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Abstract

In the rapidly developing modern world, the increasing production of waste raises concerns
related to environmental pollution. Therefore, fossil-based materials are being replaced by
contemporary biogenic materials. The main objective of this research is to investigate the bio-
based carbon content in various materials that are directly or indirectly related to everyday use.
As part of the research, I worked on tire rubber and its pyrolysis products, disposable packaging
materials, and samples of technical carbon black. These materials have a significant impact on
environmental pollution but are increasingly being used for recycling, energy production, and

sustainable manufacturing.

The tire rubber samples and its pyrolysis products (pyrolytic oil and recovered carbon black),
as well as samples of technical carbon black, were provided by Contec Inc. from Warsaw,
a company specializing in tire pyrolysis. The tire rubber, pyrolytic oil, and recovered carbon

black samples were sourced from both truck and car tires.

Various commercially available disposable packaging samples, made from paper, wheat bran,
wood, and sugarcane, were obtained from several companies (Quick Pack, Vigo, and Bio-pack).
All samples were examined for the content of the isotope *C and bio-based carbon using
accelerator mass spectrometry (AMS) and liquid scintillation counting (LSC) techniques.
Isotope ratio mass spectrometry (IRMS) was used to determine the isotopic fractionation
correction for the LSC technique. To determine the bio-based carbon, I applied the European
standard EN 16640: 2017, which relates to all bio-based products. Different atmospheric
correction factor (REF) values were used depending on the sample type and the assumed year

of its production.

I applied the radiocarbon method to distinguish fossil materials from modern materials. The
half-life of the '*C isotope is 5700 £ 30 years, meaning that fossil materials lack *C isotope,

while biologically derived materials contain *C at concentrations close to atmospheric levels.

All samples were analyzed using the radiocarbon method at the *C and Mass Spectrometry
Laboratory in Gliwice. The pyrolytic oil and recovered carbon black samples were graphitized
at the AMS Laboratory in Gliwice, and the “C measurements were conducted at the
Radiocarbon Laboratory in Poznan. Tire rubber and its pyrolysis products were further analyzed
at the National Laboratory for Age Determination in Trondheim, Norway. The concentrations
of the '*C isotope were reported as percent modern carbon (pMC).

For the pyrolytic oil, the '*C isotope concentrations varied depending on the proportion of truck

to car tires in the mass subjected to pyrolysis, ranging from approximately 41 to 50 pMC, with



higher concentrations of '*C observed with a higher proportion of truck tires. The same trend
was observed for recovered carbon black, where concentrations ranged from about 5 to just
under 7 pMC.

For the rubber samples, highly scattered '*C concentration results were obtained, ranging from
12 to 42 pMC. The dispersion of results is due to the complex, layered structure of tires, which
uses both natural rubber and rubber derived from fossil fuels. The '*C concentration
measurement in a small sample should be considered characteristic of a specific location within

the tire, rather than of the batch of tires subjected to pyrolysis or even a single entire tire.

Ten different types of disposable packaging samples showed '*C concentrations above 100
pMC, indicating that they were produced from modern biomass. The samples were analyzed
layer-by-layer using the AMS technique. The outer (waterproof) layer exhibited relatively high
14C concentrations, suggesting the use of bioplastics. Wooden cutlery samples showed high and
varied '“C concentrations, ranging from 114 to 136 pMC, suggesting that the samples came from

trees of different ages.

In contrast, the technical carbon black samples for the four tested classes showed extremely low
14C concentrations, <1 pMC, indicating the use of fossil material in their production or minimal

involvement of renewable materials.

The results of this work were published in three scientific articles in JCR-listed journals and in

a chapter in a scientific monograph:

1. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ktusek M, Konska K,
Wroblewski K, Nadeau MJ, Seiler M. (2022). Study of bio-based carbon fractions in
tires and their pyrolysis products. Radiocarbon. 64 (6): 1457-1469. DOI:
10.1017/RDC.2022.88.

2. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ustrzycka A. (2023).
Technical carbon black and green technology. Geochronometria. 50 (1): 250-256.
DOI: 10.2478/geochr-2023-0016.

3. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024). Monitoring of
modern carbon fraction in disposable packaging. Radiocarbon, First View DOI:
10.1017/RDC.2024.35.

4. Gill KA, Michczynska DJ, Michczynski A. Bio-carbon content determination in
disposable packaging by liquid scintillation counting. [in:] Werle S, Ferdyn-
Grygierek J (eds.) POB6 Monograph “Climate and Environmental Protection,
Modern Energy — Selected Issues”, Silesian University of Technology (in press).



The research allowed for the development of measurement procedures for new types of samples
not previously analyzed at the '*C and Mass Spectrometry Laboratory in Gliwice. It was
determined that no chemical pretreatment was required, except for rinsing with demineralized
water. The concentration of the '*C isotope and the amount of bio-based carbon were determined
in all analyzed samples. The research also enabled intra-laboratory comparisons between LSC

and AMS techniques, as well as inter-laboratory comparisons.

The study demonstrated that the applied methods are appropriate and reliable for the analysis of
the tested types of materials.
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1. Research Scope

The economies of many countries rely on fossil hydrocarbon fuels, which leads
to an increase in carbon dioxide emissions. Despite the lack of precise determination of the
impact of such economies on the carbon balance in the atmosphere, oceans, and land, and
ultimately on humanity, much attention is currently focused on reducing carbon dioxide
emissions. One approach to this is material recycling. To promote green recycling, the
amount of modern biocarbon in various types of materials can be examined.

The research conducted as part of this doctoral dissertation focuses on determining the
bio-based carbon content in the tested samples based on their radiocarbon ('*C)
concentration. The '*C content in the material can help determine the proportion of fossil
and modern substances (referred to as biocomponents). This content depends on the origin
of the materials from which the sample was made, as the contemporary biosphere contains
radiocarbon, whereas fossil fuels do not.

The study covers commonly used materials such as tires (along with their pyrolysis

products), disposable packaging, and technical carbon black samples.

The doctoral dissertation consists of a collection of published and thematically related

articles:

e Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Klusek M,
Konska K, Wroblewski K, Nadeau M-J, Seiler M. (2022). Study of bio-based
carbon fractions in tires and their pyrolysis products. Radiocarbon. 64(6):1457-
1469. DOI: 10.1017/RDC.2022.88.

e Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ustrzycka A. (2023).
Technical carbon black and green technology. Geochronometria. 50(1):250-
256. DOLI: 10.2478/geochr-2023-0016.

e Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024). Monitoring
of modern carbon fraction in disposable packaging. Radiocarbon, First View
DOI: 10.1017/RDC.2024.35.

e Gill KA, Michczynska DJ, Michczynski A. Bio-carbon content determination
in disposable packaging by liquid scintillation counting. [in:] Werle S, Ferdyn-
Grygierek J (Eds.) POB6 Monograph “Climate and environmental protection,

modern energy - selected issues”, SUT (in press).
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2. Research Objectives and Thesis

The aim of this doctoral dissertation is to develop, test, and verify a methodology for
determining bio-based carbon content using isotope methods applied at the '*C and Mass
Spectrometry Laboratory at the Institute of Physics — Centre for Science and Education
at Silesian University of Technology in Gliwice for solid samples for which there is a need
to determine or verify the content of biocomponents. Such samples have not been studied
in this Laboratory so far.

The basic thesis put forward is that the concentration of bio-based carbon can
be determined using the C isotope measurement method. This thesis is fully consistent with
the EU and Polish standard EN16640: ‘Bio-based products - bio-based carbon content -

determination of the bio-based carbon content using the radiocarbon method’.

The specific objectives of this research are as follows:

i.  To determine the requirements for the preliminary preparation of the materials
under study.

ii. To develop an effective methodology for determining '“C in various types
of solid materials that have not been previously analyzed using liquid
scintillation counting (LSC) and accelerator mass spectrometry (AMS)
techniques.

iii. To determine the '*C concentration in the solid materials under investigation.

iv.  To develop efficient protocols for determining the bio-based carbon content.

This work also contributes to promoting green recycling by utilizing renewable resources

in the production of all kinds of materials and controlling greenhouse gas emissions.
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3. Description of Research Subject

3.1. Radiocarbon

The radioactive isotope of carbon (radiocarbon/'*C) is the heaviest, unstable, naturally
occurring isotope of carbon. Radiocarbon is a relatively rare isotope of carbon and occurs
in amount of~1x10' % compared to ~98.89% '2C and ~1.11% '3C (Wood 2015).
It is produced naturally through the impact of cosmic rays on atmospheric nitrogen atoms,
and it immediately participates in the global carbon cycle along with other carbon isotopes
(Buchholz and Spalding 2010). It should be noted that a CO2 molecule containing *C has
similar chemical properties to ordinary CO2 with stable isotopes (>C and '*C). Thus, *CO»
is transferred to plants through photosynthesis and to animals through the consumption
of plants, just like any other CO> molecule. '*C is also mixed with inorganic carbon forms,
such as CO2, HCOs', and COs, in oceans through the molecular exchange process through
the air-sea interface. In this way, the radiocarbon is also received by the marine biosphere.
All living matter is labeled by *C atoms, which gives a very wide scope for the applicability
of the radiocarbon method (Kusumgar et al. 1963; Quarta et al. 2021).

14C is used as a dating tool to determine the age of carbon-containing materials and also
as an environmental tracer to track carbon movement in the environment (Skinner and Bard
2022). The fundamental work on the measurement and application of *C as a radiometric
dating tool is attributed to W. F. Libby (Arnold and Libby 1951; Libby et al. 1949). The half-
life of the radiocarbon isotope is 5700 + 30 years (Kutschera 2019); therefore, after about
ten half-lives, the samples will be free of the radiocarbon isotope (Hajdas et al. 2021).

3.2. Radiocarbon Measurements

Radiocarbon provides an ideal tool for constructing archaeological chronologies, and
in many cases can directly date the event of interest. In archaeological sites, organic
materials are often abundant and provide sufficient samples for analysis. In addition
to archaeological dating, radiocarbon analysis is widely used in climate, environmental, and
life science research. (Szidat et al. 2014; Wood 2015).
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3.3. Significance of the Radiocarbon Method in Determining Bio-Based
Content

In the 20™ century, the concentration of CO; in the atmosphere increased due to the
extensive use of fossil fuels for energy production and transportation. To address this
problem, the European Union has set new goals to increase the use of renewable materials
(biogenic) in fuels (5.75% until 2010 in the EU Directive 2003/30/EC (Directive 2003) and
at least 10% of biofuels in all liquid fuels by 2020 (Directive 2009). Due to the lower
profitability of biofuel production compared to fossil fuels, the European Union's
environmental policy promotes biofuels by reducing excise taxes and providing income tax
credits. (Krajcar Broni¢ et al. 2015). Therefore, there is a need to determine the amount
of biogenic material by a reliable and accurate method, not only in different types of fuels
but also in all other materials of daily life, such as bioplastics, disposable packaging, wooden
equipment, etc. Any material is considered bio-based if it contains a significant proportion
of radiocarbon that ideally reflects the current atmospheric '*C value. Radiocarbon method
is a well-known and reliable method for the determination of bio-based content in different
kinds of products. In the radiocarbon method, '*C concentration is determined as a percent
modern carbon (pMC), whereas the bio-based carbon content is determined by international
standards according to the atmospheric correction factor (REF) in the determined year
of 100% bio-based carbon.

In this research, I worked on tire rubber and its pyrolysis products, technical carbon black
(TCB), and disposable packaging materials (DPMs), as these materials are widely used for
recycling and sustainable production. The main objective of this research was to examine
the modern carbon concentration in the mentioned materials to check the implementation
of the laws passed by environmental protection agencies to improve green technology and

control greenhouse gas emissions.

3.4. Waste Treatment

The demand for energy use and the production of waste from daily life are the two main
factors considered in the developing world. Among the organic or inorganic waste produced,
plastics and rubber are considered the most dangerous waste source to treat, contributing
31.2% of total waste (Hoang et al. 2020). Municipal solid waste is the important source
of greenhouse gas emissions (Wang and Nakakubo 2020) and is collected from household
waste, including electronic appliances, waste batteries, metals, paper and cardboard, metals,
plastics, wood, furniture, etc. (Directive 2008). The recovery of energy from municipal solid

waste is a great way to reduce the consumption of fossil fuels for energy production
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(Ngusale et al. 2017). Landfill, incineration, and composting are roughly classified as the
municipal solid waste treatment methods (Wang and Nakakubo 2020). According to the
directive of the European Commission from 2008, later amended in February 2024, levels
of priority order in waste prevention and management are set as follows: prevention, re-use,
recycling, energy recovery and disposal. This took into account general environmental
protection, sustainability, technical feasibility, protection of resources, human health, and
social impacts (Directive 2008).

The rate of waste recycling has been growing in the EU-27, indicating the increased use
of waste as a resource and the achievement of a circular economy. Total waste treatment
increased considerably in Europe from 46% in 2004 to 60% in 2020, while total waste
disposal decreased from 54% in 2004 to 45% in 2020 (Eurostate 2020). In 2021 the highest
recycling rate was recorded for packaging at 64%, followed by municipal waste at 49% and
electrical and electronic waste at 39%. Most of the waste was still disposed of by incineration
in 2021 (European-Environmental-Agency 2023).

In Europe, from 2010-2021, paper and cardboard were the main materials generated
by packaging waste (34.0 million tonnes in 2021) followed by plastic (16.1 million tonnes)
and glass packaging waste (15.6 million tonnes) (Eurostate 2023). The two
crucial techniques — reuse and recycling, are used for the development of a circular economy.
(Di Foggia and Beccarello 2022).

Plastic pollution is being highlighted as the global crisis from its production to its
disposal. Bioplastics are natural and chemically driven materials from renewable or oil-
based resources and are designed to provide low carbon emissions, high recycling values,
and complete biodegradability or compostability (RameshKumar et al. 2020).

Industrial plastic production was started around the 1950s and has increased
exponentially. In 2016 the annual plastic production was 330 million metric tonnes (Lebreton
and Andrady 2019), whereas in 2022 it reached 400.3 million metric tonnes (Statista 2023).

According to the Plastics Europe report in 2020, 24.5 million tonnes of plastic waste
(PW) were generated. 14% of the PW was recycled and provided 3.5 million tonnes
of recyclate products. 50% of European plastic waste is incinerated for energy recovery and
95 million tonnes of carbon dioxide gas is emitted per year. The European Commission aims
to end plastic pollution by 2040 by implementing a circular economy that allows the reuse,
recycling and responsible treatment of all types of plastic products, while reducing
greenhouse gas emissions related to plastic management. The Commission also
recommended that the transition to the EU's net zero carbon emissions and circularity targets
be completed by 2050 (Plastics-Europe).
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Worldwide, more than 1.7 billion tires are produced annually (Tire-Grades 2023), and
around 4.2 million metric tons of rubber tires were produced in the European Union in 2020
(Statista 2021). According to (Hoang et al. 2020) two-thirds of tires are dumped in landfills
or disposed of illegally, causing serious threats to the environment and human health. Waste
tires are becoming the world’s leading environmental problem, as waste rubber is accounted
for a large percentage of solid waste.

In the case of end-of-life tires (ELTs), 80% are used as fuel or recycled material utilizing
disposal and re-treading (Goksal 2022). For tire recycling, retreading, incineration, grinding,
and reclaim are used as alternatives but with many drawbacks. Tires are hard to remold,
in this way. Pyrolysis seems to be the most appropriate recycling method (De Marco
Rodriguez et al. 2001). The effective applications of tires decrease fossil fuel and energy
consumption, as tires themselves are used as fuels. As a result, there is a decrease in fossil-
based CO> because tires already contain carbon from fossil themselves. Tires have high
calorific values and also contain about 60-70% carbon and 6-7% hydrogen, so the
combustion and composition properties of tires are almost equal to the coal
(Rodriguez et al. 2017). In this way, the combustion of tires provides heat but reduces the
additional emission of CO; and SOy into the atmosphere (Krajcar Broni¢ et al. 2015;
Rodriguez et al. 2017).

4. Samples for Analysis

In this project, several types of samples of daily-use goods were investigated. The first
type of samples included tire rubber and pyrolysis products, such as recovered carbon black
and pyrolytic oil samples. These samples were provided by Contec Inc., a Warsaw, Poland-
based company that uses tire pyrolysis technology to produce an environmentally friendly
substitute for virgin carbon black and petrochemical feedstock, as well as to address the
global ELT waste problem. Contec Inc. provided samples in three batches, with each batch
consisting of a mixture of shredded rubber from truck and passenger car tires in varying
proportions, and the pyrolysis oil and recovered carbon black originated from the same batch
as the rubber samples.

In the second series, I analyzed ten different types of disposable packaging materials
(DPMs) collected from Quick Pack, Vigo, and Bio-pack companies. These samples included
paper plates, boxes, paper straws, paper cups, baking paper, sugar cane plates and boxes,

wheat bran plates, and wooden cutlery.
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In the third series, I examined biogenic material in technical carbon black (TCB) samples
obtained from Contec Inc. [ examined four different graded technical carbon black samples,
which were classified based on surface area, aggregate morphologies with nanostructures,
ash content, and other chemicals (Contec ; Robertson and Hardman 2021). Table 1 describes

all the sample categories in detail.

Table 1. Description of the samples analyzed.

Eosliitts AL CONT-1 Unknown mixture of truck and passenger car

tires.
Pyrolytic oil-2 PCO-2 100% passenger car tires.
Recovered carbon black-1 rCB-2 100% passenger car tires.
Rubber-1 CR-2 100% passenger car tires.
Pyrolytic oil-3 TCO-3 70% truck and 30% passenger car tires.
Recovered carbon black-2 rCB-3 70% truck and 30% passenger car tires.
Rubber-2 CR-3 70% truck and 30% passenger car tires.

In white, a kind of paper disposable plates,
made from sugarcane fibers.

Disposable cups QPC-2 Pale white, made with paper stuff.

In brown color, also known as vegetable
parchment; cellulose-based composite.
Brown on the outside and white on the inside,

Disposable plates-1 QSCP-1

Baking paper QBP-3

Disposable straws QPS-4 Y S ——

Disposable plates-2 QPP-5 In white color, made of paper material.

Wimsin el QWC-6 Consists of_ wooden spoons, wooden forks, and
wooden knives.

Disposable plates-3 QBPP-7 In brown color, made of paper.

Disposable plates-4 VWBP-8 Brown in color made from wheat bran.

Disposable boxes BSCB-9 Pale white, made from sugarcane bagasse.

Disposable plates-5 BPP-10 Pale white, made from paper.

Surface area of 76-80 m*/g with medium-high
Technical carbon black-1  TCB-N330 reinforcement. Compounds used for tire tread,
carcass, and sidewalls.
Surface area 39-41 m*/g with medium-high
reinforcement. It is used in the inner liners,
carcasses, and sidewalls of passenger tires and
rubber goods.
Surface area 34-36 m*/g, medium
reinforcement. It is used in inner liners,
sidewalls, sealing rings, cable jackets, rubber
molding, and extruded goods.
Surface area 31-32 m?/g, with semi-
Technical carbon black-4  TCB-N772  reinforcement. They are used as inner liners in
tires and rubber items.

Technical carbon black-2  TCB-N550

Technical carbon black-3  TCB-N660
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5. Methodology

In this research, I used both conventional (liquid scintillation counting — LSC) and
accelerator (AMS) radiocarbon techniques to determine the biobased carbon content in the
samples. Isotope ratio mass spectrometry (IRMS) was used to determine the isotope
fractionation correction for the samples examined by LSC.

According to (Rodriguez et al. 2017) pyrolysis-GC/MS, thermogravimetric analysis
(TGA) and radiocarbon analysis (1*C methods) can be used to determine the biomass content
in end-of-life tires (ELT) but only radiocarbon analysis is considered a valid technique
(Haverly et al. 2019).

According to (Krajcar Broni¢ et al. 2015) manual sorting, chemical dissolution, and '*C
methods are used for the determination of biobased components in all kinds of fuels
or wastes which are used in waste-to-energy plants. Manual sorting is time-consuming and
labor-intensive, whereas selective dissolving requires laboratory personnel and equipment
(Séverin et al. 2010). The *C method is the most reliable and can be applied to various kinds

of solid communal waste, used car tires, liquids and fuels (Krajcar Broni¢ et al. 2015).

5.1. Radiocarbon Measurement Techniques

To count the '*C decay rate, highly sensitive low-level radiometric measuring techniques
have been devised, together with proper sample chemical pretreatment. The required amount
of carbon (1-5g) in the sample is the main constraint of these methods. Sensitive low-level
radiometric measuring techniques are required due to '*C's low natural abundance (1071° %),
low specific activity (226 Bg/kg), and low electron energy (<156 keV) produced in the
B decay process. In the early days of radiocarbon determination, gas proportional counters
(GPC) were commonly utilized, but they are now almost obsolete, with liquid scintillation
counting (LSC) dominating the decay-counting techniques (Krajcar Broni¢ et al. 2010;
Wood 2015).

Around 50 years ago, accelerator mass spectrometry (AMS) technology was developed,
which is unaffected by low specific activity or electron energies. AMS measures the '4C/'*C
or '*C/13C ratio in a sample compared to the standard. The tiny sample size (a few mg) and
continuous improvement of AMS make it a more suitable method for a variety
of applications (Hajdas et al. 2022; Krajcar Broni¢ et al. 2010).
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5.2. Biocarbon Content Determination

Currently, the usage of biogenic materials in various fields is increasing rapidly on the
industrial, customer, and consumer sides. Biogenic materials have replaced typical fossil
carbon-containing materials (European-Union 2019; Pandey and Singhal 2023). The
constant increase in demand for bio-based materials has been noticed in the recent decade
(2010-2020), not only in the bioplastics field but also in biopolymers, bio-lubricants, bio-
solvents, biosurfactants, enzymes, and bio-pharmaceuticals (Pandey and Singhal 2023).

The principle of determining the biogenic content in the tested material is based on the
fact that organic matter with a well-defined radiocarbon fraction corresponding to the
modern level of atmospheric *CO,, as well as fossil materials, was used for its production.
Radiocarbon has a half-life of 5700 + 30 years, making fossil materials free
of it (Hua et al. 2022; Kutschera 2019).

There are international and European standards specifying how to determine biobased
carbon, depending on the type of materials - details are included in the paper
(Gill et al. 2022). In this research, I examined tire rubber and its pyrolysis products,
disposable packaging materials, and technical carbon black samples. I determined the
biocarbon content in the samples using the European standard (EN16640 2017), which
applies to all biobased goods. The biobased carbon content of the samples is calculated using
the formula below:

MC

biobased carbon content = 2— , Eq. 1
REF

where:

pMC - 'YC concentration expressed in terms of modern percent carbon, obtained from
radiocarbon techniques (LSC and AMS).

REF - an atmospheric correction factor in the determined year of 100% bio-based carbon,
was used to calculate bio-based carbon content, according to data published by (CIO 2022;
Hua et al. 2022).

5.3. Bio-Content Determination

The European standard EN-16785-1 defines how to correctly determine the
biocomponent content using the radiocarbon method and elemental analysis. According to it,
the amount of biomass is calculated as the amount of biological elements (C, H, N, O) in the
sample, expressed as a percentage of the total sample mass:

X 100 (%) Eq. 2

mass of bio—based content

bio — content = :
total mass of material
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My PhD research was limited to the radiocarbon method and bio-based carbon content.

5.4. Accelerator Mass Spectrometry (AMS) Measurements

The AMS radiocarbon technique is efficient, fast, and convenient for sample preparations
for radiocarbon measurement (Wacker et al. 2010b). AMS measurements were performed
in three laboratories. All of the samples listed in Table 1, except tire rubber, were prepared
and analyzed at Gliwice *C and Mass Spectrometry Laboratory in the Institute of Physics —
Centre for Science and Education, Division of Geochronology and Environment Isotopes.
The tire rubber and its pyrolysis product were analyzed at the National Laboratory for Age
Determination, Trondheim, Norway. In addition, graphite samples from tire pyrolysis
products that were graphitized in the Gliwice Radiocarbon Laboratory were measured at the

Poznan Radiocarbon Laboratory (Goslar et al. 2004).

5.4.1.Preparation and Analysis of Samples at Gliwice '*C and Mass Spectrometry
Laboratory

A well-equipped sample preparation laboratory for '“C analysis has existed at the
Silesian University of Technology in the Institute of Physics — Centre for Science and
Education, Division of Geochronology and Environmental Isotopes since the late 1960s.
As part of my doctoral thesis, I had the opportunity to learn how to use world-class
equipment.

The VarioMicroCube Elemental Analyzer coupled with an automated graphitization
equipment (AGE-3) system by lonPlus AG with seven reduction reactors, was used
to determine the total carbon content in samples and graphitization (Fig. 1a)
(Némec et al. 2010; Wacker et al. 2010b). Before starting my doctoral thesis, the Gliwice
AMS Radiocarbon Laboratory produced graphite targets from plant remains wood, charcoal,
peat, shells, and bone samples (Piotrowska 2013). I successfully applied the previously
developed methods to new types of samples, i.e. pyrolytic oil, recovered carbon black,
disposable packaging samples, wooden cutlery, and technical carbon black samples
(Gill et al. 2024; Gill et al. 2022; Gill et al. 2023). As part of the research conducted, it was
determined that for the new types of samples mentioned above, no chemical pre-treatment
is required apart from rinsing with demineralized water.

A few milligrams of sample (see Table 2) were used for AMS measurements. The sample
was weighted in a tin capsule for liquid samples and a tin boat capsule for solid samples.
The tin capsules for the liquid samples were properly sealed by a special sealing press. Due

to the heterogeneity, i.e. the layered structure of disposable packaging, different subsamples

10
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were analyzed (outer layer, inner layer and their mix), as the AMS measurement results
clearly indicated that the measurement result depended on the proportions of individual
layers in a small (milligram) subsample. Tests were also carried out on the possibility
of using sample carbonization with limited oxygen access for sample homogenization
purposes, as the AMS measurement results clearly indicated that the measurement result
depended on the proportions of individual layers in a small (milligram) subsample. For
carbonization, a 24 g sample was placed in a metal reactor with a lid with a very small hole
(to minimize oxygen access) and burned in a muffle furnace at 700 °C for about 7 to 10
minutes. The sample was then cooled and ground to a powder. In the next step, the elemental
analyzer was used for sample combustion to produce CO> gas that was subsequently
graphitized using AGE-3 in the presence of hydrogen (H2) and Fe powder
(Wacker et al. 2010b). The graphite samples were pressed using a special press into target

holders (cathodes) at a pressure of 4 bar (two times for proper pressing and sealing).

Fig. 1a Elemental Analyzer coupled with  Fig. 1b MICADAS at Gliwice *C and
automated graphitization Mass Spectrometry Laboratory.
equipment at Gliwice '*C and Mass
Spectrometry Laboratory.

As the designers wrote, the small AMS system MIni CArbon DAting System
(MICADAS) accelerator (Fig. 1b) allows '*C analyses with comparable accuracy and
precision as larger AMS devices. The simplified instrumental setup reduces running costs
and service efforts (Synal 2013; Synal et al. 2007; Wacker et al. 2010a). The magazine holds
up to 40 samples. Data reduction is performed with the BATS program (Wacker et al. 2010a).

11
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In the measurements performed, Oxalic Acid (II) was used as the standard. Phthalic
anhydride and anthracite were used to control the background of the AMS measurements.

In individual cases, fossil fuel was used as an additional background control.

5.4.2.Preparation and Analysis of Samples at the National Laboratory for Age
Determination, Trondheim, Norway

Tire rubber and its pyrolysis products were analyzed at the National Laboratory for Age
Determination, Trondheim, Norway. Different combustion methods were used for solid and
liquid samples. Solid samples of rubber and recovered carbon black were combusted and
reduced in an elemental analyzer. The liquid samples of pyrolytic oil were first frozen and
then sealed with copper oxide (CuQO) in quartz tubes. The muffle oven was used for
combustion. CO; produced from combustion was reduced in the Fe-Zn manual reduction
system. Publication by Seiler et al. (2019) provides a detailed explanation of graphite
preparation methods in this laboratory. Automated graphitization equipment was used
to produce graphite targets with a mass of 1 mg. This device combines an elemental analyzer
with seven reduction reactors.

Fig. 2 Accelerator mass spectrometer at the National Laboratory for Age Determination, Trondheim,
Norway.

