmassenspektrometrie (TA-PI-MS) zu untersuchen. Dabei stehen sowohl der
Erkenntnisgewinn Uber die jeweils untersuchte Probe, als auch die Evaluierung der Technik
fur zukinftige Anwendungen im Fokus. Durch Ausnutzung von Pyrolyse, weicher universeller
und selektiver lonisierung, sowie einem Massenanalysator mit grollem Massenbereich,
kénnen sonst schwer zugangliche Daten generiert werden. Anspruchsvolle Proben aus
unterschiedlichen Bereichen der erddlverarbeitenden Industrie sollen ein realitatsnahes
Szenario simulieren: Asphaltene als wohl problematischste Fraktion im Ausgangsstoff,
Ablagerungen aus der Verarbeitung im Steamcracker, verschieden verzweigte Polyethylene
als Endprodukte und das Recycling von Polyethylenterephthtalat.

Jede Probe hat ihre spezifischen Eigenschaften, weshalb unterschiedliche analytische
Strategien angewandt wurden. Eine detaillierte chemische Beschreibung der Asphaltenprobe
konnte durch die multimethodische Untersuchung mit komplementaren thermischen
Analysetechniken erreicht werden (Publikation 1). Die Hauptstrukturen der Ablagerungen
konnten dagegen allein mit TA-PI-MS und Pyr-GC-MS Messungen qualitativ beschrieben
werden (Publikation 2). Weiterhin wurden erste Quantifizierungsversuche zum Gehalt des
Diels-Alder-Anteils unternommen. Die Differenzierung verschieden verzweigter Polyethylene
funktioniert mit TA-PI-MS hervorragend (Publikation 3) und erste Ergebnisse deuten
mindestens auf eine semi-quantitative Methode flr kurze Verzweigungen. In Publikation 4
wurde die thermische Zersetzung von Polyethylenterephthalat mittels thermischer Analyse
gekoppelt an drei weich ionisierende massenspektrometrische Methoden untersucht.
Verstandnis Uber Zersetzungsreaktionen und Produkte ermdglicht ggfs. die Anwendung fir
Recyclingkonzepte wie beispielsweise waste-to-oil.
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Abstract

The chemical analysis of crude oils and their respective petrochemical products is very
important to guarantee economic efficiency and product quality. Problems can only be solved
and innovation enabled by identifying and quantifying components. While powerful analytical
techniques are available for light fractions, higher-boiling fractions cause problems, because
of their challenging physicochemical properties. Heavy fractions are not only less volatile and
soluble but also more complex. Due to the consistent shift in the market towards heavier crude
oils, the heavy fractions are also gaining in importance.

Therefore, the aim of this thesis is to investigate highly viscous, non-volatile and complex
petrochemicals by means of thermal analysis and subsequent evolved gas analysis based on
photo ionisation mass spectrometry (TA-PI-MS). The focus is on retrieving new findings of the
examined samples, as well as evaluation of the technique for future applications. By
exploitation of pyrolysis, soft universal and selective ionisation, and a versatile mass analyser
platform, otherwise difficult to access data can be generated. Demanding samples from
different areas of the petroleum industry simulate a realistic scenario: asphaltenes as the most
problematic fraction within feed, steam cracker fouling samples occurring during processing,
differently branched polyethylene materials as end products and recycling of polyethylene
terephthalate waste.

Each sample has its unique characteristics, requiring different analytical strategies for analysis.
A detailed chemical description of the asphaltene sample was achieved by a multi-
methodological approach of complementary thermal analysis techniques (publication 1). The
main structural motifs of fouling samples were qualitatively described by only applying TA-PI-
MS and Pyr-GC-MS (publication 2). In addition, first attempts to quantify the Diels-Alder
content were conducted. Differently branched polyethylene materials were successfully
discriminated by TA-PI-MS (publication 3), and first findings indicate an at least semi-
quantitative method for the elucidation of short-chain branching. In publication 4 a study about
the thermal decomposition of polyethylene terephthalate was conducted by means of thermal
analysis hyphenated to three different soft ionisation mass spectrometry techniques.
Understanding of the degradation reactions and product spectrum might enable the application
of recycling concepts such as waste to oil.
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Introduction

1 Introduction

Petroleum developed into a key component of economy today. Though, it is known for a long
time and was used for several purposes throughout the centuries, its worldwide breakthrough
commenced after the beginning of the industrialisation with the discovery of the refining
process (~1850). Especially the rising demand for electric power and energy dense (liquid)
fuels to power machines more efficiently, lead to a substitution of coal in many fields. Petroleum
is a fossil resource, which can be transformed into various fuels, materials and other products.
It is often referred to as ‘crude oil’ in its raw form. Like all other fossil resources, crude oil is
transformed biomass, which was subjected to intense heat and pressure over a long period of
time (i.e. millions of years). Crude oil and natural gas are formed from large quantities of dead
organisms, mostly algae and zooplankton, when buried underneath sedimentary rock,
whereas coal and methane are formed from terrestrial plants. The high energetic and anoxic
conditions cause the organic matter to alter chemically, leading to the loss of water, carbon
dioxide and methane, ultimately increasing the proportion of carbon. In addition, many more
reactions, such as cracking or dehydrogenation, take place. The resulting petroleum is a
mixture of a large number of many different hydrocarbons, in various shapes and sizes.

During refining, this mixture is fractionated by distillation. Some fractions can be directly used,
others need to be further processed. Modern refineries can be quite complex, depending on
the requirements of the produced fractions and for environmental and economic reasons. The
products are used for transportation, heating, power generation, as building blocks for various
materials, as well as for chemical and drug synthesis.

Crude oils from different oil wells can be composed quite differently, which influences their
physicochemical properties and thus their behaviour during pumping and refining. Associated
problems, such as pipe obstruction, fouling, or simply the monitoring of product quality and
yield, call for versatile analytical methods. But the complex nature of petroleum and its fractions
is challenging, especially with rising content of heavier constituents.

Different physicochemical approaches were pursued to investigate the composition of crude
oil and its products. Each analytical method has its characteristic advantages and
disadvantages. Thus, several complementary methods are usually used to get the overall
picture. Nevertheless, mass spectrometry has proven to be applicable for diverse fields and
provides valuable molecular information. The diversity of mass analyser platforms and
ionisation techniques, as well as the ability to hyphenate almost all chromatographic separation
techniques, makes it a powerful tool.

Ultra-high resolution mass spectrometry with its remarkable separation power is the state-of-
the-art analytical technique for many highly complex, petrochemical problems. Besides mass
separation power, the observed complexity can be tackled by additional fractionation,
chromatographic separation or selective ionisation. Low-resolution mass spectrometers are
less expensive and are widely applied, e.g., combined with soft (selective) ionisation or
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Industrial feedstock

chromatographic separation. Soft ionisation means that predominantly molecular ions and
fewer fragment ions are generated, which directly reduces the data complexity. Additionally,
selective ionisation can be used to filter out or focus on certain substance classes.

Chromatographic separation can be achieved by use of gas or liquid chromatography. In case
of non-volatile and insoluble samples, thermal analysis can be used for a similar purpose. In a
sense, thermal analysis can be regarded as a very low-resolution thermal separation
technique. Volatile and semi-volatile substances evaporate when their vapour pressure
reaches the ambient pressure during heating. Non-volatile compounds cannot evaporate and
eventually break into smaller fragments, which then often evaporate immediately.

The aim of this PhD thesis is the application and evaluation of thermal analysis coupled to a
photo ionisation time-of-flight mass spectrometer towards highly-viscous, non-volatile and
complex petrochemical samples. Single photon ionisation and resonance enhanced multi
photon ionisation were used to preserve the molecular pattern of samples obtained from
different stages of the process chain. New findings about asphaltenes, fouling, polyethylene
materials and recycling of polyethylene terephthalate, relatively simple handling of samples
(no or little pre-treatment) and high suitability towards non-volatile samples, indicate an
interesting and valuable technique.

2 Industrial feedstock

During the agrarian era, wood was used for domestic heating and cooking. In addition to use
as a building material, wood remained the chief global fuel for centuries.! Then, with the dawn
of the industrial era, which began around the second half of the 18" century in Great Britain,
coal substituted wood as fuel.2? Especially the invention of steam engines and improved iron
smelting procedures favoured coal for its higher energy density and low price.*® In 1847, the
chemist James Young obtained a light oil from crude oil distillation, suitable for use as lamp
oil, while the thicker oil residue could be used as machine lubricant.® But access to crude oil
was rare at the time, and Young focused on experiments with coal. Slow distillation of coal
resulted in a fluid similar to petroleum, which gave also similar products during further
distillation. Soon after, first petrochemical products, such as paraffin (lamp oil), naphtha,
lubricant and solid paraffin, derived from coal were commercially available. Enterprises all
around the world formed to satisfy the rising demand for these chemicals, including the
construction of oil wells.” The refining of crude oil is more efficient than distillation of coal, which
together with the extensive access to crude oil improved the overall productivity. Crude oil
production increased dramatically and is still growing today (Figure 1), driven by inventions,
increasing standards for living, and progressing globalisation. The internal combustion engine,
electric light, electric grid system, and polymers (among others) can be regarded as key
inventions.
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Figure 1. (A) world’s crude oil production in million tons (1965-2019), (B) global crude oil
consumption (2012).8°

Though petroleum is in principle generated all the time, its generation rate is so low compared
to the rate of consumption, that petroleum is classified as finite resource. Older studies
predicted, that the ‘peak oil’ (maximum of oil producibility) had already happened, but the
development of new discovery and production methods lead to an uncertain delay.
Nonetheless, oil reservoirs will be depleted sooner or later, when the oil production continues
as is or further grows. This, the scientifically proved global warming, caused mainly from
burning fossil resources by mankind, and other environmental problems, lead to an increasing
interest in renewable feedstock and energy sources.

2.1 Crude oil

Crude oil is a naturally occurring, yellowish-black liquid found in geological formations beneath
the Earth’s surface.'®"" It is mainly composed of a mixture of a large number of many different
hydrocarbons of varying molecular weight and structure. Besides, water, mineral salts,
heteroatoms such as oxygen, nitrogen, sulphur, nickel and vanadium, are abundant. The most
prevalent hydrocarbon substance classes are alkanes, naphthenes (cyclic alkanes),
aromatics, and heterocyclic compounds. Despite relatively narrow limits of the elemental
distribution of crude oils from different origins (Table 1), their molecular composition can vary
widely (Table 2). These variations in chemical composition as well as in the molecular weight
distribution (light vs. heavy), result in variable properties.?

Table 1. The elemental distribution of regionally different crude oils has quite narrow limits.3

Element Carbon | Hydrogen | Nitrogen | Oxygen Sulfur Metals

Percent range /wt% | 83-85 10-14 0.1-2 0.05-1.5 | 0.05-6.0 | <0.1
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Industrial feedstock

Table 2. The chemical composition of regionally different crude oils varies widely.'?

Hydrocarbon Alkanes Naphthenes Aromatics Asphaltenes

Percent range /wt% 15-60 30-60 3-30 Remainder

A shift towards heavier resources can be recognized in many fields of industrial production or
processing in general. This is mainly due to the decline of high quality, light petroleum and
increasing exploitation of unconventional sources, such as shale oil, tar oil, and oil sands.
These heavy reservoirs contain high amounts of constituents, which cause problems in the up-
and downstream process chains.'3-"7

The heaviest and probably most troublesome compounds found in crude oil are asphaltenes.
They can be obtained by the so called SARA fractionation, which separates petroleum samples
based on solubility. Different procedures were developed for that purpose, but usually an
n-alkane is used as solvent to precipitate asphaltenes at one point. The remaining petroleum
(referred to as maltenes) can be further fractionated into saturates, aromatics, and resins. The
polarity of the fractions increases from saturates, aromatics, resins to asphaltenes. Hetero
elements are mainly present in the resin and asphaltene fractions. 82

2.2 Refining and fouling

Crude oil can be directly burned for power generation, but high-value products can only be
obtained when utilising refining processes. Depending on the used crude oil, location of the
refinery, market demands, and regulations, refineries can be composed quite differently
(Figure 2).13.172223

The first step is usually the desalting unit, where mineral salts (calcium, sodium and
magnesium chlorides), other inorganic content and water are removed. The desalted crude oil
is afterwards distilled under atmospheric pressure into gases, light naphtha, heavy naphtha,
kerosene, diesel, atmospheric gasoil, and the atmospheric residue. The composition of these
boiling cuts stems from the differences in vapour pressure, which is influenced by molecular
weight, aromaticity and polarity. The maximum temperature is limited to 360 °C to avoid
thermal decomposition. Subsequently, the distilled fractions are subjected to other
fundamental refining processes. Before, it has to be assured, that sulphur and nitrogen
containing substances are naturally absent or they have to be removed by hydrotreating to
avoid catalyst poisoning. Light naphtha can be send to an isomerisation unit and heavy
naphtha to a reformer, both to increase their octane number. Sometimes different options are
available: atmospheric gasoil for example can be catalytically cracked either into gasoline
blending products or into diesel blending products. Blending of different product streams is
used to meet the specifications of fuels.
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The atmospheric residue can be further fractionated in the vacuum distillation process. The
reduced pressure (10-50 mbar) leads to a reduction of the boiling points of substances,
extending the range to higher boiling compounds. Two distillable fractions, light and heavy
vacuum gasoil, and the non-distillable vacuum residue are obtained. Heavy, low-value
products are often transformed into lighter, high-value products via cracking units. A distinction
is made between thermal cracking and catalytic cracking. Another, yet similar technique, is
coking, which can be used for the vacuum residue to produce fuel blending products and
petroleum coke. However, coke formation on walls, pipes and catalysts, is unwanted and one
of the main fouling reactions in refineries. All cracking units are prone to coke formation, as the
high temperature always leads to carbonisation.

2.3 Pyrolysis in industry and analysis

Pyrolysis is defined as the thermal decomposition of materials at elevated temperatures in the
absence of oxygen.?* It involves a change of chemical composition, often towards smaller
compounds, induced by chemical-bond scission. Some of the most important refining
processes, such as cracking and coking, are accounted as pyrolysis processes.?®> Not only
petroleum and coal can be thermally treated, also bio-based feedstock such as wood or bio-
waste.?® Prominent reactions of hydrocarbons are cleavage of alkanes into smaller alkanes
and alkenes, cyclisation of alkanes into naphthenes, dehydrogenation of naphthenes into
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aromatics, dehydration and decarboxylation.?” The parameters of pyrolysis can be altered to
shift the reaction to favorable products. The temperature, residence time, composition of feed,
use of catalyst, concentration of educts and products, and the addition of inhibitors or
reactants, such as steam or hydrogen respectively, have major influence. Different specialised,
industrial cracking processes have emerged: steam cracking, fluid catalytic cracking,
hydrocracking, visbreaking and coking.

Besides the importance to transform heavy feedstock into lighter fuels, cracking is essential
for the production of short-chain olefins for polymer synthesis, for which steam cracking is
particularly suited.?® It is the principal industrial method for producing the lighter alkenes,
including ethylene and propylene. A gaseous or liquid hydrocarbon feed like naphtha,
liquefiable propane gas, or ethane is diluted with steam and briefly heated in a furnace.
Typically, the temperature is very high at 750-900 °C and the residence time is in the order of
milliseconds. A higher cracking temperature (also called severity) yields increased amounts of
ethylene and benzene, whereas a lower severity favours propylene, C4 products (butane,
butane, and butadiene) and liquid products. Light hydrocarbon feeds such as ethane, liquefied
petroleum gas, or light naphtha give mainly lighter alkenes, including ethylene, propylene, and
butadiene. Heavier hydrocarbon (full range and heavy naphtha as well as other refinery
products) feeds give some of these same products, and also those rich in aromatic
hydrocarbons and hydrocarbons suitable for inclusion in gasoline or fuel oil.

Pyrolysis is not only used for industrial processes, but also for analytical purposes. Some
sophisticated methods rely on solubility (such as liquid chromatography or nuclear magnetic
resonance) or volatility (such as gas chromatography), which hampers the analysis of insoluble
and non-volatile samples.?%2° Pyrolysis can be used to circumvent this, by breaking down the
non-volatile material into smaller, volatile fragments.3°-34 For that reason, evolved gas analysis
and specialised introduction systems, such as pyrolysis injectors, were developed. A
distinction is made between slow and fast pyrolysis (also referred to as flash pyrolysis).

24 Polymers

A polymer is a chemical substance, which is composed of macro molecules. These macro
molecules are made of one type (homopolymer) or several types (copolymer) of repeating
structural units.?® Bio-based polymers, such as DNA or proteins, synthesised in living
organisms, are essential for life. Others, such as cellulose and lignin, can be used as material
and feedstock. Synthetic or semi-synthetic polymers are the main component for the
production of plastic materials. Polymers have become an integral part of our everyday life,
because of their broad spectrum of excellent properties. Their large molecular mass produces
unique physical properties including toughness, high elasticity, viscoelasticity, and a tendency
to form amorphous and semi-crystalline structures rather than crystals. 363
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The reaction, in which many small, uniform molecules (monomers) are combined into a
covalently bonded chain or network, is called polymerisation. Different types of polymerisation
reaction are known: step-growth, chain-growth and photo polymerisation. And even for one
type of polymerisation, such as chain-growth polymerisation, several approaches exist. Here,
an initiation reaction (radical, ionic or coordinative) yields a reactive species, which then attacks
a monomer. A bond between the reactive specie and the attacked monomer is formed, often
by exploitation of a pre-existing functionality, and the newly formed end becomes reactive in
the process. The propagation reaction repeats until a termination reaction occurs.38

Control of the polymerisation reaction enables access to differently composed polymers and
thus properties. Polymers, even homopolymers, are not uniform at all. Differences can be
present in the molecular weight distribution (MWD), branching, and for copolymers, in the
copolymer content and sequence of comonomer units. There are even more possibilities to
modify the properties of polymers: by use of additives, such as plasticisers or stabilisers, or
post-processing, such as grafting.?53° Mankind became so good in producing and manipulating
polymers that our age is sometimes referred to as ‘the age of polymers’.4°

But there are also problems associated with polymers, which often arise from their high
resistance. High durability is desirable for many applications, but negative, when the material
is deposited in a landfill or ends up otherwise in the environment. Many adverse effects on the
environment and health, caused by synthetic polymers, were observed.*’ Only a small
proportion is recycled, because of difficulties in the identification and separation of different
types of polymers. Other promising approaches are the use of renewable and decomposable
polymers, e.g. of bio-based origin, or the conversion of polymers back into monomers or usable
oil by pyrolysis.*?™5 This way, separation might become unnecessary.

3 Fundamentals of the employed techniques

The fundamentals of the techniques employed in this PhD thesis are briefly explained and
described in this section, focusing on thermal analysis, gas chromatography, mass
spectrometry, and different ionisation techniques.

3.1 Thermal analysis

Thermal analysis (TA) is a group of different material-analytic methods, in which a property is
measured under the influence of heating.*® Methods are distinguished from one another by the
property, that is measured. The coupling of subsequent chemical characterisation (infrared
spectroscopy, gas chromatography, or mass spectrometry) of off-gasses after any TA
technique is called evolved gas analysis (EGA).4” When applying EGA, oxidation is often not
wanted, because hydrocarbons are unspecifically transformed into carbon dioxide and water.
Heating under inert atmosphere, however, enables access to evaporation and more specific
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pyrolysis products. Some of the most commonly used TA methods in analytic chemistry are
explained in the following chapters.

3.1.1 Thermogravimetry

Thermogravimetric analysis (TGA) is a method of thermal analysis in which the mass of a
sample is measured over time as the temperature changes. This measurement provides
information about physical phenomena, such as phase transitions, absorption, adsorption, and
desorption; as well as chemical phenomena including chemisorption, thermal decomposition,
and solid/liquid-gas reactions (e.g., oxidation or reduction).®

A thermogravimetric analyser consists of a precision balance with a sample pan located inside
a furnace with a programmable control temperature. Heating can be dynamic or isothermal, or
any combination of these two. The heating rate for dynamic heating or to achieve an isothermal
temperature has great influence on the sensitivity and accuracy of TGA. In general, a higher
heating rate lowers accuracy but increases sensitivity, and vice versa. Depending on the
question of interest, the atmosphere can be chosen accordingly. Redox reactions (e.g., with
oxygen or hydrogen), hydration (mixture of gaseous water/inert gas) or others, as well as under
inert atmosphere (e.g., nitrogen or noble gas). When corrosive gasses are used or corrosive
off-gasses are produced, the sensible parts of the balance need to be protected by an
additional and sufficient flow rate of inert purge gas.

Two designs dominate the market: horizontal or vertical balance beam (Figure 3). The
horizontal design is strongly influenced by buoyance, which lowers its accuracy, but also
supports the transport of off-gasses away from the sample pan. The accuracy is higher for the
vertical design, but a higher flow rate is needed for experiments with off-gassing. Flowrate and
thus, the dilution, is an important factor in subsequent EGA.

3.1.2 Differential thermal analysis

Differential thermal analysis (DTA) enables qualitative and (semi-)quantitative investigation of
all processes involved in enthalpy changes.*® Two pans are installed in a symmetrical set-up,
one for the sample and another for an inert reference. The reference material must not undergo
any phase change in the investigated temperature range, which is why alumina (Al,Os) is often
used. The temperature of each pan is measured precisely and the difference between both is
determined. The DTA curve is obtained, when this differential temperature is plotted against
time or temperature. During heating, heat flows identically into the sample and reference
material. Changes in the sample cause either a temperature rise (exothermic) or temperature
decrease (endothermic) relative to the inert reference. Thus, a DTA curve provides information
on the transformations, such as glass transitions, crystallisation, phase change, and
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decomposition. The on-set of phase change is a specific property of a substance and can be
used for identification, while the peak area provides (semi-)quantitative information.

A Outlet B
Sample pan —— | ud
Reference pan
Thermocouplereference | T

Thermocouple sample

Balance beam

Heat shield }
Balance beam
Furnace Furnace
] |~ Sample pan with thermocouple
Purge gas, e.g. N, — Reference pan with thermocouple

Figure 3. Scheme of two STA setups used in this PhD thesis: horizontal design, capable of
TGA and DSC (A), and vertical design, capable of TGA and DTA (B). Additional parts for
controlling, heating and computing are not depicted.

3.1.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a development of DTA. In principle, the differential
temperature is also measured, but it is directly converted into the heat flow difference by
calibration.*® This way, transitions and calorimetric values, such as enthalpies or heat
capacities, can be easily determined. There are two common set-ups for DSC devices:
constant heat-flux and power compensated DSC. Constant heat flux is also the usual approach
used for DTA and simultaneous thermal analysis (STA). Reference and sample pan are
located in the same furnace and subjected to the same heat flux. In STA, TGA and DTA (or
DSC) are measured simultaneously. Power compensating DSC is done in two separate,
thermally insulated furnaces for reference and sample, respectively. The temperature is
controlled, so that it is identical for both chambers. The power to achieve and maintain this
status is recorded, instead of the temperature difference in heat flux DSC. DSC is a valuable
tool for many applications, particularly in the field of polymer science.

3.2 Gas chromatography

Gas chromatography (GC) is a widely used separation technique for volatile and semi-volatile
compounds within mixtures. It belongs to the group of adsorption and partition
chromatography, in which different interactions of the individual components with the stationary
and mobile phase are exploited.?%%' A gas chromatograph is mainly composed of an inert gas
supply, an injector, an oven equipped with a column, and a detector (Figure 4, A). The sample
must be gaseous or volatilised prior to analysis. An inert gas (e.g., nitrogen, helium or
hydrogen) is used as mobile phase and transports the gaseous mixture from the heated inlet
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into and through the column. Different kinds of columns exist, but todays most used columns
for complex hydrocarbon mixtures are probably wall-coated open tubular columns (WCOT).
They are based on gas-liquid interactions and have the highest separation power.

Mobile phase

(e.g. He) Inbuilt detector

Injector (e.g. FID)

External
Detector
(e.g. MS)

Figure 4. Scheme of a gas chromatograph; a syringe can be used to introduce liquid or
gaseous samples into the depicted injector, while a pyrolysis injector can be used for solid
samples. Different inbuilt or external detectors are available.

Liquid and gaseous samples are introduced into the injector by a syringe. The injection is the
starting point of the measurement and, thus, has to be quick to avoid peak broadening. The
inlet (or liner) in the injector is heated to guarantee total and immediate evaporation. The
gaseous mixture is then transferred into the column. Solid samples can be analysed when a
pyrolysis introduction unit is used. Different polysiloxanes and variations of their end-groups
are used to produce a spectrum of phases with a variety of different polarities, thicknesses,
and stabilities. A 100% polydimethylsiloxane (PDMS) phase can be used for nonpolar
mixtures. Here, separation is mainly based on differences in the vapour pressures and weak
van der Waals interactions. A slightly polar phase, which enables induced dipole and/or Tr-17
interactions, is obtained when exchanging 5% of the methyl moieties by phenyl. The polarity
can be increased by raising the ratio of phenyl groups, or by incorporation of other polar
moieties.5253

Besides, the choice of the mobile phase, its flow rate and the temperature programme are
important as well. The temperature programme is chosen based on the volatility of the present
analytes and the difficulty to separate them. Dynamic heating is often used with or without
isothermal steps for complex mixtures with a range of different boiling points.

A detector records the eluting compounds at the end of the column. Different one-dimensional
or structural elucidating techniques are available. The flame ionisation detector (FID), for
example, is suited to register hydrocarbons, as it is sensitive towards C-H-bonds, but it does
not yield any structural information.?* The retention time is a measure of the time taken for a
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substance to pass through a chromatography column. It is calculated as the time from injection
to detection and can be used for identification. However, there are analytical problems, for
which structural information are mandatory. These information can be provided by techniques
such as infrared spectroscopy (IR) or mass spectrometry.

3.3 Mass spectrometry

The principle of mass spectrometry (MS) is to measure the mass of molecules.%>% Since single
molecules cannot be handled and put on a balance, other means have to be applied for that
purpose. Therefore, ionisation is used to transform the neutral molecules into ions, which can
be easily controlled with help of magnetic and electric fields. Mass spectrometers are
composed of an inlet, an ionisation source, a mass separator (mass analyser), and a detector.
The mass analyser separates the ions according to their mass over charge ratio (m/z).
Afterwards a detector records the intensity. Collisions of ions with other particles lead to charge
transfer and should be avoided, for which reduced pressure is used. Though, ion sources and
collision cells exist, in which collisions are tolerated or even wanted. Mass spectrometry
developed into a powerful and diverse analytical tool. By now, it is possible to study a large
quantity of samples in the gaseous, liquid and solid state. Even difficult samples, such as
polymers, proteins or complex mixtures, are investigated. Couplings to other techniques, such
as gas chromatography or liquid chromatography, produce valuable information. High-end
devices, such as the Fourier-transform ion cyclotron resonance technique, have such high
resolution, that not only highly complex mixtures are resolved, the sum formula of compounds
can also be directly calculated based on the measured ‘exact’ mass.

3.3.1 lonisation techniques

A wide variety of ionisation techniques exist. They can be divided by the pressure, under which
they are operated, and their tendency to fragmentate the analytes.%57:58 |onisation techniques
operated at highly reduced pressure, belong to the vacuum ionisation techniques.%® Samples
have to be either introduced by a limited gaseous stream, or have to be placed inside prior to
analysis (direct inlet probe) to avoid breaking the vacuum. As the name suggests, atmospheric
pressure ionisation is operated under ambient pressure, which enhances the applicability of
MS especially towards liquid samples. But in contrast to vacuum ionisation, collisions between
ions and neutral particles can induce charge transfer to more stable ions, resulting in possible
ion suppression of less stable ions. Another distinction is made between hard and soft
ionisation.® An ion is generated, when the energy transferred to a molecule is exceeding its
specific ionisation energy. Hard ionisation techniques strongly exceed the ionisation energy,
which leads to heavy fragmentation of most molecules. Soft ionisation circumvents heavy
fragmentation by use of less excess energy. This way, less fragments and more molecular
ions are formed. The inlet and ionisation determine strongly, what is studied. It has to be
guaranteed, that the compounds of interest are sufficiently introduced and ionised.
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Electron ionisation

Electron ionisation (El) was one of the first mass spectrometric ionisation techniques and is
still very popular today. It belongs to the hard ionisation techniques, because of heavy
fragmentation.>> A hot cathode emits electrons, which are usually accelerated at 70 V
(= 70 eV). The analytes are introduced in a perpendicular orientation to the beam and pass
through it. When a molecule gets hit by the beam, an electron of the molecule is expelled,
leaving a positive charge and high excess energy on the molecule behind. Typically, the
ionisation energy of organic molecules are in the range of 7-15 eV, which is substantially lower
than 70 eV. At this value, however, the de Broglie wavelength of the accelerated electrons
matches quite well with the typical bond lengths of organic molecules, maximising the
probability of an energy transfer. In addition, the ionisation efficiency does not change much
for small fluctuations in this region, resulting in very reproducible spectra of El. The excess
energy is dissipated by various processes, many of which can be fragmentation reactions. The
fragmentation observed is defined by the chemical structure of the analyte and the resulting
highly reproducible pattern of fragmentation can be used for structural elucidation and
identification of unknowns.® This reproducibility has been exploited to develop user-generated
and commercial libraries of spectra, which can be rapidly searched for comparable spectra.
Electron ionisation is in particular helpful, when chromatographic separation is used and no or
only little co-elution happens. In case of no pre-separation, the vast amount of fragments can
hinder the interpretation of mass spectra of complex mixtures.