The '*C measurements were performed on a 1 MV AMS system (Fig. 2) manufactured
by High Voltage Engineering Europa B.V. (Nadeau et al. 2015; Seiler et al. 2019). A typical
sample wheel holds up to 50 samples.

12
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5.5. Liquid Scintillation Counting (LSC)

Liquid scintillation counting technique was used to determine bio-based carbon in tire
rubber, tire pyrolysis products, and TCB samples at the Gliwice '*C and Mass Spectrometry
Laboratory at the Institute of Physics - Centre for Science and Education, Division
of Geochronology and Environmental Isotopes. LSC measurements were conducted
following benzene synthesis. Every used chemical was analytically pure. The detachable
glassware from the benzene line (Fig. 3) was thoroughly cleaned with deionized water and
dried at 80 °C. Benzene was synthesized from the original materials without any chemical
pretreatment; only tire rubber samples were washed with hot deionized water. The Gliwice
Radiocarbon Laboratory has a developed benzene synthesis line, with exhaust fume
extractors ensuring safe combustion and synthesis stages, as well as fume hoods for safe

benzene handling. Benzene synthesis involves the following steps:

5.5.1. Production of CO: and Carbide Synthesis

For carbide synthesis, a metal reactor was used, which was mechanically cleaned and
rinsed with deionized water before being dried and placed in a muffle oven at 700 °C for
several hours.

The analyzed solid samples, i.e., carbon black, tire rubber, and recovered carbon black,
were subjected to a reaction with metallic lithium in a 1:1 ratio in a purified (as described
above), hermetically sealed metal reactor at a temperature of 700°C under pressure control.

Pyrolytic oil samples undergo a two-step process. In the first step, pyrolytic oil was
introduced into an internal small reactor and evaporated on heated lithium, which was placed
at the bottom of the outside reactor. In the second step, after cooling, the remains from the
internal reactor were transferred to the outer reactor and the same procedure as for solid
samples with additional lithium metal was followed. The completion of the reaction time
varied according to the type of material. For TCB samples the reaction was completed
in about an hour, for pyrolytic oil it took around 40 minutes whereas for tire rubber samples
it took 1 to 2 hours. The general reaction of carbide synthesis can be expressed as:

700 °C
2C0, + 10Li — Li,C, + 4Li,0 Eq.3

5.5.2. Synthesis and Purification of Acetylene

Li2Cs is hydrolyzed in a separate line to produce acetylene (C2Hbz):

Room temperature

13
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The acetylene is then purified by passing through the hygroscopic trap of potassium
dichromate (K2Cr207) and sulfuric acid (H2SO4). Pure C2Hz was collected in a glass cold
trap cooled with liquid nitrogen.

Fig. 3 Benzene line at Gliwice *C and Mass Spectrometry Laboratory.

5.5.3. Synthesis and Purification of Benzene

Benzene is produced from acetylene by trimerization reaction which was carried out
atroom temperature on a preheated chromium catalyst (preactivated at 600 °C for
30 minutes):

3C,H, = C¢Hgq Eq.5

The benzene needs to be purified from water vapors and atmospheric radon. Benzene
was kept over sodium metal overnight for drying and for about a month in the freezer
(at — 15° C) to make benzene radon-free. Since radon is radioactive and has a half-life of 3.8
days, after one month its amounts in the benzene sample are negligible. For radon removal,
I also used the procedure of re-sublimation (Tudyka et al. 2021). A mixture of dry ice with
ethanol (-78 ° C) was used for re-sublimation.

When the sample was free of radon, the appropriate amount of it could be measured
(a2 ml volume was used), and after adding the scintillator in the form of butyl-PBD, the
activity measurements of the sample could begin (Pawlyta et al. 1997).

C measurements were performed using Quantulus 1220™ liquid scintillation
B spectrometer (Pazdur et al. 2003). Commercial Polish Analar-grade benzene was used
as background, ANU-Sucrose was used as standard.

14
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5.6. Isotope Ratio Mass Spectrometry (IRMS)

The isotope ratio mass spectrometry technique was used for isotope relative abundance
determination in the samples. In my research, I used spectrometer IsoPrime 100 with
a continuous flow regime connected with the MultiFlow system and the Gilson GX-271
autosampler. The MultiFlow system is designed to automatically collection and transfer CO-
from sample vessels to the mass spectrometer. The gas was sampled with an automatic
needle, separated by chromatography, and passed to the IsoPrime for isotope analysis
(Agnihotri et al. 2014; Multiflow 2012).

Isotope measurements were necessary to calculate the isotope fractionation correction
for measurements performed using the LSC technique (Stuiver and Polach 1977).

For IRMS measurements, benzene produced from samples for LSC measurements was
used. For this purpose, ~ 5 ul of benzene was placed in a glass capillary in Simax tubes
together with ~ 300 mg of CuO. After closing the tubes with a burner, they were placed
in an oven at 560 °C for approx. 12 h. Then, in a special vacuum line, each tube was broken,
and carbon dioxide produced from the benzene sample was collected in a glass cold trap
using liquid nitrogen after passing through a water vapor trap. After measuring the
appropriate amount of CO; (controled by measuring the pressure in the appropriate branch
of the vacuum line), three subsamples were manually collected with a special syringe into
vessels for the MultiFlow system.

The standards used were materials provided by the ITAEA: NBS-22 (oil; ~ 5 ul), [AEA-
CH-6 (formerly ANU Sucrose; ~ 3 mg) and IAEA-C3 ( ~ 1 mg) and the internal standard
WZS (lake sediment, ~ 2 ng) (Ustrzycka 2020). The standards were burned in Simax tubes
under the same conditions as the samples and subjected to the measurement procedure
as described above.

1C concentrations were corrected using measured §'3C value using the following
equation (Eq.6) (Stuiver and Polach 1977):
2(25+ 813C)

1000 ’ Eq. 6

Agy = As [1-

where:
As - the measured C concentration

Agy - the corrected '*C concentration
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6. Summary of Main Results and Conclusions

The concentration of the '*C isotope in a sample allows for distinguishing between
samples made from modern materials and those produced from fossil fuels, thereby
providing information about the potential use of renewable materials in their production.
In my research, I determined the '*C concentration (and biobased carbon) in three different
categories of samples (tire rubber and its pyrolysis products, disposable packaging samples,
and technical carbon black samples) by using the aforementioned radiocarbon techniques.

Below, I present the main results with conclusions, as published in the respective

publications:

6.1. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Klusek M, Konska
K, Wroblewski K, Nadeau M-J, Seiler M. (2022). Study of bio-based carbon
fractions in tires and their pyrolysis products. Radiocarbon. 64(6):1457-
1469. DOI: 10.1017/RDC.2022.88.

The article presents the results of measurements of bio-carbon concentration in tires and
their pyrolysis products. Furthermore, it presents the measurement results obtained using
two techniques (AMS and LSC) in three different laboratories. The study thus also served
as a form of interlaboratory comparison. This research was carried out with the collaboration
of Contec Inc. company in Warsaw that deals with tire pyrolysis. In this research, I worked
on the products obtained from passenger car tire, truck tire samples, and their mixture. The
pyrolytic oil and recovered carbon black samples were analyzed at the Gliwice '*C and Mass
Spectrometry Laboratory (LSC and AMS) and the National Laboratory for Age
Determination, Trondheim, Norway. IRMS method was used to calculate the standardized
isotope fractionation correction of LSC measurements. Rubber samples analyzed at Gliwice
14C and Mass Spectrometry Laboratory by LSC technique and the National Laboratory for
Age Determination, Trondheim, Norway by AMS technique.

Detailed results are summarized in Table 2. For pyrolysis oil, the C isotope
concentration values were dependent on the number of truck tires in the pyrolysis mass and
ranged from about 41 to 50 pMC, with the larger the truck tire input, the higher the '“C
concentration values. The same trend was observed for the recovered carbon black. In this
case, the values ranged from about 5 to less than 7 pMC. The samples were examined by two
techniques, and three different laboratories showed good agreement (Fig. 4), and all of the
methods seem to be suitable and reliable for the investigation of the pyrolysis products from

tires.
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Table 2. Results for the "*C concentrations are reported in pMC for different categories of
samples. 14C concentrations were measured by LSC (lab code-GdS) and AMS technique
(lab code-GdA (Gliwice), lab code-TRa (Trondheim)). x2 values for the samples of pyrolytic
oil and recovered carbon black are also reported. The critical x° values for four
measurements = 11.34, and for three measurements = 9.21 (with the confidence level,
a=0.01). Bio-based carbon content was calculated according to the standard
(EN16640:2017) for three different REF values (CIO 2022; Hua et al. 2022). (see Table. 4

in (Gill et al. 2022)).

14C Total Biobased carbon content
No. Sample Lab concc.entrate Xz carbon (%)
code “on %) REF REF REF
(PMC) (% 2011 2006 1995
GdS-
41.95+0.37 40.6+0.36 | 39.8+0.35 | 37.5+0.33
4257
GdS-
CONT-1 4758 43.43 +0.38 84.8 4 42.0+037 | 41.2+036 | 38.8+0.34
1 Pyrolytic 8.48 '
. GdA- 0.50
Oil 6611 42.64 +0.23 413+0.22 | 40.5+£0.22 | 38.1+£0.21
TRa- 42.86 +0.18 41.5+0.17 | 40.7+0.17 | 38.3+£0.16
16675 ) ) . ) ) . ) )
GdS-
4320 41.30+0.47 40.0+£045 | 39.2+£045 | 36.9+0.42
Gds- 20.83
PCO-2 4365 4390+ 0.44 | without 3.5+ 425+043 | 41.7+042 | 39.2+0.39
2 Pyrolytic GdS- ’
. GdA- 2.5
Oil 43.49 +(0.23 4320: 42.1+0.22 | 41.3+£0.22 | 38.8+0.21
6612
1.65
TRa-
43.35+0.11 42.0+0.11 | 41.1+£0.10 | 38.7+0.10
16676
GdS-
4373 50.35+0.49 48.7+047 | 47.8+046 | 45.0+£0.44
TCO-3
. GdA- 74.9 +
3 Pyrolytic 6613 49.76 + 0.24 7.46 75 482 +0.23 | 472+023 | 444+£0.21
Oil '
TRa- 50.47 +£0.10 489+0.10 | 479+0.09 | 45.1 +£0.09
16677 : . . ) ) . ) )
GdS-
5.08+0.18 49 +£0.17 48+0.17 45+0.16
rCB-2 4327
R d | GdA- 71.7 £
4 ecovere 5.14+0.11 0.07 50£0.11 | 49+0.10 |4.6%0.10
Carbon 6615 3.5
Black TRa-
5.17+ 0.08 5.0+0.08 4.9 +0.08 4.6 +0.07
16679
- GdS-
rCB-3 6.89 £0.18 19.31 6.7+0.17 6.5+0.17 62+0.16
s Recovered | 4394 without | 78.9 +
Carbon GdA- 6.92 +£0.12 TRa- 1.3 6.7+0.12 6.6+0.11 62+0.11
Black 6616 ’ ’ 16680 ’ ’ ’ ’ ’ ’
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TRa- 6.29+0.18 0.02 61+0.17 | 60+0.17 |56+0.16
16680 . : 1+0. 0+0. . .
GdS-
15.54 + 0.23 ¥? 148+022 | 145+022 | 13.7+021
4337
TRa- - not
R L6682 33.02+0.13 | applica- 32.0+0.13 | 31.3+0.12 | 29.5+0.12
6 i ble 83.7 +
Rubber TRa-
34.71+0.10 | range: 28 |33.6+0.10 |32.9+0.09 | 31.0+0.09
16682b
15.54 —
TRa-
22214010 | 3471 21.5+0.10 | 21.1+£0.09 | 19.8+0.09
16682¢
GdS-
13.59 + 0.23 1290+022 | 1274022 | 11.9+0.21
4339
GdS-
25.12+0.22 242+021 | 2374021 | 223+020
4380
GdS-
1383 20.89 + 0.32 19.9+031 | 19.5+030 | 18.4+0.29
GdS- 12.31+0.21 11.7+£0.20 | 11.5+0.20 | 10.8+0.19
4370
GdS-
1375 20.24+0.31 194+030 | 19.0+029 | 17.8+0.28
XZ
GdS-
1374 13294025 | - not 126+024 | 12.4+024 | 11.7+0.22
7 CR-3 TRa- 18.25+0.10 Zmiw& 74.9 17.740.10 | 17.3+0.09 | 16.3+0.09
Rubber 16683a ' ' © 23 S o= o=
R range:
& 41.86+0.15 | 12.31— 405+0.15 | 39.7+0.14 | 37.4+0.13
16683b
41.86
TRa- 14.57+0.11 141+0.11 | 13.8+0.10 | 13.0+0.10
L6683 . . 1+0. 8+0. . .
TRa-
18.93 + 0.07 183+0.07 | 18.0+0.07 | 16.9+0.06
16683d
TRa- 22.68 +0.10 22.0+0.10 | 21.5+0.09 | 20.3+0.09
L6683 . . 0+0. 5+0. . .
TRa- 21.68 +0.09 21.0+0.09 | 20.6+0.09 | 19.4+0.08
L6683 . . 0+0. 6+0. . .
TRa- 14.85+0.08 14.4+0.08 | 14.1+0.08 | 13.3+0.07
16838 . . 4+0. 1+0. . .

In the case of tire rubber, the samples provided were cut into pieces of 0.5 to 1 cm in size.

For the purposes of LSC measurements, several fragments with a total mass of 5-6 g were

sufficient for a single measurement, while for the purposes of AMS, a sample of the order

of 1 mg was cut from one piece. The results of '*C concentration were widely scattered. The

scatter of the received values results from the complex structure of tires, as both natural
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rubber (which can be treated as a biocomponent) and rubber produced from fossil fuels are
used in its construction. According to tire manufacturers, these different types of rubber are
used in different layers of the tire. Therefore, the result of the measurement of the '“C isotope
concentration in a small sample should rather be treated as characteristic for a given location
in the tire, and not for the entire batch of tires subjected to pyrolysis, or even the entire single
tire.

The content of bio-based carbon in the tested samples was calculated according to the
(EN16640 2017) standard wusing several reference values (REF). Considering
the recommended service life of tires (~5 years), the time of tire disposal (~10-15 years) and
the use of natural rubber for the production of tires from tree sap (living 5-25 years),
calculations were made for REF values characteristic for the years 2006, 2011 and 1995
(CIO 2022; Hua et al. 2022).

19



Komal d/o Aziz Gill | PhD Dissertation — Extended Abstract

60
50 . El
B 8 @ @
m & @ ® ©
40
@]
% A
S A
©
s 30
[ o=
]
Q
G
8 %
¥
A F Y A
20 _ x
A &
A & A
A -
F 3
10
® o
@
® ©® ©
0
0 2 4 6 8 10 12 14 16
O CONT-1, pirolitic oil, unknown mix OPCO-2, pirolitic oil, 100% passenger car tires
M TCO-3, pirolitic oil, 70% truck tires OCB-2, carbon black, 100% passenger car tires
® CB-3, carbon black, 70% truck tires A CR-2, rubber, 100% passenger car tires

A CR-3, rubber, 70% truck tires

Fig. 4 Comparison of the *C isotope measurements in tire rubber and its pyrolysis products for three
series of samples marked in red, green and blue and different types of samples (pyrolysis oil,
recovered carbon black and rubber) marked with shapes according to the legend (see Fig. 2
in (Gill et al. 2022)).

It is worth noting that I performed part of the measurements in Norway during a 2-week
research internship. The internship gave me the opportunity to learn about work in the
renowned '*C laboratory, as well as to ensure that the sample preparation and measurement
protocols used in the Gliwice laboratory comply with global standards, as well

as to familiarize myself with a different graphitization method and measurement equipment.
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The research results can be useful for companies involved in tire pyrolysis, as they help
determine the bio-based carbon content in pyrolysis products, which is significant both

ecologically and economically.

6.2. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ustrzycka A.
(2023). Technical carbon black and green technology. Geochronometria.
50(1):250-256. DOI: 10.2478/geochr-2023-0016.

The research in this article was conducted on technical carbon black samples. Four types
of TCB samples with different degrees of fragmentation and specific surface area were
analyzed by two radiocarbon techniques: LSC and AMS at the Gliwice '*C and Mass
Spectrometry Laboratory. I applied the IRMS method to calculate the standardized isotope
fractionation correction of LSC results. The samples for testing were sent by Contec Inc.
It was expected that the samples would contain a higher share of biocomponents, but the
samples give very low value of '*C concentration between 0.124 + 0.091 pMC and
0.908 + 0.092 pMC (<1 pMC) for both techniques. The detailed summarized results of '4C
concentrations and bio-based carbon content of TCB samples are mentioned in Table 3. Low
4C concentrations of TCB samples represent their production from fossil materials. The
findings suggest a need for developing eco-friendly alternatives and increasing the use
of renewable materials in TCB production.

Table 3. '*C concentration and bio-based carbon content in TCB samples. (see Table 2 in
(Gill et al. 2023)). 6"°C values were obtained by IRMS (*) and AMS measurements (**).

Total " Bio-based
Sample | Lab Sample 83Cvrps C conc.
No-. name | code mass Carbon % (pMC) carbon
(%) () P content (%)
GdS-
L 4543 6.08g |- —32.44+0.11% | 0.589 £0.084 | 0.589 +0.084
2, | 1B | GdA ) 18] 29.20%* 0.436 +0.033 | 0.436 + 0.033
" | N330 | 7138.1.1 | mg 0975 £ 0.93 : 436 £0. 436 £0.
3 adA- 099 o 30.60%* 0.410 + 0.038 | 0.410 +0.038
' 7138.1.2 | mg —0 410 £0. 410 £0.
GdS-
4. 4550 402g |- —30.417 £ 0.072* | 0.189 +0.063 | 0.189 + 0.063
5. | 1B OdA 098 25.70%% 0.508 £ 0.033 | 0.508 + 0.033
" | N550 | 7137.1.2 | mg 075403 B 508 £0. 508 £0.
6 adA- 203 o 28.80%* 0.500 + 0.035 | 0.500 + 0.035
' 7137.1.3 | mg = 500 £ 0. 500 + 0.
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Gds-

7. 4554 391g |- ~31.82+£0.44* | 0.908+0.092 | 0.908 +0.092
GdA- | 2.19

8. —28.80%* 0.489 +0.033 | 0.489 +0.033

TCB- 7139.1.1 | mg
N660 GdA- 1.90

. dx1. —-36.60** . + 0. . +0.
9 7139.12 | mg 98.1+1.9 36.60 0.350 + 0.043 | 0.350 + 0.043
10 GdA- | 1.09 29 30%* 0.600 = 0.031 | 0.600 + 0.031
' 7139.1.5 | mg : HUD 0. 600 £0.
Gds-

11. 4555 389g |- ~31.453 +0.020% | 0.124 +0.091 | 0.124 +0.091
GdA- | 2.03

12. ~33.00%* 0.380 + 0.043 | 0.380 + 0.043

TCB- 7140.1.2 | mg
N772 GdA- 2.03

13. 9+1. —32.90%* ) fo. ‘ +0.
3 714013 | mg 98.9+1.0 32.90 0.350 = 0.043 | 0.350 + 0.043

14 GaA- - | 101 28.90%* 0.470 = 0.035 | 0.470 + 0.035
' 7140.1.4 | mg —=o. 470 +0. 470+ 0.

4C concentrations of all samples from LSC and AMS laboratories are presented
in Fig. 5. The study served as an intra-laboratory comparison, demonstrating the reliability
of using LSC and AMS techniques for measuring “C isotope concentrations in TCB
samples. For samples TCB-N550 and TCB-N660, statistical inconsistencies were observed
between the LSC and AMS results. These may be due to sample inhomogeneity (as indicated
by differences in §'°C values between subsamples) and ash contamination.

The REF value for 2022, i.e. 100%, was used to calculate the biobased carbon content
(CIO 2022; EN16640 2017). Therefore, it is equal to the concentration of the '*C isotope

in the sample.
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Fig. 5 Comparison between AMS and LSC '*C isotope measurements in technical carbon black
samples. ‘*> AMS measurement results, ‘=’ LSC measurement results. (see Fig. 1 in (Gill et al.
2023)).

The research provides valuable insights into the bio-based carbon content of TCB
samples, emphasizing the importance of renewable resources and the challenges associated

with current production practices.

6.3. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024).
Monitoring of modern carbon fraction in disposable packaging.
Radiocarbon. First View,1-9. DOI: 10.1017/RDC.2024.35.

This research article focuses on determining the modern carbon fraction in disposable
packaging samples made from four different materials: paper, wood, sugarcane, and wheat
bran. The samples were received from different packaging companies. These samples
included paper cups, paper plates, paper straws, brown paper plates, baking paper, wooden
cutlery, sugarcane plates, wheat bran plates, sugarcane boxes, and paper boxes. I selected
these samples for investigation because of their daily use and widespread recycling.

In this study, samples were analyzed samples using the AMS radiocarbon technique
at the Gliwice *C and Mass Spectrometry Laboratory. The samples were analyzed in two
batches. In the first batch, a small random part was analyzed, whereas, in the second batch,
samples were analyzed layered-wise, except for the baking paper and wooden cutlery

samples. All samples appeared to be modern as they showed a '*C concentration of more
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than 100 pMC (see Table 4). Paper material samples showed *C concentration between 100

and 112 pMC. The samples of wooden cutlery had the highest concentrations of the '*C

isotope, ranging from just over 114 to around 136.5 pMC. The scattered results were

attributed to the fact that the cutlery was not made from wood from the same tree, and the

varying ages of the trees resulted in different '*C values.

The samples from sugarcane and wheat bran had the lowest '*C concentration values,

which are almost equal to the current 14C concentration in the atmosphere, indicating that

the material came from contemporary plant crops. Slightly lower '*C concentrations (but

still corresponding to modern '*C values) were found in the outer layers compared to the

inner layers of some samples, suggesting that they were coated with bioplastic to make them

waterproof.

Table 4. C concentration and bio-based carbon content in disposable packaging samples.
63C, measured by AMS - see Supplement material in (Gill et al. 2024).

Total
No. Sample Material | Subsample Lab code Carbon C conc. 85Cams
code (pMC) %o
(%)
Random GdA-6805.1.1 41.74 £ 0.40 | 100.54 £0.34 | -18.94
Sugar Outer layer GdA-6805.2.1 42.47 +0.69 | 99.74 £ 0.32 -16.00
1. QSCP-1 | cane Inner layer GdA-6805.3.1 4241 +0.64 | 100.11 +0.32 | -15.80
plates Mixed layers GdA-6805.4.1 4253+0.73 | 99.42+0.33 | -17.40
Carbonized GdA-6805.5.1 91.25+1.83 | 100.29 +£0.33 | -23.50
Random GdA-6806.1.1 42.30 £ 0.42 | 100.61 £0.34 | -25.74
GdA-6806.2.1 105.46 £0.33 | -21.10
Outer layer GdA-6806.2.2 49.24+£0.93 | 93.95+0.28 | -21.5
GdA-6806.2.4 97.72 £0.29 -22.0
Paper GdA-6806.3.1 114.47 £0.36 | -25.70
2. QPC-2 cups Inner layer GdA-6806.3.2 4414 +0.52 | 11447 £0.31 | -26.4
GdA-6806.3.3 114.69 £0.33 | -27.3
GdA-6806.4.1 108.37 £0.34 | -22.70
Mixed layers GdA-6806.4.2 45.31+0.95 | 106.07 £0.30 | -24.1
GdA-6806.4.3 107.81+£0.32 | -25.8
Carbonized GdA-6806.5.1 90.82+£1.08 | 113.7+£0.36 | -32.10
. Random 1 GdA-6807.1.1 41.71+0.37 | 107.22£0.34 | -25.51
3. | QBP-3 E:;;:g Random 2 GJA6807.2.1 | 42.410.64 | 106.71+0.34 | -26.20
Carbonized GdA-6807.3.1 87.38+0.93 | 107.81 +£0.35 | -31.80
Random GdA-6808.1.1 4355+ 0.55 | 103.53+£0.34 | -25.74
Paper Outer layer GdA-6808.2.1 44.47 +0.73 | 100.04 £0.33 | -25.90
4, QPS-4 Sraws Inner layer GdA-6808.3.1 44,28 +0.68 | 101.47 £0.33 | -26.20
Mixed layers GdA-6808.4.1 44,95+ 0.52 | 98.21+£0.33 | -25.50
Carbonized GdA-6808.5.1 87.16 £ 2.65 | 108.46 £ 0.35 | -31.40
5. QPP-5 Random GdA-6809.1.1 42,12 +0.41 | 112.00 £0.34 | -25.65
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Outer layer GdA-6809.2.1 40.38 £0.12 | 111.41 +£0.36 | -24.60

Paper Inner layer GdA-6809.3.1 4426 +0.37 | 111.92 £0.36 | -25.90

plates Mixed layers | GdA-6809.4.1 4298 +0.42 | 111.64 £0.36 | -25.00

Carbonized GdA-6809.5.1 69.74 £2.52 | 111.24 £0.36 | -30.60

Random GdA-6810.1.1 46.02+0.43 | 123.44£0.34 | -26.49

Fork GdA-6810.2.1 47.05+1.19 | 136.53 £0.42 | -26.00

- + + -

6. | Qwc-s l/l\jgztrj;n '\K/Iri])l(f:d e GdA-6810.3.1 4512 +3.03 | 114.72+£0.37 | -26.20
Knife GdA-6810.4.1 46.70 £1.35 | 129.7+£0.40 | -26.20

Carbonized GdA-6810.5.1 9250 £3.43 | 121.77 £0.39 | -35.20

Random GdA-6811.1.1 4411+0.25 | 108.13+0.34 | -26.21

Brown Outer layer GdA-6811.2.1 4415+ 0.64 | 108.11 £0.35 | -25.80

7. QBPP-7 | paper Inner layer GdA-6811.3.1 4586 +0.77 | 107.22 +0.36 | -25.20
plates Mixed layers | GdA-6811.4.1 44.67+0.19 | 108.35+0.35 | -24.80

Carbonized GdA-6811.5.1 90.90 £1.65 | 109.63 £0.28 | -31.30

Random GdA-6812.1.1 4422+1.02 | 101.35+0.34 | -27.84

Wheat Outer layer GdA-6812.2.1 43.56 + 0.63 | 100.92 £0.29 | -27.60

8. VWBP-8 | bran Inner layer GdA-6812.3.1 43.39+0.52 | 100.86 +0.29 | -27.50
plates Mixed layers | GdA-6812.4.1 43.52+0.56 | 100.81 +£0.29 | -27.00

Carbonized GdA-6812.5.1 65.99 £1.25 | 100.72 £0.29 | -32.10

Random GdA-6813.1.1 43.01+£1.01 | 100.02+0.34 | -14.72

Sugar Outer layer GdA-6813.2.1 43.26 +0.13 | 100.14 £0.29 | -13.90

9. BSCB-9 | cane Inner layer GdA-6813.3.1 43.28+0.15 | 100.54 £0.29 | -14.50
boxes Mixed layers | GdA-6813.4.1 43.32+0.12 | 100.64 £0.29 | -14.10

Carbonized GdA-6813.5.1 91.31+0.12 | 99.89+£0.29 | -21.50

Random GdA-6814.1.1 43.14+£0.14 | 111.98 £0.34 | -25.62

Paper Outer layer GdA-6814.2.1 44,79 +0.30 | 110.98 £0.29 | -26.00

10. | BPP-10 olates Inner layer GdA-6814.3.1 4510+ 0.12 | 111.54 £0.29 | -25.40
Mixed layers | GdA-6814.4.1 45.09+0.11 | 111.32+0.28 | -25.10

Carbonized GdA-6814.5.1 9497 +3.77 | 111.71 £0.29 | -33.30

Although the obtained '*C concentration values indicated that all the samples were
produced from biomass, four out of the ten tested samples showed a large variation in results.
This suggests that in their case, there is a need for homogenizing a larger volume of the
sample to obtain a result representative of the batch of the tested DPM.

The '*C concentrations of all DPMs obtained by AMS are presented in Fig. 6.

The bio-based carbon content can be calculated by using Eq. 1. Since every sample gives
a '“C concentration higher than 100 pMC and is considered to be modern and completely
biogenic, and because the specific year of the material origin was unknown, a REF value
of 100 for the year 2022 (CIO 2022) was used for all samples to calculate the bio-based
carbon content. Therefore, the bio-based carbon content is equal to the measured “C

concentration values.
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The study underscores the importance of ensuring sample homogeneity for accurate
measurements. Simple carbonization was found to be insufficient for homogenization;
therefore, complete combustion in a vacuum line is recommended for future studies
to prevent light carbon loss and reduce isotope fractionation. The findings support the use
of bio-based, recyclable packaging materials to reduce environmental impact and promote

sustainable development, in accordance with the European Waste Directive (EU) 2018/852.
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Fig. 6 Comparison of the 'C isotope measurements of DPMs by AMS. (see Fig. 1
in (Gill et al. 2024)).

27



Komal d/o Aziz Gill | PhD Dissertation — Extended Abstract

6.4. Gill KA, Michczynska DJ, Michczynski A. Bio-carbon content
determination in disposable packaging by liquid scintillation counting. [in:]
POB6 Monograph “Climate and environmental protection, modern energy
- selected issues”, SUT (in press).

This research work was a continuation of previous study (Monitoring of modern carbon

fraction in disposable packaging), which involved '*C measurements in disposable

packaging samples using the AMS technique. In this study, the '“C concentration and the

amount of biocarbon were determined using the LSC technique at the Gliwice '*C and Mass

Spectrometry Laboratory. Additionally, the IRMS method was applied to measure the

relative ratio of stable carbon isotopes (*C/!2C) in the samples, followed by the calculation

of a correction for isotope fractionation.

Table 5. "*C concentration and bio-based carbon content in disposable packaging samples.

0'3C values were measured by IRMS.

14C conc. 0"Cvrps Bio-based carbon
No. Sampl Lab cod
? ampee 4 code (pMC) (%0) content (%)
QSCP-1
1 Sugarcane GdS-4610 103.20+0.74 -24.156 £ 0.059 103.20+0.74
plates
QPC-2
2 GdS-4611 114.65 £ 0.80 -29.465 £ 0.037 114.65 £0.80
Paper cups
QBP-3
3 ) GdS-4616 109.99 + 0.78 -27.43+£0.23 109.99 + 0.78
Baking paper
QPS-4
4 GdS-4617 110.36 £0.78 -26.97 +£0.36 110.36 £0.78
Paper straws
QPP-5
5 GdS-4620 108.30 + 0.72 -26.14 +0.21 108.30 = 0.72
Paper plates
WC-6
6 Q GdS-4618 125.51 +£0.87 -30.02+0.16 125.51 +£0.87
Wooden cutlery
QBPP-7
7 Brown paper GdS-4621 111.36 £ 0.74 -27.78 £0.24 111.36 + 0.74
plates
BP-
8 VWBP-8 GdS-4622 103.56 £ 0.71 -14.24 +0.74 103.56 = 0.71
Wheat plates
BSCB-9
9 Sugar cane GdS-4623 102.45+0.70 -15.84 +£0.42 102.45 +0.70
boxes
BPP-10
10 Paper plates GdS-4624 114.92 £ 0.76 -29.68 £0.16 114.92 £0.76
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Graphs of '*C concentration and §'3C values based on the type of material are presented
in Figures 7a and 7b, and the detailed results are mentioned in Table 5. The same batch
of packaging was used for LSC measurements as for AMS measurements in the case of the
third publication. The LSC technique also confirmed the contemporary origin of the tested
samples, determining that they were produced from biocomponents dating from 1955
to 2018.
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Fig. 7a Results for the '“C concentration measurements in different DPMs by LSC.
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Fig. 7b Comparison of the §'°C values with uncertainty across different DPM material categories
by IRMS.
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However, in some cases, there are differences between AMS and LSC measurements that
are greater than within the limits of single uncertainties. Figure 8 presents the comparison
between LSC and AMS measurements. Although the differences between LSC and AMS
results are greater than their laboratory uncertainties, it should be taken into account that
in the case of the LSC technique, many pieces of a given type of material were used, while
in the case of the AMS technique, a small piece of one tested material was used. The ASTM
standard D6866 used in the United States (equivalent to the Polish and European EN16640
standard) takes into account the heterogeneity of samples taken from a large batch of tested
material and recommends that the uncertainty of determining bio-based carbon in a sample
be assumed as 3% (absolute). If this uncertainty value is applied to the measurements
performed, it will turn out that the LSC and AMS results are consistent within the limits

of a single uncertainty for 8 cases, and within the limits of double uncertainty for 2 cases.
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7. Summary of Own Contribution

7.1. Equipment Familiarization and Sample Preparation

Familiarization with equipment, sample preparation methods, and measurement

procedures at the Gliwice '*C and Mass Spectrometry Laboratory, followed by autonomous

sample preparation for standard measurement purposes.

7.2. Implementing New Methodology at the Gliwice “C and Mass
Spectrometry Laboratory

Implementing the LSC radiocarbon methodology at the Gliwice '*C and Mass
Spectrometry Laboratory for the first time on tire rubber samples, tire pyrolysis
samples, disposable paper materials, wooden cutlery, sugarcane paper material,
wheat bran sample, and technical carbon black samples.

Implementing the graphitization methodology of pyrolytic oil and recovered
carbon black samples for the first time at the Gliwice '*C and Mass
Spectrometry Laboratory.

Preparing samples for determination of the §'°C by IRMS method for the
standardized isotope fractionation correction of “C concentration values for all
categories of samples obtained by LSC measurements.

Preparing different layers of disposable packaging samples for AMS
measurements at the Gliwice '*C and Mass Spectrometry Laboratory.

7.3. Presenting the Obtained Results at Conferences and Workshops

Participation and presentation in the one-week workshop, 18" Freiberg
Colloquium of Young Researchers under EURECA-PRO, held in Freiberg,
Germany in June 2024. Presentation title: ‘Recycling of End-of-Life Tires:
A Greener Way of Energy and Sustainability’.

Poster presentation in the 3rd EURECA-PRO Conference on Responsible
Consumption and Production, in Chania, Crete, Greece, September 2023.
Poster title: ‘Green Packaging from Renewable Natural Resources — an Example
of Disposable Packaging from Pakistan’.

Poster presentation at the 14™ International Conference Methods of Absolute
Chronology, Gliwice, May 2023. Poster title: ‘Technical carbon black and green
technology’.
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e Lecture presentation during the opening ceremony of CEMIZ Center for
Isotope Methods and VII Warsztaty Metod Datowania im. Profesora
Mieczystawa F. Pazdura, , Gliwice, December 2022. The lecture was delivered
to the scientists, researchers, and students during session ‘Application
of Radiocarbon Method’. Lecture title: ‘Monitoring of biogenic carbon fraction
of wasted material”

e Participation and presentation at the 10" Environmental Protection and Energy
Conference. Presentation title: ‘Monitoring of biogenic carbon fraction
of wasted material’, Gliwice, December 2022.

e Participation and presentation during the one-week EURECA-PRO PhD
Journey — European University on Responsible Consumption and Production,
Freiberg, Germany, November 2022. Presentation title: ‘Monitoring of biogenic
carbon fraction of disposable packaging’.

e Poster presentation at the 24" International Radiocarbon Conference in Zurich,
Switzerland, September 2022. Poster title: ‘Monitoring of biogenic carbon
fraction of disposable packaging’.

e Poster presentation at the 3™ International Radiocarbon in the Environment
Conference, Gliwice, July 2021. Poster title: ‘Tests for the content of the *C

isotope in tires and their pyrolysis products’.

7.4. Collaboration

» Collaboration with Contec Inc. Company in Warsaw, Poland, for the collection
of tire rubber and tire pyrolysis samples.

» Established cooperation with the National Laboratory for Age Determination,
Trondheim, Norway, for the interlaboratory comparison of *C concentration
results in tire samples and their pyrolysis products.

* Preparation and analysis of tire rubber and its pyrolysis product samples at Age
Determination, Trondheim, Norway.

» Established cooperation with the Centro Nacional de Aceleradores (CNA),
University of Seville, Seville, Spain, for the interlaboratory comparison
of disposable packaging samples.

* Preparation and analysis of disposable packaging samples at CNA, University

of Seville.
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7.5. Internships

One-month internship under the NAWA STER program in one of the best
Universities and laboratories, Centro Nacional de Aceleradores (CNA),
University of Seville, Seville, Spain. Project No. 32/014/NWD21/2001-04.
October to November 2023.

Two-week internship in one of the world’s best universities and laboratories,
National Laboratory for Age Determination, Norwegian University of Science
and Technology, Trondheim, Norway. Project No. POWR.03.03.00-IP.08-00-
P13/18 ‘PROM- International Scholarship Exchange of Doctoral Students and
Academic Staff. September 2021.

7.6. Publications

Main author of a series of four monothematic publications, responsible for:

Pretreatment of samples

Synthesis of benzene for LSC measurements at the Gliwice '*C and Mass
Spectrometry Laboratory.

Sample preparation and graphitization of samples for AMS measurements at the
Gliwice '*C and Mass Spectrometry Laboratory.

Pressing of graphite and cathode tube preparation for AMS measurements.

Analysis of samples by MICADAS at Gliwice *C and Mass Spectrometry
Laboratory.

Preparation of samples for IRMS measurements at the Gliwice *C and Mass
Spectrometry Laboratory.

Data analysis and interpretation of results.

Preparation of figures, graphs, and tables of the manuscript.

Manuscript writing.

Established cooperation with the laboratories in Trondheim and Sevilla for

interlaboratory comparison of samples.

Following is the list of publications:

Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Klusek M, Konska
K, Wroblewski K, Nadeau M-J, Seiler M. (2022). Study of bio-based carbon
fractions in tires and their pyrolysis products. Radiocarbon. 64(6):1457-1469.
DOI: 10.1017/RDC.2022.88.
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e Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ustrzycka A. (2023).
Technical carbon black and green technology. Geochronometria. 50(1):250-
256. DOI: 10.2478/geochr-2023-0016.

e (Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024). Monitoring
of modern carbon fraction in disposable packaging. Radiocarbon, First View.
DOI: 10.1017/RDC.2024.35.
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Abstrakt

W szybko rozwijajacym si¢ wspdlczesnym $wiecie produkcja coraz wigkszej ilosci
odpadow budzi obawy zwigzane z zanieczyszczeniem $rodowiska. Dlatego materialy oparte na
weglu kopalnym sg zastepowane wspotczesnymi materiatami biogenicznymi. Gloéwnym celem
tej pracy badawczej jest zbadanie zawartosci wegla biobazowego w réznych materiatach, ktore
sg bezposrednio lub posrednio zwigzane z codziennym uzytkowaniem. W ramach badan
pracowatam nad guma z opon i jej produktami pirolizy, jednorazowymi materiatami
opakowaniowymi oraz probkami sadzy technicznej. Te materialy maja duzy wplyw na
zanieczyszczenie S$rodowiska, ale jednocze$nie sa coraz cze$ciej wykorzystywane do
recyklingu, produkcji energii 1 zrOwnowazonej produkcji.

Probki gumy z opon i produktow jej pirolizy (oleju pirolitycznego i odzyskanej sadzy) oraz
probki sadzy technicznej zostaly dostarczone przez firme Contec Inc. z Warszawy, ktora zajmuje
si¢ piroliza opon. Guma z opon, olej pirolityczny i1 probki odzyskanej sadzy pochodzity zar6wno
z opon samochodow ciezarowych, jak i osobowych.

Rézne dostepne na rynku jednorazowe probki opakowan, wykonane z papieru, otrab
pszennych, drewna i trzciny cukrowej zostaty uzyskane od kilku firm (Quick Pack, Vigo i Bio-
pack).

Wszystkie probki zostaly zbadane pod katem zawartosci izotopu “C i wegla biopochodnego
za pomocg akceleratorowej spektrometrii mas (AMS) oraz techniki ciektoscyntylacyjnej (LSC).
Do wyznaczenia korekty ze wzgledu na frakcjonowanie izotopowe dla techniki LSC uzyto
spektrometrii mas stosunkéw izotopowych (IRMS). Do oznaczania wegla pochodzenia
biologicznego zastosowatam europejska norm¢ EN 16640: 2017, ktéra odnosi si¢ do wszystkich
produktow biopochodnych. Zastosowalam ro6zne wartoSci wspoOlczynnika korekcji
atmosferycznej REF w zaleznos$ci od rodzaju prébki 1 zatozonego roku jej wyprodukowania.

Zastosowatam metode radioweglowa, aby odrozni¢ materialy kopalne od materiatéw
wspdtczesnych. Okres pottrwania izotopu *C wynosi 5700 + 30 lat, w zwigzku z czym
materiaty kopalne sa pozbawione izotopu '“C, podczas gdy materialy pochodzenia
biologicznego zawieraja izotop '“C w koncentracji zblizonej atmosferyczne;.

Wszystkie probki zostaly przeanalizowane metoda radioweglowa w Laboratorium '4C
1 Spektrometrii Mas w Gliwicach, przy czym probki oleju pirolitycznego 1 odzyskanej sadzy
zostaly zgrafityzowane w laboratorium AMS w Gliwicach, a pomiary !“C zostaty
przeprowadzone w Laboratorium Radioweglowym w Poznaniu. Guma z opon i jej produkty
pirolizy byly dodatkowo analizowane w Narodowym Laboratorium Okre§lania Wieku



w Trondheim, Norwegia. Koncentracje izotopu *C zostaty podane jako procent wspolczesnego
wegla (pMC).

Dla oleju pirolitycznego wartosci koncentracji izotopu “C byty zalezne od proporcji opon
do samochodoéw ciezarowych do osobowych w masie poddawanej pirolizie 1 wahaty si¢
w zakresie od ok. 41 do 50 pMC, przy czym im wickszy byt wsad opon cigzarowych, tym
wyzsze byly wartosci koncentracji '*C. Ten sam trend zaobserwowano dla odzyskanej sadzy.
W tym przypadku warto$ci wahaty si¢ od ok. 5 do niecatych 7 pMC.

W przypadku probek gumy otrzymano mocno rozrzucone wyniki pomiaru koncentracji '“C
w zakresie od 12 do 42 pMC. Fakt rozrzutu wynikow wynika ze zlozonej, warstwowej struktury
opon i uzywania do jej produkcji zaréwno kauczuku naturalnego jak i kauczuku
wyprodukowanego z paliw kopalnych. Wynik pomiaru koncentracji izotopu '*C w prébce
o matej masie nalezy raczej traktowac¢ jako charakterystyczny dla danego miejsca w oponie,
a nie partii opon poddawanych pirolizie, czy nawet dla pojedynczej calej opony.

Dziesie¢ roznych typow probek opakowan jednorazowych wykazato koncentracje '“C
powyzej 100 pMC, co wskazuje na wyprodukowanie ich ze wspotczesnej biomasy. Probki byty
analizowane warstowo przy uzyciu techniki AMS. Warstwa zewnetrzna (wodoodporna)
wykazuje stosunkowo wysokie stezenie “C, co wskazuje na zastosowanie bioplastikow.
W probkach drewnianych sztuécow zaobserwowano wysokie i zrdznicowane stgzenia '“C,
w zakresie od 114 do 136 pMC, co sugeruje, ze probki pochodzity z drzew o réznym wieku.

Natomiast probki sadzy technicznej dla czterech badanych klas wykazaty niezwykle niskie
stezenia '*C, <1 pMC, co wskazuje na uzycie do ich produkcji materialu kopalnego lub
minimalny udziat materialow odnawialnych.

Wyniki pracy zostaty opublikowane w trzech artykutach naukowych w czasopismach z listy
JCR oraz w rozdziale w monografii naukowe;j:

1. Gill KA, Michczynska DJ, Michezynski A, Piotrowska N, Ktusek M, Konska K,
Wroblewski K, Nadeau MJ, Seiler M. (2022). Study of bio-based carbon fractions
in tires and their pyrolysis products. Radiocarbon. 64 (6): 1457-1469.
DOI: 10.1017/RDC.2022.88.

2. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ustrzycka A. (2023).
Technical carbon black and green technology. Geochronometria. 50 (1) : 250-256.
DOI: 10.2478/geochr-2023-0016.

3. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024). Monitoring of
modern carbon fraction in disposable packaging. Radiocarbon, First View DOI:
10.1017/RDC.2024.35.

4. Gill KA, Michezynska DJ, Michczynski A. Bio-carbon content determination in
disposable packaging by liquid scintillation counting. [w:] Werle S, Ferdyn-



Grygierek J (red.) POB6 Monografia ,,Ochrona klimatu i §rodowiska, energetyka
wspolczesna — wybrane zagadnienia”, Politechnika Slaska (w druku).

Wykonane badania pozwolity na opracowanie procedur pomiarowych dla nowych typow
probek, dotychczas nie analizowanych w Laboratorium “C i Spektrometrii Mas w Gliwicach.
Okreslono, Ze nie jest wymagana wstepna preparatyka chemiczna, z wyjatkiem przemycia woda
demineralizowang. We wszystkich analizowanych prébkach oznaczono koncentracje izotopu
14C oraz ilo$¢ wegla biobazowego. Badania umozliwily réwniez poréwnania wewnatrz-
laboratoryjne migdzy technikg LSC a AMS oraz porownania mi¢dzylaboratoryjne.

Badania pokazaly, ze zastosowane metody sa odpowiednie i wiarygodne do badania
testowanych typow materiatow.
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1. Zakres badan

Gospodarki wielu krajow opieraja si¢ na weglowodorowych paliwach kopalnych,
co powoduje wzrost emisji dwutlenku wegla. Pomimo braku okreslenia doktadnego wplywu
takich gospodarek na bilans wegla w atmosferze, oceanach i1 na ladzie, a ostatecznie
na ludzkos¢, obecnie wiele uwagi poswieca si¢ redukcji emisji dwutlenku wegla. Shuzy¢
temu moze m.in. recykling materiatow. W celu promowania zielonego recyklingu mozna
przeprowadzi¢ badania ilo$ci wspotczesnego biowegla w réznych rodzajach materiatow.

Przeprowadzone w ramach pracy doktorskiej badania koncentrujg si¢ na okresleniu
zawarto$ci biobazowego wegla w badanych probkach w oparciu o koncentracje¢ w nich
izotopu radiowegla (1*C). Zawarto$¢ '*C w materiale moze poméc w okreéleniu proporcji
substancji kopalnych 1 wspodlczesnych (nazywanych biokomponentami). Zawarto$é
ta zalezy od pochodzenia materiatow, z ktérych wytworzono dang probke, gdyz wspodtczesna
biosfera zawiera radiowggiel, natomiast paliwa kopalne nie.

Badaniami obj¢to powszechnie uzywane materialy, takie jak opony (wraz z produktami

ich pirolizy), opakowania jednorazowe oraz probki sadzy techniczne;j.

Rozprawa doktorska sktada si¢ ze zbioru opublikowanych i powigzanych tematycznie
artykutow:

e Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ktusek M, Konska
K, Wroblewski K, Nadeau MJ, Seiler M. (2022). Study of bio-based carbon
fractions in tires and their pyrolysis products. Radiocarbon. 64 (6): 1457-1469.
DOI: 10.1017/RDC.2022.88.

e Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ustrzycka A. (2023).
Technical carbon black and green technology. Geochronometria. 50 (1) : 250-
256. DOLI: 10.2478/geochr-2023-0016.

e Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024). Monitoring
of modern carbon fraction in disposable packaging. Radiocarbon, First View
DOI: 10.1017/RDC.2024.35.

e Gill KA, Michczynska DJ, Michczynski A. Bio-carbon content determination
in disposable packaging by liquid scintillation counting. [w:] Werle S, Ferdyn-
Grygierek J (red.) POB6 Monografia ,,Ochrona klimatu i $rodowiska,
energetyka wspolczesna — wybrane zagadnienia”, Politechnika Slaska
(w druku).
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2. Cele i tezy badan

Celem pracy doktorskiej jest opracowanie, przetestowanie i zweryfikowanie
metodologii okreslania zawarto$ci biobazowego wegla przy uzyciu metod izotopowych
stosowanych w Laboratorium '*C i Spektrometrii Mas w Gliwicach Instytutu Fizyki —
Centrum Naukowo-Dydaktycznego Politechniki Slaskiej w Gliwicach dla probek statych,
dla ktorych istnieje potrzeba okreslania badZz weryfikowania zawarto$ci biokomponentow.
Probki takie do tej pory nie byly objete badaniami w tym Laboratorium.

Podstawowa stawiang teza jest, ze koncentracj¢ biobazowego wegla mozna okresli¢
z wykorzystaniem metody pomiardéw izotopu '*C. Teza ta jest w petni zgodna z normg unijng
i polska EN16640: “Bio-based products - bio-based carbon content - determination of the
bio-based carbon content using the radiocarbon method”.

Szczegotowe cele niniejszej pracy badawczej sa nastgpujace:

i.  Okreslenie wymagan preparatyki wstepnej dla badanych materiatow.

ii. Opracowanie efektywnej metodologii oznaczania *C w réznych rodzajach
materialow statych, dotychczas nie badanych przy wuzyciu techniki
ciektoscyntylacyjnej (LSC) 1 akceleratorowej spektrometrii mas (AMS).

iii. Okreslenie koncentracji '*C w badanych materiatach statych.

iv. Opracowanie efektywnych protokotow do okres§lania zawartosci biobazowego
wegla.

Praca ta przyczynia si¢ réwniez do promowania zielonego recyklingu poprzez
wykorzystywanie odnawialnych surowcow w produkcji wszelkiego rodzaju materiatow

1 kontrolowanie emisji gazéw cieplarnianych.
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3. Opis przedmiotu badan

3.1. Radiowegiel

Radioaktywny izotop wegla (radiowegiel/!*C) jest najciezszym, niestabilnym, naturalnie
wystepujacym izotopem wegla. Radiowegiel jest stosunkowo rzadkim izotopem wegla
i wystepuje w iloéci ~1x10 1% w poréwnaniu do ~98,89% '?C i ~1,11% '*C (Wood 2015).
Jest wytwarzany naturalnie poprzez oddziatywanie promieniowania kosmicznego na atomy
azotu atmosferycznego i natychmiast uczestniczy w globalnym cyklu weglowym wraz
zinnymi izotopami we¢gla (Buchholz and Spalding 2010). Nalezy zauwazy¢, ze czasteczka
CO; zawierajaca '*C ma podobne wlasciwosci chemiczne do zwyklego CO; ze stabilnymi
izotopami ('?C i 3C). W ten sposéb *COs jest przenoszony do roélin poprzez fotosynteze
i do zwierzat poprzez konsumpcje roslin, tak jak kazda inna czasteczka CO». *Cjest rowniez
mieszany z nieorganicznymi formami wegla, takimi jak CO2, HCO3 1 CO3™ | w oceanach
poprzez proces wymiany molekularnej przez granice powietrze-morze. W ten sposob
radiowegiel jest rowniez pobierany przez biosfer¢ morska. Cata materia Zywa jest
znakowana atomami '“C, co daje bardzo szeroki zakres stosowalnosci metody
radioweglowej (Kusumgar et al. 1963; Quarta et al. 2021).

14C jest stosowany jako narzedzie datowania do okre$lania wieku materiatow
zawierajacych wegiel, a takze jako znacznik $Srodowiskowy do $ledzenia obiegu wegla
w $srodowisku (Skinner and Bard 2022). Podstawowe prace nad pomiarami i zastosowaniem
14C jako narzedzia datowania radiometrycznego przypisuje si¢ W.F. Libby'emu (Arnold and
Libby 1951; Libby et al. 1949). Okres pottrwania izotopu radiowegla wynosi 5700 + 30 lat
(Kutschera 2019); dlatego po okoto dziesieciu okresach pottrwania probki beda wolne
od izotopu radiowegla (Hajdas et al. 2021).

3.2. Pomiary radioweglowe

Radiowegiel dostarcza idealnego narzedzia do tworzenia chronologii archeologicznych
1w wielu przypadkach moze bezposrednio datowaé interesujagce wydarzenie.
W stanowiskach archeologicznych materialy organiczne sa czesto obfite i dostarczaja
wystarczajace] ilosci probek do analizy. Oprocz datowania archeologicznego, analiza
radioweglowa jest szeroko stosowana w badaniach klimatu, srodowiska i naukach o zyciu
(Szidat et al. 2014; Wood 2015).
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3.3. Znaczenie metody radioweglowej w okreslaniu zawartoSci materialow
biopochodnych

W XX wieku stgzenie CO> w atmosferze wzrosto z powodu intensywnego
wykorzystywania paliw kopalnych do produkcji energii oraz w transporcie. Aby zaradzi¢
temu problemowi, Unia Europejska wyznaczyla nowe cele dotyczace zwickszenia
wykorzystania materiatdw odnawialnych (biogennych) w paliwach — 5,75% do 2010 roku
zgodnie z Dyrektywa 2003/30/EC (Directive 2003) oraz co najmniej 10% biopaliw
we wszystkich paliwach cieklych do 2020 roku wedlug (Directive 2009).. Ze wzgledu
na nizszg rentowno$¢ produkcji biopaliw w pordwnaniu z paliwami kopalnymi, polityka
srodowiskowa Unii Europejskiej promuje biopaliwa poprzez obnizenie podatkow
akcyzowych i1 udzielanie ulg podatkowych (Krajcar Broni¢ et al. 2015). Dlatego tez istnieje
potrzeba okreslenia ilo$ci materialu biogennego za pomoca wiarygodnej i doktadnej metody,
nie tylko w réznych rodzajach paliw, ale takze we wszystkich innych materiatach
codziennego uzytku, takich jak bioplastiki, opakowania jednorazowe, sprzet drewniany itp.
Kazdy material jest uwazany za biopochodny (biokomponent), jesli zawiera znaczng czg$¢
radiowegla, ktory w idealnym przypadku odzwierciedla aktualng zawarto$¢
atmosferycznego '“C. Metoda radioweglowa jest dobrze znang i niezawodng metoda
okreslania zawartosci biokomponentow w réznych rodzajach produktow. W metodzie
radioweglowej stezenie '“C okresla sie jako procent wspotczesnego wegla (pMC), natomiast
zawartos¢ wegla biologicznego okresla si¢ wedtug norm migdzynarodowych na podstawie
wspotczynnika korekcji atmosferycznej (REF) w okreslonym roku dla 100% zawarto$ci
wegla biobazowego.

W badaniach zajmowatam si¢ guma z opon 1 produktami jej pirolizy, sadza techniczna
(z j. ang. technical carbon black — TCB) 1 materiatami opakowaniowymi jednorazowego
uzytku (zj. ang. disposable packaging materials — DPM), poniewaz materialy te sg szeroko
stosowane do recyklingu 1 zrownowazonej produkcji. Gtownym celem tego badania bylo
zbadanie stg¢zenia wspolczesnego wegla w wymienionych materiatach w celu sprawdzenia
wdrazania przepisow uchwalonych przez agencje ochrony srodowiska dla wprowadzania

zielonej technologii 1 kontroli emisji gazow cieplarnianych.

3.4. Przetwarzanie odpadow

Zapotrzebowanie na energi¢ i produkcja odpadow w codziennym zyciu to dwa gldwne
czynniki brane pod uwage w rozwijajacym si¢ $wiecie. Sposrod wytwarzanych odpadow
organicznych 1 nieorganicznych tworzywa sztuczne 1 guma s3 uwazane za najbardziej

niebezpieczne zrodio odpadow do przetwarzania, stanowiac 31,2% catkowitej iloSci
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odpadow (Hoang et al. 2020). State odpady komunalne sg znaczacym zroédtem emisji gazow
cieplarnianych (Wang and Nakakubo 2020) i sg zbierane z odpadéw domowych, w tym
urzadzen elektronicznych, zuzytych baterii, metali, papieru i1 tektury, metali, tworzyw
sztucznych, drewna, mebli itp. (Directive 2008). Odzyskiwanie energii ze statych odpadow
komunalnych jest doskonatym sposobem na zmniejszenie zuzycia paliw kopalnych
do produkcji energii (Ngusale et al. 2017). Sktadowanie na wysypiskach, spalanie
1 kompostowanie sg ogodlnie klasyfikowane jako metody przetwarzania statych odpadow
komunalnych (Wang and Nakakubo 2020). Zgodnie z dyrektywa Komisji Europejskiej z
2008 r., zaktualizowanej w lutym 2024 r., poziomy priorytetow w zapobieganiu
powstawaniu odpadéw i zarzadzaniu nimi sg ustalone w nastepujacy sposob: zapobieganie,
ponowne wykorzystanie, recykling, odzysk energii i unieszkodliwianie. Wzigto pod uwage
0g6lng ochron¢ $rodowiska, zrownowazony rozwdj, wykonalno$¢ techniczng, ochrone
zasobow, zdrowie ludzkie i skutki spoteczne (Directive 2008).