Single Photon lonisation

Single photon ionisation (SPI) is a photo ionisation (PI) technique.?® Photons with an energy
equal to or higher than the ionisation energy of the analytes (Epnoton = Eig) are exploited for
ionisation (Figure 5). Since the energy is usually adjusted to be just above the ionisation
energy, SPI is accounted to the soft ionisation techniques. The photons are usually generated
by lasers, lamps or at a beam line. One possibility for the generation of photons with a
wavelength of 118 nm (= 10.5eV) is to use a xenon-filled gas cell and a Nd:YAG laser
(neodymium-doped yttrium aluminum garnet; Nd:Y3AlsO+2). Lasers produce pulses with high
photon densities, while lamps (deuterium discharge or electron beam excimer lamps) are less
sensitive but continuous and cheap. The best sensitivity and brilliance can be obtained at beam
lines, but the measurement time at such facilities is highly limited.

Single photon ionisation is often considered a universal ionisation technique, because all
substances with an ionisation energy less than that of the SPI photons are ionised.%® This is
true from the perspective of a petroleum analyst, but many inorganic substances, such as
water (E| = 12.6 eV), nitrogen (Ei = 15.6 €V) or carbon dioxide (E; = 13.8 eV), are excluded.
This can be quite advantageous, when evolved gas analysis is applied, where these gases
would interfere with the analysis. While the cross section (probability for interactions between
the molecule and the energy transmitting particle) of different substances is almost identical
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for El, it differs greatly for SP1.61.62 This means for qualitative analysis, that the quantity cannot
be directly estimated, and calibration curves or cross sections have to be determined. The
overall lower cross section of SPI compared to El explains why the photon density has such a
huge effect on sensitivity. Too high photon densities however, can lead to multiple absorption
and increased fragmentation.

The big advantage of soft ionisation is, that no or only a few fragments and mostly molecular
ions are formed. Resulting spectra are clear, which is in particular useful when complex
mixtures are analysed. When using El, many different constituents yield the same fragments
and cannot be distinguished from each other, which makes pre-separation necessary.

Resonance Enhanced Multi Photon lonisation

Resonance enhanced multi photon ionisation (REMPI) belongs also to the PI techniques.
Usually, photons with a lower wavelength (UV range) than those used for SPI (vacuum UV
range) are used here.583 And instead of a single photon absorption, multiple photons have to
be absorbed to reach the ionisation energy (Figure 5). In contrast to photons with energies
above the ionisation threshold, the first photon(s) can only be absorbed, if the molecule has a
free energy level to which it can be promoted. The resulting excited state (M*) returns to the
ground state over time by radiative or non-radiative relaxation. The processes and states differ
for different molecules, as well as the life-times of these states. The probability to absorb
(an)other photon(s) is higher for molecules, which can stabilise the excited state for longer
times. The need of a molecule to meet all three criteria for ionisation (accessible, long-lived
excited state and exceeding the ionisation energy), leads to selective ionisation.

contiEuum continuuml continuum ;
IE+ + + M+

virtual state
r 3

M*

Energy

0 -, -, -,
SPI [1+1}-REMPI [1+2}-REMPI

Figure 5. Scheme of different photo ionisation techniques; photons for SPI inhabit enough
energy to reach the ionisation continuum in one step; [1+1]-REMPI is performed by two
subsequent absorptions of photons of the same wavelength, while the example of [1+2]-
REMPI is achieved by mixing two different wavelengths.
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Very high photon densities are required to obtain a sufficient probability for a molecule to get
hit multiple times, which is why REMPI is exclusively performed with help of lasers. By varying
parameters like wavelength and pulse duration, the selectivity towards different compounds or
compound classes can be controlled. By shortening the laser pulse, less long-lived states can
be used. Altering the wavelength can be used to address the accessibility of the intermediate
excited state, but also for reaching the ionisation continuum. Mixing of different wavelength
enhances the possibilities, but also the instrumental requirements. One of the easiest setups
is probably [1+1]-REMPI with a wavelength of 266 nm (fourth harmonic generation of a
Nd:YAG laser) or 248 nm (krypton fluoride laser). Both wavelength are excellently suited to
address aromatic and heteroaromatic compounds. The ‘[1+1] suffix refers to the absorption of
one photon for excitation and reaching the ionisation continuum respectively.

3.3.2 Mass analysers

Many different physical principles have been exploited to construct mass spectrometers. An
ideal mass analyser does not exist, each and every one has its own advantages and
drawbacks.5%84 Characteristic properties of mass analyser are: resolution, mass range, spectra
per second, transmission and duty cycle (and scan speed).

Sector field instruments use a static electric or magnetic sector (field) or some combination of
the two (separately in space) as a mass analyser.?455 lons passing through the field are forced
on curved flight trajectories, which are dependent on their m/z ratio, by the Lorentz force.
Usually, the magnetic field is altered to scan for different m/z values, or multiple ions are
detected simultaneously by use of locally resolving detectors or use of multiple detectors.

Quadrupole mass spectrometers consist of four hyperbolic or cylindrical rods, which are
arranged in a square (xy-plane) and extend into the z-plane. They are used for the generation
of an electric field for the manipulation of ions, which travel between the rods. The opposite-
faced rods are held at the same potential, which is composed of a direct current and an
alternating current. For every m/z value (or a range of m/z values), certain conditions exist,
under which a stable trajectory is achieved to pass through. All other ions cannot reach a stable
trajectory and eventually hit a rod or wall. Therefore, quadrupoles need to scan over a selected
mass window to obtain a mass spectrum and can be used as excellent mass filters for other
purposes.

The best resolution power and mass accuracy can be attained with Fourier transform (FT)
mass spectrometers. Fourier-transform ion cyclotron mass spectrometry (FTICR-MS) uses a
homogeneous, static magnetic field, while the Orbitrap technology uses an inhomogeneous,
static electric field. Common to both is the detection of the free induction decay (FID),
subsequent Fourier transformation of the transient into the frequency domain and translation
into the m/z scale afterwards. The high performance rests on the periodic detection of the
image current. lons, which pass by the detection electrodes on circular tracks, induce a charge
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without getting destroyed. The two FT-MS analysers are classified as ion traps, because of
their accumulation and storing behaviour. The destruction-free detection enables furthermore
collision induced dissociation and subsequent MS/MS experiments. Different designs and
concepts of ion traps exist, some are based on the FTICR (e.g., Penning trap), Orbitrap or
quadrupole (e.g., linear quadrupole ion trap or quadrupole ion trap) technology and can be
used for mass analysis. Others (such as RF multipole ion traps) are only used for transport,
accumulation, storage and as collision cell prior to insertion into a mass analyser. Devices,
which are composed of different ion storing and/or analysing techniques, are called hybrid
devices. lon traps are usually very sensitive towards the ion loading and benefit from controlled
ion insertion. Another technique is time of flight mass spectrometry, which is explained in detail
in the next chapter.

Time of flight mass spectrometry

The principle of time of flight (TOF) mass spectrometry is to uniformly accelerate ions into a
field free drift region of a known length and measure the time for the ions to hit the detector at
the end of it (Figure 6).5° Either the ionisation or the ion extraction has to be pulsed for that
purpose. Separation is achieved, because of the ions inertia: when applying the same amount
of kinetic energy to each ion, the velocity varies depending on the respective m/z value. The
acceleration of ions is achieved by use of an electric field, in which the potential energy is
converted into kinetic energy in the process. In reality, the ions cannot be perfectly separated,
because of fluctuations in their initial energy (e.g., thermal and kinetic energy) and location
within the acceleration potential. The coulomb repulsion of like-charged ions leads to similar
fluctuations. The local dispersion can be reduced, and thus the mass resolution improved, by
refocusing, which can be achieved by use of an ion mirror (reflectron).

Repellerplate ()

fnlet Laser beam Reflectron
Extractor \\\\\
plate (+ m, > m
©-o 7
Detector
Acceleration Drift region Reflectron

Figure 6. Scheme of a reflectron time of flight system, equipped with photo ionisation.%®
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The big advantages of TOF mass spectrometers are no limitation of the m/z range, a very fast
duty cycle (and thus high repetition rates), high transmission and sensitivity, as well as
relatively low cost and a compact design. They can be used for many purposes, such as
accurate mass determination or MS/MS. The arrangement of multiple reflectrons in a multitude
of V-shapes, enable measurements with high resolution, reaching above R = 50,000.

3.3.3 Detection

The earliest detection of ions was realised with the help of photo plates. Today, this rather
unpractical method is substituted by electronic devices. The easiest detector for most mass
spectrometers, which rely on ion counting, is the Faraday cup. A cup-shaped electrode is
impinged by the mass-analysed ions, transferring their charge onto the electrode. The resulting
current flows through a high resistor, creating a measureable voltage. Detectors used for FT-
MS function in a different way and detect the image current, which is induced by ions passing
by electrodes.%®
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Figure 7. Scheme of a linear channeltron (A) and a microchannel plate (MCP) in a Chevron
configuration (B).%®

The principle of secondary electron multiplication is used by the secondary electron multiplier
(SEM), channeltron and microchannel plate (MCP) detectors. In general, ions impinge on the
surface of a charged metal or semiconductor electrode, which causes (secondary) electrons
to be emitted. They are accelerated in a strong electric field, hitting similar surfaces and
causing an electron cascade, which is ultimately detected by an anode. In a SEM this is usually
realised by 12—18 discrete electrodes, each having a 100 V more positive potential than the
electrode before. Channeltrons are composed of one continuous tube with an applied voltage,
which continuously decreases over the length of the tube (Figure 7, A). Better results are
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achieved with a horn-shaped tube. The curvature reduces the average free length of path of
ions produced by collisions of residual gas and electron impact. The MCP detector is a direct
development of the channeltron (Figure 7, B). In fact, modern MCPs are composed of millions
of miniaturised linear channeltrons, symmetrically perforating a thin plate. The axis of these
micro-canals is slightly tilted by a few degree in relation to the surface of the plate to avoid,
that ions pass without colliding with the walls. The amplification of one plate is roughly 103-
104, which is much lower than the amplification of a SEM or a channeltron (~106-108). By
stacking two or three MCPs above each other in a V- or Z-configuration (each plate rotated by
180°), the amplification can be increased to 10°—108. MCP detectors can be modified to yield
spatial resolution. The signal from the electron-collecting anode is again amplified in a
subsequent preamplifier by the factor of 106-10°. Then, an analogue-to-digital converter
translates the continuous values into discrete values, which is necessary when a computer is
used for recording and data handling.

4  Concept of this work

Despite the existence of many different ionisation and introduction techniques, mass analysers
and complementary analytical methods, samples and analytical problems remain, which
cannot be handled well or even at all. Since many techniques rely on solubility (e.g., NMR,
LC), volatility (e.g., GC, vacuum ionisation-MS) or polarity (e.g., atmospheric ionisation,
MALDI), the analysis of especially non-volatile, insoluble and nonpolar substances remains
challenging. In particular, when these substances are part of or completely make up complex
mixtures.

Development of improved devices or new techniques can fill these analytical niches. Another
approach is the combination of results of several techniques, or the hyphenation of different
devices into one setup. Either way can yield more than just the sum of the information.
Available information about the origin of the sample or bulk information (e.g., elemental
analysis or IR) prior to analysis, help in choosing a suitable setup. A routine bulk method used
for polymers is thermal analysis. Some polymers fulfil the above mentioned characteristics.
They are composed of many similar yet different molecules and thus can be regarded as a
complex mixture. Therefore, TA might be very well suited for other challenging samples as
well. Beside transitions (glass transition, melting and evaporation), the decomposition of the
material can be studied. By hyphenating TA to a molecular analyser (e.g., IR or MS), more
valuable information can be obtained. However, decomposition reactions increase the
complexity of a mixture. This is why either separation techniques or, in case of MS, soft
ionisation approaches, such as SPI or REMPI, need to be employed. Photo ionisation enables
time resolved, online measurement of the evolving gas (Figure 8). Consequently, this work
aims to unravel the potential of thermal analysis and subsequent soft photo ionisation mass
spectrometry for challenging petro-based samples from different stages of the process chain:

Dissertation, 2021 17



Results

asphaltenes from within potential feed, fouling occurring during processing, polyethylene as
an end product and recycling of polyethylene terephthalate by pyrolysis (Figure 9).

Heated interface
(250 C)

z

Sample pan

Thermal analyser ) Time-offlight MS

Figure 8. Setup of the thermal analysis—photo ionisation mass spectrometry (TA-PI-MS),
equipped with SPI (118 nm = 10.5 eV) and REMPI (266 nm = 9.6 eV). Samples are heated
within the thermal analyser and evaporate or decompose. The evolving gas is then transferred
into the ion chamber of the TOF-MS and is subsequently ionised either by SPI or REMPI.

5 Results

During crude oil production and refining, several
challenging fractions occur. In this work, asphaltenic

fractions, fouling samples and polymers (polyethylene and Pyrolysis
Products

Asphaltenes

polyethylene terephthalate) are studied by TA-PI-MS. In a
sense, these samples simulate a real life scenario, in which TA-PI-MS
crude oil fractions are used as feed for a steam cracking
facilty to produce light olefins for the subsequent
production of polymers, which are recycled at the end of

their life time. Asphaltenes within the crude oil fractions can
cause trouble in up- and down-streams, such as fouling
inside a steam cracker. The main product, ethylene, is Figure 9. Visualisation of the
transformed into different types of polyethylene materials, concept: four samples from
which structural elucidation is important to further different production sections.
understand and improve the adaptability of its properties.

Pyrolysis of polyethylene terephthalate to obtain reusable feed is one possibility of recycling.

New findings about these samples and the evaluation of TA-PI-MS applicability is presented.
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5.1 Analysis of asphaltenes

During oil production and refining, several problems such as flow assurance or processing
issues are often triggered by asphaltenes. Therefore a molecular understanding of this highly
intricate fraction is of particular interest.6:6667 Asphaltenes are defined as a fraction soluble in
toluene, but insoluble in n-alkane (such as n-pentane, n-hexane or n-heptane). The
composition and structure are still part of discussion and investigation, and only a few
standardised analysis methods, concerning mainly sum or bulk parameters, exist.'®
Asphaltenic fractions are ultra-complex mixtures with high aromatic content, a variety of
heteroelements and chemical functionalities, and a broad mass range. Over the last few
decades, a lot of effort has gone into deciphering their molecular architecture, whereby two
opposed models are discussed: island (a large aromatic core with side chains) and archipelago
(several smaller aromatic cores connected by linkers) structure. A single analytical technique
is not sufficient to provide throughout information, which is why several complementary
methods are often used.88% State-of the art techniques for the chemical characterisation of
asphaltenes on the molecular level are mainly mass spectrometric approaches, such as direct
infusion atmospheric pressure ionisation ultrahigh-resolution mass spectrometry.6-68.70 |n
addition, high-field nuclear magnetic resonance (NMR) spectroscopy and absorption
spectroscopic approaches, such as X-ray absorption near edge structure (XANES) as well as
high-performance liquid chromatography, are deployed.®”.7'-7* Thermal analysis, regarding
evolved gas analysis, coupled to various analytical detectors has also become a powerful tool
in petroleum analysis and other areas.®”.7>-"7 Besides spectroscopic approaches, such as
infrared spectroscopy for fingerprint pattern or small-molecule quantification, mass
spectrometry is the favoured coupling technique.”8° Pyrolysis gas chromatography was
conducted extensively with low resolving mass analysers and hard ionisation to study thermal
decomposition products.8'-8 Unfortunately, until now, no single mass spectrometric technique
is capable of a comprehensive analysis of the complex pyrolysis effluent. Therefore, choosing
an ionisation source is crucial, and different methods will cover different chemical spaces. For
the thermal analysis of petroleum fractions, most often nominal resolving mass analysers with
hard ionisation are used, which enable robust pattern information.8” Nonetheless, soft
ionisation techniques become more important in mass spectrometry and thermal analysis
coupling. The generation of molecular ions, instead of an intense fragment pattern, reduces
the complexity of the mass spectra and allows for an easier molecular assignment. With the
selection of a particular soft ionisation technique, control of selectivity can be achieved. In case
of REMPI, aromatic compounds are selectively ionised,? whereas atmospheric pressure
photo ionisation (APPI) reveals a high ionisation efficiency for aromatic and sulphur containing
species and atmospheric pressure chemical ionisation (APCI) has a high ionisation efficiency
for medium-polar and polar constituents.®>°" Asphaltene pyrolysis has not been studied before
with photo ionisation techniques, with either vacuum PI or atmospheric pressure P1.67
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In order to gain deeper insight of the asphaltene composition, the heptane (C7) asphaltene
and its parent crude oil, distributed within the ‘Asphaltene Characterization Interlaboratory
Study for PetroPhase 2017°, were characterised on the molecular level. Three different thermal
analysis mass spectrometry hyphenations with five diverse ionisation techniques were
deployed: (1) thermal desorption/pyrolysis gas chromatography electron ionisation (TD/Pyr-
GC-EI-MS), (2/3) thermal analysis single photon ionisation/resonance enhanced multi photon
ionisation (TA-SPI/REMPI-MS) and (4/5) thermogravimetry atmospheric pressure photo-
/chemical ionisation ultra-high resolution mass spectrometry (TGA-APPI/APCI-FTICR-MS). As
shown for pyrolysis gas chromatography in the literature, the thermal decomposition products
of the macromolecular structure give information about the respective building blocks and add
valuable information to the molecular architecture debate. The different ionisation techniques
cover a particular molecular space and exhibit a certain part of the chemical signature of the
evolving gas. TD/Pyr-GC-EI-MS provides structural information of the medium-sized evolving
products, based on retention time and fragmentation pattern. The universal and soft ionisation
character of TA-SPI-MS offers a general overview of evaporation and thermal decomposition
over a very broad mass range. In particular small compounds, such as cleaved sidechains,
can be easily tracked. Selective REMPI, APPI and APCI however, are used to investigate
aromatics, aromatics and sulphur containing compounds, and medium-polar to polar
compounds, respectively. In addition, the FTICR mass analyser enables determination of the
exact mass (and thus of the elemental composition) of the constituents ionised by APCI/APPI.
Combination of the five diverse data sets containing different comprehensive information yields
a comprehensive image.

5.1.1 Results from TA-SPI/REMPI-MS

Bulk information such as thermal analysis data are usually the first to interpret. For the
asphaltene, the mass loss curve shows no significant desorption step (<3.5 wt%) but a
relatively sharp pyrolysis step with a maximum at 435-460 °C. About 47—49 wt% of the initial
in-weight volatilises under nitrogen atmosphere. The remaining mass is oxidised at 820 °C,
leaving no measurable residue behind. A look at the elemental analysis (EA) reveals, that
about 0.1 wt% of the sample is made up by inorganics (i.e., mainly nickel and vanadium) and
about 99.9 wt% are made up by carbon (81.5 wt%), hydrogen (7.4 wt%), sulphur (7.4 wt%),
oxygen (1.5 wt%) and nitrogen (1.3 wt%). Thus, about 99.9 wt% are expected to volatilise
under oxidative atmosphere at the latest and only a very small proportion forms non-volatile
oxides (e.g., NiO or V20s), which is below the limit of detection of the applied TGA methods.

The crude oil however, shows strong desorption over a broad range (~40 wt%, 50-300 °C),
which transitions into pyrolysis (~53 wt%, 300—460 °C) and only ~5 wt% are oxidised at
elevated temperatures. The definition of pyrolysis temperature is arbitrary here. It is dependent
on the stability of the investigated compounds and probably higher for relatively stable petro-
chemicals, as seen for the asphaltene (offset at ~400 °C). A more precise classification can
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be undertaken, when considering the mass spectrometric data. Nonetheless, it can be stated,
that the asphaltene is mainly made up by non-volatile constituents of the parent crude oil. In
addition, the elemental composition of the crude oil differs and is as follows: carbon (83.9 wt%),
hydrogen (12 wt%), sulphur (3.0 wt%), oxygen (<0.4 wt%) and nitrogen (3.5 wt%), and the
inorganic content is roughly one order of magnitude lower. The less abundant hetero-atom
content and aromaticity, compared to the asphaltene, is no wonder, when considering, that
asphaltenic fractions are supposedly composed of highly aromatic cores and a high hetero-
atom content.
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Figure 10. Survey plots of TA-SPI-MS measurements of the parent crude oil (A) and the
respective heptane asphaltene (B).

Though thermal analysis has a low thermal separation power and constituents with similar
vapour pressures appear simultaneously, compounds with high vapour pressure evaporate at
lower temperatures than compounds with low vapour pressure, leading to the typical
successive evaporation pattern (Figure 10, A [a]). With the beginning of pyrolysis processes,
the pattern changes to the simultaneous detection of small and high m/z values (Figure 10,
A [b]). As stated before, the asphaltene shows no significant signals during desorption (Figure
10, B). When examining the evaporation phase of the crude oil (not shown), the typical oil
pattern can be recognised, ranging from m/z 34—-400. Homologue series have a spacing of
m/z 14 (CHz-group), while a spacing of m/z 2 (H.) indicates unsaturated or cyclised species.
Nominal masses are assigned based on molecular ion information, general knowledge about
petroleum and cross-verification by Pyr-GC-MS. Main substance classes are alkenes, (cyclo-
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Jalkanes and alkylated aromatics (benzenes, naphthalenes, anthracenes, phenanthrenes and
many more). Cycloalkanes and alkenes share the same m/z values and cannot be
distinguished by sole TA-PI-MS. But it is known from literature, that the signals occurring in the
evaporation phase belong most certainly and exclusively to cycloalkanes. Alkenes are typically
present during pyrolysis, when long chains or side-chains are cleaved.?> Besides, a small
proportion of hydrogen sulphide (H>S, m/z 34) was found.
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Figure 11. Summed mass spectra of TA-SPI-MS measurements of the parent crude oil and
the respective heptane asphaltene during pyrolysis (400-550 °C). Adapted based on
literature.®”

When looking at the summed SPI-MS spectrum of the crude oil (Figure 11, A) during pyrolysis,
high—medium signals of alkenes (m/z 42, 56, 70, 84, 98), dienes (m/z 68, 82, 96, 112, 126)
and hydrogen sulphide and low signals of aromatics (m/z 106, 120, 134, 162, 176, 190) can
be seen. The summed TA-SPI-MS spectrum of the asphaltene looks quite similar (Figure 11,
B). The general signal intensities and relative signal of hydrogen sulphide are however higher.
With REMPI, most of the before low abundant aromatic signals are strongly pronounced
(Figure 11, C & D). REMPI is more sensitive than SPI for polycyclic aromatic hydrocarbons
(PAH) and signals of highly abundant non-aromatics in general or non-aromatic isobars are
discarded, leading to a better dynamic range for aromatics. Both samples reveal a strong and
broad aromatic hump, ranging between m/z 92-500. The signal intensities found for the crude
oil are however one order of magnitude lower than for the asphaltene. This is why overlapping
signals originating from evaporation have a strong influence and lead to a broader distribution
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especially in the high m/z region. Dealkylation of aromatics, which do not belong to the
asphaltenes, can also distort REMPI and SPI spectra. Thus, clearer and more reliable results
are obtained, when focusing on the asphaltene data. The average length of cleaved side-
chains calculated from SPI-MS data is 9.1, which equals to m/z ~126. Evaluation of the REMPI
pattern resulted in an average alkylation number of 2—3 for benzene, 8-9 for naphthalene and
6—8 for bigger condensed rings. The strong resemblance of both samples during pyrolysis
arises from the fact that a big proportion of the contituents of the crude oil decomposing at high
temperatures are probably asphaltenes. A few odd-numbered masses could be tentatively
assigned to alkylated nitrogen containing aromatics, i.e. alkylated benzocarbazole (m/z 259,
273, 287 and 301). Pronounced m/z values of sulphur and oxygen containing aromatics were
not found for different reasons: (1) the wavelength of 266 nm is not ideal for the ionisation of
sulphur or oxygen containing aromatics, (2) highly abundant CH-isobars hamper the detection,
(3) which is aggravated by the nominal mass resolution. Different strategies can be pursued
to improve the utility of TA-PI-MS data. One is the additional application of chromatographic
separation, either in-built (such as fast GC) or by an external, complementary technique (such
as Pyr-GC-MS). A change in selectivity and an improvement in sensitivity for certain substance
classes can be achieved by utilising other wavelengths (e.g. REMPI at 248 nm) or by other
selective ionisation schemes such as APPI or APCI. Isobars can also be separated by high-
resolution mass spectrometry. Both, more selective ionisation techniques and high-resolution
MS are exploited in our applied TGA-APCI/APPI-FTICR-MS method.

5.1.2 Results from Pyr-GC-MS

Access to gas chromatographic separation of pyrolysis products was obtained by treating the
asphaltene sample at 500 °C inside the introduction system of the TD/Pyr-GC-MS. Due to the
broad distribution of very light to heavy products and the complex character of asphaltenes,
separation is not ideal. Short constituents (<C9) are not well resolved and are mainly detected
as one hump. Evidence or indications, at least, of hydrocarbons down to C2, as well as
hydrogen sulphide and small amounts of sulphur dioxide (SO2, m/z 64) and carbon dioxide
were found. Little contents of these oxygenated species come from residual oxygen introduced
together with the sample or from within the sample and indicate nearly oxygen-free conditions.
The hydrogen sulphide might be a product of thiol functions. A defined (cyclo-)alkane and
alkene pattern becomes obvious between C10-C37. An average side-chain length of 8.2 is in
good agreement with the average side-chain length obtained from SPI (9.1). Small differences
arise mainly from the milder heating of TA and the slightly biased ionisation efficiency of SPI.
Though the cross section of SPI diverges only by a factor of 2—3 within one compound class.
It must be kept in mind that the detected products are not necessarily intact side-chains and
the real side-chain length might be higher. When attached to an aromatic, side-chains do often
not cleave directly at the core, so the remaining alkylation at the cores must be considered.
Multiple cleavages on the same side-chain are unlikely, because dienes were found to only
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minor extends. While primary pyrolysis signals are of aliphatic nature, an intricate pattern of
CH and CHS aromatics exists. Alkylated benzenes, naphthalenes and benzothiophenes were
assigned with good confidence, while low separation and signal height of higher aromatic
constituents and heavier (especially branched) aliphatic compounds (>C18) hamper clear
interpretation. Compared to the hydrogen sulphide signal, thiophenic signals exhibit a way
higher intensity. The low ionisation efficiency dependence of El is advantageous over chemical
and photo ionisation, when comparing different classes, and (semi-)quantitative statements
can be done more confidently.

5.1.3 Results from TGA-APCI/APPI-FTICR-MS

The big advantage of FTICR-MS is its very high mass resolution and the possibility of
performing MS/MS. Isobars are separated from each other and sum formulas can be assigned
to m/z values, because of the specific mass defect of each element. This way, about 800-1250
distinct chemical formulas in the mass range between m/z ~150-550 were assigned for APPI
and APCI measurements of the asphaltene. These information are then summarised, plotted
and interpreted. Both AP techniques found the CHS class to be the most prominent (58% of
the respective TIC in both cases), followed by CH (25%mic for APCI; 21%mc for APPI) and
CHS: (10%mc for APCI; 18%mc for APPI). Oxygen containing compounds are more
pronounced by APCI than APPI, but still account only for ~5%mic (CHSO: 2.5%rmc; CHO:
1.9%rmic). An overall low oxygen content for the asphaltene was proven by EA and is known by
literature as well. Nitrogen containing compounds were only found to a minor extend (<1%ric).
Under atmospheric pressure conditions, ions collide with neutral particles, resulting in possible
charge transfer to an energetic more favourable partner. This way, certain compound classes
such as CHS become overrepresented and others such as CH are suppressed. The limit of
detection is therefore pushed down for the pronounced species at the cost of reliable detection
of other classes and quantification in general. Nonetheless, detailed qualitative information
about heavier unsaturated and aromatic species in particular are provided. An intensity-
averaged ring number of 2—-3 rings per aromatic core and an averaged alkylation grade of 8—
14 was found. Both AP ionisation techniques ionise a similar chemical space, but APPI is
shifted to higher m/z values, leading to slightly higher averaged values. Comparison of the
asphaltene and the pyrolysis phase of the crude oil showed a great similarity, proving that
asphaltenic species make up a high proportion of the pyrolysis of the crude oil by all applied
techniques. CID experiments of aromatics with 7 double bond equivalents (DBE) revealed the
presence of naphthenic structures bound to aromatic cores rather than alkenic side-chains.
The CID data can also be used for planar limit-assisted structural interpretation of the aromatic
building blocks, which showed that ring growth is dominated by benzene ring addition mainly
by cata-condensation and a slight proportion of peri-condensation.
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5.1.4 Combined data approach

Each data set revealed important information about parts of the asphaltene, which can be
partly cross-validated by each other. Key features were the determination of average side-
chain length by TA-SPI-MS and Pyr-GC-MS, average aromatic ring size and their respective
alkylation degree by TA-REMPI-MS, in-depth analysis of aromatics by TGA-APCI/APPI-
FTICR-MS and the mean molecular mass of intact asphaltene molecules by field desorption
mass spectrometry. All of which culminate in the hypothesis that the investigated asphaltene
has a predominant archipelago structure with an average number of three aromatic cores
(which are composed of ~3 condensed rings) and ~14 CHz-units as linkers or side-chains.