Wskaznik recyklingu odpadow rosnie w UE-27, co wskazuje na zwigkszone
wykorzystanie odpadow jako zasobdw i osigganie gospodarki o obiegu zamknigtym.
Calkowity poziom przetwarzania odpadéw w Europie znacznie wzrost z 46% w 2004 r.
Do 60% w 2020 r., podczas gdy catkowity poziom usuwania odpadow zmniejszyt si¢ z 54%
w 2004 1. do 45% w 2020 r. (Eurostate 2020). W 2021 r. najwyzszy wskaznik recyklingu
odnotowano dla opakowan — 64%, nast¢pnie dla odpadow komunalnych — 49% oraz
odpadéw elektrycznych 1 elektronicznych — 39%. Wigkszos¢ odpadow nadal byla
utylizowana poprzez spalanie w 2021 r. (European-Environmental-Agency 2023).

W Europie w latach 2010-2021 papier i tektura stanowity gtowne materiaty wytwarzane
z odpadoéw opakowaniowych (34,0 mln ton w 2021 r.), a nastgpnie tworzywa sztuczne
(16,1 mln ton ) 1 odpady opakowaniowe ze szkta (15,6 mln ton) (Eurostate 2023). Dwie
kluczowe techniki — ponowne uzycie i recykling, sa wykorzystywane do rozwoju gospodarki
o obiegu zamknigetym. (Di Foggia and Beccarello 2022).

Zanieczyszczenie plastikiem jest podkreslane jako globalny kryzys od jego produkcji
do utylizacji. Bioplastiki to naturalne i chemicznie przetwarzane materialy pochodzace
z odnawialnych lub opartych na ropie surowcow, zaprojektowane w celu zapewnienia
niskiej emisji dwutlenku wegla, wysokiej warto$ci recyklingu oraz pelnej
biodegradowalnosci lub kompostowalnosci (Ramesh Kumar et al. 2020).

Produkcja plastiku przemystowego rozpoczeta si¢ okoto lat 50. XX wieku 1 wzrasta
wyktadniczo. W 2016 r. roczna produkcja plastiku wyniosta 330 milionéw ton metrycznych
(Lebreton and Andrady 2019), natomiast w 2022 r. osiggne¢ta 400,3 mln ton metrycznych
(Statista 2023).
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Wedtug raportu Plastics Europe z 2020 r. wytworzono 24,5 min ton odpadéw z tworzyw
sztucznych (z j. ang. plastic waste - PW). 14% tych odpadéw zostalo poddanych
recyklingowi, co dostarczyto 3,5 miliona ton produktéw z recyklingu. 50% europejskich
odpadow plastikowych jest spalanych w celu odzyskania energii, co powoduje emisje
95 milionéw ton dwutlenku wegla rocznie. Celem Komisji Europejskiej jest zakonczenie
zanieczyszczenia plastikiem do 2040 roku poprzez wprowadzenie gospodarki o obiegu
zamknietym, ktora pozwala na ponowne uzycie, recykling i odpowiedzialne przetwarzanie
wszystkich rodzajow produktéw z plastiku, przy jednoczesnym ograniczeniu emisji gazow
cieplarnianych zwigzanych z gospodarowaniem plastikiem. Komisja zaleca rowniez, aby
przejscie do osiagnigcia celow UE w zakresie zerowej emisji dwutlenku wegla 1 gospodarki
0 obiegu zamknigtym zostato ukonczone do 2050 roku (Plastics-Europe).

Na catym $wiecie rocznie produkuje si¢ ponad 1,7 miliarda opon (Tire-Grades 2023),
a w Unii Europejskiej w 2020 r. wyprodukowano okoto 4,2 miliona ton metrycznych opon
gumowych (Statista 2021). Wedlug (Hoang et al. 2020) dwie trzecie opon trafia
na wysypiska $mieci lub jest nielegalnie utylizowane, co stwarza powazne zagrozenie dla
srodowiska i zdrowia ludzi. Zuzyte opony staja si¢ wiodagcym problemem srodowiskowym
na §wiecie, poniewaz zuzyta guma stanowi duzy procent odpadéw statych.

W przypadku opon wycofanych z eksploatacji (zj. ang. end-of-life tires - ELT), 80% jest
wykorzystywanych jako paliwo lub materiat z recyklingu z wykorzystaniem utylizacji
1 bieznikowania (Goksal 2022). W recyklingu opon stosuje si¢ bieznikowanie, spalanie,
mielenie 1 odzysk, jednak kazda z tych metod ma wiele wad. Opony trudno jest przetworzy¢
na nowo w ten sposob. Piroliza wydaje si¢ by¢ najbardziej odpowiednig metoda recyklingu.
(De Marco Rodriguez et al. 2001). Efektywne wykorzystanie opon zmniejsza zuzycie paliw
kopalnych 1 energii, poniewaz same opony sg wykorzystywane jako paliwo. W rezultacie
nastepuje zmniejszenie emisji CO2 pochodzacego z paliw kopalnych, poniewaz opony
zawierajg juz w sobie wegiel pochodzenia kopalnego. Opony majg wysoka wartos¢ opatowa
1 zawierajg okoto 60-70% wegla oraz 6-7% wodoru, wigc ich wtasciwosci spalania 1 sktad
sg niemal rowne weglowi (Rodriguez et al. 2017). W ten sposob spalanie opon zapewnia
ciepto, ale zmniejsza dodatkowa emisj¢ CO2 1 SOx do atmosfery (Krajcar Broni¢ et al. 2015;
Rodriguez et al. 2017).

4. Probki do analiz

W ramach pracy doktorskiej zbadalam kilka rodzajow probek codziennego uzytku.

Pierwszy rodzaj probek obejmowal gume z opon oraz produkty jej pirolizy, takie jak
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odzyskana sadza (z j. ang. recovered carbon black - rCB) 1 probki oleju pirolitycznego.
Probki te zostaty dostarczone przez firme¢ Contec Inc., majaca siedzibe w Warszawie, ktora
wykorzystuje technologi¢ pirolizy opon do produkcji przyjaznego dla srodowiska
zamiennika dla pierwotnej sadzy i surowca petrochemicznego, a takze do rozwigzania
globalnego problemu odpadéow ELT. Contec Inc. dostarczyt probki w trzech partiach, przy
czym za kazdym razem probki rozdrobnionej gumy stanowily mieszanke opon ci¢zarowych
1 osobowych w réznych proporcjach, a olej pirolityczny i odzyskana sadza pochodzity z tej
samej partii co probki gumy.

W drugiej serii przeanalizowatam dziesi¢¢ rdéznych rodzajéw materiatow
opakowaniowych jednorazowego uzytku (DPM) zebranych od firm Quick Pack, Vigo i Bio-
pack. Probki te obejmowaly talerze papierowe, pudetka, stomki papierowe, kubki
papierowe, papier do pieczenia, talerze i pudetka z trzciny cukrowej, talerze z otrgbow
pszennych i drewniane sztuéce.

W trzeciej serii zbadatam zawarto§¢ materialu biogenicznego w probkach sadzy
technicznej (7CB) uzyskanych od Contec Inc. Przeanalizowalam cztery rozne rodzaje
probek sadzy technicznej, ktore zostalty wydzielone na podstawie warto$ci powierzchni
wlasciwej, morfologii agregatow z nanostrukturami, zawarto$ci popiolu i innych
chemikaliéw (Contec; Robertson and Hardman 2021). Tabela 1 opisuje szczegdlowo

wszystkie kategorie badanych probek.
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Tabela 1. Opis analizowanych probetk.

. Olej pirolityczny-1 CONT.1 I\{ie.znana proPorcja opon samochodow
ciezarowych i osobowych.
. Olej pirolityczny-2 PCO-2 Opony w 100% przeznaczone do samochodow
osobowych.
. Odzyskana sadza-1 [CB2 Opony w 100% przeznaczone do samochodow
osobowych.
. Guma-1 CR2 Opony w 100% przeznaczone do samochodow
osobowych.
- Olej pirolityczny-3 TCO-3 70% opon cigzarowych i 30% opon osobowych.
- Odzyskana sadza-2 rCB-3 70% opon cigzarowych i 30% opon osobowych.
- Guma-2 CR-3 70% opony cigzarowych i 30% opon osobowych.
W kolorze biatym, rodzaj jednorazowych
Talerze jednorazowe- 1 QSCP-1 talerzykow papierowych, z wiokien trzciny
cukrowe;j.
- Kubki jednorazowe QPC-2 Jasnobiate, z papieru.
. O — OBP-3 W kolorze bfa(.zowym, znany r(’)wnie? jako
pergamin roslinny; kompozyt na bazie celulozy.
- Stomki jednorazowe QPS-4 Brazowe na zewnatrz i biate wewnatrz, z papieru.
- Talerze jednorazowe-2 QPP-5 W kolorze biatym, z papieru.
- Sztuéce drewniane QWC-6 Drewniane tyzki, widelce i noze.
- Talerze jednorazowe-3 QBPP-7 W kolorze brazowym, z papieru.
- Talerze jednorazowe-4 VWBP-8 W kolorze brazowym, z otrebéw pszennych.
- Pudetka jednorazowe BSCB-9 Jasnobiate, z trzciny cukrowe;j.
- Talerze jednorazowe-5 BPP-10 Jasnobiate, z papieru.
Powierzchnia wlasciwa 76-80 m?/g; zapewnia
Sadza techniczna-1 TCB-N330 srednio-wysokie wzmocnienie. Stosowana do
bieznika opon, osnowy i $cian bocznych.
Powierzchnia wiasciwa 39-41 m?%/g; zapewnia
Srednio-wysokie wzmocnienie. Stosowana w
Sadza techniczna-2 TCB-N550  warstwach wewnetrznych, osnowach i $cianach
bocznych opon osobowych oraz w wyrobach
gumowych.
Powierzchnia wlasciwa 34-36 m?/g; zapewnia
srednie wzmocnienie. Stosowana w wewngtrznych
Sadza techniczna-3 TCB-N660  warstwach i $cianach bocznych opon, pier§cieniach
uszczelniajacych, ostonach kabli, formach
gumowych i produktach wyttaczanych.
Powierzchnia wiasciwa 31-32 m%/g, z
Sadza techniczna-4 TCB-N772  poétwzmocnieniem. Stosowana w warstwach
. wewnetrznych opon i wyrobach gumowych.
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5. Metodologia

W pracy wykorzystatam zaréwno konwencjonalng (ciektoscyntylacyjng — LSC) jak
1 akceleratorowg (AMS) technike radioweglowa do okreslenia zawartosci biobazowego
wegla w probkach. Spektrometria mas stosunkow izotopowych (z j. ang. isotope ratio mass
spectrometry - IRMS) zostata uzyta do wyznaczenie poprawki na frakcjonowanie izotopowe
dla probek badanych technikg LSC.

Wedlug (Rodriguez et al. 2017) piroliza-GC/MS, analiza termograwimetryczna (TGA)
i analiza radioweglowa (metoda '*C) moga by¢ stosowane do okre$lania zawarto$ci biomasy
w oponach wycofanych z eksploatacji (ELT), ale tylko analiza radioweglowa jest uwazana
za wiarygodng technike (Haverly et al. 2019).

Wedhug (Krajcar Broni¢ alet. 2015) reczne sortowanie, rozpuszczanie chemiczne
imetody '“C s3 stosowane do okre$lania skladnikéw biologicznych we wszystkich
rodzajach paliw lub odpadow, ktére sa wykorzystywane w zaktadach przetwarzajacych
odpady na energi¢. Sortowanie reczne jest czasochtonne i pracochlonne, natomiast
selektywne rozpuszczanie wymaga personelu laboratoryjnego 1 sprzetu (Séverin et al. 2010).
Metoda '*C jest najbardziej niezawodna i moze by¢ stosowana do réznych rodzajow statych
odpadow komunalnych, zuzytych opon samochodowych, ptynéw i paliw (Krajcar Broni¢ et
al. 2015).

5.1. Techniki pomiarow radioweglowych

Aby zmierzyé szybko$¢ rozpadu '*C, opracowano wysoce czute techniki pomiaru
niskich radioaktywno$ci, wraz z odpowiedniag wstgpna preparatyka chemiczng probki.
Wymagana ilo$¢ wegla w probee (1-5g) jest glownym ograniczeniem tych metod. Czule
techniki pomiaru niskich radioaktywnosci s3 wymagane ze wzgledu na niskg naturalng
koncentracje izotopu “C (10-!° %), niska aktywno$¢ wiasciwg (226 Bg/kg) i niska energic
elektronow (<156 keV) wytwarzang w procesie rozpadu . W poczatkach metody
radioweglowe] powszechnie stosowano gazowe liczniki proporcjonalne (z j. ang. gas
proportional counters - GPC), ale obecnie wyszty one juz z uzytku, a w technikach zliczania
rozpadow dominuje technika ciektoscyntylacyjna (z j. ang. liquid scintillation counting -
LSC) (Krajcar Broni¢ et al. 2010; Wood 2015).

Okoto 50 lat temu opracowano technologie¢ akceleratorowej spektrometrii masowej
akceleratorowej (z j. ang. accelerator mass spectrometry - AMS), na ktérg nie ma wptywu
niska aktywno$¢ wlasciwa ani energia elektronéw. AMS mierzy stosunek “C/'2C lub *C/'*C

w probce w poréwnaniu do standardu. Niewielki rozmiar probki (kilka mg) i ciagle
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doskonalenie techniki AMS sprawiaja, ze jest to bardziej odpowiednia technika do réznych
zastosowan (Hajdas et al. 2022; Krajcar Broni¢ et al. 2010).

5.2. Oznaczanie zawartosci biowegla

Obecnie wykorzystanie materiatow biogenicznych w réznych dziedzinach szybko
wzrasta po stronie przemystu, klientow i konsumentow. Materiaty biogeniczne zastapity
typowe materiaty zawierajace wegiel kopalny (European-Union 2019; Pandey and Singhal
2023). W ostatniej dekadzie (2010-2020) zauwazono staly wzrost popytu na materiaty
pochodzenia biologicznego, nie tylko w dziedzinie bioplastikow, ale takze w biopolimerach,
biosmarach, biorozpuszczalnikach, biosurfaktantach, enzymach i biofarmaceutykach
(Pandey and Singhal 2023).

Zasada okreslania zawarto$ci biokomponentéw w badanym materiale opiera si¢
na fakcie, ze do jego produkcji wykorzystano materi¢ organiczng o dobrze zdefiniowane;j
frakcji radioweglowej odpowiadajacej wspdlczesnemu poziomowi atmosferycznego *COa,
a takze materiaty kopalne. Radiowggiel ma okres pottrwania wynoszacy 5700 + 30 lat,
co sprawia, ze materiaty kopalne sg od niego wolne (Hua et al. 2022; Kutschera 2019).

Istniejg miedzynarodowe i1 europejskie normy podajace jak okresla¢ biobazowy wegiel,
w zalezno$ci od rodzaju materiatéw — szczegoly zawarto w pracy (Gill et al. 2022).

W ramach pracy zbadalam gume¢ oponowa 1 produkty jej pirolizy, jednorazowe materiaty
opakowaniowe i probki technicznej sadzy. Zawarto$¢ bioweggla w probkach okreslitam przy
uzyciu normy europejskiej (EN16640 2017), ktéra ma zastosowanie do wszystkich towarow
biopochodnych. Zawarto$¢ biowegla (z j. ang. biobased carbon content) w probkach jest
okreslana przy uzyciu ponizszego wzoru:

biobased carbon content = 2~ , (D
REF

gdzie:

pMC- stezenie '*C wyrazone w procentach wspodlczesnego wegla, uzyskane metodami
radioweglowymi (LSC 1 AMS).

REF- do obliczenia zawarto$ci wegla biologicznego zastosowano wspotczynnik korekeji
atmosferycznej w ustalonym roku 100% wegla pochodzenia biologicznego, zgodnie
z danymi opublikowanymi przez (CIO 2022; Hua et al. 2022).

5.3. Okreslanie zawartosci biokomponentu

Norma europejska EN-16785-1 definiuje jak poprawnie okresli¢c zawartos$¢

biokomponentu przy uzyciu metody radiowgglowej i analizy pierwiastkowej. Zgodnie z nig

10
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ilo$¢ biomasy oblicza si¢ jako ilos¢ pierwiastkow biologicznych (C, H, N, O) w prdobce
wyrazonych jako procent caltkowitej masy probki:

mass of bio—based content

Bio — content = %X 100 (%) (2)

total mass of material

Moje badania doktoranckie ograniczaty si¢ do metody radioweglowej i1 okreslania

zawartosci wegla biobazowego.

5.4. Pomiary z uzyciem akceleratorowej spektrometrii mas (AMS)

Technika radiowgglowa AMS jest wydajna, szybka i wygodna w przygotowywaniu
prébek do pomiaru radioweglowego (Wacker et al. 2010b). Pomiary AMS przeprowadzono
w trzech laboratoriach. Wszystkie probki wymienione w Tabeli 1, z wyjatkiem gumy
zopon, przygotowano i przeanalizowano w Laboratorium '*C i Spektrometrii Mas
w Gliwicach w Instytucie Fizyki — Centrum Naukowo-Dydaktycznym. Gume¢ z opon
i produkty jej pirolizy przeanalizowano dodatkowo w National Laboratory for Age
Determination w Trondheim w Norwegii. Ponadto probki grafitu z produktow pirolizy opon,
ktore zostaly zgrafityzowane w Gliwickim Laboratorium radioweglowym, zostaty

zmierzone w Poznanskim Laboratorium Radioweglowym (Goslar et al. 2004).

5.4.1.Przygotowanie i analiza prébek w Laboratorium '“C i Spektrometrii Mas
w Gliwicach

Dobrze wyposazone laboratorium do przygotowywania probek do analizy '*C istnieje
w Politechnice Slaskiej, w Instytucie Fizyki — Centrum Naukowo-Dydaktycznym, Zaktadzie
Geochronologii i Badan Izotopowych Srodowiska od konca lat 60 XX wieku. W ramach
pracy doktorskiej miatam mozliwos$¢ nauki korzystania ze $wiatowej klasy sprzetu.

Do okreslenia calkowitej zawartosci wegla w probkach i1 grafityzacji wykorzystano
analizator elementarny VarioMicroCube polaczony z systemem automatycznej grafityzacji
(AGE-3) firmy IonPlus AG z siedmioma reaktorami redukcyjnymi (Rys. 1a) (Némec et
al. 2010; Wacker et al. 2010b). Przed rozpoczeciem mojej pracy doktorskiej Gliwickie
Laboratorium Radioweglowe AMS wytwarzato tarcze grafitowe z probek szczatkow
ro$linnych, drewna, wegla drzewnego, torfu, muszli i probek kosci (Piotrowska 2013).
Opracowane wczesniej metody z powodzeniem zastosowatam do nowego typu probek, tzn.
oleju pirolitycznego, odzyskanej sadzy, probek opakowan jednorazowych, drewnianych
sztuécOw 1 probek sadzy technicznej (Gill et al. 2024; Gill et al. 2022; Gill et al. 2023).

W ramach przeprowadzonych badan ustalono, ze dla wymienionych nowych typéw probek

11
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nie jest wymagana wstepna preparatyka chemiczna poza plukaniem woda

demineralizowang.

Do pomiarow AMS uzywano kilku miligraméw probki (patrz Tabela 2). Probke wazono
w cynowej kapsulce dla probek cieklych i cynowej kapsulce toédkowej dla probek statych.
Cynowe kapsulki dla probek ciektych byly odpowiednio uszczelnione za pomoca specjalnej
prasy uszczelniajacej. Ze wzgledu na niejednorodnosé, tzn. warstwowg strukture opakowan
jednorazowych, analizie poddano rdézne podprobki (warstwe zewnetrzng, warstwe
wewnetrzng i ich miks). Przeprowadzono roéwniez testy mozliwosci zastosowania zwegglania
probki przy ograniczonym dostgpie tlenu dla celow ujednorodnienia probek opakowan
jednorazowych, gdyz wyniki pomiarow AMS wyraznie wskazaly, ze wynik pomiaru zalezy
od proporcji poszczegdlnych warstw w matej (miligramowej) podprobece. Do zweglania
uzywano probki o masie 24g, ktérg umieszczano w metalowym reaktorze z pokrywa
o bardzo malym otworze (aby zminimalizowa¢ dostep tlenu) i spalono w piecu muflowym
w temperaturze 700 °C przez okoto 7 do 10 minut. Probke nastgpnie schtadzano
1 rozdrabniano na proszek. W nastgpnym kroku, analizator elementarny byt stosowany
do spalenia probki w celu wytworzenia gazu CO., ktory nastgpnie grafityzowano przy
uzyciu AGE-3 w obecnosci wodoru (Hz) 1 sproszkowanego zelaza (Fe)
(Wacker et al. 2010b). Otrzymane probki grafitu zaprasowywano w tarczach (katody)
z uzyciem specjalnej prasy pod ci$nieniem 4 baréw (dwa razy w celu prawidtowego

sprasowania i uszczelnienia).

Nl [§ A
Rys. la  Analizator elementarny Rys. Ib MICADAS w Laboratorium '*C
sprzgzony z  automatycznym 1 Spektrometrii Mas w Gliwicach.
systemem grafityzacji W
Laboratorium #C i Spektrometrii
Mas w Gliwicach.
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Jak napisali konstruktorzy, maly system AMS — MIni CArbon DAting System
(MICADAS) (Rys. 1b) umozliwia analizy '“C z poréwnywalna dokladnoscia i precyzja jak
wicksze urzadzenia AMS. Uproszczona konfiguracja urzadzenia zmniejsza koszty
eksploatacji i serwisu (Synal 2013; Synal et al. 2007; Wacker et al. 2010a). Magazynek
miesci do 40 probek. Opracowanie wynikow jest wykonywane w programie BATS
(Wacker et al. 2010a).

W przeprowadzonych pomiarach jako standard zastosowano kwas szczawiowy (II)
(zj. ang. Oxalic Acid (II)). Do kontroli tla pomiardow AMS zastosowano bezwodnik ftalowy
oraz antracyt. W pojedynczych przypadkach stosowano jako dodatkowa kontrole tta paliwo

kopalne.

5.4.2.Przygotowanie i analiza prébek w National Laboratory for Age Determination
w Trondheim w Norwegii

Guma oponowa 1 produkty jej pirolizy gumy zostaly przeanalizowane w Narodowym
Laboratorium Okreslania Wieku w Trondheim w Norwegii. Do prébek statych i cieklych
zastosowano rozne metody spalania. State probki gumy i odzyskanej sadzy zostaly spalone
1 zredukowane w analizatorze elementarnym. Probki cieklego oleju pirolitycznego zostaty
najpierw zamrozone, a nastepnie wraz z tlenkiem miedzi (CuO) zostaly zamknigte w rurach
kwarcowych. Do spalania uzyto pieca muflowego. CO; powstajacy w wyniku spalania zostat
zredukowany w recznym systemie redukcji Fe-Zn. Praca (Seiler et al. 2019) dostarcza
szczegbtowych wyjasnienie metod przygotowywania grafitu w tym laboratorium.
Zautomatyzowane urzadzenie do grafityzacji zostalo uzyty do wytworzenia tarcz
grafitowych o masie 1mg. Urzadzenie to taczy analizator elementarny z siedmioma

reaktorami redukcyjnymi.
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Rys. 2 Akceleratorowy spektrometr masowy w Narodowym Laboratorium Okre$lania Wieku
w Trondheim w Norwegii.
Pomiary '*C przeprowadzono na ukladzie AMS (Rys. 2) o mocy 1 MV
wyprodukowanym przez High Voltage Engineering Europa BV (Nadeau et al. 2015; Seiler
et al. 2019). Typowy magazynek miesci do 50 probek.

5.5. Metoda ciekloscyntylacyjna (LSC)

Do oznaczania wegla pochodzenia biologicznego w gumie oponowej, produktach
pirolizy opon i probkach TCB =zastosowano technikg¢ ciektoscyntylacyjng dostepna
w Laboratorium '“C i Spektrometrii Mas w Gliwicach w Instytucie Fizyki — Centrum
Naukowo-Dydaktycznym Politechniki Slaskiej. Pomiary LSC poprzedzata synteza benzenu
z probek. Kazda uzyta substancja chemiczna byta czysta pod wzgledem analitycznym.
Odfaczalne szkto z linii do syntezy benzenu (Rys. 3) doktadnie oczyszczano woda
dejonizowang i suszono w temperaturze 80 °C. Benzen syntezowano z oryginalnych probek
bez chemicznej preparatyki wstepnej; jedynie probki gumy oponowej myto goragca woda
dejonizowang. Laboratorium Radioweglowe w Gliwicach ma profesjonalng lini¢ syntezy
benzenu, z wyciggami spalin zapewniajacymi bezpieczne etapy spalania i syntezy, a takze
dygestoria do bezpiecznego obchodzenia si¢ z benzenem. Synteza benzenu obejmuje

nastepujace kroki:

5.5.1. Produkcja COz2 i synteza karbidu

Do syntezy weglika wykorzystywano reaktor metalowy, ktory byt wczesniej
mechanicznie oczyszczony i wyptukany woda dejonizowana, a nastgpnie wysuszony

1 wygrzany w piecu muflowym w temperaturze 700 °C przez kilka godzin.
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Analizowane probki w postaci stalej, tzn. sadza techniczna, guma oponowa i odzyskanej
sadzy byly poddawane reakcji z litem metalicznym w stosunku 1:1 w oczyszczonym
W sposOb wyzej opisany, szczelnie zamknietym reaktorze metalowym w temperaturze
700 °C pod kontrolg ci$nienia.

Probki oleju pirolitycznego przechodzity dwuetapowy proces. W pierwszym etapie olej
pirolityczny byl wprowadzony do wewnegtrznego malego reaktora 1 odparowywany
na podgrzanym licie, ktory byl umieszczony na dnie zewnetrznego reaktora. W drugim
etapie, po schlodzeniu, pozostalosci z wewngtrznego reaktora byly przenoszone
do zewnetrznego reaktora i dalej stosowano taka samg procedure, jak w przypadku probek
statych z dodatkowym litem metalicznym. Czas trwania reakcji roznit si¢ w zalezno$ci
od rodzaju materialu. W przypadku probek sadzy technicznej reakcja byla ukonczona
w ciggu okoto godziny, w przypadku oleju pirolitycznego potrzebne byto okoto 40 minut,
natomiast w przypadku probek gumy oponowej od 1 do 2 godzin. Og6lng reakcje syntezy

karbidu mozna zapisa¢ nastepujaco:

700 °C

5.5.2. Synteza i oczyszczanie acetylenu

Li>C; jest hydrolizowany w oddzielnej linii w celu wytworzenia acetylenu (C2H>)
zgodnie z reakcja:

Room temperature

Li,C, + H,0 C,H, + 2LiOH (4)

Nastepnie acetylen oczyszcza si¢, przepuszcza go przez higroskopijna putapke
z dwuchromianu potasu (K2Cr207) i kwasu siarkowego (H2SO4). Czysty C2H» zbiera sig

w szklanej wymrazarce chtodzonej ciektym azotem.

Rys. 3 Linia do syntezy benzenu w Laboratorium “C i Spektrometrii Mas w Gliwicach.
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5.5.3.Synteza i Oczyszczanie Benzenu

Benzen powstaje z acetylenu w wyniku reakcji trymeryzacji, ktéra jest przeprowadzana
w temperaturze pokojowej na podgrzanym katalizatorze chromowym (wstepnie
aktywowanym w temperaturze 600 °C przez 30 minut):

3C,H, = C¢Hg (5)

Benzen byl oczyszczany z pary wodnej i1 radonu atmosferycznego. Benzen
przechowywano w obecno$ci metalicznego sodem przez noc w celu wysuszenia a nastgpnie
przez okolo miesigc w zamrazarce (w temperaturze -15 ° C), aby uwolni¢ go od radonu.
Poniewaz radon jest radioaktywny i ma okres pottrwania 3,8 dnia, to po miesigcu jego ilosci
w probee benzenu sg zaniedbywalne. Do usuwania radonu stosowatam rowniez procedure
resublimacji (Tudyka et al. 2021). Do resublimacji uzywatam mieszaniny suchego lodu
z etanolem (-78 °C).

Kiedy probka byta juz wolna od radonu, to mozna byto odmierzy¢ odpowiednia ilos¢
niej (stosowano tzw. geometri¢ 2 ml) i po dodaniu scyntylatora w postaci butylu-PBD
rozpocza¢ pomiary aktywnosci probki (Pawlyta et al. 1997).

Pomiary '*C wykonywano przy uzyciu spektrometru ciekloscyntylacyjnego B Quantulus
1220 ™ (Pazdur et al. 2003). Jako tlo zastosowano komercyjny polski benzen klasy cz.d.a,

a jako standard zastosowano ANU-Sucrose.

5.6. Spektrometria masowa stosunkow izotopowych (IRMS)

Do okreslenia wzglednej zawartosci stabilnych izotopow wegla w probkach, wyrazonej
jako 813C, zastosowano technike spektrometrii masowej stosunkdw izotopowych. W moich
badaniach wykorzystalam spektrometr IsoPrime 100 z ciaglym przeptywem, potaczony
z systemem MultiFlow i1 automatycznym probnikiem Gilson GX-271. System MultiFlow
jest przeznaczony do automatycznego pobierania 1 transferu CO; z naczynek z prébkami
do spektrometru masowego. Gaz pobierano za pomocg automatycznie sterowanej igly,
rozdzielano chromatograficznie i1 przesylano do IsoPrime w celu analizy izotopowej
(Agnihotri et al. 2014; Multiflow 2012).

Pomiary izotopowe byly konieczne do obliczenia poprawki na frakcjonowanie
izotopowe dla pomiaréw wykonanych technika LSC. (Stuiver and Polach 1977).
Do pomiaréw IRMS uzywano benzenu wytworzonego z probek na potrzeby pomiarow LSC.
W tym celu w rurkach Simax umieszczano w szklanej kapilarze ~ 5 ul benzenu wraz z ~ 300
mg CuO. Po zamknigciu rurek z uzyciem palnika umieszczano je w piecu w temperaturze

560 °C naok. 12 h. Nastepnie w specjalnej linii prozniowej kazda rurka byla tamana,
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a wytworzony z probki benzenu dwutlenek wegla byt po przejsciu przez putapke pary
wodnej zbierany w szklanej wymrazarce przy uzyciu cieklego azotu. Po odmierzeniu
odpowiedniej ilosci CO> (kontrola poprzez pomiar cisnienia w odpowiedniej gatezi linii
prozniowej) pobierano recznie specjalng strzykawka trzy podprobki do naczynek dla
systemu MultiFlow.

Jako standardow uzyto materialéw dostarczanych przez IAEA: NBS-22 (olej; ~ 5 ul),
IAEA-CH-6 (dawniej ANU Sucrose; ~ 3 mg) i [AEA-C3 (~ 1 mg) oraz standardu wewnatrz-
laboratoryjnego WZS (osad jeziorny, ~ 2 pg) (Ustrzycka 2020). Standardy byly spalane w
rurkach Simax w tych samych warunkach co probki 1 poddawane procedurze pomiarowej w
Sposob opisany powyzej.

Pomiary '*C skorygowano, wykorzystujac zmierzong warto$¢ &6'°C, z uzyciem
nastepujacego réwnania (Stuiver and Polach 1977):
2(25+ 813C)

Asy = As [1 N 1000

; (6)
gdzie:

Ag- zmierzone stezenie '“C

Agy- skorygowane stezenie 4C

6. Podsumowanie glownych wynikow i wnioski

Koncentracja izotopu *C w probce umozliwia odroéznienie probek wyprodukowanych
z materiatow wspotczesnych od wyprodukowanych z paliw kopalnych i przez to dostarcza
informacji o potencjalnym wykorzystaniu do ich produkcji materiatow odnawialnych.
W moich badaniach okreslitam koncentracje *C (i ilo$¢ wegla biobazowego) w trzech
réznych kategoriach probek (guma oponowa i jej produkty pirolizy, probki opakowan
jednorazowych 1 probki sadzy technicznej) przy uzyciu wyzej wymienionych technik
radioweglowych.

Ponizej przedstawiam glowne wyniki wraz z wnioskami opublikowanymi

w poszczegblnych publikacjach:
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6.1. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Klusek M, Konska
K, Wroblewski K, Nadeau MJ, Seiler M. (2022). Study of bio-based carbon
fractions in tires and their pyrolysis products. Radiocarbon. 64 (6): 1457-
1469. DOI: 10.1017/RDC.2022.88.

W artykule przedstawiono wyniki pomiaréw st¢zenia biowegla w oponach i produktach
ich pirolizy. Ponadto przedstawiono wyniki pomiaréw uzyskane dwiema technikami (AMS
1 LSC) w trzech roznych laboratoriach. Badanie stanowito zatem réwniez forme¢ porownania
migdzylaboratoryjnego. Badania te zostaly przeprowadzone we wspotpracy z firma Contec
Inc. z Warszawy, ktora zajmuje si¢ piroliza opon. W tych badaniach pracowatam nad
produktami uzyskanymi z probek opon samochodéw osobowych, cigzarowych i ich
mieszanin. Probki oleju pirolitycznego i odzyskanej sadzy zostaly przeanalizowane
w Laboratorium '*C i Spektrometrii Mas w Gliwicach (LSC i AMS) oraz Narodowym
Laboratorium Oznaczania Wieku w Trondheim w Norwegii. Do obliczenia poprawki
na frakcjonowanie izotopowe dla pomiaréw LSC zastosowano metod¢ IRMS. Probki gumy
zostaly przeanalizowane w Laboratorium '“C i Spektrometrii Mas w Gliwicach wylacznie
technika LSC oraz w Narodowym Laboratorium Oznaczania Wieku w Trondheim
w Norwegii technikg AMS.

Szczegotowe wyniki zestawiono w Tabeli 2. Dla oleju pirolitycznego warto$ci
koncentracji izotopu '*C byty zalezne od ilosci opon cigzarowych w masie poddawane;
pirolizie 1 wahaty si¢ w zakresie od ok. 41 do 50 pMC, przy czym im wigkszy byt wsad opon
ciezarowych, tym wyzsze byty warto$ci koncentracji '*C. Ten sam trend zaobserwowano dla
odzyskanej sadzy. W tym przypadku wartosci wahaty si¢ od ok. 5 do niecalych 7 pMC.
Probki zbadano dwiema technikami, a trzy rézne laboratoria wykazaty dobra zgodno$é
(Rys. 4), a wszystkie metody wydaja si¢ by¢ odpowiednie i1 niezawodne do badania

produktow pirolizy z opon.
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Tabela 2. Wyniki pomiaréw koncentracji izotopu "*C podane jako pMC dla poszczegélnych rodzajow
probek otrzymane technikq LSC (kody laboratoryjne GdS-) oraz AMS (kody laboratoryjne GdA —
(Gliwice) i TRa- (Trondheim)). Dla probek oleju pirolitycznego i odzyskanej sadzy podano wyniki
testu y°, przy czym krytyczna wartosé y° dla poziomu ufnosci a=0,01 i dla czterech pomiaréw wynosi
11,34, a dla trzech — 9,21. Zawartos¢ biobazowego wegla zostata wyznaczona zgodnie z normg
EN16640 (EN16640:2017) dla trzech wartosci REF (CIO 2022; Hua et al. 2022) - patrz Table. 4

w pracy (Gill et al. 2022).

Calko- 7 L, 1a biob
Koncentra- wity awarto$¢ wegla biobazowego
L Nazwa Kod cia MC 5 . (%)
P\ brébki | lab. ! £ wegiel
(PMC) \
(%) REF2011 REF2006 REF1995
GdS-
41,95+ 0,37 40,6 £ 0,36 | 39,8+0,35 | 37,5+ 0,33
4257
CONT-1 Gds- 43,43 +0,38 42.0+037 | 41,2+0,36 | 38,8+0,34
1 P 1 t': 4258 9 ) 848 84,8:& ) ) > > ) >
yro ’y ic GdA f 0.50
Oil 6611 42,64 +0,23 41,3+0,22 | 40,5+0,22 | 38,1+0,21
TRa-
a 42,86 +0,18 41,5+0,17 | 40,7+0,17 | 38,3+0,16
16675
GdS-
4320 41,30+ 0,47 40,0+ 0,45 | 392+0,45 | 36,9+ 0,42
GdsS- 20,83;
PCO-2 4365 43,90 + 0,44 bez 9354 425+043 | 41,7+0,42 | 39,2+0,39
2 | Pyrolytic GdA GdS- 2’ s
Oil © | 43,49+£023 | 4320: ’ 42,1+£022 | 41,3+0,22 | 38,8+0,21
6612
1,65
TRa-
43,35+0,11 42,0+0,11 | 41,1+0,10 | 38,7+0,10
16676
GdS-
4373 50,35+ 0,49 48,7+047 | 47,8+0,46 | 45,0+ 0,44
TCO-3
. GdA- 74,9 +
3 Pyrolytic 6613 49,76 + 0,24 7,46 79 482+023 | 472+0,23 | 444+0,21
Oil ’
TRa-
50,47 £ 0,10 489+0,10 | 47,.9+0,09 | 45,1+0,09
16677
GdS- 508+0,18 49 £0,17 | 48+0,17 | 45+0,16
rCB-2 4327
Recovered | GdA- 71,7+
4 14+0,11 ’ +0,11 49+0,1 46+0,1
Carbon 6615 5, 0, 0,07 35 5,0+0, ,9+0,10 ,6£0,10
Black TRa- 5,17+ 0,08 5,0+ 0,08 4 0,08 4,6 £0,0
+ + + +
16679 2 7 2 > > 59 2 2 2 7
- GdsS- .
rCB-3 6,89 +£0,18 19,31, 6,7+0,17 6,5+0,17 6,2+0,16
5 Recovered 4394 bez 78,9 +
Carbon GdA- 6,92+0,12 TRa- L5 6,7+0,12 6,6 +0,11 6,2+0,11
Black 6616 ’ ’ 16680 ’ ’ ’ > ’ ’
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TRa- 0,02
6,29 +£0,18 6,1 +0,17 6,0+0,17 5,6+0,16
16680 9 9 b b b b b b
GdS-
15,54 + 0,23 14,8+022 | 145+022 | 13,7+021
4337
XZ
TRa- s < 0.13 NA: 32,040,13 | 313+0,12 | 29.5+0.12
CR—2 166823 9 ’ = ) ’ bl ’ ’ ’ ’
6 zakres: | 83,7+
Rubber TRa-
34,71+0,10 | 15,54 2,8 | 33,6+0,10 | 32,9+0,09 | 31,0+0,09
16682b
34,71
TR a1+0.10 21.540.10 | 21.1+0,09 | 19.8+ 0,09
16682C 9 9 9 9 b b b b
GdS-
13,59 + 0,23 129+£022 | 12,7+£022 | 11,9021
4339
GdS-
25,12+ 0,22 2424021 | 23,7+£021 | 22,340,220
4380
GdS-
20,89 + 0,32 19,9+ 031 | 19,5+030 | 18,4+ 0,29
4383
Gds- 12,31 0,21 11,7020 | 11,5+0,20 | 10,8+0,19
4370
GdS-
20,24 + 0,31 19,4+£030 | 19,0£029 | 17,8+ 0,28
4375
GdS- 13294025 2 12,6+£024 | 12,4024 | 11,7+022
4374 b 9 XNA 9 b b b 9 b
7 CR-3 TRa- 18,25+ 0,10 _k | 79 17,7010 | 17.3+£0,09 | 16,3+ 0,09
Rubber | 16683a | IR I T =D 2= 2=
= 12,31 -
&1 4186+0,15 | 41,86 40,5+0,15 | 39,7+0,14 | 37,4+0,13
16683b
TRa- 574011 14,1+0,11 | 13,8+0,10 | 13,0+0,10
166830 9 b b b b b b b
TRa- ¢ 9340,07 18,3+0,07 | 18,0+0,07 | 16,9+ 0,06
16683d b 9 9 9 b b b b
TRa-
22,68+ 0,10 22,0+0,10 | 21,5+0,09 | 20,3+ 0,09
16683¢
TRa- ) 68+0,09 21.0+0.09 | 20.6+0.09 | 19.4+0.08
16683f 2 9 b b b b b b
TRa-
14,85 + 0,08 14,4+0,08 | 14,1+0,08 | 13,3+0,07
16683g

W przypadku gumy z opon dostarczone probki miaty form¢ gumy pocigtej na kawatki

orozmiarze od 0,5 do 1 cm. Dla potrzeb pomiaréw LSC dla pojedynczego pomiaru

wystarczalo kilka fragmentéw o tacznej masie 5-6 g, natomiast dla potrzeb AMS wycinano

z jednego kawatka probke o masie rzedu 1 mg. Otrzymano mocno rozrzucone wyniki

pomiaru koncentracji '*C. Fakt rozrzutu wynikéw wynika ze ztozonej struktury opon, gdyz
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do jej konstrukcji wykorzystuje si¢ zarowno kauczuk naturalny (ktéry mozna traktowac jako
biokomponent), jak i kauczuk wyprodukowany z paliw kopalnych. Zgodnie z danymi
producentdw opon, te rézne rodzaje kauczuku sg stosowane w réznych warstwach opony.
Zatem, wynik pomiaru koncentracji izotopu '“C w probce o matej masie nalezy raczej
traktowa¢ jako charakterystyczny dla danego miejsca w oponie, a nie partii opon
poddawanych pirolizie, czy nawet dla pojedynczej catej opony.
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® @ ©
0
0 2 4 6 8 10 12 14 16
O CONT-1, pirolitic oil, unknown mix OPCO-2, pirolitic oil, 100% passenger car tires
M TCO-3, pirolitic oil, 70% truck tires OCB-2, carbon black, 100% passenger car tires
® CB-3, carbon black, 70% truck tires A CR-2, rubber, 100% passenger car tires

A CR-3, rubber, 70% truck tires

Rys. 4 Poroéwnanie pomiaréw izotopu '“C w gumie opon i produktach jej pirolizy dla trzech serii
probek zaznaczonych kolorami czerwonym, zielonym i niebieskim oraz r6znych typow probek

(olej pirolityczny, odzyskana sadza i guma) zaznaczonych ksztattami zgodnie z legends. (patrz
Fig. 2 w publikacji Gill et al. 2022).
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Zawarto$¢ wegla pochodzenia biologicznego w badanych probkach obliczono zgodnie
znormg (EN16640 2017) stosujac kilka wartosci referencyjnych (REF). Bioragc pod uwage
zalecany okres eksploatacji opon (~5 lat), czas utylizacji opon (~10-15 lat) i wykorzystanie
kauczuku naturalnego do produkcji opon z soku drzew (zyjacych 5-25 lat) przeprowadzono
obliczenia dla warto$ci REF charakterystycznych dla lat 2006, 2011 i 1995 (CIO 2022;
Hua et al. 2022) — patrz Tabela 2 (Tabela 4 w omawianej publikacji).

Warto zaznaczy¢, ze cze¢$¢ pomiaré6w wykonatam w Norwegii podczas 2-tygodniowego
stazu badawczego. Staz dal mi mozliwo$¢ zapoznania si¢ z pracag w renomowanym
laboratorium '“C, a takze upewnienia sie, ze protokoly przygotowania probek i pomiaréw
stosowane w laboratorium w Gliwicach sa zgodne ze $§wiatowymi standardami, a takze

zapoznania si¢ z inng metoda grafityzacji i sprzetem pomiarowym.

Uzyskane wyniki badan mogg by¢ przydatne dla firm zajmujacych si¢ piroliza opon,
gdyz pomagaja okresli¢ zawarto$¢ wegla biologicznego w produktach pirolizy, co jest

istotne zaréwno pod wzgledem ekologicznym, jak i ekonomicznym.

6.2. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N, Ustrzycka A.
(2023). Technical carbon black and green technology. Geochronometria.
50 (1) : 250-256. DOI: 10.2478/geochr-2023-0016.

Badania w tym artykule zostaly przeprowadzone na probkach sadzy technicznej. Cztery
rodzaje probek TCB o roéznym stopniu rozdrobnienia i powierzchni wilasciwe zostaty
przeanalizowane dwiema technikami radioweglowymi (LSC i AMS) w Laboratorium *C
Spektrometrii Mas w Gliwicach. Dla wynikow technikg LSC zastosowalem metode IRMS
do obliczenia poprawki na frakcjonowanie izotopowe. Probki do badan otrzymano od firmy
Contec Inc. Oczekiwano, ze probki beda zawieraly wiekszy udzial biokomponentow, ale
probki daja bardzo niskie wartosci koncentracji *C pomiedzy 0,124 + 0,091 pMC
10,908 = 0,092 pMC (<1 pMC ) dla obu technik. Szczegdétowe podsumowanie wynikéw
koncentracji *C i zawarto$ci wegla biobazowego w probkach TCB przedstawiono w Tabeli
3. Niskie wartosci koncentracji '*C w probkach TCB $wiadcza o ich produkcji z materiatéw
kopalnych. Wyniki sugeruja potrzebe opracowania przyjaznych dla srodowiska alternatyw
1 zwigkszenia wykorzystania materiatow odnawialnych w produkcji TCB.
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Tabela 3. Wyniki koncentracji izotopu "C i zawartos¢ biobazowego wegla w prébkach sadzy
technicznej (TCB) - patrz Table 2 w pracy (Gill et al. 2023). Wartosci 6°C values otrzymane z

pomiarow IRMS oznaczono (*), a te z pomiarow AMS jako (**).

Zawarto$¢
Lp. Na’zwzt Kod lab. M'asa‘ Calll(owity 813Cvrps 14C ' wegla
probki probki | wegiel (%) (%o0) (pMO) biobazowego
(%)
GdS-
1. 4543 6,08 g - -32,44 +£0,11* | 0,589+ 0,084 | 0,589 + 0,084
o, | TCB- | GdA- Lol 29,20%* 0,436 0,033 | 0,436 + 0,033
' N330 7138.1.1 mg 9975 + 0.93 ’ ’ - ’ -
3 GdA- 0.99 S 30,60%* 0,410+ 0,038 | 0,410 + 0,038
' 7138.1.2 | mg ’ TS A=
GdS-
4. 4552 4,02¢g - -30,417 £0,072* | 0,189 + 0,063 | 0,189 £+ 0,063
5 TCB- GdA- 0.98 25,70%* 0,508 £0,033 | 0,508 + 0,033
" | N550 | 7137.12 | mg 075403 ’ AR ST
6 GdA- 2,05 S 28,80%* 0,500 £ 0,035 | 0,500 + 0,035
: 7137.13 | mg > T T
GdS-
7. 4554 391 ¢g - -31,82 £ 0,44* | 0,908 £ 0,092 | 0,908 £ 0,092
8 GdA- 219 28,80%* 0,489 + 0,033 | 0,489 + 0,033
" | TCB- | 7139.1.1 mg > T T
N660 GdA- 1,90
9. 98,1 £1,9 —36,60** 0,350 £ 0,043 | 0,350 + 0,043
7139.1.2 mg
10 GdA- 1,09 29,30%* 0,600 + 0,031 | 0,600 + 0,031
' 7139.1.5 mg o TR TR
GdS-
11. 4555 380 g - —31,453 +0,020% | 0,124+ 0,091 | 0,124 + 0,091
12 GdA- 2,03 33,00%* 0,380 £ 0,043 | 0,380 % 0,043
" | TCB- 7140.1.2 mg ’ ’ - ’ -
N772 GdA- 2,03
13. 98,9+ 1,0 —32,90** 0,350 £0,043 | 0,350 = 0,043
7140.13 | mg
14 GdA- 1.o1 28,90%* 0,470 £ 0,035 | 0,470 = 0,035
' 7140.1.4 | mg ’ T A=

Wyniki pomiaréw '“C wszystkich probek z laboratoriow LSC i AMS przedstawiono
na Rys. 5. Badanie stanowilo réwniez poréwnanie wewnatrzlaboratoryjne, wykazujac
niezawodno$¢ stosowania technik LSC i AMS do pomiaru stezen izotopow “C w probkach
TCB. Dla probek TCB-N550 i TCB-N660 zaobserwowano statystyczne niezgodno$ci
LSC

z niejednorodnosci probki (na co moga wskazywaé rdznice w wartoéciach 8'*C pomiedzy

miedzy wynikami uzyskanymi technikami i AMS. Moga one wynikaé

podprobkami) 1 zanieczyszczenia popiotem.
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Do obliczenia zawartosci biobazowego wegla uzyto wartosci REF dla roku 2022, czyli
100%. Dlatego tez jest ona réwna koncentracji izotopu '“C w probce (CIO 2022;
EN16640 2017).

I
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fal { 1 -
$ 04 I T I T TCB-N660
1 ! 1 TCB-N772
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Sample number

Rys. 5 Poroéwnanie pomiarow izotopéw '“C w probkach sadzy technicznej metodg AMS i LSC.
"o Wyniki pomiarow AMS, "' Wyniki pomiaréw LSC. (patrz rys. 1 w Gill et al. 2023).
Badania dostarczaja cennych informacji na temat zawarto$ci we¢gla pochodzenia

biologicznego w probkach TCB, podkreslajac znaczenie zasobéw odnawialnych i wyzwania

zwigzane z obecnymi praktykami produkcyjnymi.

6.3. Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024).
Monitoring of modern carbon fraction in disposable packaging.
Radiocarbon. First View,1-9. DOI: 10.1017/RDC.2024.35.

Niniejszy artykut badawczy koncentruje si¢ na okresleniu frakcji wspotczesnego wegla
w probkach opakowan jednorazowych wykonanych z czterech réznych materialow: papieru,
drewna, trzciny cukrowej 1 otragb pszennych. Probki otrzymano od réznych producentow
opakowan. Probki te obejmowaty kubki papierowe, talerze papierowe, stomki papierowe,
brazowe talerze papierowe, papier do pieczenia, drewniane sztucce, talerze z trzciny
cukrowej, talerze z otrgb pszennych, pudetka z trzciny cukrowej i pudetka papierowe.
Wybratam te probki do badania ze wzgledu na ich codzienne uzytkowanie 1 powszechny

recykling.
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W tym badaniu probki analizowano przy uzyciu radiowgglowej techniki AMS
w Laboratorium '*C i Spektrometrii Mas w Gliwicach. Probki analizowano w dwoch
partiach. W pierwszej partii analizowano matg, losowa cze$¢, natomiast w drugiej partii
probki analizowano warstwowo, z wyjatkiem probek papieru do pieczenia i drewnianych
sztu¢cow. Wszystkie probki okazaly si¢ by¢ wspodtczesne, poniewaz wykazaty koncentracje
izotopu '*C powyzej 100 pMC (Tabela 4). Probki wykonane z papieru wykazywaty
koncentracje '*C miedzy 100 a 112 pMC. Probki drewnianych sztuécéw mialy najwyzsze
wartoéci koncentracji izotopu *C, w zakresie od nieco ponad 114 do ok. 136,5 pMC.
Rozproszone wyniki przypisano faktowi, ze sztu¢ce nie zostaly wyprodukowane z drewna
z tego samego drzewa, a r6zny wiek drzew zaskutkowal réznymi warto$ciami C.

Probki z trzeiny cukrowe;j i otrab pszennych miaty najnizsze wartosci stezenia “C, ktore
sa niemal réwne obecnej wartoéci stezenia '*C w atmosferze, co wskazuje, ze materiat
pochodzit z wspolczesnych upraw roslinnych. Nieco niZsze stezenia '*C (ale nadal
odpowiadajace wspdtczesnym wartosciom '*C) stwierdzono w warstwach zewnetrznych
w poréwnaniu z warstwami wewnetrznymi niektorych probek, co sugeruje, ze zostaty one
pokryte bioplastikiem, aby byly wodoodporne.

Tabela 4. Koncentracja izotopu "*C i zawartosé wegla biobazowego w probkach opakowar

Jjednorazowych. Cytowane wyniki pomiaréw 6" C zostaly zmierzone przy okazji pomiaréw AMS.
(patrz Suplement do pracy Gill et al. 2024).

Calkowit
Lp. gfozl‘)’f: Material Podprobka Kodlab. | wegiel ' (pll;cc) 613;:‘”3
(%)
Przypadkowa 62(330(?5A1 1 4%1% * 108]’22 * | 18,94
- + +
Talorne Warstwa zewnetrzna 6 BCE)ZSAZ 1 4}'279 - 9%”73‘; - -16,00
- + +
1. | QSCP-1 sutlzg\l;é/] Warstwa wewnetrzna 6%;23.1 j;)’ 233; 1905 i%g; -15,80
Miks warstw 630541 | o073 | oas | 174
zveoms | ey | e | 0w | B0
Przypadkowa 6 ;%’A‘l 1 4%?;2 * 108"361 = | 25,74
- +
6860(:52.1 10(?,’:?.36 | Lo
2. QPC-2 paI;iL;t;I;\iNe Warstwa zewngtrzna 6 8Ci)dﬁA2- 2 4%’;2 * 93(;,258 * -21,5
- +
6860(:52.4 93,7229_ 220
Warstwa wewnetrzna 6 8Ci)dﬁA§ 1 4%’221 113";1; * -25,70
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- +
ce0.5 Tom | B
- +
600633 Yom | 23
- +
- + +
isvarsw | GO | asats [H06OTE [
- +
600543 Com | B
zvetoms | sy | vos | o | B
Praypadkowa 1 | o0 4%';171 10&31 25,51
zuegons | sy | os | oss |
Przypadkowa 68%2?11 4%’2%i 1O§l’§2i -25,74
- + +
Warstwa zewngtrzna 6 ;)%AZ 1 411)"‘;;_ 108"2;1 - -25,90
QPSs-4 p:;i(g?;(vive Warstwa wewnetrzna 686()%'.6\3_. 1 44(')’288i 1031’;'?7’ * -26,20
- + +
Miks warstw 66%18':1 4‘(1)”%2‘ g%éé‘ -25,50
zvetoms | gonesy | res | 0 | 0
Przypadkowa 6;;%'6‘11 4%”1421i 115"§2i -25,65
- + +
Warstwa zewnetrzna 6;30%'6\2 1 4%’,3182_ 11&’;; ~ | -24,60
QPP-5 p;;frz\?ve Warstwa wewngtrzna 6 ;%Ag_ 1 43?;; * 11; ,l??g * -25,90
- + +
Miks warstw 62(;30(2)'.6;,.1 4%’2182_ 1131’22_ -25,00
Przypadkowa 6;%'6‘11 4%’25%1 12§l’§:i -26,49
- + +
I N BT e e
moks noza I widelca 6 ;%A;: 1 4?’2%1 1%?;1)1 -26,20
zvegoms | gy | “aas | o | B
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Przypadkowa 6;(11'6‘1 1 44611221 103’;2 *| 2621
- + +
oo Warstwa zewnetrzna 6{12]:2 1 jz),:?z_ 12(33252 ~ | -25,80
- ,00 £ 22 %
7. | QBPP-7 p;;:g:(z)sve Warstwa wewngtrzna 62(11;-.1 4£?g77+ 10%3:2 i -25,20
Miks warstw 6811.4.1 019 035 | 2480
v | g | e | om0
Przypadkowa 68612'6‘1 1 4‘;‘,%2; 10&‘;2 * | 2784
- + +
Talerse 1 Warstwa zewngtrzna G;dZAZ 1 4%22_ 108:2; - -27,60
8. VWEBP- otrgb Warstwa wewnetrzna GdA- 43392 100,86 + -27,50
Miks warstw 681241 | 056 | o020 | 2000
zvegons | ogoe1 | Cim | oz | B
Przypadkowa 6£§;1d3A1 L 43;”%11i 1081‘25 | a7
- + +
budelkas Warstwa zewngtrzna 6 8:L:3:2 1 :;’212%_ iz(zl’%g — | -13,90
- + +
9. | BSCB-9 CLZ:(I)C\?;J Warstwa wewnetrzna 66(3;[(13 A3 1 4 ??' ’3152 10(())"22 : -14,50
Miks warstw 6813.4.1 012 029 | 410
Zweglona 6 8C?Ld3A5- 1 9%)"?112 * 9%”8299 + -21,50
Przypadkowa GE(SlciAl 1 4%’,114;11 1131’??2 * | 562
- + +
Warstwa zewnetrzna 6 BC?L(ZAZ 1 4%’2%_ 118"23 - -26,00
10. | BPP-10 p:p:frrcf\?ve Warstwa wewnetrzna 62(331(:1'.6\3-. 1 4%’,1121 1131’;;1 * -25,40
- + +
Y I N T e
zvegon | ogacy | agr | oz | B

Co prawda uzyskane wartosci koncentracji '“C wskazaly, Ze wszystkie probki byty
wyprodukowane z biomasy, to cztery sposrod dziesigciu badanych probek charakteryzowat
duzy rozrzut wynikow. Wskazuje to, ze w ich przypadku istnieje potrzeba homogenizacji
wigksze] objetosci probki dla uzyskania wyniku reprezentatywnego dla danej partii
badanego DPM. Koncentracje '“C wszystkich badanych opakowan, uzyskane technika AMS
przedstawiono na Rys. 6 oraz w Tabeli 4.
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Rys. 6 Porownanie pomiarow izotopu '“C w DPM metodg AMS. (patrz rys. 1 w Gill et al. 2024).