5.2 Description of steam cracker fouling

After production and pre-processing, the crude oil is subjected to a refinery. Different product
streams are obtained and some are further processed. Steam cracking units can be used to
crack compounds into smaller and more unsaturated products. However, asphaltenes present
in the feed can be problematic here as well and are one potential source of fouling precursors.
Besides, cracking products are also highly reactive. In refineries, fouling is defined as the
deposition of material within a processing unit or on the solid surfaces of the unit to the
detriment of function. It includes solid deposit formation, corrosion, and phase separation
among others. The major effects are (1) loss of heat transfer as indicated by the decrease in
charge outlet temperature and increase in pressure drop, (2) blocked process pipes, (3) under-
deposit corrosion and pollution, and (4) hot spots in reactors. Increased maintenance costs
and production losses of several million euros per year and cracker are the result.?3-% A large
part of the literature is focused on the coke formation in the hot section, but fouling can occur
in almost all parts of a steam cracker facility.?3-°¢ Less investigated, organic fouling (i.e. soft
fouling), can be found up- or downstream of the hot section at temperatures 80-200 °C. At
these temperatures, dehydrogenation (i.e. coking) is not as pronounced as at higher
temperatures so that radical polymerisation and Diels-Alder reactions play a more important
role. This leads to complex mixtures with oligomeric and polymeric contents.®’-%° The reaction
rates of both reactions increase with increasing temperature, though free-radical
polymerisation already contributes significantly at temperatures >70 °C.%® Radical
polymerisation occurs, when unsaturated compounds are attacked by free radicals. Radicals
can form due to heat, ingress of oxygen, catalyst activation (e.g. rust particles) or
autopolymerisation of styrene.®® Diels-Alder fouling occurs, when dienes such as butadiene
and dienophiles such as acetaldehyde are present. Amphoteric species such as
cyclopentadiene can react as diene as well as dienophile. Fouling reactions are often mitigated
by dosing reagents into the feed stream. Free-radical inhibitors such as TEMPO are used to
prevent radical polymerisation reactions, while dispersants are used to mitigate Diels-Alder
reactions. Dosing has to be yet estimated, because of a lack of analytical methods for the
description and quantification of fouling. Thus, novel and reliable methods have to be
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developed. EGA proved to be an excellent tool in polymer and petroleum science.”7678 And
preliminary studies revealed promising results for the analysis of fouling as well, but the
complexity of the evolving gas mixture hampered interpretability of data gathered by EI-MS
and IR spectroscopy. When using soft ionisation however, this problem can be circumvented.
The approach of EGA with soft ionisation was already successfully applied for crude oils, some
of its fractions, polymers and solid fuels such as coal and biomass.57.78.100-107

5.2.1 Sample description and pretreatment

The two investigated fouling samples were received from Saudi Basic Industries Corporation
(SABIC, Saudi Arabia) and were attained from different parts inside of a steam cracker facility
during a turnover period. A sample (DS) was retrieved from downstream and the other (US)
from upstream the hot section. One advantage of TA-PI-MS is that the technique itself needs
no pretreatment. Small chunks of sample can be put into a pan, which is directly introduced
and measured. The ‘wet’ appearance of the two samples and the first preliminary results
revealed however a considerate amount of remaining feed/product from the operation of the
steam cracker. Besides, both samples appeared to be very heterogeneous (brown, voluminous
sponges with black dots). In order to obtain reproducible and representative results, it was
necessary to develop a gentle grinding and drying procedure, which does not affect the
underlying matrix. This was achieved by cryogenic grinding (in liquid nitrogen) and subsequent
drying under mild conditions (40 °C, 96 h, 15 mbar). When comparing data from before and
after pretreatment, differences during the evaporation phase become apparent, while at higher
temperatures (>130 °C) the thermal behaviour and mass spectrometric pattern remains
unchanged.

5.2.2 Thermal analysis of fouling materials

The flat TGA signal at the beginning of the thermal programme indicates the absence of
remaining volatiles. Then, beginning at 130 °C, a slow mass loss of both samples can be
recognised (Figure 12, A). Between 230-330 °C, two additional subtle but distinct mass loss
steps can be seen for US, while DS reveals a single pronounced mass loss step. A minimum
is reached for DS at ~330 °C. From there onwards, the mass loss rate increases drastically,
peaking at ~420 °C. It decreases afterwards until all degradable constituents are expended.
The mass loss rate of US remains almost constant and slowly decreases after 420 °C. The
data has been normalised by the respective total mass loss to improve comparability between
the samples. The remaining mass (62 wt% US; 29 wt% DS) results mainly from carbonation
reactions (i.e., coke formation) and a substantial proportion of non-volatile inorganics, as
shown by EA (Table 3). Sample US has a higher ash content (34.50 wt%) than DS (7.94 wt%).
A very high proportion of it is made up iron (US, 31.56 wt%; DS, 3.29 wt%). Besides, many
other hetero elements are found, the most abundant being nitrogen (US, 3.05 wt%; DS, 0.39
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wt%) and sulphur (US, 3.19 wt%; DS, 0.09 wt%). Reversely, sample DS is much more organic
and the ratio of hydrogen/carbon indicates further a higher aromaticity.
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Figure 12. TGA (A) and DSC (B) data of DS and US reveal several different degradation
processes with the most pronounced being between 230-330 °C (a and b) and 330-500 °C
(not indicated). Panel (C) shows the evolved total ion current (TIC) obtained by more universal
SPI and panel (D) shows the TIC during selective REMPI. The DTG (dashed line) is plotted
for comparison and reveals a good correlation to the SPI TIC response. Adapted based on
literature.33

Some of the above described mass loss processes can also be tracked by DSC (Figure 12,
B), while the detection of enthalpy changes without mass loss are of particular interest. Clear
but partially overlapping DSC signals are detected for the mass loss steps of US between 230—-
330 °C (a & b). The decomposition between 330-500 °C however, is hardly detected and
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reveals only a relatively small peak at ~450 °C. The enthalpy change of DS shows a more
overall congruent behaviour compared to the mass loss. The broad mass loss step between
230-330 °C as well as a similar trend between 330-500 °C are visible. The degradation of
both samples is completely endothermic. Additional experiments with repetitive heating and
cooling steps (AT ~100 °C) showed no signs of reversible reactions, which are common for
intramolecular Diels-Alder reactions.

5.2.3 Mass spectrometric analysis of fouling materials

The detection of evolving gases is directly coupled to the mass loss. Thus, when applying a
universal ionisation technique such as SPI, the total ion current (TIC) looks qualitatively similar
to the TGA curve (Figure 12, C & D). In contrast to REMPI, which only selectively ionises
aromatics. Nevertheless, the effluent of DS seems to be comprised of considerate amounts of
aromatics in both phases, with a slight shift to a higher temperature of the first local maximum
and a different ratio of both peak areas. US exhibits aromatic signals only at elevated
temperatures (330-520 °C), peaking similar to the before described endothermic signal at
~450 °C. Though normalisation was conducted, the SPI-TIC and REMPI-TIC intensity of DS
is much higher than of US (by a factor of 2.85 and 5.24, respectively). This indicates, that DS
is composed of compounds with a higher cross section than US. The order of cross sections
of different CH substance classes in SPI is in general: Garomatics > Talkenes > Talkanes.® This finding,
together with EA, reveals that DS is much more aromatic than US.

Table 3. Elemental analysis and ash content of dried fouling samples.3?

Elemental analysis /wt%

Sample C H N S Fe H/C /mol/mol Ash content /wt%
DS 70.18 | 6.37 | 0.39 | 0.09 | 3.29 1.09 7.94
us 39.25| 443 | 3.05 | 3.19 | 31.56 1.35 34.50

A very small mass loss with no mass spectrometric detection can be recognised for both
samples until ~170 °C. An explanation might be, that non-ionisable compounds evolve. Two
possible reactions with undetectable species are dehydration (IEno = 12.6 eV) or
decarboxylation (IEco2 = 13.8 eV). Two phases were arbitrarily defined: phase 1 (<330 °C) and
phase 2 (330-550 °C). Labile compounds such as Diels-Alder adducts are expected to break
during phase 1, while C-C-bond cleavage of stabile compounds such as radical polymerised
types should happen during phase 2. It was further shown by TA, that both samples can be
roughly separated into these phases. Analysis of the molecular patterns is performed by
summing the spectra for each phase. The signals are assigned based on the molecular weight
information and data from Pyr-GC-MS.
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Qualitative description of downstream fouling

Small signals of hetero atom containing substances such as hydrogen sulphite (m/z 34),
acetaldehyde (m/z 44), sulphur monoxide/methanethiol (m/z 48) and acetone (m/z 58) were
found for DS in the first phase. Other lowly abundant signals (m/z 40, 42, 42, 54 and 70) can
be assigned to alkynes, alkenes, or dienes such as butadiene. Highly abundant signals at m/z
66, 80 and 94 are assigned to cyclopentadiene, methylcyclopentadiene and C2-
cyclopentadiene, respectively. Supportive Pyr-GC-MS measurements are used for cross
verification. Several peaks with a molecular mass of m/z 92 were found and only a small peak
can be accounted to toluene, while the other might be non-aromatic methylfulvene. A look on
the summed REMPI spectrum reveals no signals at m/z 78 and 92, which supports the
assignment to non-aromatic isomers.

Beginning with m/z 104 a transition towards aromatics can be seen. Some signals found by
SPI and REMPI are identified as alkylated styrenes (m/z 104, 118, 132), alkylated indenes
(m/z 116, 130) or alkenylbenzenes (m/z 130, 132, 146). Other strong signals can be identified
as alkylated aromatics such as alkylated naphthalenes (m/z 128, 142, 156), acenaphthene
(m/z 152), acenaphthylene (m/z 154), biphenyl (m/z154), fluorene (m/z 166),
anthracene/phenanthrene (m/z 178) and pyrene (m/z 202). Small signals of long, saturated
hydrocarbons (C10-C17), which partly share the m/z values of aromatics and thus are hardly
visible in SPI, were found as well.

The spectrum changes in phase 2 (330-550 °C) to an even more intense and complex
aromatic pattern. While phase 1 contained a mono-modal distribution, phase 2 exhibits a multi-
modal distribution, reaching up to m/z 380. Two modes are well detected by SPI and REMPI,
while a third is only lowly abundant in SPI (peaking at m/z ~340). Multi modes can indicate a
more or less regular structure of a chemical motif such as pyrolysis patterns of polymers
(monomer subunits).'%® The difference between the maxima of two adjacent modes is about
m/z 104, which might correspond to an alkylated styrenic motif. A few lowly abundant small
m/z values appear, which might stem from side-chain cleavage. But compared to the extreme
abundance of aromatics, these small m/z values including cyclic dienes are negligible.

The main structure of DS (~80 % of the total weight loss) can be described as an unregularly
polystyrene-like type, which decomposes into alkylated styrenes, indenes and other similar
aromatics above 330 °C (Figure 13, A). A very small and negligible part is made up by long
alkanes or carboxylic acids, which might yield similar products during TA-PI-MS analysis. Most
of the evolving constituents belong to the CH class, and only a few lowly abundant signals are
assigned to hetero element containing substances, which is congruent with the little amounts
found by EA. Moderate abundancies of cyclic dienes during phase 1 (<330 °C), indicate the
presence of retro Diels-Alder reactions.
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Figure 13. Simplified contour plot of DS (A) and US (B) illustrating the dominance of SPI (blue)
and REMPI (red) for the ionization of evolving constituents during TA. Most abundant structural
motives are indicated within the depiction. Adapted based on literature.?

Qualitative description of upstream fouling

Sample DS is summed over <330 °C as well, though at least two partly overlapping processes
take place. A look into the time resolved data reveals the evolution of mid to heavy m/z values
(peaking at ~250 °C) before an intricate pattern of small m/z values starts to appear at ~270 °C.
The higher values can be assigned to (cyclo-)alkanes and alkenes (C10—Csq, linear and
branched), and the pattern of small m/z values is a mixture of different hetero atom containing
compounds. Low to moderate intensities are found for ammonia (m/z 17), sulphur
monoxide/methanethiol (m/z 48), sulphur dioxide (m/z 64), butanone (m/z 72), butanethiol (m/z
90), methylthiophene (m/z 98), pentanethiol (m/z 104) and diethyldisulfide (m/z 122). While
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high abundancies of hydrogen sulphide (m/z 34), acetaldehyde (m/z 44), acetone (m/z 58),
ethanethiol (m/z 62) and propanethiol/carbon disulphide (m/z 76) are identified. The m/z values
66 and 80 can be assigned to cyclopentadiene and methylcyclopentadiene, respectively.
Similar compounds, but with at least one less double bond equivalent, are tentatively assigned
for m/z 68, 70, 82 and 84. The summed REMPI spectrum revealed only little intensities of
alkylated naphthalenes and other aromatics.

Phase 2 contains many of the above described hetero atom containing substances as well.
Besides, a complex mixture of aromatics evolves, resulting in an intense pattern visible by
REMPI. Similar to DS, many highly abundant signals of alkylated styrenes and moderate to
high intensities of non-olefinic aromatics are visible. A multi-modal distribution however is not
clearly visible. Furthermore, highly abundant signals of short alkenes (likely cleaved side-
chains) and moderately abundant signals of phenols (m/z 94, 108, 122) are found. A sudden
change of the hetero element containing compounds can be recognised in the time resolved
data at around 370 °C. All sulphur containing substances disappear, whereas signals of
ammonia and methylamine (m/z 31) increase/appear.

In general, the composition of US is much more diverse than of DS (Figure 13, B). The main
structure of US (~60 % of the total weight loss) is somewhat similar to the polystyrene-like type
of DS, but not as regular and shifted to higher alkylation degrees (as also indicated by the
many small alkene signals). Cyclic dienes are found for US as well, but their abundancies
during phase 1 are much lower, whereas the abundance of (cyclo-)alkanes/alkenes is
pronounced. The staggered appearance of these products indicates a decomposition reaction
rather than evaporation. A polyethylene-like type is however unlikely, because of the low
temperature (~270 °C). Either decarboxylation reactions again or the detection of hetero
element containing compounds with sulphur, oxygen or nitrogen might play a role here. The
evolution of many small hetero element containing substances, in particular sulphur containing
substances, indicates the existence of one or more chemical motifs such as polythioether-like
([-S—(CH2),~]m) or polysulfide-like ([-S—S—(CH2),~]m) structures.08

Quantification of Diels-Alder content

The optimal dosage of mitigation reagents is dependent on the extent of the respective fouling
type, which is not yet accessible. Thus, quantification of the Diels-Alder content is attempted
to improve chemical treatment of steam cracker facilities. Several possibilities exist to quantify
with help of TA methods or PI-MS."%° Mass loss, calorimetry and SPI-MS have been tested in
the presented study. Dicyclopentadiene (DCPD) was used as a model substrate, which yields
the monomer cyclopentadiene when heated above 150 °C.""° All three data sets, obtained by
TA-PI-MS, follow a linear regression quite well and might be suited for quantification. Taking
into account, that fouling samples are complex matrices and several processes overlap mass
loss and calorimetry might not yield accurate results. Whereas, SPI-MS can track several
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masses very specifically and has a much lower limit of detection (theoretical LOD = 4x10-
4 mg). Limitation of laser based PI-MS is however the fluctuation of the laser itself, which was
reduced by normalisation based on standard gas measurements before and after each
analysis. When attempting quantification of the two fouling samples, another problem occurs.
It must be sure, that the tracked masses belong genuinely to Diel-Alder fouling. Evolution of
Diels-Alder compounds (i.e., cyclic dienes) is seen at typical temperatures (phase 1) and at
higher temperatures. An explanation might be, that cyclic dienes are incorporated by different
mechanisms. Studies to further investigate this issue are advised. In summary, selective (semi-
)quantification of Diels-Alder fouling can be achieved with TA-PI-MS, when (1) signals are
identified unambiguously, (2) key signals can be assigned to the specific fouling, and (3) only
one feature is tracked per signal (e.g., by selectivity or sufficient resolution/separation).33

5.3 Differentiation of differently branched polyethylene materials

After refining and steam cracking, the produced short-chain olefins can be used for the
production of polymers, coatings, solvents and pesticides.'" Polymers are widely applied
advanced materials found almost everywhere in our daily life."'? Natural polymers were used
for quite some time without sophisticated knowledge about their composition. This changed
with the discovery of synthetic polymers and Staudinger’s structural elucidation of the nature
of polymers.'"® Today, many different kinds of synthetic polymers with excellent properties
exist. Manipulation of the respective composition enables control of said properties. One of the
longest known and todays most produced synthetic polymer of the world is polyethylene (PE)
with 116 Mt per year (2015, corresponds to ~29 % of total synthetic polymer production). It
consists of a mixture of differently long and branched saturated hydrocarbons.''* The
molecular weight distribution (MWD) and branching are influenced by the synthesis conditions,
in particular by the choice of catalyst and copolymer content.'® The simplest polyethylene
structure is completely linear, which leads to high crystallinity and thus density (high-density
polyethylene, HDPE). Low-density polyethylene (LDPE) contains a high proportion of long-
and short-chain branches and is synthesised by radical polymerisation. Linear low-density
polyethylene (LLDPE) is obtained by usage of copolymers (1-olefins), yielding a large number
of relatively regular, short branching. Besides, many different other polyethylene materials and
mixtures (grafting) of these exist.''® Branching has a strong influence on the materials’
properties and thus its characterisation is essential for the understanding of the performance
of different PE types.''5117.118 The otherwise useful properties (nonpolar, non-volatile, inert and
poorly soluble) of PE impede chemical analysis, which is often based on these
characteristics.''8'"® Even typical mass spectrometric techniques used for polymers, such as
matrix-assisted laser desorption (MALDI) or electrospray ionisation (ESI) are not applicable or
only with difficulty.’2%2' Thus, methods aiming for bulk properties, such as melting behaviour
or rheological properties, emerged. Though these information indicate indeed short- or long-
chain branching, they are too shallow and ambiguous.'?2123 The total methyl group content can
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be revealed by IR spectroscopy.''” Information about short-chain and long-chain branching
can be obtained by '*C nuclear magnetic resonance (NMR) spectroscopy. Though valuable, it
is limited by its inability to differentiate side chains with more than six carbon atoms and by
sensitivity (21/1000 branched C atoms).'?224 A sophisticated approach for polymers is the
utilisation of fractionation methods. Size exclusion chromatography (SEC) or gel permeation
chromatography (GPC) is well known for the elucidation of the MWD of polymers. Temperature
rising elution fractionation (TREF) and crystallisation analysis fractionation (CRYSTAF) can be
used to investigate branching.'’®'?® The fractions can be individually analysed or online
detection (IR, light scattering, UV/vis, viscosity, etc.) is applied.'®125-128 Probably one of the
most comprehensive analysis was achieved by using a triple detector GPC-TREF system.'?®
Pyrolysis gas chromatography is a popular polymer scientific technique and is used to study
additives or qualitatively analyse polymers.'?7:130 Pyrolysis circumvents non-volatility by
breaking the long chains into smaller fragments. Structural information can then be extracted
from the pyrolysis pattern. Studies on the quantification of PE branching were conducted as
well, 24131 but reliable quantification is not accessible yet. Much effort has been put into
understanding the pyrolysis of PE, which knowledge can be during analysis and
recycling.1?4130-143 The aim of this study is to evaluate TA-PI-MS for the chemical
characterisation of PE branching. Differently branched polyethylene materials (20 samples)
are investigated. After evaluation of the melting and pyrolysis behaviour, the average
decomposition pattern was examined by means of chemometric tools.

5.3.1 Thermal analysis data of differently branched polyethylene materials
The DSC curves of the differently branched PE materials exhibit two peaks. One between 110—
130 °C for melting and another between 450-510 °C for degradation. With TGA, only the
degradation can be seen, because of the related mass loss. The melting enthalpy however,
contains valuable structural information. Branching, the MWD and former solidification
conditions influence the crystallinity, which can be calculated by dividing the measured melting
enthalpy by the melting enthalpy of a theoretically completely crystalline PE (293 J/g).'#* Very
low and very high molecular weights are expected to interfere with the crystallisation process
as well as fast cooling. Crystallinity is a measure of order and the ends of the polyethylene
chains obstruct the regular arrangement of the chains. Short chains have an increased ratio of
ends, relative to their length and thus reduce crystallinity. Longer chains exhibit a better end-
to-length ratio, but are kinetically hindered to arrange. The faster the cooling, the more
pronounced this effect becomes. Former solidification conditions can be negated and a higher
reproducibility achieved by choosing a suitable experimental design (heating, controlled slow
cooling and reheating).'4°
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Figure 14. Crystallinity and melting point information obtained by DSC. Crystallinity can be
calculated by dividing the measured value of a sample by the literature value for a completely
crystalline PE.'* Adapted based on literature.3*

The offset of melting and the calculated crystallinity of the investigated samples are depicted
in Figure 14. The crystallinity ranges between 24-70 % and the melting points between 111—
129 °C. Samples are named after their respective synthesis route (mPE, metallocene catalyst;
LDPE, radical polymerisation; ZPE, Ziegler-Natta catalyst; CPE, Phillips catalyst) and are
sorted and numbered by ascending crystallinity. The densities of many mPE samples can be
associated with LDPE (0.915-0.935 g/cm?) or LLDPE (0.87-0.94 g/cm?) and a few with HDPE
(0.94-0.97 g/cm?®). The mPE samples with low densities are most likely LLDPE, because of
their synthesis route. A trend can be observed between the crystallinity and melting point,
whereas the relation of MWD and melting point is not as clear due to its multiple dependencies.
Nevertheless, when plotting crystallinity versus melting point, a grouping of similar samples is
already obtained. The interpretability is however limited or at least hard to read.3* The
decomposition behaviour of the presented PE samples is very similar. Only the two LDPE
samples behave significantly different. The beginning and maxima of the DTG curves are
shifted to lower temperatures and the overall peaks slightly broader. Degradation reactions
might be dependent on branching and MWD, but the applied method cannot resolve
differences between the very similar samples (mPE, ZPE and CPE). The entire sample is
volatilised at the end of the degradation process with no remaining detectable residue.'4°

5.3.2 Evolved gas analysis with SPI-MS of polyethylene

The curves of DTG and TIC look almost identical, but the summed mass spectra exhibit
interesting structural information. Molecular ions in the range of m/z 42—-390 were detected.
Identification of the signals is performed based on the molecular weight information, literature
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knowledge and by supportive Pyr-GC-MS data. High intensities of small alkenes and dienes
are abundant (m/z 42-98), which level off in the medium-high region (m/z 98-180) and
approach relatively constant values between m/z 180-360. Alkanes are lowly abundant
between m/z 86-380. Investigation of the isomeric pattern of each signal, can be conducted
by Pyr-GC-MS. Linear PE samples yield only linear constituents, whereas branched PE
materials show branched species in addition and the ratio of branched to linear species
increases with the branching degree of the PE. Even CPE, which has the highest crystallinity
(70 %) of the herein investigated samples, exhibits signals of branched constituents. The data
of Pyr-GC-MS shows further, that the double bonds of dienes and alkenes are always terminal
(1-alkenes or a,w-dienes). Unfortunately, the applied Pyr-GC-MS method does not resolve the
full spectrum. Molecules with a carbon number 2C10 are well resolved, but a lot of information
is comprised in the smaller compounds as shown later.
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Figure 15. Difference plot of the summed spectra over the entire temperature range of TA-
SPI-MS of highly crystalline CPE (blue) and lowly crystalline mPE1 (red). Differences between
CPE and mPE1 can be seen mainly in the intensity of low m/z signals. In particular, butane
(m/z 56), medium, and long alkenes are pronounced for mPE1, whereas several dienes (m/z
54, 68, 82 and 96) are pronounced for CPE. Adapted based on literature.?*

160 m/z

When comparing summed SPI-MS spectra of the most extreme samples CPE (highly
crystalline, 70 %) and mPE1 (lowly crystalline, 24 %), it becomes evident, that the signals are
qualitatively the same. Differences can be found in the intensity of signals, in particular of small
alkenes and dienes (Figure 15). Especially m/z 56 is highly pronounced for mPE1, which can
be explained by the highly abundant side-chain content (9 wt% C6-). Besides, higher intensities
for a lot of small-long alkenes (m/z 70, 98, 112, 126, etc.) can be seen. Sample CPE (no short-
chain branching but long chain branched) however, exhibits high intensities of short dienes
(m/z 54, 68, 82, 96) and medium—long alkanes. Both LDPE reveal high intensities of butene
(m/z 56) and pentene (m/z 70). The back-biting mechanism (1-5 transfer and 1-6 transfer)
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yielding these side-chains is typical for radical polymerisation reactions. Though structural
features of the samples can be clearly uncovered by TA-SPI-MS, the partially small differences
and large number of samples and observables (i.e., m/z values) complicates interpretation.
Thus, chemometric tools were applied to reduce the complexity of data.

5.3.3 Exploratory data analysis

Because only limited quantitative information were available about the branching of samples,
the use of an unsupervised data exploratory tool such as principal component analysis (PCA)
is advised. Besides accurate measurements, careful data handling and testing have to be
performed prior to applying PCA. When plotting the first two principal components (PC1-2), a
distribution of the samples is seen (not shown). The third PC shows an additional spreading
between LDPE1-2 and the other PE samples (10.0 % explained variance). Based on short-
chain branching, four groups are defined: highly short-chain branched (red), medium short-
chain branched (purple), no or little short-chain branched (yellow) and radical polymerised
(green) PE.

The spreading within one group and the proximity of representatives of different groups can
be explained by the dependency of SPI-MS signals of additional variables such as MWD or
long-chain branching. The close proximity of CPE (0 wt% C6-, a lot of long-chain branching,
70 % crystallinity) and ZPE2 (1 wt% C6-, no long-chain branching, 51 % crystallinity) however,
cannot be explained yet. One problem of unsupervised statistical methods is, that extreme
samples can distort the overall outcome and the calculated principal components must not
represent real underlying causes. But we can learn which observables have the most influence
and try to comprehend their meaning (Figure 16, A). Alkenes, above all butene (m/z 56),
pentene (m/z 70), and propene (m/z 42), and dienes, such as pentadiene (m/z 68), hexadiene
(m/z 82) and heptadiene (m/z 96), have the strongest influence on the first four principal
components.

A simple and robust grouping of the samples can also be achieved, when using the most
influencing variables from PCA (m/z 42, 56, 68 and 70) as markers. By plotting the ratio of
(56/42) against (70/68) a nice distribution is obtained (Figure 16, B). The representatives
within each group move closer together and the groups are well separated from each other.
Unfortunately, no trends concerning the MWD or long-chain branching are recognised by any
of the applied tools (PCA nor marker ratios), assuming our estimates of long-chain branching
are correct in the first place. Nevertheless, TA-PI-MS might be interesting in enhancing the
range of quantifiable short-chains from state of the art 13C NMR (=C6 side-chains) to longer
chains.
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Figure 16. (A) Loading plot of the two first principal components of the PCA,; (B) simple score
plot shows grouping based on ratios of only four markers. Adapted based on literature.3*

5.4 Pyrolysis of polyethylene terephthalate

The versatility and low cost of plastics such as polyethylene or polyethylene terephthalate
(PET) has led to the production of vast amounts of these materials.'3?'46 Adverse effects on
the environment and health can arise from disposal, which is why different concepts for the
valorisation and recycling of plastic waste are being deployed.*' Some concepts are however
problematic. Incineration with energy recovery generates highly toxic chlorinated organic
compounds, which makes the operation controversial and expensive.'” Growth potential of
the already applied mechanical recycling (currently absorbing 13 wt% of all plastic waste
generated in Western Europe) is already limited due to the low quality of the recycled
plastic.'47.148 Thus, increased interest can be recognised for feedstock recycling, which has the
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potential to absorb large quantities of waste plastic. Different processes, such as pyrolysis,
gasification, catalytic cracking, depolymerisation or hydrogenation, can be used to convert
plastic waste into petrochemical feedstock for use in the production of refined chemicals or
fuels.3?148 The third most produced plastic is PET (56 Mt per year, 2016), which makes the
understanding of its decomposition reactions crucial. 46

5.4.1 Identification of evolving constituents

Similar to PE and the asphaltene, PET shows a single mass loss step during degradation
(350-500 °C) leaving a small residue behind (~17 wt%). The SPI-TIC coincidences quite well
with DTG, though some major products such as CO and CO- are excluded by SPI. Both curves
peak at 435 °C. Different patterns were obtained by summing over different temperature
regions. In the beginning (350—400 °C), m/z 44 (acetaldehyde), 122 (benzoic acid), 149 (photo
fragment of vinyl terephthalate) and other small abundant signals are recorded. The intensity
of this pattern increases with temperature (400-450 °C), revealing even more small signals
such as m/z 105 (fragment of vinylbenzoate), 150 (4-ethylbenzoate), 166 (terephthalic acid),
175 (fragment of divinyl terephthalate) and 198 (biphenyl-4-carboxylic acid). After 435 °C most
intensities of signals decrease, whereas the maximum of terephthalic acid (m/z 166) is located
at 440 °C and benzene (m/z 78) shows two maxima at 427 °C and 447 °C, as well as an
increasing signal at >500 °C. The two maxima of benzene could be from decarboxylation of
benzoic acid and terephthalic acid, respectively.