Zawarto$¢ wegla pochodzenia biologicznego mozna obliczy¢ korzystajac z rdOwnania
(1). Poniewaz kazda probka wykazuje koncentracje *C wyzsza niz 100 pMC i jest uwazana
za wspotczesng 1 catkowicie biogeniczna, a konkretny rok pochodzenia materiatu byt
nieznany, warto§¢ REF wynoszacag 100 dla roku 2022 (CIO 2022) zostala uzyta dla
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wszystkich probek w celu obliczenia zawarto$ci wegla pochodzenia biologicznego.
W zwigzku z tym zawarto$¢ wegla pochodzenia biologicznego bedzie réwna zmierzonym
warto$ciom stezenia '*C.

Badanie podkresla znaczenie zapewnienia jednorodno$ci probek dla doktadnych
pomiardéw. Proste zweglanie okazalo si¢ niewystarczajace do homogenizacji; dlatego
w przysztych badaniach zaleca si¢ pelne spalanie w linii prézniowej, aby zapobiec utracie
lekkiego wegla 1 zmniejszy¢ frakcjonowanie izotopowe. Wyniki wspieraja stosowanie
materialdéw opakowaniowych pochodzenia biologicznego i nadajacych si¢ do recyklingu
w celu zmniejszenia wplywu na $srodowisko oraz promowania zrownowazonego rozwoju,

zgodnie z Europejska Dyrektywa w sprawie Odpadow (UE) 2018/852.

6.4. Gill KA, Michczynska DJ, Michczynski A. Bio-carbon content
determination in disposable packaging by liquid scintillation counting. [w:]
Monografia POB6 ,,Ochrona klimatu i Srodowiska, nowoczesna energetyka
— wybrane zagadnienia”, Politechnika Slaska (w druku).

Niniejsza praca badawcza stanowita kontynuacj¢ wczesniejszej pracy (Monitoring
of modern carbon fraction in disposable packaging) polegajacej na pomiarach '“C
w probkach opakowan jednorazowych z uzyciem techniki AMS. W niniejszej pracy
koncentracje '*C i ilo§¢ biowegla okreslono przy uzyciu techniki LSC w Laboratorium '*C
1 Spektrometrii Mas w Gliwicach. Metod¢ IRMS zastosowano do zmierzenia wzglednego
stosunku stabilnych izotopéw wegla (1*C/!>C) w probkach, a nastepnie obliczenia poprawki
na frakcjonowanie izotopowe.

Tabela 5. Koncentracja '*C i zawartos¢ wegla biobazowego w prébkach opakowan jednorazowych.
Wartosci 6" C mierzono metodg IRMS.

Nazwa i opis u“c 3*Cvrps Zawarto$¢ wegla
Lp. ey Kod lab. .
probki (pMC) (%o) biobazowego (%0)
QSCP-1
Talerze z
1 . GdS-4610 103,20 £ 0,74 -24,156 £ 0,059 103,20 + 0,74
trzciny
cukrowej
QPC-2
2 Kubki GdS-4611 114,65 £ 0,80 -29,465 £ 0,037 114,65 + 0,80
papierowe
QBP-3
3 Papier do GdS-4616 109,99 + 0,78 -27,43+£0,23 109,99 £ 0,78
pieczenia
4 QPS-4 GdS-4617 110,36 £ 0,78 -26,97 £ 0,36 110,36 £ 0,78
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Stomki
papierowe

QPP-5
Talerze
papierowe

GdS-4620

108,30 £ 0,72

-26,14 £0,21

108,30 £ 0,72

QWC-6
Sztuéce
drewniane

GdS-4618

125,51 £ 0,87

-30,02 £0,16

125,51 £ 0,87

QBPP-7
Bezowe talerze
papierowe

GdS-4621

111,36 £ 0,74

-27,78 £ 0,24

111,36 £ 0,74

VWBP-8
Talerze z otrab
pszennych

GdS-4622

103,56 £ 0,71

-14,24 £ 0,74

103,56 £ 0,71

BSCB-9
Pudetka z
trzciny
cukrowej

GdS-4623

102,45 £ 0,70

-15,84 + 0,42

102,45+ 0,70

10

BPP-10
Talerze
papierowe

GdS-4624

114,92 £ 0,76

-29,68 £0,16

114,92 £ 0,76

Wykresy koncentracji wegla *C i wartoéci 8'°C w zalezno$ci od rodzaju materiatu

pokazano na Rys. 7a i 7b, a szczegd6towe wyniki podano w tabeli 5. Do pomiaréw LSC

uzyto opakowan z tej samej partii, co do pomiar6w AMS w przypadku trzeciej publikacji.

Pomiary z wykorzystaniem techniki LSC réwniez wskazaty na wspolczesne pochodzenie

badanych probek, okreslajac, ze wyprodukowano je z biokomponentow pochodzacych z lat

1955-2018. Jednak zaobserwowano, ze w niektorych przypadkach wystepuja roznice

migdzy pomiarami AMS 1 LSC, ktére sa wicksze niz w granicach pojedynczych

niepewnosci.
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Rys. 7a Wyniki pomiaréw koncentracji *C w réznych opakowaniach metodg LSC.
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Rys. 7b Poroéwnanie wartosci §'3C dla r6znych kategorii materiatdbw opakowan metodg IRMS.

Rys. 8 przedstawia poréwnanie pomiarow LSC i AMS. Chociaz roznice miedzy
wynikami LSC i AMS sa wigksze niz ich niepewnosci laboratoryjne, nalezy wzig¢ pod
uwage, ze w przypadku techniki LSC wykorzystano wiele kawalkow danego rodzaju
materialu, podczas gdy w przypadku techniki AMS wykorzystano maty kawatek jednego
badanego materialu. Norma ASTM D6866 stosowana w Stanach Zjednoczonych
(rownowazna polskiej i1 europejskiej normie EN16640) uwzglednia niejednorodno$¢ probek
pobranych z duzej partii badanego materiatu 1 zaleca, aby niepewno$¢ oznaczania wegla

biopochodnego w probce przyja¢ na poziomie 3% (bezwzglednie). Jesli te wartos¢
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niepewnos$ci zastosuje si¢ do wykonanych pomiaréw, okaze si¢, ze wyniki LSC i AMS
sa spojne w granicach pojedynczej niepewnosci dla 8 przypadkéw 1 w granicach podwojnej
niepewnosci dla 2 przypadkow.
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Rys. 8 Porownanie pomiarow stezenia '*C w DPM metoda LSC i AMS.
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7. Podsumowanie wkladu wlasnego

7.1. Zapoznanie si¢ ze sprzetem i preparatyka probek

Po zapoznaniu si¢ ze sprzetem, metodami preparatyki probek oraz procedurami
pomiarowymi w Laboratorium '*C i Spektrometrii Mas w Gliwicach, samodzielne

przygotowanie probek do standardowych pomiarow.

7.2. Laboratorium Spektrometrii Mas i 1* C w Gliwicach

e Po raz pierwszy wdrozono metodologi¢ radioweglowa LSC w Laboratorium
Spektrometrii Mas i '*C w Gliwicach do badan probek gumy z opon, probek
z pirolizy opon, jednorazowych materiatow papierowych, drewnianych
sztuécOw, papieru z trzciny cukrowej, probek otrebow pszennych i probek
sadzy technicznej.

e WdroZenie po raz pierwszy w Laboratorium Spektrometrii Mas “C
w Gliwicach metodyki grafityzacji probek oleju pirolitycznego oraz odzyskanej
sadzy.

e Przygotowanie probek do oznaczania §'°C metoda IRMS w celu okre$lenia
poprawki na frakcjonowanie izotopowe dla wynikow koncentracji '*C dla
wszystkich kategorii probek zmierzonych technikg LSC.

e Przygotowywanie rdéznych warstw probek opakowan jednorazowych
do pomiaré6w AMS w Laboratorium Spektrometrii Mas i '*C w Gliwicach:

7.3. Prezentowanie uzyskanych wynikow na konferencjach i warsztatach

e Udzial i prezentacja na tygodniowych warsztatach 18" Freiberg Colloquium
of Young Researchers w ramach EURECA-PRO, ktore odbyty si¢ w czerwcu
2024 r. w Freibergu w Niemczech. Tytul prezentacji: ‘Recycling of End-of-Life
Tires: A Greener Way of Energy and Sustainability’.

e Prezentacja plakatu na 3rd EURECA-PRO Conference on Responsible
Consumption and Production, ktéra odbyta si¢ we wrze$niu 2023 w Chanii
na Krecie w Grecji. Tytul plakatu: ‘Green Packaging from Renewable Natural
Resources — an Example of Disposable Packaging from Pakistan’.

e Prezentacja plakatu podczas 14™ International Conference Methods of Absolute
Chronology, ktéra odbyta si¢ w maju 2023 w Gliwicach. Tytul plakatu: ‘Sadza

techniczna i zielone technologie’.
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Wyktad podczas uroczystosci otwarcia Centrum Metod Izotopowych CEMIZ
1 VII Warsztatow Metod Datowania im. Profesora Mieczystawa F. Pazdura
w Gliwicach w grudniu 2022. Tytul wyktadu: ‘Monitoring of biogenic carbon
fraction of wasted material’. Wyktad wygloszono dla naukowcéw, badaczy
1 studentéw w ramach sesji Zastosowania Metod Radioweglowych.

Udziat i prezentacja na 10" Environmental Protection and Energy Conference
w Gliwicach w grudniu 2022. Tytul prezentacji: ‘Monitoring of biogenic carbon
fraction of wasted material’.

Udziat i prezentacja podczas ‘EURECA-PRO PhD Journey - European
University on Responsible consumption and production’ we Freibergu
w Niemczech, listopad 2022 r. Tytul prezentacji: ‘Monitoring of biogenic
carbon fraction of disposable packaging’.

Prezentacja plakatu podczas 24" International Radiocarbon Conference
w Zurychu, Szwajcaria, wrzesien 2022 r. Tytul plakatu: ‘Monitoring
of biogenic carbon fraction of disposable packaging’.

Prezentacja plakatu podczas 3™ International Radiocarbon in the Environment
Conference, Gliwice, lipiec 2021. Tytut plakatu: Tests for the content of the 1*C

isotope in tires and their pyrolysis products’.

7.4. Wspolpraca

Wspotpraca z firmg Contec Inc. z Warszawy w zakresie pobierania probek
gumy z opon i produktow jej pirolizy.

Nawigzano wspolprace z Narodowym Laboratorium Oznaczania Wieku
w Trondheim w Norwegii w celu migdzylaboratoryjnego poréwnania wynikow
koncentracji '*C w probkach opon i produktach ich pirolizy.

Przygotowanie 1 analiza probek gumy z opon oraz produktéw jej pirolizy
Narodowym Laboratorium Oznaczania Wieku w Trondheim w Norwegii.
Nawigzano wspolprace z Centro Nacional de Aceleradores (CNA)
Uniwersytetu w Sewilli, Sewilla, Hiszpania, w celu migdzylaboratoryjnego
poroéwnania pomiaréw probek opakowan jednorazowych.

Przygotowanie 1 analiza probek opakowan jednorazowych w CNA

na Uniwersytecie w Sewilli.
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7.5. Staze

Miesieczny staz w ramach programu NAWA STER w jednym z najlepszych
uniwersytetow 1 laboratoriow, Centro Nacional de Aceleradores (CNA),
University of Sevilla, Sewilla, Hiszpania. Projekt nr 32/014/NWD21/2001-04.
Pazdziernik-listopad 2023.

Dwutygodniowy staz w jednym z najlepszych uniwersytetow i laboratoriow
na $wiecie, National Laboratory for Age Determination, Norwegian University
of Science and Technology, Trondheim, Norwegia. Numer projektu:
POWR.03.03.00-IP.08-00-P13/18  'PROM-  Migdzynarodowa wymiana

stypendialna doktorantow i pracownikow naukowych. Wrzesien 2021 r.

7.6. Publikacje

Glowny autor serii czterech monotematycznych publikacji, odpowiedzialny za:

Przygotowanie probek

Synteze benzenu do pomiaréw LSC w Laboratorium *C i Spektrometrii Mas
w Gliwicach.

Przygotowanie probek i grafityzacje probek do pomiaréw AMS w Laboratorium '“C
1 Spektrometrii Mas w Gliwicach.

Prasowanie grafitu i przygotowanie katod do pomiarow AMS.

Analize wynikéw uzyskanych za pomocg MICADAS w Laboratorium '“C
1 Spektrometrii Mas w Gliwicach.

Przygotowanie probek do pomiaréw IRMS w Laboratorium “C i Spektrometrii Mas
w Gliwicach.

Analiz¢ danych 1 interpretacje wynikow.

Przygotowanie wykresdw, tabel oraz rycin do manuskryptu.

Pisanie manuskryptow.

Nawigzanie wspotpracy z laboratoriami w Trondheim 1 Sewilli w celu poréwnania

miedzylaboratoryjnego probek.

Ponizej znajduje si¢ lista publikacji:

Gill KA, Michezynska DJ, Michczynski A, Piotrowska N, Ktusek M, Konska
K, Wréblewski K, Nadeau M-J, Seiler M. (2022). Study of bio-based carbon
fractions in tires and their pyrolysis products. Radiocarbon. 64(6):1457-1469.
DOI: 10.1017/RDC.2022.88.
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7.7.

Gill KA, Michczynska DJ, Michezynski A, Piotrowska N, Ustrzycka A. (2023).
Technical carbon black and green technology. Geochronometria. 50(1):250-
256. DOI: 10.2478/geochr-2023-0016.

Gill KA, Michczynska DJ, Michczynski A, Piotrowska N. (2024). Monitoring
of modern carbon fraction in disposable packaging. Radiocarbon, First View.
DOI: 10.1017/RDC.2024.35.

Gill KA, Michczynska DJ, Michczynski A. Bio-carbon content determination
in disposable packaging by liquid scintillation counting. [w:] Monografia POB6
‘Ochrona klimatu 1 $rodowiska, nowoczesna energetyka — wybrane

zagadnienia’, Politechnika Slaska (w druku).

Publikacje we wspolpracy miedzynarodowej (niezwigzane

z doktoratem)

Riaz K, Gill KA, Muhammad S, Ali FI, Javed MN, Wasim AA, Henderson W,
Bari A, Hashmi TA. (2024). 2-Mercaptobenzoic acid-based ionic liquids for
metal extraction from water without additional chelating agent. Journal
of Sulfur Chemistry. DOI: https://doi.org/10.1080/17415993.2024.2336618.
Ali Z, Sajid M, Raza N, Sohail Y, Hayat M, Manzoor S, Shakeel N, Gill KA,
Ifseisi AA, Ansari MZ. (2023). Study of modified biomass of Gossypium
hirsutum as heavy metal biosorbent. Arabian Journal of Chemistry.
DOI: 10.1016/j.arabjc.2023.105332.

Raza H, Ashraf A, Shamim R, Manzoor S, Sohail Y, Khan MI, Raza N,
Shakeel N, Gill KA, El-Marghany A, Aftab S. (2023). Synthesis and
characterization of Hyaluronic Acid (HA) modified polymeric composite for
effective treatment of wound healing by transdermal drug delivery system
(TDDS). Scientific Reports. DOI: 10.1038/s41598-023-40593-9.

Intisar A, Ramzan A, Hafeez S, Hussain N, Irfan M, Shakeel N, Gill KA, Igbal
A, Janczarek M, Jesionowski T. (2023). Adsorptive and photocatalytic
degradation potential of porous polymeric materials for removal of pesticides,
pharmaceuticals, and dyes-based emerging contaminants from water.
Chemosphere. DOI: 10.1016/j.chemosphere.2023.139203.

Muhammad S, Javed MN, Gill KA, Ali FI, Henderson W, Bari A, Musharraf
SG, Baig JA, Hashmi TA. (2022). Selective extraction of heavy metals (Fe, Co,
Ni) from their aqueous mixtures by task-specific salicylate functionalized
imidazolium based ionic liquid. Journal of Cleaner Production.
DOI: 10.1016/j.jclepro.2022.131119.
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ABSTRACT. Wasted tires are the great source of fuel and valuable components but could be a cause of environmental
and land pollution. This study shows the detailed method for the determination of radiocarbon isotope (*C)
concentration in tires and their pyrolysis products. Samples are taken from truck and passenger car tires in the
form of shredded rubber, pyrolysis oil and recovered carbon black. Liquid scintillation counting (LSC) and
accelerator mass spectrometry (AMS) techniques were used for the investigation at Gliwice Radiocarbon and Mass
Spectrometry Laboratory, and National Laboratory for Age Determination, Trondheim, Norway. The results are
in good agreement. Radiocarbon concentration of the rubber varies significantly because of its complex structure
and composition within the tires. The '“C concentration values were found to be higher in pyrolytic oil compared
to rubber, and greater in truck tires rather than car tires.

KEYWORDS: bio-based carbon content, '“C isotope concentration, pyrolysis, radiocarbon methods, waste tires.

INTRODUCTION

Worldwide, the number of scrapped tires that are produced is estimated to be 1 billion per year,
and around 250 million car and truck tires are scrapped each year in Europe, which
corresponds to 3 million tonnes by weight (Kyari et al. 2005). Any kind of recycling may
be extensively limited because of the irreversible chemical structure of the elastomer.
Rubber is the main chemically cross-linking polymer of tires, which is insoluble and non-
fusible, and therefore, cannot be remolded into other shapes without its severe degradation.
Therefore, these scrap tires represent an important environmental problem that needs to be
solved (Kaminsky and Mennerich 2001; Olazar et al. 2008).

Two European Commission directives were attempts by the European Union to control the
management of tires. The first one is the European Commission’s End-of-Life Vehicles
Directives 2000 (Directive 2000), which specified the separate collection of tires from
vehicle dismantlers and boosts the recycling of tires. The second one is Waste Landfill
Directives 1999 (Directive 1999) that banned land filling with tires. Consequently, these
two Directives had an impact on waste tires management throughout the European Union
(Kyari et al. 2005). Directive (EU) 2018/850 which amends Directive 1999/31/EC (Directive
2018) introduced limits on landfilling from 2030 for all wastes that is suitable for recycling.
In the European Union, the disposal rate of tires is close to 100% directed towards
overcoming landfill problems (Sebola et al. 2018), approximately 58% of the tires are
recycled and around 36% are used as energy recovery (ETRma 2021).

There are many ways to effectively deal with waste tires, which are based on two approaches.
The first one involves the energy production by combustion or incineration of the tire; the other
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one is recovery of their components either by hydrogenation, liquefaction, or by the pyrolysis
(Olazar et al. 2008).

Tires are a complex mixture of different materials not only rubber (ca. 40%) but also carbon
black and silica (ca. 25%), metal (steel cord ca. 13% in passenger car tires and ca. 21% in truck
tires) and, moreover, small organic and inorganic components such as oils and resins (6%),
chemicals for vulcanization (6%), and anti-ageing agents. The composition of the tire
depends on its type and, to a lesser extent, the producer (since each producer uses its own
proportions). The main source of biogenic carbon in tires is the natural rubber and, to a
much smaller degree, there are oils, stearic acid, rayon, natural fibers, and cotton in old tires.
The ratio of natural to synthetic rubber is different in passenger car tires compared to truck
tires. (Pehlken and Essadiqi 2005) reported that for passenger car tires it is 14% to 27%, and,
for trucks, it is 27% to 14%. The U.S. Tire Manufacturers Association reported 19% to 24%
for passenger car tires and, 34% to 11% for truck tires (APSnet. 2021). It is noteworthy that
tires have a layered structure, different layers may contain various types of rubber. Starting
from the tire part that is closest to the road surface and moving towards the center of the
tire, the following elements can be distinguished (Continental 2022): (1) tread—natural and
synthetic rubber, (2) jointless cap plies—nylon, embedded in rubber, (3) steel cord for belt
plies—high-strength steel cords, (4) textile cord ply—rubberized artificial silk or polyester, (5)
inner liner—butyl rubber, (6) sidewall—natural rubber, (7) bead reinforcement—nylon or
aramid, (8) bead apex—synthetic rubber, and (9) bead core—steel wire embedded in rubber.

For the recycling of tires, there are many alternatives, like retreading, reclaiming, incineration
grinding, etc., that have been used but all of them have many drawbacks. Pyrolysis is, currently,
gaining new attention for tire recycling purposes; it can be considered as an unconventional method
but it seems to be the most appropriate for complex materials, such as tires that cannot be remolded
(De Marco Rodriguez et al. 2001). Tires are used as fuels and their effective application decreases
the consumption of fossil fuels and energy costs. In this way the emission of further fossil-based
carbon dioxide is also reduced, since the tires contain carbon from fossils themselves. The
composition and combustion properties of tires are almost equivalent or even much improved
compared to coal because of the presence of about 60-70% carbon, 6-7% hydrogen, and high
calorific values (Rodriguez et al. 2017). As a result, the combustion of tires supplies heat and,
in addition, this help to reduce the additional release of CO, and SO, into the atmosphere
(Krajcar Broni¢ et al. 2015; Rodriguez et al. 2017).

The use of biogenic fuels can prevent additional CO, emission into the atmosphere. Until 2010,
the required biogenic content in fuel was 5.75% and, according to EU directives 2009/28/EC, it
was increased to 10% in 2020. Therefore, it is important to determine the biogenic content in
wasted tires in order to check whether the materials and their recycling are eco-friendly. For
this purpose, several methods have been used, but the radiocarbon method is well-known to
provide a perfect means for distinguishing between carbonaceous material of biological and
fossil origin (Krajcar Broni¢ et al. 2017; Oinonen et al. 2010). The dispersal of '*C on Earth
from the atmosphere is governed by the carbon cycle. The radiocarbon method has a wide
range of applications, due to this large scale labelling (Hajdas et al. 2021). The half-life of
the '“C isotope is 5730 years. Therefore, after about 10 half-lives, there is almost no '*C
isotope in the sample. By detecting the ratio of *C/!>C isotopes in a sample, the radiocarbon
analysis can distinguish between the bio and fossil-based carbon (Haverly et al. 2019). Fossil
carbon does not contain '*C anymore, while biomass material contains a certain amount
(depending on the '“CO, value in the atmosphere at the time of uptake). In this paper, we
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Table 1 Characteristics of the standards for determining the content of biocarbon in brief.

Standard Application Short description

International standards: American Society for Testing Materials (ASTM) and International
Standardization Organization (ISO)

ASTM D6866 All bio-based products Bio-based carbon defined as a fraction of the

total organic carbon in a sample.
ISO 16620-2 is equivalent to this standard
ISO 16620-2  Plastics Bio-based carbon content defined as a
Part 2: Determination of fraction of total carbon.
bio-based carbon content ~ Note: it corresponds to “biogenic carbon

content” defined in ASTM D6866.

ISO 19984 Rubber and rubber products Bio-based carbon content defined as in the

ISO 16620-2.
European standards (EN)
EN 16640 All bio-based products Bio-based carbon content defined as in the
ISO 16620-2.
EN 16575 Vocabulary. All bio-based Bio-based carbon content defined as in the
products ISO 16620-2.

investigate the concentration of '4C isotope in waste tire pyrolysis products (such as rubber,
oil, and recovered carbon black) to determine the bio-based carbon content. This
investigation is conducted using liquid scintillation counting (LSC) and accelerator mass
spectrometry (AMS) methodologies at Gliwice Radiocarbon and Mass Spectrometry
Laboratory and National Laboratory for Age Determination, Trondheim, Norway. The
purpose of these studies was not only a quantification of the biocarbon content in the tires, but
also the testing of different measurement techniques. The research with tires from Poland was
inspired by the tests performed on end-of-life tires (ELT) in France and Spain. The reported
radiocarbon concentration in a passenger car, truck and, agro tires was 27-29 pMC, 50-51
pMC and, ca. 30 pMC, respectively (Rodriguez et al. 2017).

There are numerous standards that concern bio-based carbon content, which are founded on
radiocarbon analysis that are applicable to different kinds of samples. Table 1 presents only
those standards that could be applied to the bio-based carbon content found in the
investigated samples.

SAMPLES

The tire rubber and the pyrolysis products, i.e., the recovered carbon black and pyrolysis oil,
analyzed in this project are obtained from Contec Inc. in Warsaw, who deal with tire pyrolysis.
The subsequent stages of the technological process applied by Contec Inc. can be described as
follows:

* Inits first stage, the cord and steel wire are separated from the tires;

* In the mechanical grinding process, different sizes of rubber particles are obtained: rubber
dust, finely ground rubber, granules, or grits;

*  The raw material prepared using this method is s placed into the reactor via a feeder. In
order to remove air from the feeder, the load is purged with nitrogen at the end of the
feeder;
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Table 2 Detailed composition of the samples. Rubber samples were taken immediately after
the mechanical grinding process, rCB samples were collected after their exit from the reactor at
a dedicated sampling point, oil samples were obtained from the oil tanks after passing through
a filtration and sedimentation separation system.

Sample
production Sample
No. cycle code Type of sample Description
1 Ist cycle CONT-1 Pyrolytic oil Unknown mixture of truck and
passenger car tires
2 2nd cycle PCO-2 Pyrolytic oil 100% passenger car tires
3 rCB-2 Recovered carbon 100% passenger car tires
black
4 CR-2 Rubber 100% passenger car tires
5 3rd cycle TCO-3 Pyrolytic oil 70% truck and 30% passenger car tires
6 rCB-3 Recovered carbon 70% truck and 30% passenger car tires
black
7 CR-3 Rubber 70% truck and 30% passenger car tires

* Inthe reactor, with the shape of a horizontal and stationary cylinder, the material is heated
by a heating medium (a mixture of molten salts) with an auger, an anaerobic, and at low
pressure. As a result, low-temperature hydrocarbon decomposition of the organic
compounds occurs and pyrolysis gas and rCB (recovered carbon black) is produced.
The temperature of the reactor is kept at 500°C;

* Approximately 62% (by weight) of the feedstock is decomposed and received as pyrolysis
gas, which is then cooled and liquefied, resulting in an oil fraction and non-condensable
pyrolysis gas. The remaining mass leaves the reactor in solid form as rCB. A special system
collects the recovered carbon black (rCB) from the reactor outlet. The temperature of the
rCB is lowered using a conveyor cooling jacket;

* At the recovered carbon black processing station, the material is subjected to magnetic
separation with a yield of steel by the amount of 4% of the total weight of the wire
(96% is recovered in the first stage); and

«  Pyrolytic gas that is collected from the reactor is directed to the process gas separation
node. The fuel gas produced from the non-condensing part of the pyrolysis gas is then
burned and the heat is used in the process.

Samples were delivered by Contec Inc. in three cycles with different proportions of truck and
passenger car tires. Samples coming from the production cycle are numbered respectively 1, 2,
and 3. The detailed samples categories are described in Table 2.

METHODS

The radiocarbon method was used because of its reliability when determining biogenic carbon
fraction in materials. Benzene-LSC (GdS=GADAM Scintillation), EA-graphite-AMS
(GAA=GADAM AMS), and quratz tubes CuO-graphite-AMS (TRa= Trondheim
Radiocarbon AMS), are used to measure the '“C concentrations in LSC Gliwice
Radiocarbon Laboratory, AMS Gliwice Radiocarbon Laboratory, and National
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Table 3 Details of the pretreatment samples.

Pyrolytic oil Recovered carbon black Rubber

Lab Subsample Subsample Subsample
ID Method size Method size Method size
GdS Benzene-LSC ~7 g Benzene-LSC ~5 g Benzene-LSC 5-6 g
GdA EA-graphite ~2 mg EA-graphite  ~2 mg — —

AMS AMS
TRa Quartz tubes ~2-4mg  EA-graphite 1 mg EA-graphite 1 mg

CuO AMS AMS

Laboratory for Age Determination, Trondheim, Norway, respectively. Total carbon content in
samples was analyzed using VarioMicroCube Elemental Analyzer in Gliwice Radiocarbon
Laboratory with different masses in various experiments, mean of these values together
with the uncertainties are mentioned in the Table 4. Different pretreatment methods are
used for three different laboratories. The type of method and the mass of samples are
mentioned in Table 3.

On the basis of these results the variability of the '*C concentration within the different batches
of tires was analyzed. The differences in the content of the “C isotope in the passenger and
truck tires were also examined.

Benzene Preparation for LSC

For the LSC measurements in the Gliwice Radiocarbon Laboratory, the samples were
converted into benzene (Pazdur et al. 2003). Benzene was prepared by use of carbide
synthesis, hydrolysis, and trimerization of acetylene for each sample. Metal reactors, in
which the carbide synthesis was carried out, were mechanically cleaned before their use,
rinsed with deionized water, and heated in a muffle furnace at a temperature of 700°C.
Removable glass elements from the benzene production line were carefully washed with
deionized water and dried at 80°C. All the chemicals were analytically pure, and the
samples from Contec Inc. were not subjected to chemical pretreatment. Only the rubber
samples were rinsed with boiling water.

Recovered carbon black was directly reacted with lithium to obtain Li,C,. Rubber, as well as
the pyrolytic oil samples in the first step were placed into the internal reactor and then
evaporated in hot lithium positioned at the bottom of the outer reactor. In the second step,
the remainder of each sample from the internal reactor was transferred to the external
reactor, then the reaction of synthesizing lithium carbide with a new batch of lithium was
repeated. For all the samples, a reaction temperature of 700°C was used. The next steps
involve hydrolysis (in which the product is acetylene C,H,) and trimerization (the product
is benzene CgHg). The whole scheme for the preparation of benzene is presented in
Figure 1. Benzene was dried by removal of water molecules with sodium metal and
atmospheric radon was removed by keeping the benzene sample in a refrigerator for a
month, since the half-life of radon is 3.8 days. For the removal of radon, we also followed
a re-sublimation process for the two samples (CONT-1 and PCO-2), (Tudyka et al. 2021)
and involves a mixture of dry ice with ethanol (-78°C) or ice with salt (-21°C).
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Table 4 Results on the concentration of '“C for each sample. Also reported x? values for the samples of pyrolytic oil and recovered carbon
black. The critical y?values for four measurements = 11.34, and for three measurements = 9.21 (with confidence level, o = 0.01). Biocarbon

content was calculated according to the standard (EN16640 2017) for three different REF values.

Biobased carbon content

14C concentration Total carbon (o)

No. Sample Lab code (pMC) X2 TC (0/0) REF2011 REF2006 REF1995
1 CONT-1 GdS-4257 41.95 + 0.37 8.48 84.8 +0.50 40.6 +0.36 39.8 +0.35 37.5+0.33
Pyrolytic Oil GdS-4258 43.43 + 0.38 42.0 £0.37 41.2 +0.36 38.8 +0.34
GdA-6611 42.64 + 0.23 41.3 £0.22 40.5+0.22 38.1 +£0.21
TRa-16675 42.86 + 0.18 41.5 £0.17 40.7 +0.17 38.3 +0.16
2 PCO-2 GdS-4320 41.30 + 0.47 20.83 83.5+25 40.0 £ 0.45 39.2 +045 36.9 +042
Pyrolytic Oil GdS-4365 43.90 + 0.44 without GdS-4320: 42.5+043 41.7+042 39.2 +0.39
GdA-6612 43.49 + 0.23 1.65 42.1 £0.22 413 +0.22 388 +0.21
TRa-16676 43.35 £ 0.11 42.0 £0.11 41.1 +0.10 38.7 £0.10
3 TCO-3 GdS-4373 50.35 £ 0.49 7.46 749 + 7.2 48.7£0.47 478 +046 450+ 044
Pyrolytic Oil GdA-6613 49.76 + 0.24 482 +0.23 472 +023 444 +0.21
TRa-16677 50.47 + 0.10 48.9 £0.10 479 +0.09 45.1 £0.09
4 rCB-2 GdS-4327 5.08 +0.18 0,07 71.7 + 3.5 49 +0.17 48 +0.17 45=+x0.16
Recovered Carbon GdA-6615 5.14 + 0.11 50+011 49+0.10 4.6+0.10
Black TRa-16679 5.17 £ 0.08 50+008 49+008 4.6=+0.07
5 rCB-3 GdS-4394 6.89 + 0.18 19.31 789 + 1.5 6.7+0.17 65+0.17 6.2+0.16
Recovered Carbon GdA-6616 6.92 +0.12 without TRa-16680 6.7+0.12 6.6+0.11 62=+0.11
Black TRa-16680 6.29 + 0.18 0.02 6.1 £0.17 6.0+0.17 5.6 +0.16
6 CR-2 GdS-4337 15.54 + 0.23 x2- N/A 83.7 £ 2.8 148 £0.22 14.5+0.22 13.7+0.21
Rubber TRa-16682a 33.02 = 0.13 320 +0.13 31.3+0.12 29.5+0.12
TRa-16682b 34.71 = 0.10 range: 33.6 + 0.10 329 +£0.09 31.0 +0.09
TRa-16682¢ 22.21 +0.10 15.54-34.71 21.5+0.10 21.1 £0.09 19.8 £0.09
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Table 4 (Continued)

Biobased carbon content

14C concentration Total carbon %)

No. Sample Lab code (pMC) XZ TC (OA)) REF2011 REF2006 REF]995
7 CR-3 GdS-4339 13.59 + 0.23 x2- N/A 749 £ 2.3 129 +£0.22 127+£0.22 119 +0.21
Rubber GdS-4380 25.12 £ 0.22 242 +0.21 237+£021 223+0.20
GdS-4383 20.89 = 0.32 range: 199 £ 0.31 19.5+0.30 184 +0.29
GdS-4370 12.31 £ 0.21 12.31-41.86 1.7+ 020 11.5+0.20 10.8 £0.19
GdS-4375 20.24 + 0.31 194 +030 19.0+£0.29 17.8 £0.28
GdS-4374 13.29 + 0.25 126 £+ 0.24 124 +£0.24 11.7 £0.22
TRa-16683a 18.25 + 0.10 177 £ 0.10 17.3 £0.09 16.3 = 0.09
TRa-16683b 41.86 + 0.15 40.5+0.15 39.7+0.14 374 £0.13
TRa-16683c 14.57 £ 0.11 14.1 +£0.11 13.8 £0.10 13.0 £0.10
TRa-16683d 18.93 + 0.07 18.3 £ 0.07 18.0 £ 0.07 16.9 = 0.06
TRa-16683¢ 22.68 £ 0.10 22.0+0.10 21.5+£0.09 20.3 +0.09
TRa-16683f 21.68 + 0.09 21.0 £0.09 20.6 £0.09 194 = 0.08
TRa-16683g 14.85 + 0.08 144 +0.08 14.1 £0.08 13.3 +0.07
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On heating of sample (pirolithic oil, carbon black, rubber) CO,
produced and react with lithium

!

Carbide Synthesis, 700-C
2C0, + 10Li — Li,Cy + 4Li, 0
is

Hydrolysis
LiyC, + H,0 — C3H, + 2LiOH

Acetylene is produced in reaction of lithium carbide with

deionized water

Purification
K;Cr;05 + H350,
Highly hygroscopic mixture of potassium dichromate with

sulfuric acid is used

Trimerization

3C,H, = CgHyg
Acetylene is trimerized into benzene in the presence of the
chromium catalyst. Catalyst should be preactivated at 600 °C

| |

Drying

Benzene is dried with sodium metal overnight

!

Radon removing

Kept sample for 30 days in -15 °C or Tudyka et al. 2021

procedure
LS /

Figure I Benzene preparation methodology for LSC measurements in Gliwice.

The isotope ratio mass spectrometry (IRMS) is applied when calculating the standardized
isotope fractionation correction and it was used for the measurement of the relative ratio of
the stable carbon isotopes (!*C/'>C) in the samples. The catalytic combustion of the
benzene samples was performed to produce CO, with CuO. ANU-sucrose, NBS-22(oil),
and TAEA-C3 standards were used for the determination of 8'3C of the samples. LSC
measurements were done by a Quantulus 1220™ spectrometer, butyl-PBD was used as
scintillation agent with benzene (Pawlyta et al. 1997).

Graphite Preparation for AMS

AMS measurements were done in two laboratories. All the samples were combusted,
graphitized and measured at the National Laboratory for Age Determination, Trondheim,
Norway. In addition, the pyrolytic oil and recovered carbon black samples were
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graphitized in the Gliwice Radiocarbon Laboratory and the !“C isotope concentration
measurements were made at Poznan Radiocarbon Laboratory.

Graphite Preparation at Gliwice Radiocarbon Laboratory

For the AMS measurements, the graphite was prepared from samples by combustion in an
Elemental Analyzer VarioMicroCube (Elementar) coupled to an AGE-3 graphitization
system by IonPlus AG (Wacker et al. 2010). The radiocarbon backgrounds, and the
graphite preparation method are described in (Piotrowska 2013). The method is used for
the preparation of graphite targets from common samples (plant fossils, charcoal, peat,
shells, and bones) and we used the same method for the oil and recovered carbon black.
Tin boats were used for the solid samples, and tin capsules for the liquid samples were
sealed by a special sealing press. The graphite was analyzed for its '“C concentration by
Poznan Radiocarbon Laboratory (Goslar et al. 2004).

Graphite Preparation at the National Laboratory for Age Determination, Trondheim, Norway

Prior to graphitization of the CO,, the CO, was obtained by certain combustion methods
(which are different for the solids compared to the liquids). Solid samples of rubber and
recovered carbon black were combusted and reduced in an Elemental Analyzer. The oil
samples were frozen and then sealed with CuO in quartz tubes. After combustion in a
muffle oven, the CO, was reduced in the Fe-Zn manual reduction system. Graphite
preparation methods, with backgrounds, are clearly explained in (Seiler et al. 2019).

The determination of the bio-carbon content was based on the standard (EN16640 2017) Bio-
based products—Bio-based carbon content-Determination of the bio-based carbon content
using the radiocarbon method (Polish standard PN-EN 16640).

RESULTS

The results of the '“C isotope concentration in the pyrolysis products of the tires and their
obtained by LSC and AMS measurements from both laboratories, alongside the bio-based
carbon content according to (EN16640 2017), are listed in Table 4. The “C concentration
in samples is reported as the percent modern carbon (pMC), according to (Stuiver and
Polach 1977). Biocarbon content calculations require the adoption of the reference (REF)
value, which amounts to an estimation of the age of the biochar in the tires that are
subjected to pyrolysis. It should be noted, however, that this required an assumption on the
age of the recycled tires. The REF value of 100% bio-based carbon in the determined year
was used and expressed in pMC,based on the data reported by University of Groningen
(Palstra and Meijer 2018; CIO 2022). The recommended service life of tires is around 5
years, but tires are usually 10-15 years old on disposal. Account for the natural rubber
used in the production of tires should also be considered, which originates from the sap of
trees that are 5-25 years old. Therefore, the biocarbon content calculations were performed
using REF values for 2006 = 105.4, 2011 = 103.3 (CIO 2022), and 1995 = 112 (Hua et al. 2021)

DISCUSSION

Figure 2 presents comparisons of the results. The measurement results for the pyrolytic oil and
recovered carbon black, using two techniques and in three different laboratories, display show
good agreement (see the x? values in Table 4). These are homogenized by the pyrolysis process
and should therefore provide reproducible results. We calculated the bio-based content using
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Figure 2 Comparison of the “C isotope measurements. Measurement uncertainties are smaller than the size of the
symbols used.

different REF values and receive some differences. For each sample, the differences in the
biobased carbon content values calculated for different REF values are proportional to the
measured '*C isotope.

Pyrolytic oil from trucks, passenger cars and an unknown mixture of tires give '“C
concentrations of 50.19 + 0.22 pMC, 43.01 + 0.58 pMC and 42.72 + 0.31 pMC,
respectively. Recovered carbon black (rCB) from car tires give '“C concentrations of 5.13 +
0.03 pMC, while from truck tires give '“C concentrations of 6.70 + 0.21 pMGC, it is, thus,
clear that some of the modern carbon from natural rubber converts to recovered carbon
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black in the pyrolysis process. Obviously, most of the organics that results from the
decomposition of these rubbers is found in the pyrolysis oil and its non-condensing
fraction, i.e., pyro gas. Nevertheless, some of the carbon molecules remain in the rCB
structure as shown by the BET results (not presented in this work).

The radiocarbon concentration of the pyrolytic oil and rCB for truck tire samples are higher
than those for passenger car tire since the natural rubber composition is higher in truck tires
(APSnet. 2021). Pyrolytic oil samples have greater '“C concentrations when compared to
rubber samples. In the oil, only the hydrocarbon parts (or such an essence) are present.

The measurement results for the rubber samples are extensively scattered and require a special
discussion. For passenger car tires the '*C concentrations were found in the range 15.54-34.71
pMC, and for truck tires in the range 12.31-41.86 pMC. Most of these results are lower than
the values obtained in the studies of (Rodriguez et al. 2017): 27-29 pMC for passenger car tires
and 50-51 pMC for truck tires. The authors also examined different pieces of rubber from the
same sample, by AMS measurements at the National Laboratory for Age Determination,
Trondheim, Norway, and obtained variations in the results of the “C concentrations
ranging from 22-34 pMC in passenger car tires and 1442 pMC in truck tires.

Small cut pieces of the rubber samples were provided for this study, as a result of a mechanical
grinding process and mixing. LSC results are the average of the multiple pieces, while AMS
results should be considered as point values. We expected that LSC results would converge,
while the AMS results could be scattered. However, a significant spread occurs for both
measurement techniques. This created suspicion that the obtained samples were not
representative samples. Indeed, the co-authors from Contec Inc. explained that the rubber
samples that were sent for testing mainly originated from the tread area, which explains the
much lower concentration of *C in the rubber compared to the pyrolysis oil. To obtain a
representative sample, it would be necessary, for example, to sieve a finer fraction from a
large batch of material. Since this action is not necessary from the point-of-view of the
company dealing with tire pyrolysis, any tests can be performed for the selected type of tire
by collecting sub-samples by yourself.

CONCLUSION

Three different sample pretreatment methods and two different '*C measurement methods
were applied in the study. All the methods seem to be suitable and reliable for the
investigation of the pyrolysis products from tires, as the measurements were performed in
various laboratories and using different techniques that showed a compliance of the results.
Only in the case of the measurements for the shredded tire rubber was it found that the
provided samples were not representative of the entire batch of tires, which were subjected
to the pyrolysis. In subsequent tests, it is planned to perform the measurements for rubber
from different parts of a given type of tire. Further tests are required to determine the
optimal REF value for calculating the biocarbon fraction in the type of samples that were
tested.
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Abstract

Carbon black (CB) is produced through the incomplete combustion of biomass or thermal decomposition in an
oxygen-deprived environment. Technical carbon black (TCB) primarily consists of elemental carbon and comes in
various grades distinguished by surface area and nanostructure morphologies. However, TCB production raises
sustainability concerns due to its reliance on non-renewable feedstock, significant CO, emissions and high energy
consumption. TCBs find extensive use as reinforcing fillers in the tire and rubber industries. Recent studies under-
score the importance of eco-friendly alternatives. This research was carried out to monitor the renewability of the
TCB samples by determining the **C isotope concentration. Liquid scintillation counting (LSC) and accelerator mass
spectrometry (AMS) radiocarbon techniques were employed for measuring the “C isotope concentration, while
isotope ratio mass spectrometry (IRMS) corrected standardised isotope fractionation correction. The investigation
revealed that the examined TCB samples contain extremely low **C concentrations, measuring <1 per cent modern
carbon (pMC). This finding raises concerns regarding potential environmental ramifications.

Key words:
technical carbon black, *“C isotope concentration, liquid scintillation counting, accelerator mass spectrometry,
isotope ratio mass spectrometry

1. Introduction According to the Association of Natural Rubber Producer

Countries (ANRPC), the worldwide production and con-

Industrial or technical carbon black (TCB) is primarily
manufactured via incomplete combustion of hydrocarbons,
although thermal decomposition in oxygen-deprived con-
ditions can also yield it. The industrial-scale production of
TCB involves meticulously controlled processes, employ-
ing precise techniques and measurements to ensure distinct
properties that differentiate it from soot a contaminated by-
product (Donnet, 2017; Khodabakhshi et al., 2020).

The significance of natural rubber for humans has
increased steadily over the past century (Fan ef al., 2020).
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sumption of natural rubber show annual increases of 0.3%
and 3.5%, respectively ANRPC. TCB plays a crucial role as
a reinforcing filler in tires and rubber goods. Additionally,
it finds applications in pigmentation for plastics, printing
inks, coatings and other applications aimed at modify-
ing their mechanical, optical and electrical properties. Its
incorporation into rubber alters its behaviour, enhancing
abrasion resistance, tensile strength, tear resistance and
failure characteristics (Kunioka et al., 2014; Donnet, 2017,
Robertson and Hardman, 2021).
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Over 90% of TCB is composed of pure elemental car-
bon, where tine and spherical carbon atoms combine to
form aggregates. To achieve various property balances,
TCBs come in a variety of grades with a wide range of par-
ticle sizes, based on surface areas, aggregate morphologies
with nanostructures, amount of ash and other compounds
(Contec; Robertson and Hardman, 2021). The classifica-
tion of rubber-grade carbon black (CB) follows the ASTM
number system and the four-character nomenclature sys-
tem. The first character ‘N’ indicates the influence of TCB
on the curing rate of typical rubber. The second character
indicates the average surface area of the TCB, while the
last two characters are arbitrary (ASTM:D1765-17). The
most typical TCB with a mean particle surface size is refer-
enced in (Fan ef al., 2020).

Globally, approximately 15 million metric tonnes of
TCB are produced annually, with about 93% directed to
rubber industries. Of this, around 73% is used for tire pro-
duction, and the remaining 20% in various other rubber
appliances. The residual 7% is used for the production of
coatings, inks, plastics and paints (Robertson and Hardman,
2021). According to Pehlken and Essadiqi (2005), tires are
a complex mixture with a reinforcing agent of CB with
silica (ca. 25%) and about 32% of CB can be recovered by
tire pyrolysis.

The production of TCB is classified as unsustainable
as it utilises non-renewable feedstock, also the production
contributes significantly to CO, emission and energy con-
sumption. As a result, research on green fillers has gained
increasing attention, especially for by-products from indus-
trial or agricultural waste and recyclable materials (Fan
et al., 2020).

According to Intharapat et al. (2013) and Fan et al.
(2020)), the non-biodegradability of petroleum-based CB
feedstock can be the cause of serious environmental prob-
lems. Various research studies are being performed to trans-
form the dependence of CB feedstock to renewable mate-
rial resources over fossil fuel. Recyclability, utilisation,
low cost and easy availability are the main factors when
considering new feedstock. Therefore, CB industries have
adopted biobased biodegradable materials as new feed-
stock, consisting of natural fibres (from natural resources),

Table 1. Details of the TCB samples (Contec; Fan et al., 2020).

sawdust and rice husk (from industrial by-products)
and rice husk ash (from industrial waste material). The idea
has become more tempting from an ecological or com-
mercial point of view as the use of such kinds of materials
can transform the refuse into no damage or even desirable
materials.

Radiocarbon analysis can distinguish between fossil and
biobased carbon by detecting the '*C/'2C isotope ratio within
the sample (Haverly et al., 2019; Gill et al., 2022). Fossil
materials do not contain '*C isotope after about 50,000 years,
as the half-life of the "C isotope is 5700 + 30 years
(Kutschera, 2019). This research was carried out to verify
the renewable material used in the production of TCB sam-
ples of different grades, by '*C determination.

There are currently no applicable standards specify-
ing the requirements for a specific amount of biocompo-
nents in TCB. However, the determination of the content
of bio-based carbon in various materials can be carried
out in accordance with the ASTM D6866 or EN 16640
standard. The EN16640 2017 standard applies in Poland
and the measurements were carried out in accordance
with it. The samples were analysed by two radiocarbon
techniques, liquid scintillation counting (LSC) and accel-
erator mass spectrometry (AMS), at the Gliwice “C and
Mass Spectrometry Laboratory. Isotope ratio mass spec-
trometry (IRMS) measurements were used for the isotope
fractionation correction.

2. Materials

In this study, four TCB samples of varying grades under-
went examination. Currently, there are no existing stan-
dards specific to TCB samples. Nonetheless, the establish-
ment of such standards is anticipated in the near future
given the growing focus on environmental preservation.
Manufacturers of CB typically do not disclose information
regarding the presence of bioactive materials. However,
exploring the viability of using the '*C method to ascertain
the modern carbon content holds significance. The samples
were sourced from Contec Inc. in Warsaw, Poland, and the
details pertaining to each sample are outlined in Table 1.

No. Sample code Surface area (m?/g) Application

1. TCB-N330 76-80 Medium-high reinforcement. Used as tread, carcass and sidewall compounds for tires and rubber goods.

2. TCB-N550 39-41 Medium-high reinforcement. Used in inner liners, carcass and sidewalls for passenger tires and rubber
goods.

3. TCB-N660 34-36 Medium reinforcement. Used in inner liners, sidewalls, sealing rings, cable jackets, rubber moulding and
extruded items.

4. TCB-N772 31-32 Semi-reinforcement. Used as inner liners of tires and rubber goods.
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3. Methods

The samples were prepared and analysed at the Gliwice
C and Mass Spectrometry Laboratory in the frame of the
Institute of Physics — Center for Science and Education,
SUT, Poland (Pawlyta et al., 1997; Pazdur et al., 2003;
Piotrowska, 2013; Gill et al., 2022).

3.1.%C Analysis by LSC and **C by IRMS

Quantulus 1220™ liquid scintillation § spectrometer, was
used for LSC measurements to determine the '*C isotope
concentration (Pazdur et al., 2003). Butyl-PBD as scintil-
lator, ANU-Sucrose as standard and Commercial Polish
Analar-grade benzene was used as a background for LSC
measurements (Pawlyta et al., 1997).

Liquid scintillation spectrometry is used for the
B-emitting isotopes such as '“C. In general, for LSC mea-
surements, the sample preparation method passed through
sample combustion (organic matter is transformed into
CO,) followed by benzene formation with the CO, and
then mixing with a scintillation cocktail (Gill et al., 2022).
All chemicals were analytically pure. The samples were
directly used for benzene preparation without any chemi-
cal pretreatment. The metal reactors were mechanically
cleaned, rinsed with deionised water and heated at 700°C
in a muffle furnace for some hours. Glassware for the ben-
zene production line was cleaned with ethanol and then
with deionised water and dried at 80°C.

TCB samples were directly reacted with lithium metal,
in a proportion of 1:1, to obtain lithium carbide (Li,C,) at
700°C of temperature. This reaction took place in a metal
reactor for about an hour under controlled pressure condi-
tions. In the next step, Li,C, is hydrolysed by deionised
water to produce acetylene (C,H,), which is purified by
a highly hygroscopic mixture of potassium dichromate
(K,Cr,0,) and sulphuric acid (H,SO,). C,H, is trimerised
to benzene using a preheated chromium catalyst (at 600°C
~0.5 h). The water molecules from the benzene samples
were removed by keeping the sample in sodium metal for
24 h, followed by sublimation. Atmospheric radon was
removed by keeping the benzene samples in the refrigera-
tor (at —15°C) for a month, since the half-life of radon is
3.8 days. The complete process for preparing benzene is
detailed in (Gill ez al., 2022).

IRMS method is applied to calculate the standardised
isotope fractionation correction (Stuiver and Polach, 1977;
Multiflow, 2012; Agnihotri et al., 2014). It was used for
the measurements of the relative ratio of stable carbon
isotopes as 8"°C (3C/™C). About 5 pL benzene sample
(prepared for the purpose of LSC measurement) was com-
busted with ~300 mg of CuO in Simax tubes at 560°C for
~12 h. CO, was purified using a dry ice water trap with an
ethanol mixture 78°C) and the pure CO, gas was collected

using liquid nitrogen. NBS-22 (oil; ~2 mm), IAEA-CH-6
(formerly, Sucrose ANU; ~3 mg) and WZS (lake sedi-
ment, our internal standard; ~2 pg, [Ustrzycka, 2020])
were directly combusted with CuO under same conditions.
Standard 8"C values of NBS-22 (oil; 8"C = -30.03%0
(IAEA-NBS), TAEA-CH-6 (formerly, Sucrose ANU;
d13C =—-10.45%o; [TAEA-CH-6]) and WZS (lake sediment,
d13C = -5.06%o, [Ustrzycka, 2020]) were used for the cor-
rection of 8"°C measurements. The IsoPrime 100 spec-
trometer with a continuous flow regime was used for the
d"3C measurements. The spectrometer is connected to the
MultiFlow system and the Gilson GX-271 autosampler.
MultiFlow is a multipurpose-automated preparation sys-
tem that is used to carry out online headspace sampling
followed by isotope analysis with IsoPrime 100 spectrom-
eter. The system is designed for high-performance analysis,
allowing multiple injections of individual samples. The sys-
tem extracts gas mixtures from the headspace sample vial.
The MultiFlow can be used for the measurement of 6"*C in
CO,. The MultiFlow system is designed to automatically
extract and purify the CO, from a sample and then transfer
it to the mass spectrometer. The gas is then sampled with
the needle, separated by chromatography and passed to the
IsoPrime for isotopic analysis (Multiflow, 2012; Agnihotri
et al., 2014). *C concentrations were corrected for isotope
fractionations by using measured 8'*C according to Stuiver
and Polach (1977) equation:

2(25+513C)} 0

Aoy = Ao |1
R S{ 1000

where
A, —measured "“C concentration
A, — corrected *C concentration.

The uncertainty for 3"*C values were calculated as a
standard deviation of the mean value of the samples multi-
plied by the Student-Fisher coefficient.

3.2. C Analysis by AMS
The VarioMicroCube Elemental Analyzer coupled with an
automated graphitisation equipment (AGE-3) system by
IonPlus AG was used for the determination of total car-
bon content in samples and graphitisation (Némec et al.,
2010; Wacker et al., 2010b). MIni CArbon DAting System
(MICADAS) accelerator (Synal et al., 2007) and BATS
software (Wacker et al., 2010a) were used for the AMS
measurements. Oxalic acid (II) was used as a standard,
while coal and phthalic anhydride were used to control the
background of AMS measurements.

AMS measures the ratios of “C/"?C and "*C/"?C pre-
cisely. No chemical pretreatments were used for AMS
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measurements. Approximately 1 mg of the sample was
placed in tin boat capsules. The samples underwent com-
bustion in an elemental analyser to generate CO, gas. This
gas was subsequently graphitised using AGE in the presence
of H, and Fe powder (Wacker et al., 2010b). The graphite
samples were pressed into target holders (cathodes) at a
pressure of 4 bar and sealed with a Cu pin. The *C con-
centrations were measured by MICADAS accelerator mass
spectrometer (Synal et al., 2007) and BATS software was
used for the “C concentration calculations (Wacker et al.,
2010a). Oxalic acid (II), coal and phthalic anhydride were
used as the standard and background samples, respectively.