The summed REMPI spectra of the corresponding temperature regions look quite complex,
revealing the before lowly abundant aromatic fingerprint, because of a higher sensitivity for
most aromatics. Some signals are however excluded such as benzoic acid (m/z 122) or
terephthalic acid (m/z 166) due to too high ionisation energies. Two partly overlapping peaks
of evolving aromatics can be seen in the REMPI-TIC, indicating the existence of two different
mechanisms for the formulation of aromatics. At first, high mass low intensity peaks of m/z
264, 274, 288 and 298 appear (300-350 °C). Signals at m/z 94 (phenol), 144, 148 (vinyl
benzoate), 162 (vinyl 4-methylbenzoate), 188 and 192 (vinyl terephthalate) are detected
between 350—400 °C. With REMPI, vinyl ester do not fragment in contrast to SPI. The highest
signal intensities of m/z 162 (vinyl 4-methylbenzoate), 172, 188 and 198 (biphenyl-4-carboxylic
acid) are recorded between 400-450 °C, corresponding to the main part of the first REMPI-
TIC peak. During the second peak (450-500 °C) mainly polycyclic aromatic hydrocarbons
(PAH) evolve. Signals of m/z 154 (biphenyl/acenaphthene, 166 (fluorene), 178
(anthracene/phenanthrene), 228 (benzo[alanthracene), 230 (terphenyle) and 254 (1,2-
binaphthalene) are found. Some of the above described species were also found by TGA-
APCI-FTICR-MS.
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Figure 17. Proposed reaction pathways for the degradation and occurrence of major products.
Adapted based on literature.4?

Based on the assigned products and knowledge from literature, different reactions can be
proposed (Figure 17). At relatively low temperatures (~300 °C) the formation of cyclic products
(e.g., cyclic dimers) plays a major role, which then further decompose at higher temperatures.
Several reactions leading to hydroxyl or vinyl end groups are more energetically favourable
than decarboxylation reactions, which might be why vinyl/hydroxy products occur in the first
and PAHs in the second peak.
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6  Summary and outlook

In the presented work, thermal analysis hyphenated to photo ionisation mass spectrometry
was used on four challenging petrochemical samples from different parts of the process chain
to evaluate its applicability and generate new knowledge.

Asphaltenes within crude oil or feed fractions can cause many problems and are a potential
reason for fouling. The combination of data obtained by TA-PI-MS and complementary thermal
analysis techniques enabled a detailed chemical description of an exemplary asphaltene
sample. The chemical spaces unravelled by single photon ionisation and resonance-enhanced
multiphoton ionisation cover very well main features of the pyrolysed asphaltene sample. In
addition, vacuum photo ionisation yields less biased molecular information than e.g.
atmospheric pressure ionisation techniques.

Our analysis of steam cracker fouling samples yielded the identification of various chemical
motifs as main components. Despite the low thermal resolution of thermal analysis, the
different patterns could be sufficiently separated. In addition, first attempts and theoretical
considerations were made to quantify the Diels-Alder content of fouling samples. Polyethylene
is a potential end-product from short-chain olefin generation and also a challenging sample for
many analytical methods.

It was tested if the branching of different polyethylene materials can be differentiated or even
quantified. It was shown that TA-SPI-MS reveals differences quite sensitive. DSC data and
principal component analysis were used to achieve a grouping of similar samples and reduce
the high amount of variables to a small number of markers. First results suggest a robust and
at least semi-quantitative method, which could enhance the quantifiable chain-length.

An efficient way of plastic waste recycling might be the waste to oil concept, in which polymers
are pyrolysed into reusable feed. For this purpose, the pyrolysis of polyethylene terephthalate
was studied in-depth by TA-PI-MS and APCI-FTICR-MS. New findings about the temperature
depending product spectrum allowed the postulation of possible decomposition reactions.

In summary, it was shown that TA-PI-MS can be used for many different applications. The
value of information is however dependent on the type and extent of complexity. Analysis of
samples bearing highly isomeric and isobaric complexity such as asphaltenes yields only
shallow information on many aspects, but side-chain cleavage. Whereas analysis of polymers
or polymer-like structures (i.e. fouling) can be conducted quite well. For future applications, a
higher resolution on the used mass analyser and improvements of the light generating system
can significantly improve the quality of data, probably resulting in the omission of supportive
techniques.
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ABSTRACT: In this study, the asphaltene and corresponding crude oil, distributed within the Asphaltene Characterization
Interlaboratory Study for PetroPhase 2017, were characterized on the molecular level. For this purpose, three different thermal
analysis mass spectrometry hyphenations with five diverse ionization techniques varying in selectivity were deployed: (1) thermal
desorption/pyrolysis gas chromatography electron ionization (TD/Pyr—GC—EI-QMS), (2/3) thermogravimetry single-
photon/resonance-enhanced multiphoton ionization time-of-flight (TG SPI/REMPI TOF—MS), and (4/S) thermogravimetry
atmospheric pressure photo-/chemical ionization ultrahigh-resolution mass spectrometry (TG APPI/APCI FT-ICR MS). For the
investigated C, asphaltene, no mass loss was detected at <300 °C and the pyrolysis phase was dominant, whereas the parent
crude oil exhibits a high abundant desorption phase. At roughly 330 °C, pyrolysis begins and mass loss as well as complex
mass spectrometric patterns were recorded. The resulting information on the effluent gained by the different soft ionization
mass spectrometric approaches was combined with the GC—EI-MS data for structural cross-evaluation. We showed that
the combination of the applied techniques leads to a more comprehensive chemical characterization. For the asphaltene, TG SPI
TOF—MS shows high abundances of alkanes, alkenes, and hydrogen sulfide during pyrolysis. TG REMPI TOF—MS is selective
toward aromatics and reveals clear patterns of polyaromatic hydrocarbons (PAHs) and minor amounts of nitrogen-containing
aromatics tentatively identified as acridine- or carbazol-like structures. GC—EI-MS provides information on the average chain
length of alkanes, alkenes, and PA(S)H. Both atmospheric pressure ionization techniques (APPI and APCI) hyphenated to
FT—MS showed CHS (in particular, benzothiophenes) and CH as dominant compound classes, with an average number of
condensed aromatic rings of 2—4. Combining the information of all techniques, including the average asphaltene mass obtained
by field desorption experiments and aromatic core size received by collision-induced dissociation, the archipelago-type molecular
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structure seems to be dominant for the investigated asphaltene.

B INTRODUCTION

The chemical composition of petroleum and petrochemical
products is crucial for their processing and economic
utilization.' ™ Even with state-of-the-art analytical instrumenta-
tion, the analysis of heavy petroleum and its fractions as well as
from unconventional petroleum sources, such as oil sands, is
still a challenge.“’5 Especially, for the asphaltene fraction, a part
of the petroleum that is soluble in toluene and insoluble in a
small paraffin, such as n-heptane, only a few standardized
analysis methods exist.” These ultracomplex mixtures with
high aromatic content, besides other heavy constituents, cause
particular problems for traditional approaches, e.g., chromato-
graphic and high-resolution mass spectrometric techniques.
A molecular understanding of the asphaltene fraction is however
of particular interest because these species are known to cause
flow assurance and processing issues in up- and downstream
processes.é’7

-4 ACS Publications  © 2017 American Chemical Society

State-of the art techniques for the chemical characteriza-
tion of asphaltenes on the molecular level are mainly mass
spectrometric approaches, such as direct infusion atmospheric
pressure ionization ultrahigh-resolution mass spectrometry.”*’
In addition, high-field nuclear magnetic resonance (NMR)
spectroscopy and absorption spectroscopic approaches, such as
X-ray absorption near edge structure (XANES)'%™'* as well as
high-performance liquid chromatography, are deployed."’
Thermal analysis (TA), regarding evolved gas analysis,
coupled to various analytical detectors has also become a
powerful tool in petroleum analysis and other areas.*”"’
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Besides spectroscopic approaches, such as infrared spectroscopy
for fingerprint pattern or small-molecule quantification,'>*"*!
mass spectrometry is the favored coupling technique.'”'*'®
For heavy petroleum, thermal analysis is primarily applied for
studying the evaporation pattern as well as the thermal decom-
position products at an elevated temperature during pyro-
lysis.””~** Pyrolysis gas chromatography was conducted exten-
sively with low resolving mass analyzers and hard ionization to
study thermal decomposition products since the 1980s.”*>'

Unfortunately, until now, no single mass spectrometric
technique is capable of a comprehensive analysis of the complex
pyrolysis effluent. Therefore, choosing an ionization source is
crucial, and different methods will cover different chemical
spaces.”” For the thermal analysis of petroleum fractions, most
often nominal resolving mass analyzers with hard ionization are
used, which enable robust pattern information.">** Nonethe-
less, soft ionization techniques become more important in mass
spectrometry and thermal analysis coupling. The generation of
molecular ions, instead of an intense fragment pattern, reduces
the complexity of the mass spectra and allows for an easier
molecular assignment. In previous studies, we applied various
soft ionization techniques for thermal analysis, such as
photoionization®”**™*” and chemical ionization.”*™*' With
the selection of a particular soft ionization technique, control
of selectivity can be achieved. In the case of resonance-
enhanced multiphoton ionization (REMPI), aromatic com-
pounds are selectively ionized,"*® whereas atmospheric
pressure photoionization (APPI) reveals a high ionization
efficiency for aromatic and sulfur-containing species and
atmospheric pressure chemical ionization (APCI) reveals a
high ionization efficiency for medium-polar and polar
constituents.”**~*" We applied TA with soft ionization mass
spectrometric detection for a wide range of agglications, eg,
nut and coffee roasting,%’%’49 crude oils,””***” biomass/
tobacco pyrolysis,***>*' elemental sulfur evaporation,™ poly-
mers,”” and dissolved organic matter.”’ Asphaltene pyrolysis
has not been studied before with photoionization (PI)
techniques, with either vacuum PI or atmospheric pressure PL

All ionization techniques cover a particular molecular space
and exhibit a certain part of the chemical signature of a complex
mixture. In this study, the results of three different thermal
analysis approaches equipped with five different ionization
techniques are combined for a more comprehensive analysis of
the effluent of an asphaltene and its parent crude oil. For this
purpose, the heptane (C,) asphaltene and parent crude oil of
the Asphaltene Characterization Interlaboratory Study for
PetroPhase 2017 were investigated. Asphaltenes are one of
the most complex natural mixtures with a variety of hetero-
elements and chemical functionalities, spanning a broad mass
range. Over the last few decades, a lot of effort has gone into
deciphering their molecular architecture, whereby two opposed
models are discussed: island (large aromatic core with side
chains) and archipelago (linker connected smaller aromatic
cores). As shown for pyrolysis gas chromatography in the
literature, the thermal decomposition products of the macro-
molecular structure should give information about the respec-
tive building blocks and add valuable information to the
molecular architecture debate.

Five different ionization schemes were applied with electron
ionization (EI) as a hard and universal technique, single-photon
ionization (SPI) as a soft and universal method, REMPI as an
aromatic-selective and soft technique, as well as atmospheric pres-
sure chemical and photoionization (APCI/APPI). This study
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aims to show the advantages and limitations of the individual
methods and the potential of combining their results. High-
resolution mass spectrometry will give information about the
elemental composition, whereas pyrolysis gas chromatography
will add structural aspects and SPI will provide information on
the thermally cracked side chains. We hypothesize that thermal
analysis mass spectrometry can contribute significantly to
unravel asphaltene composition and structure when several
techniques are combined, with the interlaboratory asphaltene
study as an ideal case study as a result of the extensive research
conducted on the same asphaltene sample.

B MATERIALS AND METHODS

Material. In this study, a heptane (C,) asphaltene and the
corresponding parent crude oil (a Columbian heavy crude oil, with
an American Petroleum Institute (API) gravity of 12°)°” were
investigated. The samples were received within the Asphaltene
Characterization Interlaboratory Study for PetroPhase 2017 and had
been prepared by the group of Marianny Y. Comariza at the Industrial
University of Santander (Colombia).”> In brief, asphaltenes are
precipitated using the ASTM D6560-12 procedure with n-heptane
under sonication (110 W and 40 kHz), which decreased co-precipitants
significantly. Four Soxhlet extraction steps were deployed as an
additional cleaning procedure for an efficient removal of occluded
compounds of the maltene fraction to receive the final cleaned
asphaltene sample. Additional information on the elemental
composition is given in Table S1 of the Supporting Information.

Instrumentation. Three thermal analysis setups coupled to
different mass spectrometric systems were deployed within this
study: (1) thermal desorption/pyrolysis gas chromatography with
electron ionization and quadrupole mass spectrometric detection
(TD/Pyr—GC—EI-QMS); (2/3) thermogravimetry photoionization
[single-photon ionization (SPI) and resonance-enhanced multiphoton
ionization (REMPI)] with time-of-flight mass spectrometric detec-
tion (TG SPI/REMPI TOF—MS), and (4/5) thermogravimetry
atmospheric pressure photo- and atmospheric pressure chemical
ionization ultrahigh-resolution mass spectrometry (TG APPI/APCI
FT-ICR MS). The schematic setup of the three mass spectrometric
hyphenations and their corresponding ionization techniques is given
in Figure 1. Additionally, the figure depicts survey diagrams of the
associated asphaltene measurements.

For the (1) thermal desorption/pyrolysis gas chromatographic
analysis, 10 uL of the diluted parent crude oil (1:100 in dichloro-
methane) and roughly 0.5—0.9 mg of the solid asphaltene were
injected into the pyrolyzer (model PY-2020iD, double-shot pyrolyzer,
Frontier Laboratories) mounted onto a HP 6890 gas chromato-
graph.”*** The sample material undergoes two steps: (1) a thermal
desorption process at 300 °C and (2) a pyrolysis step at S00 °C, each
held for 1 min. To separate the evolved gas mixture, a 30 m
SGE-BPXS column (250 ym inner diameter, 0.25 yum film, helium at
99.999%, and head pressure at 0.4 bar) was used with the following
temperature program: hold for 10 min at 50 °C, ramp to 330 °C with
10 K/min, and hold for 20 min. The effluent from the column was
ionized by a 70 eV electron ionization source and analyzed by a
quadrupole mass spectrometer. Mass spectra were recorded in scan
mode from m/z 10 to 500. Data were analyzed by AMDIS version 2.62
and Bruker DataAnalysis 4.0 SP 1. In brief, Bruker DataAnalysis was
used for fast assessment of the data and obtaining a qualitative over-
view, e.g,, survey view, extracted ion chromatograms, and averaging of
time segments. Afterward, AMDIS was used for finding chromato-
graphic features (deconvolution) and validation of fragment spectra
with the National Institute of Standards and Technology (NIST)
database (NIST MS Search 2.0).

For setup 2/3, the volatile and semi-volatile constituents of the
effluent from a thermal balance were analyzed by single- and resonance-
enhanced multiphoton ionization (SPI/REMPI). For this purpose, a
thermobalance (STA 409, Netzsch Geritebau, Selb, Germany) was
directly hyphenated to the ionization source of the mass spectrometer
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Figure 1. Schematic overview of the deployed thermal analysis mass spectrometry hyphenations: (1) thermal desorption/pyrolysis gas
chromatography with electron ionization quadrupole mass spectrometric detection (TD/Pyr—GC—EI-QMS); (2/3) thermogravimetry
photoionization with time-of-flight mass spectrometric detection (TG SPI/REMPI TOF—MS), and (4/5) thermogravimetry atmospheric pressure
photo-/chemical ionization ultrahigh-resolution mass spectrometry (TG APPI/APCI FT-ICR MS). Survey views (retention time/temperature
versus m/z) are given on the right-hand side for each applied technique on the analysis of the Asphaltene Characterization Interlaboratory Study for

PetroPhase 2017 asphaltene sample.

via a heated interface and transfer line (I 2.25 m, 280 um inner
diameter, and 280 °C).*>*® A few milligrams of the sample material
were placed on an aluminum oxide crucible without any sample
pretreatment. Thermal analysis was carried out with a heating rate of
10 K/min under a nitrogen atmosphere (60 mL/min) from 30 to 800 °C.
At 800 °C, nitrogen is partially replaced by air (40 mL/min synthetic air
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and 20 mL/min nitrogen), yielding an oxidative atmosphere. Evolved
gas was sampled as a result of the pressure difference between
the balance at atmospheric pressure and the ion source at vacuum
(roughly 3 x 10™* mbar). The subsequent SPI and REMPI TOF—MS
analysis is described in detail elsewhere.”>***” In brief, for SPI, 355 nm
laser pulses (25 mJ pulse energy, 10 Hz repetition rate, and S ns
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pulse width), generated from a Nd:YAG laser (Surelite III,
Continuum, Inc, Santa Clara, CA, U.S.A.), were sent through a
xenon-filled gas cell (Xe 4.0, 12 mbar), yielding vacuum ultraviolet
photons (118 nm and 10.5 €V). For REMPI, the Nd:YAG funda-
mental wavelength is frequency-quadrupled (4.7 eV and 266 nm).
The molecular ions formed by either REMPI or SPI are recorded from
m/z 5 to 500 with TOF—MS using a multichannel plate detector.
Data processing and analysis were carried out with the instrument-specific
LabView graphical user interface and self-written MATLAB scripts.

The third mass spectrometric setup (4/5) is composed of a
thermobalance (TG 209, Netzsch Geritebau, Selb, Germany) coupled
to a modified Bruker GC-APCI II source, which allows us to carry out
APCI with a stainless-steel corona needle (3 A corona current) as
well as APPI with a Kr vacuum ultraviolet (VUV) lamp (10/10.6 eV
and 124/117 nm).*® The temperature program of the thermobalance
with a constant flow of 200 mL/min nitrogen was 2 min isothermal at
20 °C, ramp to 600 °C with 10 K/min, and hold for 10 min at 600 °C.
The evolved mixture was sampled via a 300 °C interface and 280 °C
transfer line into the ion source. In contrast to setup 2/3, the gas
sampling was achieved by a slight overpressure of 8—10 mbar in the
thermobalance compared to the atmospheric pressure in the ionization
source. For mass spectrometric detection, a Bruker Apex II ultra
FT—MS equipped with a 7 T superconducting magnet was used. Mass
spectra were recorded from m/z 100 to 2000 with a four megaword
transient, resulting in a resolving power of roughly 300 000 at m/z 400.
A broad band spectrum with five microscans was recorded, alternating
with a collision-induced dissociation (CID) spectrum of the whole
mass range at 30 V with five microscans, resulting in an overall

acquisition rate of 0.2 Hz. A detailed description of the APCI setup can
be found elsewhere.*' Atmospheric pressure chemical and photo-
ionization were deployed in positive ion mode. For APCI, roughly
1—2 mg of the parent crude oil and asphaltene were analyzed, whereas
for APPI, 3—5 mg of the sample was placed into the aluminum
crucible. Please note that the source was optimized for gas chromato-
graphy APCI, leading to a lower sensitivity in APPI mode.

B RESULTS AND DISCUSSION

All of the applied techniques exhibit certain characteristics, such
as high mass resolving power and accuracy for the hyphena-
tion of thermogravimetry to atmospheric pressure ionization
FT—MS, vacuum ionization avoiding matrix effects, or addi-
tional gas chromatographic information from the two-step
desorption/pyrolysis system. This diversity results in five complex
and diverse data sets (see Figure 1), and their information has to
be efficiently combined to allow for a comprehensive description
of the effluent. In Figure 2, a simplified schematic of one possible
data analysis route is given as a roadmap for the analysis
throughout this study.

One advantage of the thermogravimetric assemblies (2/3 and
4/5) is the recording of the temperature-dependent mass loss
curve, which reveals quantitative information on the volatility
and decomposition, which is not accessible with the TD/Pyr—GC
setup. The mass loss curves showed no significant desorption step
and a relatively sharp pyrolysis signal peaking at 435—460 °C with
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Figure 3. (a) Total ion count gas chromatogram for the S00 °C pyrolysis EI-QMS measurement of the asphaltene. Low mass hydrocarbons down
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enlarged section reveals alkylated benzothiophene isomers. (b) Averaged SPI mass spectrum for the asphaltene pyrolysis with a high abundance
alkene pattern. Within the expanded part of the SPI mass spectrum, a continuing benzene, alkane, and alkene pattern can be observed.

a mass loss of 47—49 wt % (Figure S1 of the Supporting
Information). The thermal behavior is in good agree-
ment with the chemical evolved gas analysis data from
TD/Pyr—GC as well as with the mass spectrometric response
of the TG-coupled spectrometer. In contrast, the parent
crude oil exhibits an intense desorption phase with a
mass loss of roughly 60 wt % before 300 °C and a further
mass loss of approximately 30 wt % in the pyrolysis phase
(300—600 °C). An amount of approximately 49 wt % for the
asphaltene and 5 wt % for the parent crude oil remained as a
deposit and is rapidly decomposed under an oxidative
atmosphere at 800 °C. This deposit can be assigned to
carbonized species formed during pyrolysis, e.g., graphite.
Literature shows that the yield of volatile matter in the
pyrolysis phase correlates with the aliphatic content in petro-
chemicals, and therefore, a high proportion of the mass
loss will be caused by dealkylation of aromatic species.’”
In summary, the hypothesis that the interlaboratory aspha-
Itene sample does not contain significant amounts of volatile
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or semi-volatile species can be stated and is in agreement with
the literature for other asphaltenes.*’

Pyrolysis Gas Chromatography. The pyrograms obtained
by pyrolysis gas chromatography at 500 °C were analyzed as
shown in the literature to obtain the average side-chain length,
sulfur compounds versus aliphatic compounds, and to indicate
the presence of SO, as well as CO,.**°" The low ionization
efficiency dependence of the EI concerning the molecular
structure and size is a useful advantage compared to chemical
and photoionization. Primary pyrolysis signals were aliphatic
side chains up to a length of 37 carbons (Cy;). SO, (m/z 64)
was found to a very low extent compared to H,S (m/z 34).
This finding indicates nearly oxygen-free conditions. Thio-
phenic species were found to be more abundant than H,S,
indicating thiophene sulfur constituents dominant compared to
thiols. The comparison between sulfur compounds and aliphatic
species revealed a strong dominance of aliphatic species, with 2
orders of magnitude higher abundance. The average aliphatic
side-chain length turned out to be 8.2 (m/z ~120), identified by
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Figure 4. Average mass spectra of the asphaltene pyrolysis for (a) REMPI TOF—MS, (b) APCI, and (c) APPI FT-ICR MS. Tentative assignments of
selected aromatic alkylated series as well as their structure and DBE are given on the right side. PAXH = heteroatom (X = N, S, and O)-containing

polycyclic aromatic hydrocarbons (PAHs).

the alkane and alkene main fragments m/z 55 and 57, which is
slightly higher than values from the literature (Figures S2—S$
of the Supporting Information).”®" Branched alkane/alkene
species were only present in minor abundance in the effluent
compared to the n-isomeric species. Nonetheless, for larger
carbon numbers, the separation power is insufficient for a
complete separation and no clear isomeric information can be
given on species larger than C;. They may have a higher
proportion of branched isomers as the ratio of branched/linear
species increases with increasing m/z. The investigation of the
aromatics on the basis of m/z 91 for the alkyl benzene species
and m/z 162 and 176 for benzo- and dibenzothiophenes
revealed an intricate pattern of sulfur species, captured in more
detail with APPI and APCI. Furthermore, the thiophene species
with the lowest molecular weight were found to be 2-ring
benzothiophenes, whereas for hydrocarbons, alkylated benzene
species (1 ring) were found. These 1-ring aromatics can be
eventually formed during pyrolysis from naphthenic derivatives
and, moreover, might be overrepresented as a result of their GC
optimal volatility range. The fragmentation of the EI hinders
the detection of the molecular ion and, in addition to that, a
more detailed assignment, e.g, of naphthenic constituents.
Single-Photon lonization. For the single-photon ioniza-
tion, a universal and soft ionization technique,™°* typical
petroleum patterns with homologue series of m/z 14 (CH,)
and m/z 2 (H,) spacing were observed for the parent crude oil
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as well as asphaltene. The spectra (Figure S6 of the Supporting
Information and Figure 3b) covered a mass range from m/z 34
to approximately 450. The higher contribution of intact
desorbed species in the total average parent crude oil spectra
(89% TIC < 350 °C) leads to a higher intensity-weighted
molecular weight (m/z 147.9), whereas the asphaltene
spectrum is dominated by thermally induced dealkylation
products (average m/z 100.8, 97.3% TIC > 350 °C) partially
identified by pyrolysis GC. The asphaltene pattern peaks at m/z
42 (Cj-alkene and propene), with m/z 34 (H,S) the second
dominant, whereas the crude oil pattern peaks at m/z 120
(C;-alkylated benzene) with m/z 156 (C;-alkylated benzene) as
the second dominant. Comparing only the pyrolysis pattern of
the parent crude oil and the asphaltene, SPI shows a high
similarity. In more detail, the abundance of the alkene pattern
in the asphaltene spectra exponentially decreases for heavier
alkenes. This finding is in good agreement with the pyrolysis
GC, for which the Cg alkene was found to be the most
abundant alkene (because C, was too volatile for detection).
Assuming an alkylated homologous series starting at m/z 42
(m/z 42 + n X 14) for the alkenes and isobaric cycloalkanes, an
average alkene length of Cy; can be calculated for the aspha-
Itene. Isobaric species for this series can be alkylated
cycloalkanes with 1 saturated ring, which were found only in
minor abundance in the GC pyrograms and are less common
as stable products in pyrolysis.””*’ The average alkene length

f

DOI: 10.1021/acs.energyfuels.7b02762
Energy Fuels 2018, 32, 2699—2711



Energy & Fuels

estimated with the universal soft SPI is congruent to the
pyrolysis GC data obtained with the universal hard electron
ionization, although the photoionization cross section has to be
taken into account. Fortunately, in SPI, the cross sections range
only between a factor of 2 and 3 within one compound class.”*
The substantial occurrence of H,S is caused by the decom-
position of organic sulfur constituents, mainly thiols. On the
basis of this signal, the sulfur content of the asphaltene is far
higher compared to the parent crude oil, which was also found
in the respective GC data. Pyrolysis GC—EI-QMS was
optimized for larger constituents; hence, species below C, do
not reveal a good peak shape (Figure 3). Nonetheless, the main
effluent components can be verified by the electron ionization
fragment spectrum as starting from the Cg alkane/alkene at a
retention time of roughly 2 min. As of a retention time of
1S min, the gas chromatogram exhibits a clear pattern for alkanes
and alkenes, peaking at C;. Pyrolysis of the macromolecular
asphaltene structures results to a large extent in the release of
smaller alkyl chains below C, by cracking as well as notable
amounts of larger alkenes above C,;. Nonetheless, also very
long alkyl chains, which can either originate from a linker or
more likely from a core structure alkylation side, can be found
(up to Cy;, m/z ~ 520). The cracking process during pyrolysis
is a complex mixture of reactions economically used by
refineries (thermal cracking/visbreaking, 450—750 °C, usually
at high pressures around 70 bar). Carbon—carbon single bonds
are broken, and free radicals are formed. A series of reactions
then lead to a high proportion of terminal alkenes. We can
assume that long side chains more readily undergo cracking
than sterically hindered linker sites. Besides the dominant
alkene pattern, a less abundant distribution pattern of thermal
decomposition products with higher m/z can be seen in the
survey view of SPI TOF—MS (Figure 1). These patterns can be
partially attributed to aromatic species, which were already
briefly discussed in the pyrolysis GC data. A more specific
approach, such as REMPI, which is highly selective for aromatic
constituents, can be beneficial, particularly because the m/z
values of alkane and alkene/cycloalkane species coincide with
aromatic alkylation series. Alkenes formed by cracking are
highly abundant. Thus, as a result of dynamic range aspects, a
more selective technique is advantageous too.
Resonance-Enhanced Multiphoton lonization. Figure 4
provides a more selective view on the complex asphaltene
pyrolysis mixture. The two-photon process in REMPI ionizes
species with an ionization energy (IE) below 9.32 eV (2 X 4.66 V)
and a stable intermediate state. Consequently, solely aromatics
can be found. A pattern with the same characteristic CH, group
spacing as with SPI can be observed. The spectrum peaks at
m/z 226, most likely C,-alkylated naphthalenes. The 2—4-ring
polycyclic aromatic hydrocarbons dominate the spectrum.
At higher masses, the series overlap and no clear assignments
are possible. It must be kept in mind that REMPI ionization
L : 65,66 :
efficiencies span orders of magnitude; in comparison to,
e.g., naphthalene, sulfur-containing benzothiophenes are ion-
ized with a 100-fold lower efficiency, whereas alkanes over-
lapping the aromatic alkylation series are not ionized at all.
Nitrogen-containing species will be found on odd m/z values
(nitrogen rule), and carbazole and acridine homologue
alkylation rows were tentatively identified. With the relative
measured abundances, an aromatic ring size of 3—4 with a main
alkylation length of C;_;, can be revealed for the asphaltene.
The average alkylation length of the individual ring sizes was
found to be 2—3 for benzene, 8—9 for naphthalene, and slightly
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lower for condensed aromatics, with 3—S rings (6—8). The
relatively low average alkylation length results from the cracking
process during the pyrolysis.

Atmospheric Pressure lonization. For REMPI, assign-
ments of probable chemical structures rely on literature
knowledge and the ionizable chemical space, e.g., selectivity
to aromatics and cross sections. Ultrahigh mass resolution and
mass accuracy, as routinely delivered by FT—MS instruments,
allow for a mathematical calculation of the elemental com-
position. Assignment to the summed APPI and APCI FT-ICR
MS spectra revealed roughly 800 and 1250 distinct chemical
formulas. Grouped into compound classes, it was found for
both techniques that CHS species are most dominant (APCI,
58% TIC; APPI, 58% TIC), whereas the CH class is the second
dominant (APCI, 25% TIC; APPI, 21% TIC), followed by the
CHS, class (APCI, 10% TIC; APPI, 18% TIC). In APCI, oxy-
genated species are present with a higher abundance compared
to APPI but still only account for approximately 5% TIC
(CHSO, 2.5% TIC; CHO, 1.9% TIC). The low abundance of
oxygenated species in asphaltene analysis was also reported in
the literature.**” In both spectra, CHS,_,0,_3 class species
account for more than 97% of the overall intensity. CHN class
species were only found with a very low abundance (<1% TIC).
This phenomenon can be explained by the high ionization
efficiency of CH and CHS class constituents in positive polarity
mode. In comparison to the complete temperature range of the
parent crude oil, the asphaltene exhibits a higher abundance of
sulfur species and a decreased proportion of CH, CHSO, and
CHO,_, (Figure S7 of the Supporting Information). Nonethe-
less, if only the pyrolysis phase of the parent crude oil is taken
into account, the data are consistent with the asphaltene com-
pound class pattern.

Aside from that, the elemental composition assignment
allows for an assessment of the aromaticity by the double bond
equivalent (DBE) value.”® For APCI, an intensity-averaged
DBE of roughly 7.8 was detected, whereas for APPI, the
value is 9.1, corresponding to a 2—3-ring system. Figure 4
visualizes the dominant homologue row of three selected CHS
class members. Both API spectra reveal a pattern peaking at
m/z 320—360, corresponding to an alkylation grade of 8—14.
The average DBE is slightly higher for the CHS, class and
similar between CHS and CH constituents. The deviation in
average DBE between the API techniques is caused by the
slightly shifted observed chemical space. Furthermore, the
biased molecular weight distribution of FT—MS compared to
TOF data has to be mentioned. A longer storage time for the
CID experiments revealed the presence of larger aromatic
moieties, with an average DBE value of 13 and 11.7 for APCI
and APPI, respectively. With CID, the different tentative
assignments, i.e., (1) small aromatics with alkene side chains
versus (2) larger ring systems with saturated positions, can be
proven. If the double bond is located in the side chain (case 1),
the DBE 7 homologous row should decrease significantly in
the fragmented spectra compared to the DBE 6 or 9 row.
This reduction was not observed, leading to the hypothesis that
a large proportion is given by partially saturated ring systems
(case 2) rather than the particular alkene isomer (case 1).
The DBE patterns of asphaltene pyrolysis are similar to those
from the pyrolysis phase of the parent crude oil. The similarity
between the pyrolysis phases of the asphaltene and the parent
crude oil shown by all techniques suggests that asphaltenic
species cause a high proportion of the pyrolysis of the crude oil.
Figure S visualizes the revealed chemical space by example of
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Figure S. Carbon number versus DBE visualization for the (a) APCI
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(c) CHS, class assignments observed for the asphaltene sample via
APPI-CID. Additionally, the results of the planar limit-assisted
calculation are given.

the CHS class and carbon number versus DBE diagram. Elemental
compositions with a carbon number up to 37 were found
(m/z ~ 520—550) spanning a DBE range from 2 to 22 in
APCI, whereas APPI reveals a narrower DBE spread from
3 to 16. Interestingly, thermal decomposition products identified
with SPI and GC are in the same m/z range. Furthermore,
the elemental composition assignments received by the high-
resolution FT—MS CID spectra can be used for planar limit-
assisted structural interpretation of the aromatic building blocks,
which give information on how the rings are arranged.””’"
For this purpose, the lower carbon number limit of the distri-
bution is fitted linearly. A slope of 0.78 for APCI and 0.76 for
APPI was found, corresponding to a linear benzene ring addi-
tion (cata-condensed, e.g, anthracene, naphthalene, and bipheny-
lene) with a slight proportion of nonlinear addition (peri-
condensed, e.g,, pyrene, perylene, and coronene). These values are
in good agreement with the fittings observed for the CID
spectra. The CHS, class revealed the highest slope, which
indicates condensed aromatic ring systems as a more dominant
structural motive.

The carbon number versus DBE diagrams show a horizontal
shift for the CID spectra compared to the non-fragmented as a
result of (neutral loss) dealkylation with preservation of the
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parent aromatic structure. This finding proves that the observed
thermal decomposition products have a single aromatic core
architecture, which is alkylated by side chains containing no
additional ring systems. An average dealkylation, as calculated
by the difference of the intensity-weighted average m/z of the
parent and CID spectra divided by 14 (m/z of CH,), of 2.1 for
APCI and 6 for APPI was found. A more precise estimation
of the average alkylation length can be performed by sub-
traction of the mean carbon number determined for the non-
fragmented spectra and the lowest carbon number found in the
CID experiment for each DBE value. This approach results in
an average alkylation length of 6—10. The CID voltage was kept
rather low to prevent other fragmentation processes. Nonethe-
less, this precaution will not lead to a complete dealkylation,
and alkylated constituents are still observed in the CID pattern.
Thus, the real average alkylation length may be somewhat
higher. With this in mind and assuming the structures proposed
in Figure 4, an average alkylation state of 10—13 is more
realistic. The parent crude oil reveals a higher value with the
same approach. This finding agrees with the literature that
the alkyl chain length decreases in the order of saturates >
aromatics > resins > asphaltenes.”” Furthermore, it has to be
kept in mind that, in this study, thermal decomposition prod-
ucts were investigated and the intact asphaltene molecules
might consist of several of the observed aromatic cores and
alkyl chains.

Data Combination. In the Asphaltene Characterization
Interlaboratory Study for PetroPhase 2017, among many other
techniques, field desorption mass spectrometry (FD—MS), a
universal and soft ionization approach, was conducted with the
same sample (Figure S8 of the Supporting Information).
A mean molecular mass (M,,) of m/z 1267 and an intensity-
weighted molecular mass (M,,) of m/z 974 with a polydispersity
(M,/M,) of 1.30 was revealed with this approach. Less
stable molecules can undergo a certain degree of dissociation in
FD—MS. Therefore, the prediction of the mean intact mass is a
rather conservative assumption and might be higher. Nonethe-
less, field ionization mass spectrometric investigations as well as
fluorescence depolarization techniques on asphaltenes obtained
an average molecular weight of m/z 700—750,”" " which is in
the same order of magnitude, and the dissociation effect might
be very small. Dependent upon the type of applied ionization
techniques, the following intensity-weighted average mass for
the thermal decomposition product were obtained: m/z 100,
270, 366, and 337 for SPI, REMPIL, APPI, and APCL DBE can
be calculated from the molecular weight, given by FD—MS, and
elemental analysis.”® This calculation results in an average DBE
value of 31.6 for an average intact molecular weight of m/z 974,
a carbon content of 81.5 wt %, a hydrogen content of 7.4 wt %,
and a nitrogen content of 1.3 wt %. If we assume an average
DBE of 10 (3 condensed aromatic rings) and m/z of 270
(taken from the REMPI TOF data) for the aromatic pyrolysis
products, and an average DBE of 1 (taken from SPI TOF,
representing mainly non-polyaromatic products), the intact
macromolecular asphaltene structure is composed of roughly
three aromatic cores (Figure 6 and Figure S9 of the Supporting
Information). A remaining mass of approximately m/z 200
(~14 CH,-units) is contributed by additional alkylation sites and
linkers. As mentioned above, the intact mass assumption might
be higher, consequently contributing to alkylation sites and
saturated linker motives. Figure 6 summarizes the findings of
the individual soft ionization techniques, indicating their overlap
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well as their overlap. The molecular structures and moieties can be recomposed to an exemplary asphaltene structure.

as well as giving a tentative asphaltene structure as revealed
here by the presented pyrolysis approach and FD—MS.

The chemical nature of asphaltene linker sites has been
extensively discussed in the literature. It was stated: “If the
archipelago structures are bridged by cycloalkane rather than
linear alkane linkages much of the controversy between the
molecular architecture models would be resolved”."* Unfortu-
nately, naphthenes/cycloalkanes cannot be distinguished from
the corresponding alkenes via the soft ionization techniques,
but the cycloalkanes were detected by GC—EI-QMS only with
a minor abundance (in comparison to alkane pyrolytic frag-
ments). Moreover, taking into account the dominance of
alkenes, as a product of the thermal cracking of alkylation side
chains, the presence of cycloalkane bridging might be a less
common structural motive.

According to the mass loss curves discussed above, roughly
40 wt % of the asphaltene sample remains after 600 °C
treatment. During pyrolysis, high aromatic island structures can
release hydrogen and form a stable coke residue. This carbo-
nization will involve various reactions.”* It was shown that
aliphatic moieties reveal a higher alteration degree compared to
the relatively stable aromatic core.”” In this study, the evolved
gas is analyzed, and the exact nature of the residue is not a
relevant hindering. Furthermore, the reaction parameter, e.g,
pressure, reaction time, etc., for which these pathways were
shown to be significant, i.e., visbreaking/coking in the refinery,
are much harsher than the conditions applied in this study.”®”’
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Thermal decomposition in thermogravimetry of asphaltenes
was reported to be a first-order reaction and relatively quick at
temperatures above 440 °C. These complex thermal degrada-
tion pathways potentially limit the thermal analysis approach
applied upon asphaltenes. Nonetheless, direct infusion APPI
FT—MS of the exact same asphaltene within the Asphaltene
Characterization Interlaboratory Study for PetroPhase 2017
revealed DBE values of 25—30 for the intact molecules and a
loss of DBE during CID, which consolidates the presented
interpretation and supports our molecular architecture hypothesis.
The findings of thin-film pyrolysis on asphaltenes also suggest
bridged structures present in a significant concentration.”®
Table 1 summarizes the main aspects of the individual tech-
niques and their respective findings. SPI revealed a dominant
alkene/alkane pattern, caused by cracking of alkylation sites and
verified with Pyr—GC. REMPI exhibits the PAH pattern
selectively and even-numbered m/z homologue series as well as
tentatively assigned carbazole and acridine derivatives, indicated
by even m/z values. Sulfur-containing aromatic structures are
detectable, but the short lifetime of their first excited state
required for REMPI leads to a very low signal intensity.
For polycyclic aromatic sulfur hydrocarbon (PASH) detection,
APPI is the method of choice, and the sulfur species could be
easily identified, as shown above. APCI is sensitive toward oxy-
genated compounds, but only a minor proportion of thermally
stable oxygen-containing species was observed in the asphaltene
pyrolysis effluent. APCI, APPI, and REMPI enable a sensitive
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Table 1. Compilation of the Applied Techniques, Their Essential Characteristics, and the Most Significant Results of the
Investigation of the PetroPhase 2017 Asphaltene and Parent Crude Oil

(1) TD/Pyr—GC—EI—

method QMS (2) TG SPI TOF—MS
full name thermal thermogravimetry
desorption/pyrolysis single-photon
gas chromatography ionization time-of-flight
electron ionization mass spectrometry
quadrupole mass
spectrometry
concept ionization 70 eV electron impact, 118 nm single-photon
hard ionization, soft
analyzer nominal resolution reflectron time-of-flight

quadrupole with
secondary electron
multiplier, gas

with multichannel plate
detection, nominal
resolving power, high

(3) TG REMPI TOF— (4)TGAPPIFT-ICRM-
S

MS

thermogravimetry
resonance-enhanced
multiphoton ionization
time-of-flight mass

thermogravimetry
atmospheric pressure
photon ionization

spectrometry cyclotron resonance
mass spectrometry
266 nm Kr VUV lamp with

10/10.6 eV
(124/117 nm), soft

resonance-enhanced
multiphoton ionization,

soft

reflectron time-of-flight
with multichannel plate
detection, nominal

resolving power, high

ion cyclotron
resonance with 7 T
magnet (ParaCell,
Bruker), ultrahigh

Fourier transform ion

(5) TGAPCIFT-ICRMS

thermogravimetry
atmospheric pressure
chemical ionization
Fourier transform ion
cyclotron resonance
mass spectrometry

corona discharge
chemical ionization at a
3000 pA stainless-steel
needle, soft

ion cyclotron resonance
with 7 T magnet
(ParaCell, Bruker),
ultrahigh resolution

chromatography with
separation and
retention time
information (structure)

acquisition rate

detectable compounds ionization of all organic
and inorganic species
(universal), gas
chromatographic

limitation in volatility

hydrocarbons

PetroPhase
C, asphaltene

what was
found? desorption (at 300 °C),
dominant alkene and
alkane pattern, mainly
side-chain information,

less abundant

propane and an

species with ionization
energy below 10.5 eV,
universal for most

no signal in the thermal intense alkene pattern

(Cj_35) peaking at

exponential decrease,
high abundant H,S

resolution (260000
at m/z 400)

acquisition rate (260000 at m/z 400)

polar and semi-polar
constituents, sensitive
toward oxygenated
species

aromatic hydrocarbons
with stable intermediate
state

semi-polar and
nonpolar
components, highly
efficient for
sulfur-containing
species

intense homologue series
of benzothiophene
with alkane and alkene
side chains, oxygenated
species, e.g, CHO and
CHSO

1—S5-ring aromatics and  intense homologue
their alkylated species  series of
up to m/z 500 peaking benzothiophene with
at m/z 224, 2—3 ring  alkane and alkene
with 3—10 alkylation side chains
on average

detection of aromatic hydrocarbon structures. All three
techniques found 2—4-ring PAHs with a DBE of 6—13 as
the most abundant constituents of the asphaltene thermal
degradation.

Bl CONCLUSION

The thermal analysis of a C, asphaltene as well as its parent
crude oil and the comprehensive molecular description of the
evolved gas mixture were successfully conducted deploying
three different couplings and five different ionization tech-
niques. We showed that no significant amount of material
evaporates in the desorption phase (<300 °C), whereas in the
pyrolysis phase (>~320 °C) a complex variety of thermal
decomposition products was detected. A residue of roughly
50 wt % remains after pyrolysis and can be evaporated nearly
completely under an oxidative atmosphere at 800—1000 °C.
Thus, the asphaltene sample, distributed within the Asphaltene
Characterization Interlaboratory Study for PetroPhase 2017,
was proven to be carefully prepared and devoid of desorbable
co-precipitates.

The combination of different ionization schemes and mass
spectrometric analyzers allowed for a more comprehensive
chemical description and validation of the pyrolysis effluent.
APCI as well as the photoionization techniques allow for a
fragment-free characterization, whereas GC—EI partially allows
for the validation of structural motives. Side-chain loss domi-
nates the pyrolysis pattern, revealed as alkenes and alkanes via
EI and SPI as well as aromatics detected via REMPI, APPI, and
APCI. The thermal fragments and field desorption mass spectro-
metric results were used for an indirect assessment of the
molecular architecture. The findings strongly indicate a molecular
structure type with several aromatic cores (mainly 2—4-ring
systems) linked by aliphatic side chains. Thermal decomposition
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of the aromatic core in the proposed island structure type can
happen, e.g., along partially saturated ring systems, but is less
favorable. Therefore, we suggest archipelago-type asphaltenes
be dominant in the PetroPhase 2017 asphaltene. Direct infusion
measurements with APPI and CID on an ultrahigh-resolution
mass spectrometer on the same sample give evidence for this
hypothesis as well.

We have proven that soft ionization is crucial for the specifi-
cation of the effluent obtained from asphaltene and parent
crude oil thermal analysis. Conventional TD/Pyr—GC—EI—
QMS delivers valuable information that is, however, not
sufficient for the molecular characterization of these ultra-
complex sample materials. Investigation of the thermal behavior
of standard substances, which mimic each of the suggested
architecture types, will be performed in future work, e.g, to
address residue and coke formation. Additional information on
nitrogen-containing species is obtainable by applying electro-
spray ionization. Nonetheless, direct infusion experiments most
often struggle with the high dynamic range and ultrahigh
complexity of these sample materials, and substantial effort has
to be taken to generate valuable spectra, e.g., by deploying high-
field magnets, acquisition of narrow m/z bands, or chromato-
graphic separation. As for the thermal analysis approaches used
in this study, the sample can be used directly without any
pretreatment.

The high potential of evolved gas analysis coupled to mass
spectrometry and, in particular, the combination of several
ionization techniques will stimulate further studies on trouble-
makers in the petrochemical industry, such as resins, naphthe-
nates, and other deposits, as well as on asphaltenes from a
different origin. Additionally, analyzing the residue formed at
600 °C thermal treatment, e.g, via direct infusion or laser
desorption high-resolution mass spectrometric techniques, will
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increase the understanding of the thermal behavior and allow
for further structural assignments.
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ABSTRACT: Two organic fouling samples obtained from downstream the cracking oven (DS) and from upstream the hot
zone (US) of a steam cracker facility were characterized. For this purpose, a simultaneous thermal analyzer coupled to a
photoionization mass spectrometer (STA-PI-MS) and a thermal desorption/pyrolysis gas chromatograph (TD/Py-GC-EI-MS)
were used. Mass loss and differential scanning calorimetry information revealed the degradation of the materials beginning at
130 °C with two distinct maxima for US and one for DS (230—330 °C) as well as broad signals (330—500 °C) for both.
Structural motives of different polymeric-like structures were assigned based on PI-MS of the effluent and separately conducted
TD/Py-GC-EI-MS. The advantage of soft photoionization over hard ionization techniques such as electron ionization is the
considerable reduction of fragmentation, yielding higher abundancies of molecular ions. Thus, even though complex samples are
studied, evolving constituents can often be easily tracked in a time-resolved manner (1 Hz). While single photon ionization
(SPI, 118 nm = 10.5 eV) ionizes most organic molecules, resonance-enhanced multiphoton ionization (REMPI, 2 X 266 nm =
9.4 eV) selectively addresses aromatic species. Differentiation of polymeric-like structures was achieved by exploiting this
selectivity (SPI vs REMPI) and comparison of molecular patterns with GC-EI-MS data, which supports the identification of
compounds by providing fragmentation patterns and chemical information based on retention time. US shows high inorganic
content (~50%) and more diversity in its organic part, as indicated by four types of patterns: polyethylene-like, Diels—Alder-
like, polythioether/polysulfide-like, and polystyrene-like motives. In contrast, DS exhibits almost only signals of Diels—Alder-
like and polystyrene-like structures and contains a less inorganic material (~23%). Additionally, first attempts to quantify the
Diels—Alder content by STA-SPI-MS were successfully conducted.

B INTRODUCTION

Petroleum and petrochemical product-related analysis remains
a challenging task for state-of-the-art instrumental analysis. In
particular, heavy fractions are challenging, on the one hand,
due to low volatility, which makes them inaccessible for gas
chromatography, and on the other hand, due to lower
solubility in common solvents for liquid chromatography—
mass spectrometry analysis. Moreover, an increasing isomeric
complexity impedes separation and data handling. The same
problems usually occur when approaching solid residues from

culminate in production losses and increased maintenance
costs of several million euros per year and cracker.'
Fouling can occur in almost all parts of a steam cracker
facility, but a large part of the literature is focused on the coke
formation in the coils and transfer line exchangers of the hot
section.'~* This type of fouling (i.e., coke) is however not
investigated in this study. The focus of this study is on less
investigated organic fouling that occurs downstream or
upstream of the hot section at temperatures ranging from 80
to 200 °C. At these temperatures, both radical polymerization

petroleum refineries such as fouling from steam cracker
facilities.

Fouling, in refineries, is the accumulation of unwanted
materials within a processing unit or on the solid surfaces of
the unit to the detriment of function. It includes solid deposit
formation, corrosion, and phase separation among others. The
major effects are (1) loss of heat transfer as indicated by the
decrease in charge outlet temperature and increase in pressure
drop, (2) blocked process pipes, (3) underdeposit corrosion
and pollution, and (4) hot spots in reactors. All of these effects

-4 ACS Publications  © 2019 American Chemical Society

and Diels—Alder reactions take place leading to a very complex
mixture of oligomeric and polymeric adducts.”~" A higher
temperature will lead to higher rates of fouling formation (via
Diels—Alder or radical polymerization) even though it is
generally admitted that free-radical polymerization significantly
contributes to fouling at temperatures above 70 °C.° Diels—
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Alder reactions require the presence of a dienophile and a
diene, for example, acetaldehyde and butadiene, respectively,
or amphoteric monomers such as cyclopentadiene.”” Radical
polymerization can either be initiated by autopolymerization of
styrene’ or by the formation of radicals on free unsaturated
monomers catalyzed by for example inorganic particles such as
rust or due to the ingress of oxygen in the system. Radical
fouling is often mitigated by dosing free-radical inhibitors such
as TEMPO, whereas Diels—Alder fouling is mitigated by
dosing a dispersant. However, the optimal dosage of reagents
for chemical treatment of fouling is not accessible by any
means so far and is yet to be estimated.

Previous studies of the authors, with direct insertion probe—
mass spectrometry (DIP—MS) and thermogravimetric analysis
(TGA) coupled to an IR detector (TGA—IR) of similar
samples revealed a highly heterogeneous polymeric character
and the abundance of typical Diels—Alder and radical fouling
monomers.” Evolved gas analysis (EGA) techniques, such as
direct insert probe (DIP) or thermal analysis (TA) coupled to
MS or spectroscopy, offer access to desorption of intact
molecules as well as to the evolution of thermally degraded
pyrolysis Oproducts. Therefore, solid samples such as
polymers.,1 asphaltenes,11 or solid fuels'®*7'® can be
investigated. EGA approaches have been widely used in
industrial analytical research for different applications, for
example, investigation of thermal decomposition pathways of
polymers, chemical oils, complex mixture characterization, and
understanding of reaction mechanisms.'®~*"

Though thermal separation of retro-Diels—Alder reactions
(~150—300 °C) and the decomposition of the radical polymer
(>300 °C) was previously achieved by DIP—MS, the high
complexity of evolving constituents and strong fragmentation
(EI-MS) hampers more in-depth investigations. Similar
problems were encountered during TGA—IR measurements.

The hyphenation of TGA to mass spectrometry with soft
photoionization methods could circumvent such problems and
shed more light on the chemical composition of solid deposits.
This analytical method has been successfully applied for the
detection of crude oils, its refined products, and solid fuels
such as coal and biomass.'"*>~>* Photoionization exhibits not
only the advantage of keeping the molecular profile of the
evolved gas mixture intact but provides additional information
via its selective ionization. The latter is especially helpful with
low-resolution mass spectrometers. For instance, resonance-
enhanced multiphoton ionization (REMPI) with 266 nm
photons addresses only aromatic species, while single photon
ionization (SPI) ionizes all compounds with ionization
energies below the used photon energy. Hence, the combined
application of both ionization methods for the investigation of
fouling samples by means of EGA with TGA thus constitutes a
novel approach for the characterization of such a material.
Especially the possibility of distinguishing between aromatic
and nonaromatic components of the fouling samples by
switching the ionization technique offers a straightforward
route to get new insights into their composition.

In this study, we deployed a simultaneous thermal analyzer
(STA) coupled to soft photoionization time-of-flight mass
spectrometry to demonstrate the feasibility of this hyphenated
method for the description of two representative steam cracker
fouling residues. Because only little literature is found on soft
fouling, we present useful qualitative information as well as first
attempts to quantify the Diels—Alder content to improve
chemical treatment of the ethylene steam cracker. Supporting

analyses were performed by classical TD/pyrolysis gas
chromatography electron ionization mass spectrometry.

B MATERIALS AND METHODS

Materials. The investigated fouling samples were received from
Saudi Basic Industries Corporation (SABIC, Saudi Arabia) and
originate from different parts inside a steam cracker facility. In order
to increase result reproducibility, it was necessary to remove the
residual solvent and achieve a homogenous sample by setting a
grinding and drying procedure, which does not affect the underlying
matrix. This was achieved by cryogenic grinding (in liquid nitrogen,
—196 °C, 2 min at 10 Hz, 6750 Freezer/Mill, SPEX CertiPrep) and
successively drying under mild conditions (40 °C, 96 h, 15 mbar) in a
rotary evaporator. Dicyclopentadiene (DCPD) (purity > 96%, Sigma-
Aldrich) was used as a model substrate. For mass calibration and
signal intensity standardization of the simultaneous thermal analyzer
coupled to a photoionization mass spectrometer (STA-PI-MS), a gas
container filled with nitrogen and benzene (10 ppm), toluene (10
ppm), xylene (10 ppm), and mesitylene (10 ppm) was acquired from
Linde AG, Germany. Several additional substances for the
identification of gas chromatographic signals were purchased and
used as delivered. Details can be found in the supplementary material
(Table S1).

Elemental Analysis. Elemental analysis was performed by means
of quantitative CHNS, semi-quantitative WDXRF, and ash content
analysis of the dried sample material. The CHNS content was
determined with the help of an elemental analyzer (LECO TruSpec
Micro CHNS). Other elements (with atomic numbers >11) were
measured by X-ray fluorescence spectroscopy (XRF) with a
wavelength dispersive X-ray fluorescence spectrometer (AXIOS
WDXREF spectrometer) using an externally validated, fully automated
method (semi-quantitative without standard). Quantification is based
on theoretical properties of the elements and their spectra. The
method has an excellent reproducibility, but the absolute level may
differ from the level as measured by other methods. Ash content is
measured by an in-house method, in which the sample is completely
incinerated at 900 °C and then the residue is weighed.

Simultaneous Thermal Analyzer Coupled to a Photo-
ionization Mass Spectrometer. A simultaneous thermal analyzer
(STA 409, Netzsch Geritebau, Selb, Germany) was coupled to a
custom photoionization time-of-flight mass spectrometer (PI-MS),
which utilizes either SPI or REMPIL Evolving constituents of the
effluent from the thermal analyzer were sampled via a heated interface
and transfer line (length 2.25 m, 200 ym inner diameter, at 280
°C).*>** A few milligrams (5—10 mg) of the prepared sample material
were placed in an aluminum crucible, which was sealed by a lid
(pinhole SO pm diameter). Thermal analysis was carried out with a
heating rate of 20 K/min under nitrogen atmosphere (60 mL/min)
from 35 to 525 °C. At 525 °C, nitrogen is partially replaced by air (40
mL/min synthetic air and 20 mL/min nitrogen) , yielding an oxidative
atmosphere. Evolved gas was sampled as a result of the pressure
difference between the balance at atmospheric pressure and the ion
source at reduced pressure (roughly 3 X 10~° mbar). Subsequent SPI
and REMPI TOF-MS analysis is described in detail elsewhere.’*>* In
brief, for SPI, 355 nm laser pulses (25 mJ pulse energy, 10 Hz
repetition rate, and S ns pulse width), generated from a Nd:YAG laser
(Surelite III, Continuum, Inc., Santa Clara, CA, U.S.A.), were sent
through a xenon-filled gas cell (Xe 4.0, 12 mbar), yielding vacuum
ultraviolet photons by nonlinear frequency tripling (118 nm = 10.5
V). For REMP], the Nd:YAG fundamental wavelength is frequency-
quadrupled (266 nm = 4.7 €V). The molecular ions formed by either
REMPI or SPI are recorded with an acquisition frequency of 10 Hz
from m/z S to 500 with a reflectron TOF-MS using a multichannel
plate detector. Averaging over 10 spectra yields a time-resolution of 1
Hz. Data processing and analysis were carried out with an instrument-
specific LabView graphical user interface and self-written MATLAB
(2010b) scripts.

TD/Py-GC-EI-MS. For thermal desorption/pyrolysis gas chromato-
graphic analysis, 0.3—4.0 mg of the prepared sample was injected into
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Figure 1. TGA (A) and DSC (B) data of DS and US reveal several different degradation processes with the most pronounced being between 230—
330 °C (marked grey) and 330—500 °C (not indicated). Panel (C) shows the evolved total ion current (TIC) obtained by more universal SPI and
panel (D) shows the TIC during selective REMPL The DTG (dashed line) is plotted for comparison and reveals a good correlation to the SPI TIC

response.

Table 1. EA and Ash Content of Dried Fouling Samples

elemental analysis/wt %

sample C H N
DS 70.18 6.37 0.39
Us 39.25 4.43 3.08

0.09
3.19

Fe H/C/mol/mol ash content/wt %
3.29 1.09 7.94
31.56 1.35 34.50

the pyrolyzer (model PY-2020iD, double-shot pyrolyzer, Frontier
Laboratories) mounted onto a HP 6890 gas chromatograph.**** The
sample material undergoes two steps: (1) a thermal desorption
process at 330 °C and (2) a pyrolysis step at S00 °C, each held for 1
min. To separate the evolved gas mixture, a 30 m SGE-BPXS column
(250 pm inner diameter, 0.25 um film, helium at 99.999%, and head
pressure at 0.4 bar, split of 1:50) was used with the following
temperature program: hold for 20 min at 35 °C, ramp to 330 °C with
S K/min, and hold for 20 min. The effluent from the column was
ionized by a 70 eV electron ionization source and analyzed by a
quadrupole mass spectrometer. Mass spectra were recorded in the
scan mode from m/z 10 to 500.

B RESULTS AND DISCUSSION

Sample Origin and Pretreatment. The fouling samples
investigated within this study originate from a steam cracker.
They were attained during a turnaround period and originate
from downstream the cracking oven (DS) and from upstream
the hot zone (US), which is contaminated by heavy molecular
weighted byproducts as shown later.
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Comparison of TA and mass spectrometric data of
measurements from before and after the sample pretreatment
(Figure S1) revealed only significant change for small, alkylated
benzenes and mid to heavy alkanes evolving at moderate
temperatures, presumably unbound constituents. This leads to
the assumption that only adsorbed constituents which can be
volatilized at rather low temperatures (<130 °C) are removed
and, thus, that the macromolecular chemical composition is
not affected by the pretreatment.

Simultaneous Thermal Analysis. Before discussing the
emitted molecular profiles of the residue samples, the TGA
and differential scanning calorimetry (DSC) data can give
some insights into general thermal behavior of both samples,
summarized in Figure 1. Starting at 130 °C, a slow and steady
mass loss of both samples can be registered with a slightly
higher rate for US (Figure 1A). However, at 230—330 °C, DS
shows one distinct step, while US reveals two less pronounced,
consecutive steps in addition to the underlying steady mass
loss. From 330 °C onwards, the mass loss rate of DS increases
drastically peaking at 420 °C and then decreases until all

DOI: 10.1021/acs.energyfuels.9b02886
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alkylated aromatics. During pyrolysis (330—500 °C), the summed SPI-MS (C) and REMPI-MS (D) spectra show a multi modal distribution of
alkylated styrenic subunits with its respective maxima at m/z 118 and 236. Little amounts of cyclic dienes evolve as well.

degradable constituents are expended. In contrast, the rate of
US is almost constant but also slightly decreases after 420 °C.
For better comparison, data and figures have been normalized
to the samples’ respective total mass loss. The remaining
masses are 62 wt % (US) and 29 wt % (DS), which roughly
corresponds to the non organic content retrieved from
elemental analysis (Table 1).

DSC data reveal enthalpy changes for both samples during
the entire analysis (Figure 1B). The mass loss steps observed
in TGA between 230 and 330 °C are also detected by DSC
and accordingly show two distinct but partially overlapping
peaks for US [Figure 1B(a,b)] and one broad endothermic
signal for DS. Similar to mass loss, the energy consumption of
DS increases from 330 to 420 °C and decreases afterwards,
revealing a small shoulder during its increase. In the same
temperature range, the energy flux of US measured by DSC
decreases at first and then rises until a maximum at 470 °C is
reached and decreases again afterwards.

An experiment with several consecutive heating, cooling, and
reheating steps was conducted for DS to detect reversible
reactions such as intramolecular Diels—Alder reactions (Figure
S2). The absence of enthalpy changes during cooling and
reheating indicates no or at least undetectable reversible
processes. Additionally, measurements with high-resolution
TGA and a more sensitive, dedicated DSC system confirmed
the minor extent of intramolecular DA reactions (not shown

here).

11595

Elemental Analysis. Besides increased coke formation
(i.e., carbonation), a substantial proportion of the remaining
mass at the end of the temperature program (550 °C) probably
consists of metals or other hetero element-containing
compounds as indicated by EA (Table 1). The most abundant
metal for both samples is iron with 31.56 wt % (US) and 3.29
wt % (DS). Further detected hetero elements in US are sulfur
(3.19 wt %), nitrogen (3.05 wt %), nickel (0.38 wt %), chlorine
(0.16 wt %), phosphor (0.13%), and many more, whereas DS
shows less abundance of hetero elements, for example,
nitrogen (0.39 wt %), silicon (0.33 wt %), sodium (0.23 wt
%), sulfur (0.09 wt %), and others.

In general, both samples are very diverse in their elemental
composition, but their distribution is quite different. US
contains higher values for most of the metals as well as for
nitrogen and sulfur—only silicon and sodium are more
abundant in DS than in US. Thus, DS seems to contain a
higher proportion of organic constituents as indicated by C
(70.18 wt % vs 39.25 wt %) and H (6.37 wt % vs 4.43 wt %),
and the resulting H/C ratios (1.09 vs 1.35) suggest either a
higher carbonation or unsaturation/ aromaticity.

Photoionization (SPI/REMPI). The advantage of soft
photoionization is the almost exclusive generation of molecular
ions, leading to simplified, mostly fragment-free mass spectra.
Furthermore, due to the fast time-of-flight mass spectrometric
detection (10 Hz, averaged over 10 spectra = 1 Hz), highly
time-resolved spectra are obtained. Especially complex samples

DOI: 10.1021/acs.energyfuels.9b02886
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can then be interpreted more easily and interesting patterns or
masses can be tracked.'’ Simultaneously, bulk gases (e.g., N,
0,, H,0, CO,) are excluded because of their high ionization
energies, preventing the detector from saturation and allowing
for an increased dynamic range.

Even though the mass spectrometric data has been
normalized to the evaporated mass, the TIC of US for SPI
and also for REMPI is much lower compared to DS (factor of
2.85 for SPI and 5.24 for REMP], respectively) (Figure 1C,D).
Because photoionization is dependent on the specific cross
section (ionization efficiency) of the evolving analytes, US
seems to contain more compounds with lower cross sections.
In general, the order of cross sections in SPI for selected CH
lkanes < Oalkenes < Uaromatics'35 This
finding proves the hypothesis gained by the elemental
composition analysis: the organic content of DS is more
unsaturated/aromatic than the organic content of US.

Although considerable mass loss occurs beginning at 130 °C,
no mass spectrometric signal above the noise level can be
detected before reaching 200 °C (SPI) for both samples
(Figure 1C). With the more sensitive REMPI (Figure 1D), a
rising signal can be recorded for DS starting at 170 °C. The
resulting mass loss without detectable MS signal implies
evolution of poor or nonionizable species. Several possibilities
exist, but reactions such as decarboxylation or dehydration

substance classes is usually o,
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might play a role. The typical release of CO, (m/z 44, IE:
13.8) or H,0 (m/z 18, IE: 12.6 eV) cannot be detected with
the given PI-MS setup because the photon energies are too low
(SPL: 10.5 €V, REMPL: 9.3 eV).>® After 200 °C, the SPI TIC of
both samples correlates quite well with its respective mass loss
rate. For DS, the REMPI signal also correlates with SPI and
mass loss, while for US there is almost no REMPI signal during
the first phase (200—330 °C) and only moderate intensity
during the last phase (350—550 °C).

Molecular pattern information (SPI/REMPI-MS) is ob-
tained by summing the spectra of each phase (<330 and 330—
550 °C) (Figure 2 and 3) and comparing it to data received
from TD/Py-GC-MS recorded at similar temperatures
(Figures S3—S6). Chromatograms obtained by this technique
should be comparable to the summed molecular patterns from
TGA-PI-MS and give additional chemical information based
on the retention times and electron ionization fragment mass
spectra. Peaks can be identified by their characteristic
fragmentation pattern utilizing the NIST database (NIST
MS Search 2.0) or by comparison to standards. This combined
approach together with knowledge from literature enables a
tentative assignment of the nominal mass values given by the
STA-PI-MS setup.'’

Downstream Fouling. In the first phase (<330 °C), small
signals at m/z 34 (H,S), m/z 44 (Bt = O), m/z 48 (SO/

DOI: 10.1021/acs.energyfuels.9b02886
Energy Fuels 2019, 33, 11592—11602



Energy & Fuels

400 T
A low abundant styrenic trimers
350 DS - i
B dominated by SPI | styrenic monomers/
. dimers
300 ™ dominated by REMPI
250 :
alkanes/styrenic monomers
N
E 200
150 ,
100 vi |
50 cyclic dienes B
| | 1 1
400 T T T T m
B
350 US 8
B dominated by SPI
3001 B dominated by REMPI (cyclo-)alkanes/alkenes styrenic constituents/aromatics |
250
N /.
E 200 /.
150 - )
100 sulfur and oxygen containing species . —
50 cyclic dienes / ______ /
1 1 1 1

100 200

300
Temperature / °C

400 500 550

Figure 4. Simplified contour plot of DS (A) and US (B) illustrating the dominance of SPI (blue) and REMPI (red) for the ionization of evolving
constituents during TA. Most abundant structural motives are indicated within the depiction.

MeSH), and m/z 58 (acetone) are observed (Figure 2A).
Other low intensity signals (m/z 40, 42, 52, 54, 70) could be
assigned to alkynes, alkenes, or dienes (e.g., butadiene).

A highly abundant signal at m/z 66 can be assigned to
cyclopentadiene. The identification is supported by compar-
ison with measurements of pyrolyzed DCPD. High agreement
was found in their fragment patterns and retention time and
the dimer (m/z 132) was also detected in both measurements.
Furthermore, the homologue methylcyclopentadiene (m/z 80)
can also be readily identified by comparison to a standard
measurement. For m/z 94, several peaks can be found in the
chromatogram, most likely isomers of dimethyl-/ethylcyclo-
pentadienes. Eligible standards were unfortunately not
commercially available. In either case, the fragment patterns
indicate at least two conjugated double bonds. Only a small
part of m/z 92 can be assigned to toluene, while several other
peaks of m/z 92 and the one of m/z 78 indicate nonaromatic,
conjugated double bond-containing species as well (e.g,
fulvenes).

As seen by comparison of the molecular profile to the
REMPI data (Figure 2B), the composition changes to an
almost purely aromatic pattern starting from m/z 104. Many
identified compounds contain at least one nonaromatic double
bond, for example styrene (m/z 104), indene (m/z 116),
methylstyrene (m/z 118), diethenylbenzene (m/z 130),
methylindene (m/z 130), or alkenylbenzenes (m/z 132/
146). Other prominent peaks are made up by aromatic cores
or their alkylated homologues, for example, naphthalene (m/z
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128), methylnaphthalene (m/z 142), acenaphthene (m/z
152), acenaphthylene (m/z 154), biphenyl (m/z 154),
alkylated naphthalenes (m/z 156), fluorene (m/z 166),
anthracene/phenanthrene (m/z 178), or pyrene (m/z 202).
A rather small part of DS is composed of saturated, long chain
hydrocarbons (C;y—C;,, <1%/TIC).

When looking at the pyrolysis phase (330—550 °C),
intensity, complexity, and mass distribution increase in terms
of covered mass range, peak number, and homologous rows
(Figure 2C,D). Instead of a mono-modal distribution as found
for the first phase, a multi modal distribution becomes evident,
reaching up to m/z 380. Multi modes usually imply a more or
less regular structure of a chemical motif, such as the highly
structured alkylation pattern which can be found for crude oil
and petroleum distillates or polymeric pyrolysis pattern
(monomer subunit).”**' The difference between two modes
is about m/z 104, leading to the assumption of an alkylated
styrenic structure. Both phases show a similar composition, but
the aromatic, oligomeric pattern is much more pronounced
during pyrolysis and reaches higher m/z values. Only a few
additional low m/z values appear as well as many new signals
and higher intensities for higher m/z values (i.e. dimers and
trimers). While the monomers and dimers are well detected by
REMPI and SPJ, trimers can only be seen in SPI (Figure 4A).
Usually, REMPI is much more sensitive for aromatics than SPI,
but the isolated benzene rings of the trimers and less detector
voltage (REMPI: 1.55 kV, SPI: 1.67 kV) might lead to a better
sensitivity in SPI in this case. Signals of trimers with prominent
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fragments such as m/z 77, 91, 105, 117 etc. can also be found
in the Pyr-GC-MS data.

In summary, an alkylated styrenic motif, composed of
alkylated styrene, indene, and similar compounds, can be
suggested as dominating structure, which decomposes mainly
above 330 °C (~80% mass loss, eq 1). A negligible proportion
of DS is made up by long alkane chains and carboxylic acids.
Nonetheless, their occurrence could not be specified and
decarboxylation might lead to a biased (underrepresented)
view, while the paraffinic content is overestimated. Although
EA shows a certain hetero element content, most of the
effluent can be assigned to the CH class and only little signal is
related to sulfur-, nitrogen-, or oxygen-containing substances. It
is interesting to note the moderate abundance of actually and
tentatively assigned cyclic dienes (e.g, cyclopentadienes),
particularly present in the first phase.

Scheme 1. Simplified Scheme of the Degradation of the
Irregular Polystyrene-like Structure toward Dimers and
Monomers (eq 1) and retro-Diels—Alder Reaction of DCPD
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“In reality, variations at sidechains (R’), core structure (indene, vinyl
naphthalene or similar cores instead of styrene), or shifts/hydro-
genation of the double bond lead to a far more complex product
mixture. The lower scheme shows the retro-Diels—Alder reaction of
DCPD into its monomer cyclopentadiene (eq 2), which was used as a
model reaction for the calibration purpose.

Conjugated dienes are typical for (retro-)Diels—Alder
reactions and could be good markers to determine the
contribution of Diels—Alder fouling in steam cracker residues.
One example for a retro-Diels—Alder reaction is the
degradation of DCPD (eq 2). Though dienes can react with
each other, the unsaturation of the general styrenic structure is
also an ideal target for the addition of dienes. One possible
explanation for two distinct mass loss steps with similar
decomposition patterns is that the same constituents are
incorporated in different ways. Because retro-Diels—Alder is
hypothesized to play a major role during the first phase,
monomers of polystyrene could also be incorporated by this
type of reaction. In a converse sense, cyclic dienes might also
be incorporated by another type of reaction, which
decomposes broadly (330—500 °C) together with the
polystyrene structure.

Upstream Fouling. The spectrum in Figure 3A has been
summed for <330 °C, including the first two mass loss peaks of
US. Though they cannot be completely separated, differences
can be distinguished when looking at the time-resolved data
(Figure S8). Most of the intensity during the first step (220—
270 °C, Figure 1B(a)) results from mid to heavy saturated
alkanes (C;y—C,, linear and branched), which can be seen
quite well on the right hand side of Figure 3A.

Notably, distinct m/z signals occur with —2/—4 splits
(—=H,/—2xH,) to the series of saturates. This pattern can be
associated to compounds with higher aromaticity or cyclic
structures (higher unsaturation/hydrogen-deficiency). Their
abundance increases with a decreasing m/z value, until they
eventually merge into the underlying and even more
pronounced low m/z pattern of the second peak (270—310
°C, Figure 1B(b)).

Many masses in this low m/z range can be related to hetero
atom-containing substances. Some of them show low or
moderate intensity, for example, m/z 17 (NH;), m/z 48
(MeSH/SO), m/z 64 (SO,), m/z 72 (butanone), m/z 90
(butanethiol), m/z 98 (methylthiophene), m/z 104 (pentane-
thiol), and m/z 122 (diethyldisulfide), while others are highly
abundant, for example, m/z 34 (H,S), m/z 44 (Et = O), m/z
58 (Acetone), m/z 62 (EtSH), and m/z 76 (propenethiol/
CS,). Signals at m/z 66 (cyclopentadiene) and m/z 80
(methylcyclopentadiene) can be assigned confidently. In
contrast to DS, signals at m/z 68, 70 and m/z 82, 84 might
indicate the abundance of similar C;/Cg4 compounds, but with
at least one less double bond equivalent. The REMPI spectrum
(Figure 3B) exhibits only minor intensities of (alkylated)
naphthalenes and some other unidentified aromatics with low
abundance during the first phases (220—330 °C).

Not visible in the summed spectra (Figure 3C,D), but in
time-resolved data, is the drastic change in MS patterns during
pyrolysis (330—550 °C). At first, the low m/z values described
in the first phase remain the same but change suddenly around
370 °C (Figure S9). All signals of sulfur-containing
compounds disappear, whereas signals of m/z 17 (NH;) and
m/z 31 (MeNH,) increase/appear. A strong increase can also
be noticed for several tentatively assigned alkenes, for example,
m/z 42 (propene), m/z 56 (butenes), m/z 70 (pentenes), and
m/z 84 (hexenes) and probably dienes, for example, m/z 68
(pentadienes) and m/z 82 (hexadienes). Only a few signals
remain almost the same, for example, m/z S8 (acetone), m/z
66 (cyclopentadiene), and m/z 80 (methylcyclopentadiene).
Furthermore, a complex mixture of aromatics starts to evolve,
resulting in an intense REMPI spectrum (Figure 3D).
Moderate signals can be assigned to benzene derivatives (m/
z 92, 106, 120) and phenols (m/z 94, 108, 122), while the
highest intensities are made up by (alkylated) styrenes (m/z
104—202), indenes (m/z 116—200), biphenyls (m/z 154—
264), and naphthalenes (m/z 128—212).

In summary, a small part of US consists of mid to heavy
alkanes, which are released during the first distinct mass loss
step (220—270 °C). Either the drying procedure was not
sufficient for the unbound constituents or they are formed as
degradation products. Arguments for degradation are the sharp
peak in DSC and the missing, staggered boiling pattern of low
to high m/z values. Degradation of a pure polyethylene-like
structure is unlikely because common polyethylene degrades
above 310 °C.”” Maybe decarboxylation or the concurrent
release of thiols, ketones/aldehydes, and NHyj is related to this
observation. Evolution of a strong sulfur-containing pattern
together with a degradation temperature range of 220—370 °C
suggests a polythioether-like ([-S—(CH,),—],,) or polysul-
fide-like ([—S—S—(CH,),—],,) structure.”® The appearance of
the distinct peak at 270—310 °C (DTG, DSC, SPI), followed
by a drastic temporary decline of most of the signals, remains
for further studies. Then, after 370 °C, an evolving complex
aromatic pattern indicates a polystyrene-like composition for
the remaining mass (~60%). Cyclic dienes (m/z 66 and m/z

DOI: 10.1021/acs.energyfuels.9b02886
Energy Fuels 2019, 33, 11592—11602



Energy & Fuels

5 ‘
Mass Loss 1500 | pra
44 y=1.020x - 0.005 y = 341.790x - 42.212
o R?=0.9996 > R? = 0.9962
£ 31 31000
= =
£ 2 ﬁ
£ 0o 5001
1] L
A B
0 0
0 1 2 3 4 5 0 1 2 3 4 5
m_/mg m  /mg
L L L
15007 spi(miz 66) cr
E] y = 926.810x - 72.653
L] R? = 0.9902
~ 1000 =
>
=
(72}
=
8 500 SPI (m/z 132) r
£ y = 593.810x - 63.427
R? = 0.9800
0> T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
m, I mg

Figure S. Calibration by TGA (A), DTA (B), and SPI-MS (C) for the retro-Diels-Alder reaction of DCPD into its monomer (eq 2); all data sets
follow a linear regression quite well, but only SPI-MS has the required selectivity for quantification.

DS sPI

1.5

US SPI

—CPD (m/z 66)
s —Fulvene (m/z 78)
© | 41 —C+~CPD (miz 80)
~ —C,-Fulvene/Toluene (m/z 92)
2 —C,~CPD/Phenol (m/z 94)
(2]
£ 05
3
£
A B -
1 L ol oo Ay |
200 300 400 500 5501 _ 200 300 400 500 550
DSREMPI | US REMPI
3
3 1
>
=
[}
S - b 0.5
]
£
c m s adi 0 D

Temperature / °C

Temperature / °C
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DS shows high abundancies of DA monomers during the first phase and a broad release afterwards, while US shows almost only a broad evolution.
Mass traces shared by aromatics (m/z 78, 92 and 94) are not suited to estimate the DA content, at least during the second phase.

80) seem to be independent from any change in patterns.
Their signals start rising with the appearance of the first peak
(220 °C) and also show a temporary increase during the
second peak but are mainly broadly released (220—500 °C)
until the end of the pyrolysis phase. A general overview of the
most abundant patterns in US is given in Figure 4B.

Quantification. A variety of additives can be used to
influence side reactions of the cracking process such as fouling.
Two typical reagents are radical scavengers for the inhibition of
radical fouling and dispersants to minimize Diels—Alder
fouling. The optimal dosage of reagents depends on the
amount of each reaction during operation, which is not
accessible by any means so far. To overcome this problem,
quantification of the Diels—Alder content was attempted in
this part of the study.

There are different approaches to calibrate the TGA-
hyphenated systems for quantification purposes as described
in the literature.®” In this work, STA-PI-MS measurements
with DCPD as a model substrate were carried out. DCPD is a
Diels—Alder adduct of two cyclopentadiene units and readily
degrades into its monomers at about 170 °C (beginning at
>150 °C, eq 2).* It turned out that all data sets (mass loss,
calorimetry, and mass spectrometry) measured with STA-PI-

11599

MS follow a linear regression and might be suited for the
aimed approach (Figure ).

However, the calibration by mass loss (Figure SA) is the
most reliable over the whole range (0.04—4.20 mg). One
limitation is the mass accuracy of the thermo-balance (Am =
0.01 mg), but taking the initial sample weight of ~7 mg into
account, an accuracy of <1% can be achieved. The calibration
by differential thermal analysis (DTA) (Figure SB) works very
well for masses >0.16 mg but becomes imprecise below. Its
nonlinear behavior directly follows from measurement
accuracy again and strongly depends on how well starting
and ending points of the process can be determined. As a
drawback of the rather accurate TGA/DTA measurements,
concurrent processes cannot be discriminated. Even during the
simple degradation of only the model substrate, mass loss and
DTA result from evaporation of the dimer as well as from
degradation and evaporation of the monomer. Because the
fouling samples are far more complex and clearly showed
simultaneous degradation of at least two different types of
structure motives, a more selective calibration method has to
be developed.

Selective quantification can be realized by SPI-MS, when
specific key substances were assigned to certain processes.
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With this approach, the calibration (Figure SC) is highly
sensitive and covers a good mass range (0.04—1.68 mg). SPI-
MS has the lowest limit of detection of the three presented
calibration methods, so even low values of about 4 X 10™* mg
DCPD are theoretically accessible. Besides, several masses can
be tracked, which is important for diverse structures. The
major limitation to this method is the PI-MS-setup itself, given
by the fluctuation of the laser intensity. Normalization was
performed based on standard gas measurements before and
after each measurement, but short-term changes could not be
corrected and can cause outliers. Nevertheless, calibration by
SPI-MS seems the most promising calibration method and is
advantageous over the TGA/DTA approach because of its
higher sensitivity and specificity.

Semi-Quantification of Diels—Alder-Related Substan-
ces. When comparing the overall intensities of several signals
of cyclopentadienes (m/z 66, 80, 94) and fulvenes (m/z 78,
92) of US/DS, the values are quite similar (not shown here).
However, taking into account that the time-resolved release is
quite different for each sample and phase (Figure 6), the
picture changes (Figure 7).

DS releases more cyclic dienes than US during the first
phase (Figure 7A), whereas US shows higher intensities during
the broad evolution (Figure 7B). Either (1) Diels—Alder
reactions between dienes and the basic structure took place
and the bonding is stronger (e.g, cross linked) than for
constituents evolving during the first phase or (2) dienes are
incorporated by radical fouling or (3) precursors form dienes
as pyrolysis products in situ. For the first two theories,
quantification to determine the right dosage of dispersants
would be feasible and correct, whereas for the last case, it
would lead to false positive results.

When looking at the REMPI data (Figure 6C,D) it becomes
clear that m/z 92 and 94 do not exclusively belong to C,—
fulvene and C,—CPD, respectively. In the first phase (<330
°C), no or only very low REMPI signal is detected for these
masses, but during the second phase (330—500 °C), isomeric/
isobaric aromatic constituents evolve. Cross checking with data
from TD/Py-GC-MS revealed high abundance of toluene and
phenol during pyrolysis (330—500 °C) and none or very low
abundance of other isomeric/isobaric compounds, leading to
the assumption that C;—fulvene and C,—CPD only contribute
to the retro-Diels—Alder content during the first phase.

In summary, selective (semi-)quantification of Diels—Alder
fouling can be achieved with STA-PI-MS, when (1) signals are
identified unambiguously, (2) key signals can be assigned to

the specific fouling, and (3) only one feature is tracked per
signal (e.g., by selectivity or sufficient resolution/separation).
We demonstrated that at least for the first phase, the
calibration via SPI-MS fulfills these conditions. Only the
broad release up to high temperatures (330—500 °C) rises
doubt about the exclusiveness of cyclic dienes toward Diels—
Alder reactions in general. The technique is sensitive and
specific; masses for cyclic dienes were assigned confidently and
unambiguously.

B CONCLUSIONS

The characterization of two fouling samples was conducted,
deploying two different EGA techniques. With STA-PI-MS,
thermal processes and evolving organic compounds were
observed time resolved (1 Hz) over the entire temperature
range. Either SPI (universal soft ionization) or REMPI
(selective for aromatics) was used for mass spectrometric
detection. The second technique (TD/Py-GC-EI-MS) sup-
ports the identification of nominal masses found in PI-MS by
providing chemical information (chromatography) and
fragmentation patterns (EI-MS).

The composition of both samples (DS/US) is quite diverse,
aside from a large proportion of hydrocarbons, several hetero
elements, such as iron, sulfur, and nitrogen, are abundant.
Carbonization and high contents of metals lead to a
nonvaporizable residue during STA-PI-MS measurements.
Little amounts of metals might have been present in the
used feedstock, but most of it probably comes from
embrittlement of the facility.

Focusing on the organic content, it becomes evident, that
most of US (~60 wt %) and DS (~80 wt %) are made up of a
polystyrene structural motif, which mainly decomposes above
330 °C. Diels—Alder adducts and (cyclic) dienes are released
with high intensity in a step before, as well as broadly during
the decomposition of the basic styrene structure. Whether all
or only a part of these dienes are linked to Diels—Alder fouling
remains unclear, which complicates the quantification attempts
undertaken in this work. For that matter, quantification by SPI-
MS is the most promising method, which is advantageous over
the less sensitive and selective quantification methods by TGA
and DTA.

A very little part of DS (<1%/TIC) and a medium part of
US (<5%/TIC) consists of medium to long linear alkanes. In
contrast to DS, which only contains small signals for hetero
atom-containing compounds, US shows an intense pattern of
mainly sulfur and less abundant oxygen-containing substances
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(220—370 °C). The higher complexity of US (more elements
and dienes) makes it even harder to differentiate the
concurrent processes.

Nonetheless, it was proven that STA-PI-MS and TD/Py-
GC-EI-MS are useful tools to characterize the main
composition of these fouling samples. First attempts to
quantify the extent of Diels—Alder product were successfully
performed. Future studies will focus on a deeper understanding
of the concurrent processes and, in particular, on an
unambiguous identification of the evolving constituents.
Most likely achieved by improvements of the GC protocol as
well as of the resolution of the MS.
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ABSTRACT: The rising demand for more and more specialized
polyethylene represents a challenge for synthesis and analysis. The
desired properties are dependent on the structure, but its
elucidation is still intricate. For this purpose, we applied thermal
analysis hyphenated to single photon ionization mass spectrometry
(STA-SPI-MS). The melting and pyrolysis behavior of different
types of polyethylene were tracked by DSC and mass loss.
Crystallinity and melting point give hints about the branching but
are also influenced by the molecular weight distribution. The
evolving gas analysis patterns obtained by SPI-MS however,
contain specific molecular information about the samples. Shifts in
the summed spectra, which can be clearly observed with our
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technique, result from differently favored degradation reactions due to the respective structure. Pyrolysis gas chromatography mass
spectrometry (Py-GC-EI-MS) was used to support the assignment of pyrolysis products. Principal component analysis was
successfully applied to reduce the complexity of data and find suitable markers. The obtained grouping is based on the molecular
fingerprint of the samples and is strongly influenced by short-chain branching. Short and medium alkenes and dienes have the
strongest impact on the first four principal components. Thus, two marker ratios could be defined, which also give a comprehensible
and robust grouping. Butene and pentene were the most abundant signals in our set of samples. With STA-PI-MS, a broad range of
pyrolysis products can be measured at the same time, possibly extending the range for quantifiable short-chain branches to more
than six carbon atoms for PE. Unfortunately, no clear trend between long-chain branching and any grouping was observed. The quite
universal and soft single photon ionization enables access to many different compound classes and hence other polymers can be

studied.

B INTRODUCTION

Polyethylene is the world’s most-produced synthetic polymer
with 116 Mt per year (2015, corresponds to ~29% of total
synthetic polymer production)." It has excellent properties for
a large variety of applications, such as coating, insulation, or
wrapping.” Polyethylene consists of saturated hydrocarbons,
and its structure can vary enormously.” It is a mixture of many
similar but differently long and dissimilarly branched chains.
The molecular weight distribution (MWD) and branching are
also influenced by the polymerization conditions, particularly
the choice of catalyst and whether or not copolymers are
used.’

The simplest polyethylene structure is linear, which leads to
high crystallinity and density (high-density polyethylene,
HDPE). Low-density polyethylene (LDPE) exhibits a high
degree of long- and short-chain branches and is obtained by
radical polymerization. Linear low-density polyethylene
(LLDPE) has a large number of relatively short branches as
well. It is usually synthesized by usage of copolymers (1-
olefins), yielding these short side chains. Besides the types
© 2020 American Society for Mass
Spectrometry. Published by the

American Chemical Society. All rights 2362
reserved.
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mentioned above, a variety of other polyethylene materials and
even mixtures (or grafting) of these exist.®

Branching has a significant impact on the materials’
properties and thus its characterization is essential for the
understanding of the performance of different PE types.””*
Chemical analysis, however, is often impeded by the
polyethylene’s nonpolarity, nonvolatility, inertness, and poor
solubility.”” Common mass spectrometric techniques to
address polymers, such as matrix-assisted laser desorption
(MALDI) or electrospray ionization (ESI) are therefore not
applicable or only with difficulties."”"" Because structure—
property relations work in both directions, one can also
measure bulk parameters, for example, differential scanning
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calorimetry (DSC) measurements of the melting process and
its enthalpy give insight into crystallinity, which is an indirect
indication of branching. Other examples are rheological
methods (e.g,, zero-shear viscosity, flow activation energy, or
linear viscoelastic response), which can be used to estimate
long chain branching content.'” Though useful, these pieces of
information alone are too shallow and not unambiguous for
one type of branching. Many different parameters have to be
measured to yield the whole picture of one sample.

Different methods exist to analyze branching. Infrared
spectroscopy (IR) works well to achieve the total methyl
group content.” Another useful technique is nuclear magnetic
resonance (NMR). It can be used to determine short-chain
branching (SCB) or long-chain branching (LCB), but it is
limited by sensitivity (>1/1000 branched C atoms) and by its
inability to differentiate side chains with more than six carbon
atoms. '"?

A very sophisticated approach is the use of fractionation
methods. Gel permeation chromatography or size exclusion
chromatography (GPC or SEC) is well-known in polymer
science, which is used for polyethylene as well to determine the
molecular weight distribution. For branching, techniques such
as temperature rising elution fractionation (TREF) or
crystallization analysis fractionation (CRYSTAF) can be
used.”"* Subsequent IR or NMR measurement of the fractions
or coupling to online detectors (IR, light scattering, viscosity,
UV/vis, and so forth) is necesseu'y.4’5’14_16 Combining GPC
and analysis of branching is the only possibility to investigate
MWD-dependent branching. Probably one of the most
comprehensive analysis was achieved by using a triple detector
GPC—TREF system."”

Pyrolysis gas chromatography (Py-GC) is another common
polymer science technique, which is typically used to
qualitatively characterize polymers or analyze additives.">"®
Quantification of branching was also attempted,"”'” but
reliable quantitative determination of branching of poly-
ethylene is not accessible yet. Nevertheless, the pyrolysis
process offers access to structural information and circumvents
nonvolatility by breaking molecules down into smaller and
more volatile products. Exhaustive effort has been conducted
to understand the pyrolysis of golyethylene, which is handy
during analysis and recycling."”'*~*" In addition, pyrolysis has
attracted renewed interest through the concept of waste to fuel
in which polyethylene can be used as a feedstock to produce
mainly alkanes, 1-olefins, and dienes. The product spectrum
can also be shifted to other valuable products when
appropriate catalysts are used.”’

In this study, we aimed to evaluate thermal analysis
hyphenated to (soft) single photon ionization mass spectrom-
etry (STA-SPI-MS) for the chemical description of branching
of different types of polyethylene samples. The objective was to
prove STA-SPI-MS as a complementary approach, allowing a
more detailed molecular description based on the evolved
pyrolysis products at an elevated temperature. SPI-MS (118
nm, 10.5 eV) should be well suited to unravel the differences in
the evolving gas analysis patterns of different polyethylene
types. It was shown before that STA-SPI-MS can produce clear
and almost fragment-free mass spectra of polymers and crude
oils.”*™* After evaluation of the melting and pyrolysis
behavior, the average decomposition pattern was examined
by means of chemometric tools. Aside from a general proof-of-
concept study, the primary motivation is to obtain typical
marker compounds or marker compound ratios. For this
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purpose, different polyethylene materials (20 samples) were
investigated by STA-SPI-MS and DSC and supported by Py-
GC-EI-MS investigations.

B MATERIALS AND METHODS

Materials. The 20 investigated polyethylene materials were
received from TOTAL (TRTF, Feluy, Belgium). They consist
of different types of polyethylene (LDPE, LLDPE, and
HDPE); more details can be found in Supporting Information
(Table S1).

STA-SPI-MS. A simultaneous thermal analyzer
(STA7200RV, Hitachi) was coupled to a custom photo-
ionization time-of-flight mass spectrometer (PI-MS), which
utilizes single photon ionization (SPI). A few milligrams (3—4
mg) of the sample material were placed in an aluminum
crucible. Thermal analysis was carried out with a heating rate
of 20 K/min under nitrogen atmosphere (200 mL/min) from
45 to 550 °C. Evolving constituents of the effluent from the
thermal analyzer were sampled via a heated interface and
transfer line (3.50 m length and 200 ym inner diameter at 280
°C).**7%? Evolved gas was sampled as a result of the pressure
difference between the balance at atmospheric pressure and the
ion source at reduced pressure (roughly 2 X 107° mbar).
Subsequent SPI TOF-MS analysis is described in detail
elsewhere.”**>*" In brief, 355 nm laser pulses (25 m]J pulse
energy, 10 Hz repetition rate, and S ns pulse width), generated
from a Nd:YAG laser (Surelite III, Continuum, Inc., Santa
Clara, CA, U.S.A.), were sent through a xenon-filled gas cell
(Xe 4.0, 12 mbar), yielding vacuum ultraviolet photons by
nonlinear frequency tripling (118 nm = 10.5 eV). The
molecular jons formed by SPI are recorded with an acquisition
frequency of 10 Hz from 5—500 m/z with a reflectron TOF-
MS (Stefan Kaesdorf, Munich, Germany) using a multichannel
plate detector. Data processing and analysis were carried out
with instrument-specific LabView (2014) graphical user
interface and self-written MATLAB (R 2018b) scripts.

DSC. The determination of melting enthalpies was
performed with a simultaneous thermal analyzer (STA 449
F3 Jupiter, Netzsch), which utilizes differential scanning
calorimetry. The temperature program was as follows: heating
from 35 to 180 °C (10 K/min, 40 mL/min N,), natural
cooling to 70 °C (~1 K/min, 500 mL/min N,) and reheating
to 180 °C (10 K/min, 40 mL/min N,). Preheating and cooling
is necessary to erase the thermal memory of the samples.

Py-GC-EI-MS. For pyrolysis gas chromatographic analysis,
0.3—0.7 mg of the prepared sample was injected into the
pyrolyzer (model PY-2020iD, double-shot pyrolyzer, Frontier
Laboratories) mounted onto a HP 6890 gas chromato-
graph.”"** The sample material undergoes a pyrolysis step at
500 °C, held for 1 min. To separate the evolved gas mixture, a
30 m SGE-BPXS column (250 ym inner diameter, 0.25 pm
film, helium at 99.999%, and head pressure at 0.4 bar, split of
1:50) was used with the following temperature program: hold
for 20 min at 40 °C, ramp to 330 °C with 10 K/min, and hold
for 15 min. The effluent from the column was ionized by a 70
eV electron ionization source and analyzed by a quadrupole
mass spectrometer with a secondary electron multiplier
detector. Mass spectra were recorded in scan mode from
40—500 m/z.

Data Analysis. All samples were measured 5—7 times by
STA-SPI-MS, and each replicate was first blank corrected
(subtraction of the blank signal intensity) and then normalized
by its total ion current (TIC). A summed SPI-MS spectrum of

https://dx.doi.org/10.1021/jasms.0c00291
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every replicate was calculated. Different tests were used on
each m/z value of a sample to eliminate outliers (Grubbs test:
removes one outlier per iteration based on hypothesis testing),
test normal distribution, and variance homogeneity (MATLAB
function “vartestn” using “LeveneAbsolute” as input; computed
by performing ANOVA on the absolute deviations of the data
values from their group means). Grubbs test was performed
with the “isoutlier” function of MATLAB. Then, based on the
variance homogeneity, either ANOVA (p > 0.5) or Welch-
ANOVA (p < 0.5) was applied to keep only significant
different variables. From the resulting data matrix (measure-
ments varying in sample versus mass spectrometric signals)
values with m/z below 31 or above 350 were removed. The
refined data matrix was used as input for a principal
component analysis (PCA) run on correlation (MATLAB
function “pca”) to further reduce the number of observables to
a lower number of variables. PCA was performed on centered
(subtracting column means) data using the singular value
decomposition algorithm (SVD).

B RESULTS AND DISCUSSION

Thermal Analysis and Crystallinity. The melting
enthalpy of polyethylene (PE) contains valuable information
about branching but is also influenced by the molecular weight
distribution (MWD) and the former solidification conditions.
It can be directly translated into crystallinity, when dividing the
measured enthalpy of a sample by the value of a theoretically
completely crystalline PE (293 J/g)." Very low, but also high,
molecular weights are expected to interfere with the
crystallization process as does fast cooling.** Short chains
increase the amount of ends relative to the mass/length, and
these ends obstruct the regular arrangement of the chains
needed to form crystallites. Longer chains have a more
favorable end-to-mass ratio but are kinetically hindered to
arrange. The effect is more severe the longer the main-/side-
chains and the faster the cooling conditions are. Heating, slow
cooling, and then reheating is usually applied to erase the
thermal memory and achieve a better recrystallization before
the actual measurement. In our experiments, the cooling rate
was ~1 K/min (natural cooling) and the heating rate was 10
K/min, which is in the typical range of these experiments.z’45
Lowering the rates can improve measurement accuracy,44 but
these were chosen to find a compromise between acceptable
measurement accuracy, time consumption, and feasibility
toward our mass spectrometric coupling.*”** The TA results
are well suited to compare the samples among each other and
guide our mass spectrometric interpretation.

Crystallinity was found to be in the range of 24—70%, while
the melting points are between 111—129 °C (Figure 1). The
samples were named after their synthesis routes (mPE,
metallocene catalyst; LDPE, radical polymerization; ZPE,
Ziegler—Natta catalyst; CPE, Phillips catalyst), sorted by
ascending crystallinity, and numbered in the same manner.
Many mPE samples have densities that are usually associated
with LDPE (0.915—0.935 g/cm®) or LLDPE (0.87—-0.94 g/
cm?), whereas the others are in the range of HDPE (0.94—0.97
g/cm®) (Table S1). Because of their synthesis route, the low
density mPE are most likely LLDPE. In general, the received
mPE samples are quite diverse; they do not only differ in
density but also in crystallinity and other parameters.

It is known from literature that crystallinity and MWD
influence the melting point. However, the behavior is not
always linear; the higher the crystallinity and/or the molecular
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Figure 1. Crystallinity and melting point information obtained by
DSC. Crystallinity can be calculated by dividing the measured value of
a sample by the literature value for a completely crystalline PE.**

weight is, the higher the melting point is.** A trend between
crystallinity and the corresponding melting point can be
recognized (Figure 1), whereas the influence of the MWD is
harder to predict because of its multiple dependencies. When
plotting crystallinity against melting point, a rough grouping of
the samples types is obtained (Figure S1). But because of the
interwoven relation of crystallinity, melting point, and their
shared dependencies, its significance might be limited or at
least hard to read.

Pyrolysis begins slowly at ~420 °C, increases with rising
temperature and is completed at 520 °C (Figure 2). Most of

100 T T T T T
= mPE1
== LDPE2
=== mPE5
= ZPE1
= mPE10
CPE

B -2} =]
= =] =]
T T T
1 1

Mass Loss [%]

N
=3
T
L

0 1 1 1 1
420 440 460 480 500
Temperature [°C]

520 540

Figure 2. Mass loss curves of selected representative PE (based on
crystallinity and PE type). The degradation process starts slowly at
about 420 °C, has its maximum at 492—499 °C, and is completed at
520 °C. Most of the samples behave almost identical, and only
LDPEI and LDPE2 are shifted to lower temperatures.

the samples behave almost identically, and only the maxima of
LDPE1-2 are shifted toward lower temperatures, resulting in a
lower and broader derivative thermogravimetric peak (DTG,
Figure S3). It seems that the degradation is also dependent on
MWD and branching (LDPE vs rest), and the minor
differences between similar samples (mPE, ZPE, and CPE)
cannot be resolved. Degradation is based on different cleavage
reactions, which lead to smaller, more volatile fragments and
eventually to mass loss. At the end of this process, the entire
sample is volatilized with no detectable residue in the pan.”®
The fragments are continuously transferred into the ionization
chamber of the time-of-flight mass spectrometer, resulting in
temperature-resolved mass spectra of the pyrolysis process.
Although crystallinity, melting point, and probably the mass
loss curve contain valuable information about branching, their
interpretability is limited and more distinct information on a
molecular level is needed.

https://dx.doi.org/10.1021/jasms.0c00291
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Mass Spectrometric Characterization of Pyrolysis
Products. The TIC of a PE sample is qualitatively the same
as its DTG curve (Figure 3). Single photon ionization (SPI) is
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Figure 3. TIC of selected representative PE, obtained by STA-SPI-
MS. The TIC is qualitatively the same as the DTG (Figure S3).

a soft and relatively universal technique, which tracks the
evolving pattern. Thus, the TIC correlates quite well with the
mass loss, and the already discussed behavior can be
recognized.

Mass loss and TIC are not significantly different enough, but
the summed mass spectra reveal interesting molecular
information. The softness of SPI enables access to almost
fragment-free spectra of molecular ions, which are in the range
of 42—390 m/z for PE (Figure 4). Identification of the signals
is easily conducted, based on molecular weight, literature
knowledge, and by interpretation of the supporting Py-GC-EI-
MS data. Small alkenes and dienes dominate the low m/z
region (42—98 m/z) and level off in the medium-high region
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Figure 4. Summed spectrum over the entire temperature range of
STA-SPI-MS of CPE (A) as an example of a highly crystalline PE
(crystallinity of ~70%) and of mPE1 (B) as an example of a lowly
crystalline PE (crystallinity of ~24%). The smallest detectable signal
is 42 m/z (propene); at higher masses, triplets containing a diene,
alkene, and alkane with the same carbon number occur up to ~390
m/z. Differences between CPE and mPE1 can be mainly seen in the
low m/z region.
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(98—180 m/z), while alkanes are lowly abundant between 86—
380 m/z. Odd m/z values are due to the "*C isotopic signal as
well as due to a minor degree of fragmentation of alkenes and
dienes forming heavier members of the classical electron
impact homologue fragmentation rows. Unfortunately, STA-
SPI-MS cannot differentiate between isomers, but the Py-GC-
EI-MS device is able to separate linear and branched
constituents of the same molecular weight (Figures S4 and
SS). In the case of a completely linear PE, all signals are
derived only from linear constituents, whereas branched PE
yields mainly linear and some branched species in which the
ratio is dependent on the degree of branching. Even the highly
crystalline CPE reveals branched compounds (Figure S5) and
thus comprises at least some branching. In either case, the
alkenes and dienes are always terminal (1-alkenes or a,-
dienes). Data from Py-GC-EI-MS are very interesting, but the
pyrolysis conditions are not the same as in the thermal analyzer
(TA) and its resolution and sensitivity are limited when
focusing on the complex fingerprint of a branched sample. In
addition, it is very elaborate to resolve small compounds,
which comprise a lot of information on the short-chain
branching, and larger constituents at the same time.

Valuable mechanistic thoughts were published by Ueno et
al.”® Usually, the degradation cascade is initiated by a random
C—C bond scission, because C—C bonds are weaker than
C—H bonds (Reaction Scheme 1). Besides, a variety of
secondary reactions takes place. Primary or secondary formed
radicals can abstract a H atom. This happens either by

Scheme 1. Initiation Is Caused by Random C—C Bond
Scission”

C-C-bond scission C-H-bond scission
A
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“Different secondary reactions are possible: termination of two
terminal radicals (TR) by recombination (not shown), (a)
termination by radical disproportionation yielding a terminal olefin
(TO) and a saturated end (SE), (b) propagation of a TR by H-
abstraction yielding SE and a secondary radical (SR), (c) SR obtained
by radical attack or by C—H bond scission breaking in beta-position
yielding TR and TO. Beta-scission can happen on either side of the
SR. (d) Beta-scission of a TR is called depolymerization, (e)
backbiting results in a shift of the radical to more or less defined
positions, (f) it is discriminated between inner and outer scission
relative to the shorter fragment.”*.
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intermolecular interaction (Reaction Scheme 1b) or more
directed by intramolecular backbiting. While intramolecular
backbiting is directed for H atoms close to the radical, it should
become more and more undirected with growing distance.
Favorable arrangements for close backbiting are usually of
cyclic nature with low ring strain, resulting often in 1—5 or 1—
6 transfer of the radical (Reaction Scheme le). Repetitive
backbiting can lead to 1-5—9(10) or 1—6—10(11) transfers.
Termination occurs when two radicals recombine or are
disproportionate (Reaction Scheme 1 a).

As stated before, C—H bond scission is unlikely but still
possible. The outcome of most H-abstraction reactions is
almost always a secondary radical, which reacts similarly to a
primary radical but yields different long products after beta-
scission.”® Beta-scission of a primary radical is called
depolymerization, because of the produced ethylene. Secon-
dary radicals can either cleave in the inner- or outerposition
(reaction Scheme 1f). Following this logic, terminal dienes are
obtained when an inner beta-scission (or radical disproportio-
nation) happens on the other end of a before-formed alkene.
Though unlikely, even terminal trienes should be possible
when a double bond is formed on the branches of a diene.
Other reactions are theoretically possible as well but are either
unlikely or were not observed. For example, a radical attack on
a C atom or recombination with at least one secondary radical,
resulting in additional branching,’ was not detected in Py-GC
spectra of linear PE samples.'®* Tt is known from literature
that hydrogen is formed during ngolysis, especially when
higher temperatures are applied.””*® However, we cannot
detect compounds with ionization energies higher than 10.5 eV
such as hydrogen, ethylene, or propane with SPI-MS, and these
species do not contain much structural information.

It is known that the degradation is mainly driven by the
propagation cascade.”® Many cleavage reactions take place at
or close to just formed chain-ends. This also explains, why the
mass spectra are dominated by high intensities of low m/z
values. Either random C—C bond scission at a branch, or H-
abstraction at a branch or at a C atom on the main chain close
to a branch and subsequent beta-scission, are needed to get
branching fragments. Any PE variation yields the same masses,
but differences in branching and the MWD lead to shifts in the
detected SPI-MS patterns.

When comparing summed SPI-MS data of two very
differently branched PE in more detail (Figure 5), it becomes
apparent that the same signals are abundant with different
intensities. Sample mPE1 (highly short-chain branched [9 wt
% C6-], no long chain branching) exhibits a very high intensity
of butene (56 m/z) and higher intensities for a lot of small,
medium, and long alkenes. In contrast, sample CPE (no short-
chain branching but long chain branched) shows high
intensities of short dienes (54, 68, 82, 96 m/z) and long
alkanes. The elevated butene signal of mPE1 is derived from a
high amount of butyl-side chains, which was incorporated by
usage of 1-hexene as a copolymer during synthesis. LDPE has
high intensities for butene and pentene, which were
incorporated by the typical backbiting mechanism during
synthesis (1—S transfer and 1—6 tranfer, respectively). Alkenes
are products, which can be formed from a single cleavage,
whereas dienes need at least two reactions. The chance to
obtain a volatile fragment with less degradation reactions is
higher for short-chain branched samples, than for long-chain
branched or linear PE. Mechanistic studies to explain these
processes more in-depth are advised.

2366

0.06 1 1 1 1 1 1 1
56 M CPE (excess intensity)
=] Il mPE1 (excess intensity)
0.05 . M Base (common intensity) -
o 905 O Homologous series of dienes
w2 @ Homologous series of alkenes
s 0.04 (=] ¥ Homologous series of alkanes |~

40 60 80

100

120 140 160 m/z

Figure S. Difference plot of the summed spectrum over the entire
temperature range of STA-SPI-MS of highly crystalline CPE (blue)
and lowly crystalline mPE1 (red). Differences between CPE and
mPEl can be seen mainly in the intensity of low m/z signals. In
particular, butene (56 m/z), medium, and long alkenes are
pronounced for mPE1, whereas several dienes (54, 68, 82, 96 m/z)
are pronounced for CPE.

We are able to clearly and reliably detect differences between
our samples on a molecular level, even though the differences
can be rather small. Because of the complexity of the diverse
sample set and many observables, we applied chemometric
tools for simplification.

Exploratory Data Analysis: Principal Component
Analysis. PCA is an unsupervised method and was used
because only limited quantitative information was available.

A distribution of the samples is revealed, when the first two
principal components (PC) are plotted (Figure 6). An
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Figure 6. Scatter plot of the first two principal components PC of the
PCA. Groups are encircled based on sample information; mPE1 (red
circle, 9 wt % C6-) is the most short-chain branched PE. While the
purple circle contains medium short-chain branched samples (2—7 wt
% C6-) and LDPE1—2 (green circle), the yellow circle contains no or
little short-chain branched samples (0—1 wt % C6-). The summed
mass spectrometric data over the entire temperature range of the
STA-SPI-MS were used as data input.

additional spreading between LDPE1—2 and the rest is seen
when looking at PC3 (10.0% explained variance, Figure S6).
Four well-separated groups can be defined: highly short-chain
branched (red), medium short-chain branched (purple), no or
little short-chain branched (yellow), and radical polymerized
(green) PE. An explanation for the spreading within one group
might be the dependency of SPI-MS signals of more variables
(MWD, medium and long-chain branching) than just very
short-chain branching. On the other hand, an explanation for
the clustering of quite different samples such as ZPE2 (1 wt %
C6-, no long-chain branching, 51% crystallinity) and CPE (0

https://dx.doi.org/10.1021/jasms.0c00291
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wt % C6-, a lot of long-chain branching, 70% crystallinity) was
not found yet.

General problems associated with unsupervised methods are
that extreme samples distort the overall outcome and the
found principal components do not necessarily represent real
underlying causes. Many variables are combined, leading to
less influence of single signals. However, we can learn from
PCA and its loadings (Figure 7) that certain small alkenes and
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Figure 7. Loadings of the first two principal components; the
explained variance is written within brackets. PC1 is mainly influenced
by short and medium alkenes (56, 70, 98, 112 m/z) in the positive
and pentadiene (68 m/z) in the negative direction. PC2 is strongly
influenced by hexadiene (82 m/z) and heptadiene (96 m/z). Short
and medium alkenes (42, 98, 70, 112 m/z) have a positive effect here
as well, but butene (56 m/z) correlates negatively. The summed mass
spectrometric data over the entire temperature range of the STA-SPI-
MS were used for PCA. Odd m/z values, such as 83, 97, 111 and 125,
are most likely a result of a minor degree of fragmentation for the
respective alkenes.

dienes have a huge impact on the clustering. PC1 mainly
separates according to short and medium alkenes, above all
butene (56 m/z) and pentene (70 m/z). These two are
especially important, because of the radical backbiting process
and when respective copolymers are used. Pentadiene (68 m/
z) is located on the same axis but correlates negatively. Some
small and medium alkenes also contribute to PC2. Butene
correlates negatively here, while propene (42 m/z), heptene
(98 m/z), and others show positive values. Hexadiene (82 m/
z) and heptadiene (96 m/z) have the biggest influence.

The variables from PCA can now be used as typical markers
in an attempt to semiquantify the amount of specific short-
chain branches such as butyl and pentyl side-chains. A nice
distribution is obtained (Figure 8), when plotting the signal
ratios of 70/68 versus 56/42. This concept is easily accessible,
comprehensible, and robust toward some measurement errors.
It can be extended or adapted when other branches come in
question. A trend concerning differences in long-chain
branching cannot be recognized in PCA (Figure 6) nor the
marker ratio plot (Figure 8), assuming our estimates are
correct in the first place. The effect of MWD and longer side-
chains need to be studied in-depth. Nevertheless, STA-PI-MS
might enhance the range of quantifiable chains from state of
the art *C NMR (<C6 chains) to higher numbers, because
longer chains can be discriminated.

B CONCLUSION

We applied STA-SPI-MS as a complementary technique to
elucidate the branching of different types of PE. The melting
and pyrolysis behavior of 20 samples was measured by DSC
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measured short chain branching by *C NMR (wt % C6—).

and mass loss, and the melting enthalpy was translated into
crystallinity. Bulk data (crystallinity vs melting point) can be
used to obtain a good grouping of the samples, but it is only
read with difficulties. The summed SPI-MS patterns, however,
contain rich molecular information about the samples.
Differences between the patterns were clearly observed with
our technique and are supported by Py-GC-EI-MS data.
Because of a multitude of observables and only small
differences, multivariate statistic was successfully applied to
reduce the complexity of data and find suitable markers. The
grouping obtained by PCA is based on the molecular
fingerprint of the samples and is strongly influenced by
short-chain branching determined by '*C NMR. Alkenes,
above all butene (56 m/z), pentene (70 m/z), and propene
(42 m/z), and dienes, such as pentadiene (68 m/z), hexadiene
(82 m/z) and heptadiene (96 m/z), have the strongest
influence on the first four principal components. Thus, two
marker ratios (70/68 vs 56/42) could be defined, which also
give a comprehensible and robust grouping. Butyl and pentyl
side-chains were the most abundant branches in our set of
samples, but other chain lengths are important for industry and
academia as well. Therefore, the proposed marker ratios can be
easily adjusted. With STA-PI-MS, a broad range of pyrolysis
products can be measured at the same time, possibly extending
the range for quantifiable short-chain branches to more than
six carbon atoms for PE. Unfortunately, no clear trend between
long-chain branching and any grouping was observed, calling
for more experiments in that direction. The quite universal and
soft single photon ionization enables access to many different
compound classes, and hence other polymers can to be
studied. Further studies should focus on the influence of longer
side-chain branching and the MWD on the pyrolysis pattern.
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ABSTRACT

In the context of waste upgrading of polyethylene terephthalate (PET) by pyrolysis, this study presents
three on-line mass spectrometric techniques with soft ionization for monitoring the emitted decomposi-
tion products and their thermal dependent evolution profiles. Pyrolysis experiments were performed
using a thermogravimetric analyzer (TGA) under nitrogen atmosphere with a heating rate of 5 °C/min
from 30 °C to 600 °C. Single-photon ionization (SPI at 118 nm/10.5 eV) and resonance enhanced multiple
photon ionization (REMPI at 266 nm) were used with time-of-flight mass spectrometry (TOF-MS) for
evolved gas analysis (TGA-SPI/REMPI-TOFMS). Additionally, the chemical signature of the pyrolysis prod-
ucts was investigated by atmospheric pressure chemical ionization (APCI) ultra high resolution Fourier
Transform ion cyclotron resonance mass spectrometry (FT-ICR MS) which enables assignment of molec-
ular sum formulas (TGA-APCI FT-ICR MS). Despite the soft ionization by SPI, the fragmentation of some
compounds with the loss of the [0-CH = CH2] fragment is observed. The major compounds were acetalde-
hyde (m/z 44), benzoic acid (m/z 122) and a fragment of m/z 149. Using REMPI, aromatic species were
selectively detected. Several series of pyrolysis products were observed in different temperature inter-
vals, showing the presence of polycyclic aromatic hydrocarbons (PAHs), especially at high temperatures.
FT-ICR MS data showed, that the CHO4 class was the most abundant compound class with a relative
abundance of 45.5%. The major compounds detected with this technique corresponded to m/z
193.0495 (C;oHo03) and 149.0233 (CgH503). Based on detailed chemical information, bulk reaction path-
ways are proposed, showing the formation of both cyclic monomer/dimer and linear structures.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The pyrolysis of PET yields a complex mixture of products
which consists of aldehydes (e.g., acetaldehyde, benzaldehyde),

Pyrolysis is a versatile thermochemical technique that converts
a solid material into useful gaseous, liquid, and solid products in
absence of oxygen. This technique can be used to valorize various
products, such as polymers, biomass, and tires. The material cho-
sen in this study is polyethylene terephthalate (PET). PET is the
third frequently consumed polymer in Europe after polypropylene
and low density polyethylene (Kawecki et al., 2018). It is frequently
used to make a variety of consumer goods, such as synthetic polye-
ster fibers, bottles and films (Kawecki et al., 2018; Zander et al.,
2018).

* Corresponding author.
E-mail address: valerie.vitzthum@univ-lorraine.fr (V. Burkle-Vitzthum).

https://doi.org/10.1016/j.wasman.2020.03.028
0956-053X/© 2020 Elsevier Ltd. All rights reserved.

carbon oxides (CO, and CO), aliphatic hydrocarbons C;-C4 (e.g.,
CH4, CoHy), aromatic species (e.g., benzene, toluene, styrene),
carboxylic acids such as benzoic acid and its derivatives (e.g.,
acetylbenzoic acid, methylbenzoic acid, ethylbenzoic acid),
terephthalic acid and vinyl terephthalate as well as esters (e.g.,
di-vinyl terephthalate, vinyl benzoate), ketones (e.g., acetophe-
none, benzophenone, fluorenone) and other compounds (Artetxe
et al, 2010; Dzigciot and Trzeszczynski, 2001; Dzieciotl and
Trzeszczynski, 2000; Kumagai et al., 2017; Sophonrat et al., 2017;
Yoshioka et al., 2004).

Different conventional methods were used in literature to char-
acterize the pyrolysis products by online or offline analysis. Con-
cerning offline analysis (i.e. after condensation), the most used
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analytical methods are Gas Chromatography coupled to Mass Spec-
trometry (GC-MS) and High Performance Liquid Chromatography
(HPLC) (Cit et al., 2010; Dhahak et al., 2019). However, offline anal-
ysis does not allow the characterization of heavy species, which
might be produced during the pyrolysis. For online analysis, PET
pyrolysis experiments were mainly coupled to Fourier Transform
Infrared Spectroscopy (FTIR), High Resolution Pyrolysis
Gas-Chromatography and micro- GC (Badia et al., 2013; Czégény
et al.,, 2012; Dhahak et al., 2019; Ohtani et al., 1986). These tech-
niques are not able to analyze high mass compounds. Online anal-
yses have the advantage of avoiding spurious reactions that can
occur during the product condensation, and thus help predicting
the genuine pyrolysis reaction pathways.

In the last decades, time of flight mass spectrometry (TOF-MS)
has been widely applied (Lee et al., 2017; Shi et al., 2018; Wu
et al.,, 2011). It provides high sensitivity and high acquisition speed
(Green and Martin, 2006; Qian and Dechert, 2002). The identifica-
tion of complex mixtures however often requires high resolution
mass spectrometry which allows resolving multiple peaks with
the same nominal m/z (Barrow et al., 2014). Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS) has pro-
ven high potential for detecting and identifying compounds with-
out pre-separation by chromatography (Bae et al, 2010;
Kekdldinen et al., 2014). Molecular formula can be assigned to
the resolved signals, typically within ppm mass accuracy (Huba
et al,, 2016).

Different ionization methods are available for mass spectrome-
try, all exhibiting different advantages and drawbacks. In fact, elec-
tron ionization (EI) in vacuum is the method commonly used for

the evolved gas analysis of pyrolysis gases. It is a “hard” and uni-
versal ionization mode (Jia et al,, 2016; Yuzawa et al., 2013). It
leads to strong fragmentation of the molecule because of the high
ionization energy generally deployed (70 eV) (Hsu and Ni, 2018).
Consequently, the EI mass spectrum is complicated to interpret
because of the absence of the molecular ions and strong overlap-
ping signals of complex mixtures impeding data interpretation.
In contrast, soft ionization techniques such as chemical ionization
(CI), atmospheric pressure chemical ionization (APCI), electrospray
ionization (ESI) or vaccum photo ionization (PI), a molecular ion
(radical cation and/or protonated ion species) can be preserved
and fragmentation is greatly diminished (Wang et al., 2015),
although all to the latter methods are less universal than EL
Photo ionization (PI) coupled to mass spectrometry has been
widely used for the characterization of complex mixtures. PI can
be divided in single-photon ionization (SPI) and resonance-
enhanced multiphoton ionization (REMPI). SPI commonly involves
a single-photon in the vacuum ultraviolet range (VUV) to ionize the
molecule in one step, inducing little or no fragmentation (Giri et al.,
2017; Hsu and Ni, 2018). The photon energy commonly used is
between 7.5 and 11.8 eV, corresponding to a wavelength of 165-
105 nm (Giri et al., 2017). In other words, only organic molecules
with ionization energy lower than the photon energy can be ion-
ized. Many types of lasers can be used to generate VUV light with
different wavelengths such as Nd:YAG (118 nm; 10.48 eV (Riiger
et al,, 2018)), F, (157 nm; 7.9 eV (Trukhin and Golant, 2009)), H,
(160 nm; 7.75 eV (Fukuzawa and Tanimizu, 1978)). Fig. 1 repre-
sents the ionization energies (IE) of compounds identified during
PET pyrolysis (Sovova et al., 2008). IE are available from the
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Fig. 1. lonization energies of selected molecules identified in PET pyrolysis (adapted from refs (Hanley and Zimmermann, 2009; Jia et al., 2016)).
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National Institute of Standards and Technology (NIST) (“NIST
Chemistry webbook [Gas phase ion energetics data] Available
online : https://webbook.nist.gov/chemistry/). IE of most com-
pounds are below the photon energy, except certain small mole-
cules, such as CO, CO,, H,0, H,, and CH,4. Carbon oxides might
represent a major proportion of PET pyrolysis gases, but cannot
be ionized with common setups.

Unlike SPI, REMPI uses ultraviolet (UV) light, requiring at mini-
mum two photons in which a single-photon or multiple photons
absorbed excites an intermediate state and a second photon ion-
izes the atom or molecule (Jia et al., 2016). The soft ionization
pathway, due to the low photon energies, leads to few fragmenta-
tion which facilitates the interpretation of the mass spectra. In
addition, REMPI allows the selective detection of vibronic structure
species such as mono- or polycyclic aromatic compounds and their
derivatives (Dorfner et al., 2004; Zimmermann et al., 1999).

Another soft ionization technique commonly used, especially
for FT-ICR MS, is atmospheric pressure chemical ionization (APCI)
(Crepier et al., 2018). Corona discharge induced ion- molecule reac-
tions in gas phase, generating radical cations or protonated mole-
cule ions with little fragmentation (Li et al.,, 2015; Tose et al,,
2015). This technique allows the detection of polar and medium
polar compounds, preferably oxygenated species (Parr et al.,
2018; Riiger et al., 2018). Due to instrumental limits of the FT-
ICR MS, the mass range is between 100 and 1000. More details
on the APCI process are given elsewhere (Li et al., 2015).

Numerous studies on pyrolysis have been performed by
coupling thermogravimetry or pyrolysis experiments with the ana-
lytical techniques described above (Huang et al., 2017; Shi et al,,
2018; Wu et al.,, 2011; Xu et al., 2017). These techniques provide
not only the chemical formula of the analytes but also their evolu-
tion profile in real time. Consequently, temperature dependent
pyrolysis products can be analyzed. So far, numerous studies
focused on polymers such as polyethylene, polypropylene, poly-
styrene and polyvinyl chloride (Huang et al., 2017; Kai et al,
2019; Saraji-Bozorgzad et al., 2008; Wang et al., 2015; Wu et al,,
2011; Zhou et al., 2019). However, limited studies have been con-
ducted on oxygenated macromolecules such as polyethylene
terephthalate (PET). Some PET pyrolysis experiments have been
conducted on-line by using conventional analytical tools such as
thermogravimetry (TGA) coupled to mass spectrometry (Gupta
et al., 2004), TGA coupled to Fourier transform infrared spec-
troscopy (FTIR) (Badia et al., 2013; Czégény et al, 2012;
Kinoshita et al., 1993; Pan et al., 2016), and Pyrolysis-gas chro-
matography (PyGC) (Ohtani et al., 1986).

In this study, three different analytical techniques were coupled
to thermogravimetry for on-line monitoring of volatile compounds
emitted by the slow pyrolysis of PET. Single-photon ionization (SPI)

at 118 nm (10.5 eV) and resonance enhanced multi photon ioniza-
tion (REMPI) at 266 nm were coupled to a time of flight mass spec-
trometer (TOF-MS). SPI is aiming at detection of organic species
whose ionization energy are lower than 10.5 eV, whereas REMPI
is suitable for the sensitive detection of aromatic and polyaromatic
constituents. Another thermogravimetry analyzer was coupled to a
Fourier transform ion cyclotron resonance mass spectrometer (FT-
ICR MS) using atmospheric pressure chemical ionization (APCI).
APCI FT-ICR MS is suitable to ionize medium-polar and polar spe-
cies with a mass range [100-1000]. Using the FT-ICR MS exact
mass data, detailed chemical information was gained and
combined with the results obtained with SPI and REMPI. This proce-
dure allowed for the detailed description of the pyrolysis process.

2. Materials and methods
2.1. Materials

PET was purchased from Goodfellow SARL (Lille, France) in a
powder form (particle size of 300 um). This polymer is amorphous
with a crystallinity of 16%. The elemental analysis of carbon,
hydrogen and oxygen content in PET was determined using a Flash
Smart CHNS/O Analyser by Thermo Fisher Instrument. The oxygen
content was calculated by difference. The results showed that PET
contains about 45.5% carbon by mass, 36.4% hydrogen and 18.2%
oxygen.

2.2. Instrumentation

2.2.1. Thermogravimetry coupled to SPI/REMPI-TOF-MS

A schematic overview of TG-REMPI/SPI-TOF-MS is presented in
Fig. 2a) (Riiger et al., 2018). The thermobalance (STA 409, Netzsch
Geratebau, Selb, Germany) was on-line coupled to the ionization
source of the mass spectrometer using a heated transfer line
(280 °C, ID 280 pm x 2.25 m length). 8-10 mg of PET was filled
in an aluminum oxide crucible and heated up to 550 °C with a con-
stant heating rate of 5 °C/min. The nitrogen flow rate around the
sample was fixed to 50 mL/min for reactive gas and 50 mL/min
for protective gas.

The ionization source was operated under vacuum conditions
(around 10~* mbar) which allows transferring an aliquot fraction
of evolved gas out of the thermobalance inside the mass spectrom-
eter based on the pressure gradient. A Nd:YAG laser (Surelite III,
Continuum, Inc., Santa Clara, CA, US.A; wavelength: 1064 nm
(Czech et al., 2016)) was used in this experiment. A beam at
355 nm was produced by frequency tripling conversion. It operated
with pulse energies of 25 m], pulse width of 5 ns, and repetition
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Fig. 2. Schematic of the instrumental setup of: (a) TGA-REMPI/SPI-TOF-MS; (b) TGA-APCI FT-ICR MS (adapted from refs (Riiger et al., 2018; Riiger et al., 2015).
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rate of 10 Hz. For SPI, the wavelength was again tripled, generating
a vacuum ultraviolet light (118 nm, 10.5 eV), by using a xenon-
filled gas cell (Xe 4.0, 12 mbar). For REMPI, a wavelength of
266 nm (4.66 eV) was obtained by frequency-quadrupling of the
Nd:YAG laser 1064 nm. Consequently, the energy ionization with
REMPI using two photons is 9.32 eV. Further details are available
elsewhere (Czech et al., 2016; Fendt et al., 2013).

Once the ions are generated, they are m/z-separated using a
reflectron TOF analyzer (Kaesdorf Instrumente fiir Forschung and
Industrie, Munich, Germany) and detected by a microchannel plate
(MCP, Chevron Plate, Burle Electro-Optics Inc.) (Czech et al., 2016;
Riiger et al., 2018). The ions were recorded up to m/z 500. A custom
LabView-software was used for data processing (Czech et al.,
2016).

2.2.2. Thermogravimetry coupled to APCI/FT-ICR-MS

A thermobalance (STA 209, Netzsch Gerdtebau GmbH,
Germany) was used for pyrolysis experiments (Fig. 2b). A mass of
1-1.5 mg sample was loaded in an aluminum crucible and heated
under a constant nitrogen flow of 200 mL/min from 20 °C to 600 °C
with a heating rate of 5 °C/min. Approximately 2 mL/min of the
evolved gas mixture was transferred to the ionization chamber
via a slight overpressure of 5 mbar by a heated transfer line (deac-
tivated fused silica capillary, 2 m, 0.53 mm ID, 300 °C). The chem-
ical ionization was carried out by a modified Bruker GC-APCI II
source, operating at atmospheric pressure in positive ion mode.
For ionization, a stainless-steel needle was used, generating a cor-
ona discharge with a current of 2.5 uA. More details have been
given elsewhere (Riiger et al., 2015). The ions produced were
detected by a Bruker Apex II ultra FT-MS equipped with a 7T mag-
net (InfinityCell, Bruker Daltonics, Bremen, Germany). A mass
range of 100-1000 was recorded with five microscans per spec-
trum. A 4 Megaword transient of approximately 2 s length was
applied, offering an ultrahigh resolution of 260,000 at m/z 400
was obtained.

Data processing was carried out using Bruker DataAnalysis for
m/z-calibration of the spectra and a self-written tool CERES based
on Matlab scripting for further processing and sum formula calcu-
lation. Every measurement was internal linearly calibrated in
DataAnalysis and again every single spectrum during processing
in CERES. For sum formula assignment, the following restrictions
were applied: C4_100H4-200N0015Se, H/C ratio of 0-3 and Double
Bond Equivalent (DBE) of 0-40.

3. Results and discussion

3.1. Evolved gas analysis by Single-photon ionization (SPI) mass
spectrometry

Fig. 3a) shows the residual mass (TGA), the derivative of the
mass loss signal (DTG) and the total ion current (TIC) as a function
of temperature. Over the whole pyrolysis time, the TIC is obtained
by adding all ions of the spectra obtained at a defined time. Visibly,
the evolution of TIC coincides with the DTG curve. This indicates
that SPI detected some of the major volatile degradation products
of the PET pyrolysis, excluding CO, and CO. The decomposition
starts at roughly 350 °C and lasts approximately up to 500 °C.
The maximum of TIC and DTG corresponds to 435 + 1 °C.

Fig. 3b) displays the average mass spectra for selected temper-
ature ranges of the emitted compounds. The structure of the mole-
cules was determined based on literature (Guo et al., 2015) (Sovova
et al., 2008). It should be noted that the temperature indicates the
evaporation of molecules and they can be generated before in the
condensed phase. Signal intensities increase steadily up to a tem-
perature of 450 °C. In the 350-400 °C temperature range, major

degradation products appear, and their intensities increase as the
pyrolysis temperature increases. Signals at m/z 44, 122, and 166
most likely correspond to acetaldehyde, benzoic acid, and tereph-
thalic acid, respectively. Based on the literature, the peak corre-
sponding to m/z 149 is a characteristic fragment of vinyl
terephthalate (M,, = 192 g/mol) which is reported to be one of
the primary compounds of PET degradation (Garozzo et al., 1987;
Plage and Schulten, 1990). Thus, a mass loss of m/z 43 occurs,
which can be attributed to a [0-CH=CH,] fragment (Garozzo
et al.,, 1987; Plage and Schulten, 1990). Despite soft ionization,
the carbon - carbon double bond (C=C) is destabilized followed
by the oxygen ester, undergoing photo-fragmentation under these
conditions (Van Dam and Oskam, 1978). An example in the litera-
ture of photoionization of vinyl butyrate which has the same frag-
ment in its structure proved that the fragmentation occurs from
9.5 eV by losing m/z 43 (Czekner et al., 2018). Losing the same
group, the peaks at m/z 105 and 175 may also be the results of frag-
mentation of vinyl benzoate (M,, = 148 g/mol) and di-vinyl tereph-
thalate (M,, = 218 g/mol), respectively. On the other hand, the
intensities of major products reach a maximum between 400 °C
and 450 °C and decrease there after which shows either the end
of the pyrolysis or the presence of secondary reactions causing
their intensities diminution. The intensity of terephthalic acid
(m/z 166) decreases slightly between 450 and 500 °C, even so it
becomes the compound with the highest intensity at high temper-
atures, as shown in Fig. 3b).

Possible peak assignments of major compounds are summarized
in Table S1. The mixture mostly contains acids and vinyl end
groups. The same observation was made by (Garozzo et al., 1987)
using electron ionization at low electron energy (18 eV) for copo-
lyesters containing ethylene terephthalate and p-oxybenzoate
units. They studied the on-line pyrolysis coupled to mass spectrom-
etry with a heating rate of 10 °C/min. (Garozzo et al., 1987)
observed the loss of 43 [O—CH=CH;] and 17 [OH] mass units, con-
firming the metastable transitions of fragments and indicating the
presence of open chain structures with carboxyl and vinyl end
groups. Each compound corresponding to a specific m/z can be
easily real-time-monitored. The thermal evolution profiles of major
m/z are plotted in Fig. 3¢). Acetaldehyde (m/z 44) is the first com-
pound detected by TOF-MS, at about 315 °C, followed by benzoic
acid (m/z 122) at 350 °C. The terephthalic acid (m/z 166) is detected
at 371 °C, 21 °C after the detection of benzoic acid and 7 °C after
benzene (m/z 78). The maximum productions of major compounds
are observed at 431 °C, except for terephthalic acid (m/z 166) which
is observed at 440 °C. Interestingly, the benzene curve shows a bi-
modal emission behaviour in which the maximum of the first peak
is detected at 427 °C and the second maximum at 470 °C. Benzene
goes through a minimum at 447 °C. The same trend was observed in
(Dhahak et al., 2019) using a horizontal reactor. In this study, online
monitoring of gases (carbon oxides, ethylene and benzene) during
slow pyrolysis (5 °C /| min) was performed. Benzene profile also
showed two peaks at 431 °C and 469 °C. The first and the second
peaks may be due to the decarboxylation of benzoic acid and
terephthalic acid, respectively. The production of benzene is accel-
erated at higher temperature, as shown in Fig. 3c).

3.2. Evolved gas analysis by Resonance-enhanced multiphoton
ionization (REMPI) mass spectrometry

Using REMPI, only aromatic species can be detected. However,
aromatic carboxylic acids such as terephthalic acid and benzoic
acid cannot be ionized because of their high ionization energy
(Fig. 1). Benzene, which has a ionization energy of 9.24 eV, also
requires a little more energy to be ionized (>9.5 eV) (Boesl et al.,
1978). Fig. 4a) shows the TIC and DTG curves. Contrary to the
SPI-TIC, REMPI-TIC exhibits a bi-modal behavior as the tempera-
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Fig. 3. TGA-SPI TOF-MS results: (a) TGA, DTG, TIC curves, (b) Average mass spectra of the products at various temperatures, (c) thermal evolution profiles of major m/z.

ture increases. The first peak coincides with the DTG curve,
whereas the second peak appears in a region where the mass loss
is almost finished, indicating the presence of secondary reactions
with a small mass loss. The maximum peaks correspond to
435 °C and 473 °C, respectively. These two peaks highlight the
presence of two different mechanisms responsible for the forma-
tion of aromatic species such as polycyclic aromatic hydrocarbons

(PAHs). REMPI mass spectra are shown in Fig. S1. For both peaks
observed in the REMPI-TIC curve, an average mass spectrum is pre-
sented in Fig. S2. The mass spectrometric pattern is significantly
different when comparing the two stages, and they depend mainly
on temperature. The effect of temperature on the pyrolysis product
intensities is depicted in Fig. 4b). As can be seen, a higher variety of
compounds is detected in REMPI than in SPI. Different series of
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pyrolysis products are observed at different temperature intervals.
This evolved gas complexity confirms the presence of different and
various reactions involved in the pyrolysis of PET. In fact, between
300 °C and 350 °C, m/z of 274, 298, 264, and 288 are detected with
low average intensities. With the increase of temperature, the
mass spectrum shows other peaks such as m/z of 192, 188, 148,
144, 94, and 162. The m/z of 148, 94, and 162 presumably corre-
spond to vinyl terephthalate, vinyl benzoate, phenol, and vinyl 4-
methylbenzoate, respectively. Using REMPI, compounds with
[0—CH=CH,] do not undergo a photo-fragmentation, because of
the low energy. However, their sensitivity of detection by REMPI
is much lower than by SPI.

The signal intensities of aromatic products increase at higher
temperatures. The highest intensities are observed between
400 °C and 450 °C, which corresponds to the maximum decompo-
sition rate of PET. In this phase, the major compounds correspond
to m/z of 188, 198, 172, and 162. At higher temperature (450-

577 °C), other compounds appear such as m/z 254, 228, 178, 230,
166, and 154. Based on literature (Hujuri et al., 2013; Sovova
et al., 2008), those peaks may be attributed to 1,2'-
binaphthalene, benzo[a]anthracene, anthracene or/and phenan-
threne, terphenyl, 9H-fluorene and biphenyl or/and acenaphthene,
respectively (Table S1). The presence of PAHs is mainly detected
between 450 and 500 °C, confirming the presence of secondary
reactions and most likely causing the second peak in REMPI-TIC.
The evolution profile of major peaks is shown in Fig. 4c). The
maximum productions of the different aromatics do not occur at
the same time. Terphenyl, which corresponds to m/z 230, approx-
imately appears at 415 °C and reaches a maximum at 477 °C. The
peak at m/z 198, which may probably correspond to biphenyl-4-
carboxylic acid (Cy3H1002) (Deng et al., 2006; Guo et al., 2015;
Sovova et al., 2008), evolves starting from 389 °C to 492 °C. Its
maximum production occurs at 439 °C. The evolution profile of
m/z 198 detected by REMPI resembles to the SPI signals (Fig. S3).
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3.3. Evolved gas analysis by TGA-APCI FT-ICR MS

The DTG, TIC, and temperature curves revealed by thermogravi-
metric coupling to APCI FT-ICR MS are shown in Fig. S4. The tem-
poral evolution of the decomposition rate (DTG) is consistent
with the TIC curve, showing a single peak. A similar trend was
observed by SPI-TOF-MS (Section 3.1). The maximum decomposi-
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tion rate is found at about 417 °C. Typical diagrams are constructed
to facilitate the visualization and interpretation of high-resolution
mass spectrometric data, such as double bond equivalence (DBE)
against carbon number and Van-Kreleven plot. DBE is a measure
of unsaturation (double bonds and rings) in a molecule and con-
tributes to the prediction of the chemical structure from a given
elemental formula. Besides, Van-Krevelen diagram is a graphical
distribution of H/C ratio versus O/C, providing an overall view on
compound categories (Miettinen et al., 2017; Oni et al.,, 2015).
The evolution of double bond equivalence (DBE) versus carbon
number is shown in Fig. 5.a). It indicates that there are compounds
with DBE values ranging from 2 to 15 and carbon numbers ranging
from Cg to Cyo. The high DBE values confirm the presence of poly-
cyclic aromatic hydrocarbons. Most of the detected compounds
have a relatively low abundance (in blue color). The highest abun-
dances (red color) correspond to species with a carbon number
Cs-C10 and a DBE of 6-7. The core structure of these compounds
is probably based on one benzene ring (DBE of 4) or two aromatic
rings (DBE of 7). Fig. 5.b) represents the Van-Krevelen plot, high-
lighting different compound classes. For instance, a complex mix-
ture of aromatic compounds with expanded oxygen content is
mainly distributed within a H/C range of 0.7-1 and O/C values in
the range of 0.1-0.5, as well as highly unsaturated compounds
(H/C <1.5) and little aliphatic compounds (1.5 < H/C < 2) (Li
et al., 2018). Furthermore, polycyclic and aromatic compounds
without oxygen are also present with H/C ~ 0.5-1 and account
for roughly 6.4% of the overall signal. The class distribution of
detected species is shown in Fig. 5¢). Seven classes are observed
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in APCI FT-ICR MS in which the oxygenated category CHOy is the
prevailing class. The most abundant CHO, compounds are those
containing 4 and 3 oxygen atoms with a percentage of 45.5% and
37.6% respectively. Very low abundances of highly oxygenated
compounds (7 and 8) (<1%) are also detected.

An APCI FT-ICR mass spectrum is shown in Fig. 6. A unique
molecular formula is attributed to each peak detected using the
accurate mass measurement.

The species are detected mainly as protonated molecule [M+H]"
and to a part as molecular cation [M]*, where M refers to the
molecule. Seventy-seven peaks are assigned unambiguously in
the 100-400 m/z range. Possible peak assignments of major com-
pounds are summarized in Table S1. The highest intensities are
observed at m/z 193.0495 and 149.0233, corresponding to
Ci10Ho03 and CgHsO3 respectively. The peak at m/z 385.0915
(CyoH1703) is the highest mass obtained by FT-ICR-MS and may

a/ Thermal degradation of cyclic dimer
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be attributed to cyclic or/and linear dimer (Nasser et al., 2005).
(Ubeda et al., 2018) reported similar results. In their study, they
analyzed the oligomer of PET by using ultra-high-performance liq-
uid chromatography-quadrupole time-of-flight mass spectrome-
try (UPLC-MS-QTOF). They found that the cyclic monomer and
dimer are characterized by an exact m/z of 193.0498 and
385.0915, respectively. Signals corresponding to m/z 219.0652
(C12H1;0%) and mfz 167.0339 (CgH,03) can be attributed to di-
vinyl terephthalate and terephthalic acid, respectively. The tempo-
ral evolution profiles of the compounds with the highest intensities
are shown in Fig. S5. Peaks at m/z 193.0495 (CoHo03) and
149.0233 (CgH503) are detected by FT-ICR MS at the same temper-
ature, about 346 °C. Terephthalic acid (m/z 167.0339 (CgH;0%)) is
detected at 361 °C. A cyclic dimer (m/z 385.0915 (CyoH;,03)) and
an anhydride compound at m/z 341.0653 (C;gH;307) appear later
at 381 °C (Fig. S6). These compounds are among the primary
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A. Dhahak et al./ Waste Management 106 (2020) 226-239 235

products of the degradation of PET, and their delayed detection may
indicate that they are generated in condensed phase (solid or liquid)
and transferred into the gas phase at higher temperatures.

In the literature, (Dhahak et al., 2020) characterized molecules
formed during PET pyrolysis and analyzed offline by Fourier Trans-
form Ion Cyclotron Resonance Mass Spectrometry (FT ICR-MS)
coupled to electrospray (ESI). Some molecules such as m/z 358
and m/z 550 that had been detected by ESI-FT-ICRMS are not
observed in the present study and this seems to indicate that these
molecules may be formed by repolymerization in the condensers
or in the cold zone. This highlights the strength of online analysis
versus offline analysis.

3.4. Possible reaction pathways for PET degradation

Different reaction pathways for PET degradation can be pro-
posed, involving most likely two back-biting possibilities through
a concerted mechanism (Fig. 7). Reaction in Fig. 7a) is more
energetically favorable than the reaction in Fig. 7b), involving the
six-membered cyclic transition state, as reported in previous
studies (Hujuri et al.,, 2013; Montaudo et al., 1993; Plage and
Schulten, 1990). The transition state energy of dissociation is about
50 kcal/mol (Dayma et al.,, 2019). It leads to the formation of
carboxyl and vinyl end groups. In the second possibility, PET may
undergo a decarboxylation reaction, producing benzene and vinyl
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end groups. Vinyl decompose via six-membered cyclic transition
state, as shown in Fig. 8a), producing di-vinyl terephthalate (m/z
218), vinyl terephthalate (m/z 192), as expected (Hujuri et al.,
2013), and other carboxyl and vinyl end groups, having lower
molecular weights. Carboxyl end groups may undergo two differ-
ent reactions Fig. 8b). In fact, a six-membered cyclic transition
state which generates terephthalic acid (m/z 166), vinyl terephtha-
late (m/z 192), and carboxyl and vinyl end groups, according to two
different branches in the same molecule.

Additionally, an intramolecular carboxy-ester interchange may
take place, leading to the formation of cyclic products, such as cyc-
lic dimer (m/z 384), hydroxy and carboxy end groups. (Montaudo
et al., 1993) investigated the direct pyrolysis of PET using negative
chemical ionization. They found that cyclic oligomers are the pri-
mary products at about 300 °C that decompose further by B-H
transfer reactions at 400 °C generating open-chain oligomers with
olefin and carboxylic end groups.

(Samperi et al., 2004) also studied the isothermal degradation of
PET in the temperature range of 270-370 °C using matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) mass spec-
trometry and NMR analysis. They indicated the formation of cyclic
oligomers, and proposed their structural characterization. Anhy-
drides containing oligomer may also be generated at m/z 340,
which is in agreement with literature (Samperi et al., 2004).

Possible reaction pathways for the degradation of cyclic dimer
and anhydrides are shown in Fig. 9. Six-membered transition state
occurs to generate linear dimer and anhydride. These linear dimers
may undergo carboxy-ester interchange producing cyclic anhy-
drides and acetaldehyde. Fig. 10.a) shows that benzoic acid (m/z

~O«

122), vinyl benzoate (m/z 148) and carboxyl and vinyl end groups
can be generated via the six-membered transition in benzene end
groups (C).

In the case of hydroxy end groups, an intramolecular hydroxy-
ester interchange, as shown in Fig. 10b), may occur and produces
cyclic dimer (Murillo et al., 2010). In literature, the presence of
hydroxy end in the structure accelerates the interchange reaction
and favored the formation of cyclic products (Chikh et al., 2003;
Kamoun et al., 2006). Vinyl alcohol (m/z 44) is also generated via
six-membered transition, however, it transforms to acetaldehyde,
which is one of primary volatile products in PET degradation
(Fig. 10b). Among the volatile PET degradation species are ethylene
(CHy4), which is formed with a smaller extent. An intermolecular
reaction through an eight-membered transition between PET and
vinyl end groups is proposed for its formation (Fig. 11) (Levchik
and Weil, 2004).

In addition, tentative degradation pathways of major products
are illustrated in Fig. 12. The routes proposed here are consistent
with the main products identified by the three techniques. The start-
ing point is the di-vinyl terephthalate (m/z 218). In literature, Taylor
reported various reactions occurred in vinyl acetate decomposition
between 363 and 448 °C (Taylor, 1983). By analogy, every com-
pounds with a [(C=0)O(CH=CH,)] segment undergoes the same
routes.

Traces of acetylene (C;H,) also exists in PET degradation
(Sovova et al., 2008; Turnbull et al., 2013). Unfortunately, it cannot
be detected with the three techniques because of its high ioniza-
tion energy and lower molecular weight. The formation of acety-
lene may be the by-product of vinyl end groups degradation.

oy e O
-.‘:/g E
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Polycyclic aromatic hydrocarbons (PAHs), such as biphenyl (m/z
154) and terphenyl (m/z 230), are also presented. They are most
likely produced via benzene.

4. Conclusion

In this study, three different soft ionization mass spectrometric
approaches have been applied, allowing a comprehensive overview
and understanding of the slow pyrolysis of PET in real time. The
originality of this paper firstly lies in on-line monitoring of the
emitted decomposition products and their thermal dependent evo-
lution profiles. Secondly, the combination of these techniques
allows the almost complete identification of volatile species and
therefore, the typical reactions that can occur. TG-SPI-TOF-MS
was used for the description of organic species with ionization
energies below 10.5 eV. This technique showed that the main
major peaks were acetaldehyde (m/z 44), benzoic acid (m/z 122)
and a peak at m/z 149 which is a fragment of the monomer of
PET (m/z 192). Despite the use of soft ionization, some compounds
fragmented with the loss of a [0—CH=CH,] fragment. Aromatic
compounds, such as benzene and toluene, exhibited a bi-modal
behavior in their profiles showing the existence of two different
reactions involved in their formation. The second soft ionization
technique used was REMPI-TOF-MS, selective for aromatic species.
REMPI-TIC has the same trend as the benzene profile. Different ser-
ies of pyrolysis products are observed in different temperature
intervals. The main products correspond to m/z 230, 178, and
254. Possible structures were proposed in SPI and REMPI tech-
niques. Additionally, FT-ICR MS was applied, detecting medium-
polar and polar species in a mass range of [100-40]. Compounds
with DBE values ranging from 2 to 15 and carbon numbers ranging
from Cg to Cyo were detected. Seven classes were observed in
which the most abundant was CHO,4, with a percentage of 45.5%.
Detailed chemical information was gained using FT-ICR exact mass
data. The signals with the highest intensities found in mass spec-
trum are m/z 193.0495 and 149.0233, corresponding to C;oHgO%
and CgHs03 respectively. Possible structures for some peaks were
suggested, helping the construction of reaction pathways that
showed the formation of both cyclic monomer and dimer and lin-
ear compounds. Typical reactions (intramolecular exchange, via
hydroxy-ester and carboxy-ester interchange and six-membered
transition state, and intermolecular exchange) have been proposed
which may explain the majority of products emitted.
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