4. Results and discussion

The results for the '“C isotope concentration alongside bio-
based carbon content according to (EN16640, 2017) from
LSC (lab code GdS) and AMS (lab code GdA) laboratories
are listed in Table 2. '*C concentrations are reported in per
cent modern carbon (pMC) (Stuiver and Polach, 1977).
3"13C values are reported in per mil (%0) VPDB and were
used for the standardised isotope fractionation correction
for LSC measurements. The atmospheric correction factor
(REF) in the determined year of 100% bio-based carbon

was used to calculate bio-based carbon content, based on
data reported by (CIO, 2022; Hua et al., 2021). Bio-based
carbon content calculations for TCB samples were per-
formed using REF values for several years and found the
highest bio-based carbon fraction with 100 REF values
for 2022 (CIO, 2022), listed in Table 2. For AMS mea-
surements, the measured “C content of TCB was at the
same level as background graphites (0.5 pMC for coal and
0.35 pMC for phthalic anhydride), therefore the reported
values for TCB were not corrected for background and
the calculated bio-based carbon content for these samples
would be the upper limit. However, the specificity of LSC
measurements requires the subtraction of the background,
which largely comes from natural radiation. The average
value of background measurements for the measuring de-
vice used is 0.3587 pMC with an uncertainty of 0.0037
pMC.

The C isotope concentrations of TCB samples, catego-
rised into four different grades, were measured by LSC and
AMS spectrometry. Table 2 presents the “C concentration
obtained via LSC and AMS, the corresponding 6'*C val-
ues, and bio-based carbon content calculated in accordance
with (EN16640, 2017) for each sample. Fig. 1 provides a
graphical representation of the “C concentration values
along with their associated uncertainty.

Table 2. The *C isotope concentrations are mentioned in pMC for the four different classification categories of TCB samples. 6°C obtained by IRMS (*)
and from the AMS measurements (**). The results were corrected for isotope fractionation. The critical y? values for confidence level = 0.01 and four
measurements = 11.34, for three measurements = 9.21 and for confidence level o: =0.05 and four measurements = 7.81, for three measurements = 5.99.

Bio-based carbon content was calculated according to (EN16640. 2017; CIO, 2022), 100 REF is used for the year 2022 (CIO, 2022).

No. Sample Lab code Sample Total Carbon 813CVPDB 4C conc. x? Bio-based car-
name mass (%) (%o) (pMC) bon content (%)

1. TCB-N330 GdS-4543 6.08 g -32.44 £0.11%* 0.589 + 0.084 6.66 0.589 +0.084

2. GdA-7138.1.1 1.81 mg 99.75+0.93 —29.20** 0.436 £ 0.033 Without 0.436 £ 0.033
GdS-4543

3 GdA-7138.1.2 0.99 mg —-30.60** 0.410+0.038 0.410+0.038

' 0.28

4. TCB-N550 GdS-4552 4.02¢g —30.417 +0.072* 0.189 + 0.063 30.76 0.189 +0.063

5. GdA-7137.1.2 0.98 mg 97.5+23 —25.70** 0.508 +0.033 Without GdS- 0.508 +£0.033
4552

6 GdA-7137.1.3 2.05mg —28.80** 0.500 + 0.035 0.500 +0.035

’ 0.03

7. TCB-N660 GdS-4554 391g —31.82 +0.44* 0.908 + 0.092 51.09 0.908 +0.092

8. GdA-7139.1.1 2.19mg 98.1+1.9 —28.80** 0.489 +0.033 Without GdS- 0.489 +£0.033
4554

9. GdA-7139.1.2 1.90 mg —36.60** 0.350+0.043 0.350 +£0.043
24.17

10. GdA-7139.1.5 1.09 mg —29.30** 0.600 + 0.031 0.600 +0.031

11. TCB-N772 GdS-4555 3.89g —31.453 £ 0.020* 0.124 £0.091 22.45 0.124 +£0.091

12. GdA-7140.1.2 2.03mg 98.9+1.0 —33.00** 0.380 +£0.043 Without GdS- 0.380 +£0.043
4555

13. GdA-7140.1.3 2.03mg —32.90** 0.350+0.043 0.350 +£0.043
5.58

14. GdA-7140.1.4 1.01 mg —28.90** 0.470+0.035 0.470 +0.035
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Fig 1. Comparison between AMS and LSC **C isotope measurements. ‘e’ AMS measurement results, ’ LSC measurement results.

For the TCB-N330 sample, the *C concentration was
measured at 0.436 £ 0.033 pMC and 0.410 £ 0.038 pMC
via AMS and 0.589 + 0.084 pMC via LSC. The AMS and
LSC measurements demonstrate agreement.

In the case of the TCB-N550 sample, the '“C concentra-
tions were 0.508 £ 0.033 pMC and 0.500 = 0.035 pMC
from AMS, and 0.189 + 0.063 pMC from LSC. These
results indicate a statistical inconsistency between AMS
and LSC measurements.

For the TCB-N660 sample, the *C concentrations were
0.489 £ 0.033 pMC, 0.350 £ 0.043 pMC and 0.600 £ 0.031
pMC by AMS, and 0.908 £ 0.092 pMC by LSC. The AMS
and LSC measurements present statistical inconsistency.
The AMS results for this sample demonstrate considerable
scatter and do not pass the consistency test.

Regarding the TCB-N772 sample, the '“C concentrations
were determined as 0.380 £ 0.043 pMC, 0.350 + 0.043 pMC
and 0.470 £ 0.035 pMC using AMS, and 0.124 £ 0.091
pMC using LSC. Similar to previous cases, the AMS and
LSC measurements are statistically inconsistent.

To explain the disparities in measurement results
between LSC and AMS, the authors are inclined to support
the hypothesis suggesting sample inhomogeneity, which
could be because of the ash contamination, the presence
of hydrogen atom (provided by the original hydrocar-
bon feedstock), four-general oxygen-containing chemical
groups and sulphur (Contec; Fan ef al., 2020). The ASTM

D-1506 standard (ASTM:D1506-15, 2020) states that the
ash content in TCB should not exceed 1%, but different
grades of TCB can vary in ash content within the permis-
sible 1%. Larger particles such as ash could be included
more in large samples for LSC than in AMS samples, also
the ash content tends to be larger for the samples with lower
surface area/mass ratios. This supposition finds potential
validation in the scattered AMS measurements for the
TCB-N660 sample. Additionally, discrepancies in 8'*C val-
ues among subsamples of the same TCB, analysed via the
AMS technique, lend credence to the notion of heterogene-
ity within the tested samples. The most notable variations
are observed within the TCB-N660 sample.

The results obtained from measurements using two
techniques (AMS and LSC) indicate a very low (<1 pMC)
concentration of '*C in the tested samples. This suggests a
substantial presence of fossil components in samples, indi-
cating their production before the use of biogenic mate-
rial. The Reference Value (REF) for the year of biomass
formation is required to calculate the content of bio-based
carbon in the sample (EN16640, 2017). This value cor-
responds to the *C activity of pure biomass. The highest
bio-based carbon content is determined using the REF
value corresponding to the year 2022, set at 100 pMC.
Therefore, the bio-based carbon content ratio corresponds
to the “C concentration within the sample. In our previous
research (Gill et al., 2022), we measured the “C isotope
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concentration in recovered CB samples obtained from the
pyrolysis of truck and passenger car tires to be between 5
pMC and 7 pMC (Gill et al., 2022). This variation could
be attributed to the conversion of some modern carbon
sourced from natural rubber into recovered CB during the
pyrolysis process.

5. Conclusion

TCB samples underwent analysis in this study. The “C
isotope concentrations were measured in the samples using
LSC and AMS radiocarbon techniques at the Gliwice *C
and Mass Spectrometry Laboratory. These TCB samples
were sourced from the Contec Inc. Company. According to
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MONITORING OF MODERN CARBON FRACTION IN DISPOSABLE PACKAGING
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ABSTRACT. Radiocarbon (*C) methodology was used to investigate the presence of biocarbon in different bio-based
disposable packaging products. Packaging waste contributes to a municipal solid waste, which is increasing
environmental concerns and resulting in the enhancement of EU regulations that aim to reduce packaging waste. The
14C amount in samples reflects how much of the biocarbon has been used. In this study, the concentration of '*C was
determined in commonly used types of disposable packaging, such as cups, plates, straws, cutlery, and baking paper.
Samples were made of materials such as paper, wheat bran, sugarcane, and wood. The mean concentration of the '4C
isotope, measured by the accelerator mass spectrometry (AMS) technique, is greater than 100 pMC in all tested
samples, indicating that the samples are modern. The relatively high '4C concentration values in the waterproof layer of
the sample indicate that bioplastic, rather than plastic, was used in its production. The highest “C isotope
concentration values were measured for samples that used the oldest biomass (wood and paper), and the lowest for
products from current crops (sugarcane and wheat bran), which is consistent with the trend of changes in '*C
concentration in the biosphere. The study also addresses the problem of heterogeneity and representativeness of
subsamples.

KEYWORDS: AMS, '“C concentration, disposable packaging, environmental protection.

INTRODUCTION

Disposable packaging materials (DPMs) are typically single use items and commonly used for
enclosing or protecting food products during storage, sale, delivery and for the regular use
mainly at restaurants (Tallentire and Steubing 2020). For packaging applications, a variety of
materials are used, comprising plastic, bioplastics, paper or pulp-based products, metal, wood,
glass, and a variety of composites made from multiple elements(Davis and Song 2006). In
Europe, from 2009 to 2019, paper and cardboard (32.3 million tons in 2019) were the main
packaging material followed by plastic (15.4 million tons in 2019) and glass (15.2 million tons
in 2019) (Eurostate 2022). The aim of this paper closely falls within the European waste
Directive (EU) 2018/852, which intends to harmonize national measures for packaging and
waste management policies in order to prevent environmental impacts (Davis and Song 2006;
Directive2018/852(EU)).

Reuse and recycling are the two most crucial techniques in the development of the circular
economy (Di Foggia and Beccarello 2022). In Europe the recovery in total waste treatment
increased significantly from 46% in 2004 to 60% in 2020 (39% for recycling, 15% for
backfilling, and 6% for energy recovery), whereas the disposal in total waste treatment
decreased from 54% in 2004 to 45% in 2020 (Eurostate 2020).

Regarding energy use, greenhouse gas emissions, and their contribution to an increase in trash,
plastic food packaging has an impact on the environment (Jezewska-Zychowicz and Jeznach
2015). Biodegradable polymers have become the topic of current research due to their potential
biodegradability and nontoxicity, but still there is a long way to go in order to overcome the
global plastic pollution through biodegradable plastics (Shen et al. 2020). Growing empbhasis
has been paid in recent years, especially in European (EU) members, to the development of
biodegradable packaging materials made from renewable natural resources (mainly from corn
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and sugarcane) in order to contribute for sustainable development and also can reduce
environmental impact upon disposal, if managed properly (Davis and Song 20006).

Green packaging is the one of the main aspects of green logistics activity, which aimed to
minimize resource utilization and environmental pollution. Green packaging is being
developed to make packages that are lightweight, recyclable, reusable, and biodegradable
and to prohibit the use of non-ecological products (Zhang and Zhao 2012).

By using agro-industrial plants products and by-products to produce biodegradable packaging
can be turned into goods with a high added value while using less conventional nonrenewable
packaging. The pandemic scenario increased the food packaging market (Barone et al. 2021).

According to Directive2018/852(EU), bio-based recyclable packaging and compostable
biodegradable packaging could be a way to promote renewable sources for packaging
production. DPMs prepared from sugarcane or paper can be a source of valuable resources and
can overcome the plastic problem. Sugarcane plates are made from renewable sugarcane pulp so
the compositing takeaway packaging minimizes the greenhouse gas emissions and improves the
soil quality (APSnet 2022). Production or recycling of DPMs in industries causes CO, emission,
which is seen as a global hazardous because of its properties like greenhouse gas. CO, emission
can be reduce by the use of renewable (biogenic/bio-based) resources (Rodin et al. 2020). New
paper production from waste paper requires less energy and emits less amount of greenhouse
gases than producing the same amount of paper from virgin materials, thus the recycling of waste
paper could be beneficial to the environment (Merrild et al. 2008). Recycling of about 1 ton of
paper can save slightly more than 2 tons of wood. The energy information administration that
40% reduction in energy paper is produced by paper recycling verses paper production by
unrecycled pulp, while the Bureau of International Recycling (BIR) claims a 64% reduction
(WKPD). Radiocarbon analysis can distinguish between fossil and bio-based carbon by
detecting '“C/'*C isotope ratio in the sample (Haverly et al. 2019; Gill et al. 2022). After about
50,000 years, samples do not contain '“C isotope, as its half-life is 5700 years (Kutschera 2019).
Several methods have been used to determine the biocomponent content in different materials,
but the radiocarbon method is known to distinguish between carbonaceous material of fossil and
biological origin (Krajcar Broni¢ et al. 2017). Many studies have been done to check the
renewability in different kinds of materials in terms of biogenic carbon determination. Stable
carbon isotope ratio measurements have proved to be an acceptable method of distinguishing
between C, plant plastics and petroleum plastics (Santos et al. 2019). Quarta et al. (2013)
determined biobased content in plastic (polyester resins). Ploykrathok and Chanyotha (2017),
Santos et al. (2019), and Telloli et al. (2019) measured biogenic carbon fraction in plastic
materials, and Huels et al. (2017) and Pigorsch et al. (2022) analyzed paper materials.

In this paper '*C isotope concentration in DPMs was monitored, to make sure if indeed, the
materials contain some concentration of biogenic carbon to cause a green effect in recycling.

MATERIALS AND METHODS

In this study we examine 10 different kinds of DPMs, which include paper, wood, sugarcane,
and wheat bran type materials. Samples were collected from different packaging production
companies in order to investigate different varieties of typical packages: paper cups, plates,
straws, food boxes, and also baking paper, wheat bran plates, and wooden cutlery.
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14C Analysis by AMS

All of the samples were prepared and analyzed at Gliwice '“C and Mass Spectrometry
Laboratory in Institute of Physics — Centre for Science and Education, Division of
Geochronology and Environment Isotopes. A VarioMicroCube Elemental Analyzer (EA)
coupled to an AGE-3 graphitization system by lonPlus AG was used for the determination of
total carbon content in samples and for graphitization, as it is the efficient, fast and convenient
sample preparations for radiocarbon measurement (Wacker et al. 2010b). Tin boat capsules
were used with ~4 mg of sample. CO, is produced by the sample combustion with the
Elemental Analyzer, and Automated Graphitization Equipment (AGE) produces graphite by
reducing this CO, with H, on iron powder. The obtained graphite is pressed into the target
holders (cathodes), two times at a pressure of 4 bar for the proper pressing. A Cu pin is used to
seal the graphite.

MICADAS accelerator mass spectrometer was used for “C concentration measurements
(Synal et al. 2007) and BATS software for calculations of *C concentration (Wacker et al.
2010a). Oxalic Acid IT was used as standard. Anthracite, phthalic acid, and fossil fuel were used
as backgrounds.

For DPMs, no chemical pretreatments were used for AMS measurements. Only small masses
of the tested material are used for AMS measurements, which in the case of samples with
complex structures may be a source of non-representative results if only one subsample is
selected for measurements. Therefore, two batches of samples were analyzed. In the first batch,
a small subsample was taken from a random place in the case of each sample, whereas in the
second batch, different layers of samples were tested. Other than baking paper and wooden
cutlery, all DPMs samples are taken as outer layer, inner layer, mixture of outer and inner
layer. In case of paper cup samples, three AMS measurements were performed for each of the
tested layers to check the consistency of the results. The measurements for the thin outer layer
which potentially contains plastic seemed particularly interesting. In the case of baking paper,
only two types of subsamples were analyzed, including the original form (two random
subsamples) and carbonized form. In the case of wooden cutlery, samples from the fork, knife,
their mixture, were analyzed. We examine the different subsamples to test whether plastic or
bioplastic was used to make the waterproof layer.

Due to the different weight ratio of the possible plastic or bioplastic layer to the inner layer,
depending on the sampling site, small samples may not be representative. In order to avoid
the influence of different mass proportions of the waterproof layer and the inner paper layer,
and its effect on the results of '“C concentration measurements, samples need to be
homogenized. Mechanical homogenization of samples can be time-consuming. The best
solution would be to combust a larger mass of the sample in vacuum conditions in the
presence of reagents (Ag and CuO), and then convert the resulting CO, into graphite. This is
typical solution used for small samples in AMS laboratories. Due to the lack of dedicated
vacuum line for combustion larger masses of samples, it was decided to test applicability of
carbonization with limited oxygen available. Carbonization of large mass (~24 g) of samples
was carried out in a metal reactor with a small hole in the lid, minimizing the access of air, in a
muffle furnace at a temperature of 700°C for 7 to 10 minutes and grinded into powder form
after cooling.
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RESULTS

14C concentration results of DPMs from AMS laboratory (with lab code GdA) are listed in
supplement. “C concentration in samples is reported as percent modern carbon (pMC),
according to (Stuiver and Polach 1977). Total carbon concentration data is obtained by
combusting samples in EA with different masses in three experiments, mean of the three values
are provided in Supplementary Material.

DISCUSSION

Determination of '“C concentration in disposable packaging was conducted. Supplement
represents the total carbon content, '*C concentrations, and 8'*C of each sample. It should be
noted that the given §'C values are values measured using the AMS method and therefore also
take into account the isotopic fractionation that takes place during the measurement. Figure 1
presents the graphical view of pMC values with uncertainties.

All samples gave a mean of '“C concentration higher than 100 pMC, which means the samples
are modern thus the recycling of such samples will be a green recycling. All DPMs from paper
material gives '4C concentration between 100—~112 pMC in random subsamples, corresponding
to the “C concentration in packaging paper reported in (Huels et al. 2017; Pigorsch et al. 2022).

It is well visible that for samples of sugarcane plates (QSCP-1) and boxes (BSCB-9), paper plates
(QPP-5, QBPP-7 and BPP-10), backing paper (QBP-3), and wheat bran plates (VWBP-8), the
4C concentration values for small subsamples are consistent within a single or double
uncertainty. This agreement is confirmed by the results of the chi-square test presented in Table 1,
and for these samples, the weighted mean, as a measure of the '4C isotope content in the whole
tested sample, can be calculated. The remaining three tested packages (QPC-2, QPS-4, QWC-6)
are characterized by a large dispersion of results. This can be a result of the non-homogeneity of
the samples. We selected one of these samples, namely QPC-2, to test which layer was causing the
scatter. For that sample, we performed three measurements for the outer layer, the inner layer
and the mixed outer and inner layers (see Supplement).

The sample QPC-2 was a paper cup, coated with waterproof material in outer most part (both
sides) with a thin inner layer. The '*C concentration from the outer layer are varied between
93.95 + 0.28 and 105.46 + 0.33 pMC showing non-homogeneity of this layer. These values are
much lower than for the inner layer. Similar, lowered pMC values in plastic packaging
materials are reported in Ploykrathok and Chanyotha 2017; Santos et al. 2019; Telloli
et al. 2019.

Measurements for the inner layer are highly consistent, and weighted mean for this layer is
equal to 114.54 + 0.19 pMC. The mixture of outer and inner layer subsamples gives '“C
concentration from the value range 106.07 + 0.30 - 108.37 + 0.34 pMC, which is consistent
with the average value calculated from results of outer and inner layers (106.79 + 0.32 pMC).
The sample with lab code of GdA-6806.1.1 (random sample) yielded “C concentration of
100.61 + 0.34 pMC. As random sample was taken directly without selecting any layer so the
decreased '“C concentration could be the result of the bigger proportion of outer to the inner
layer in it. The carbonized sample yielded 113.7 £ 0.36 pMC. This value is between the
extremes obtained for the small subsamples. It may therefore represent a realistic average value
for the concentration of '*C in the total sample.
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For sample QPS-4, there is visible high variation in '*C concentrations for all subsamples. The
sample was from the paper straws, composed of thick waterproof layer and a thin paper layer.
The '“C concentration from the outer layer is 100.04 + 0.33 pMC which is little lower than the
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Table 1 Results of testing the consistency of received results. A) testing the consistency of small subsamples (random, inner layer, outer
layer, and mixed) results by meaning of chi-square (x?) test. Critical x> values for confidence level a = 0.05 and for 4 measurements = 7.81, for
3 measurements = 5.99, and for 2 measurements = 3.84. For consistent results weighted mean was calculated. B) testing the consistency of
weighted mean for small subsamples and result for large (carbonized) sample by meaning of t-test.

Statistical consistency of small
samples results,

Weighted mean with

uncertainty for small samples

Statistical consistency of the weighted mean for
small subsamples and results for carbonized

Sample code test x> [pMC] sample, t-test

QSCP-1 6.27 < 7.81 — consistent results 99.94 + 0.16 0.95 — consistent results

QPC-2: Inconsistent results NA; range NA
93.95-114.69

QPC-2: Random NA NA NA

QPC-2: Outer layer Inconsistent results NA; range NA
93.95-105.46

QPC-2: Inner layer 0.29 < 5.99 — consistent results 114.54 £ 0.19 2.07 — consistent results

QPC-2: Mixed Inconsistent results NA; range 106.07-108.37 NA
layer
QBP-3 1.13 < 3.84 — consistent results 106.97 + 0.24 1.99 — consistent results
QPS-4 Inconsistent results NA; range 98.21-108.46 NA
QPP-5 1.75 < 7.81 — consistent results 111.75 + 0.18 1.27 — consistent results
QWC-6 Inconsistent results NA; range 114.72-136.53 NA
QBPP-7 5.90 < 7.81 — consistent results 107.96 + 0.18 5.04
VWBP-§ 1.72 < 7.81 — consistent results 100.96 + 0.15 0.72 — consistent results
BSCB-9 2.89 < 7.81 — consistent results 100.36 + 0.15 1.43 — consistent results
BPP-10 5.31 < 7.81 — consistent results 111.41 £ 0.15 0.91 — consistent results
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14C concentration from the inner thin layer i.e., 101.47 + 0.33 pMC. The mixed layers sample
yielded the lowest “C concentration i.e., 98.21 + 0.33 pMC. This indicates that the sample
material is highly inhomogeneous. Carbonized sample gave a measurement result 108.46 +
0.35 pMC. Even the highest '*C concentration for small subsample GdA-6808.1.1 (random
sample) is far away from such result. The hypothesis that the lighter carbon isotopes may have
been preferentially removed as a gas fraction during the carbonization procedure and that this
was not sufficiently corrected by the measurement of the 8'3C can be considered in this
situation. However, the results for six samples: QSCP-1, QBP-3, QPP-5, VWBP-8, BSCB-9,
and BPP-10 contradict such a hypothesis. This suggest the selected small subsamples were not
representative of the packaging tested.

For sample QWC-6, the subsamples were from the wooden cutlery in knife and fork forms. The
14C concentrations for the fork, knife, mixed form of fork and knife, random and carbonized
samples, are high and coming from the range 136.53 + 0.42 to 114.72 + 0.37 pMC. We got quite
different '*C concentrations for each subsample, as the samples are not prepared only from a
single tree which significantly affect the '*C concentrations. According to (Krajcar Broni¢ et al.
2015) if wooden products are produced from wood grown in the second half of the 20th century,
14C activities may vary between 105 and 190 pMC depending on the year of growth.

For sample QBPP-7, there is a little variation in '“C concentrations for all subsamples. The
sample was from the brown paper plates, composed of waterproof layer and inner paper layer.
All subsamples other than carbonized give the '“C concentrations between 107.22 + 0.36 pMC
and 108.35 + 0.35, whereas for carbonized sample is 109.63 + 0.28 pMC. Thus, the situation
for this material is analogous to that for sample QPS-4.

Admittedly, measurements of the 8'3C at AMS do not correctly reflect its value in the samples,
but they do make it possible to observe certain trends. For carbonized samples we received the
lowest 8'3C values as during carbonization the lighter isotopes of carbon evacuated from the
sample with other gases. '3C values for QSCP-1 and BSCB-9 samples are the highest (between
—13%o to —18%o) as the samples are from sugarcane material, the values are in the range of 5'°C
values measured in sugarcane-based plastic bags (Santos et al. 2019).

Instead of carbonization complete combustion would be a better way of homogenization. Such
combustion of the samples carried in a vacuum line with the ability to control the temperature
rise and combustion time and using (Quarta et al. 2013) would be necessary. It would prevent
light carbon loss and reduce isotope fractionation which we observe in the case of
carbonization.

One more thing to be noted here, the outer surface of three samples: QPC-2, QPS-4 and QBPP-7
was more waterproof and greasy as compared to the rest of the samples.

CONCLUSIONS

the AMS '*C technique was tested in Gliwice '*C and Mass Spectrometry Laboratory for the
determination of *C concentration in disposable samples. The research was carried out on
paper, wheat bran, sugarcane, and wooden materials from different production companies.

According to the current, post-bomb changes in '*C concentrations in the biosphere, the
highest “C concentration values could be expected for samples made from wood, followed by
samples containing paper (produced from wood and/or recycled). In contrast, the lowest
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concentrations should yield materials from current plant crops. The results obtained are as
expected. The highest values were obtained for sample QWC-6 (wooden cutlery) and the lowest
for sugarcane (QSCP-1, BPP-10) and wheat bran (VWBP-8) products. Paper packaging gives
intermediate results.

All samples turned out to be contemporary. The mean concentration of the *C isotope for all
samples is above 100 pMC, indicating that the disposables tested were produced from modern
biomass. Relatively high '“C concentrations for the outer (waterproof) layer indicate that
bioplastic was used. However, in the case of paper cups, one of the subsamples gave the lowest
measured results, which may indicate a small addition of ordinary plastic. Significant
differences and high “C concentrations in the wooden samples indicate the production of
samples from different trees with different ages.

Four packaging samples tested are characterized by a large scatter in the results of '*C isotope
concentration measurements. This demonstrates the need to homogenize a larger volume of
samples, since a sample selected for analysis from a random part may not be representative.
Such homogenization may be particularly important when determining the biomass content of
material used for co-firing in energy production.

Simple carbonization is not an appropriate way for the homogenization of sample although 6
of the 10 packaging types tested, the results obtained for the large sample subjected to simple
carbonization are in agreement with the results for the small subsamples. The results are
promising, but further comparative studies with a specially designed line and carbonization of
samples in an oxygen-free atmosphere are needed to conclusively answer the question of
whether carbonizing a sample can be a good way for homogenization.
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Supplement. Results of the C concentration measurements expressed as pMC for the 10 analyzed types
of disposable packaging. All results were corrected for isotope fractionation by 6**C ,measured by AMS.
Total carbon percentages measured in VarioMicroCube Elemental Analyzer (EA) coupled to an AGE-3
graphitization system are also given.

14 13
No. S:poele Material Subsample Lab code Cal.'r:ot:l(%) f:olc\;flog)c. 5 (;::MS
Random GdA-6805.1.1 | 41.74+0.40 | 100.54+0.34 | -18.94
Sugar Outer layer GdA-6805.2.1 | 42.47 +0.69 99.74 +0.32 -16.00
1. QSCP-1 cane Inner layer GdA-6805.3.1 | 42.41+0.64 | 100.11+0.32 -15.80
plates Mixed layers GdA-6805.4.1 | 42.53+0.73 99.42 +0.33 -17.40
Carbonized GdA-6805.5.1 | 91.25+1.83 | 100.29 +0.33 -23.50
Random GdA-6806.1.1 | 42.30+0.42 | 100.61+0.34 | -25.74
GdA-6806.2.1 105.46 £0.33 | -21.10
Outer layer GdA-6806.2.2 | 49.24 +0.93 93.95+0.28 -21.5
GdA-6806.2.4 97.72+0.29 -22.0
Paper GdA-6806.3.1 114.47 £0.36 | -25.70
2. QPC-2 cups Inner layer GdA-6806.3.2 | 44.14+0.52 | 114.47 =0.31 -26.4
GdA-6806.3.3 114.69 £ 0.33 -27.3
GdA-6806.4.1 108.37+0.34 | -22.70
Mixed layers GdA-6806.4.2 | 45.31+0.95 | 106.07 +£0.30 -24.1
GdA-6806.4.3 107.81 +£0.32 -25.8
Carbonized GdA-6806.5.1 | 90.82+1.08 113.7+0.36 -32.10
Baking Random 1 GdA-6807.1.1 | 41.71+0.37 | 107.22+0.34 | -25.51
3. QBP-3 paper Random 2 GdA-6807.2.1 | 42.41+0.64 | 106.71+0.34 | -26.20
Carbonized GdA-6807.3.1 | 87.38+0.93 | 107.81+0.35 -31.80
Random GdA-6808.1.1 | 43.55+0.55 | 103.53+0.34 | -25.74
Paper Outer layer GdA-6808.2.1 | 44.47 +0.73 | 100.04 +0.33 -25.90
4. QPS-4 straws Inner layer GdA-6808.3.1 | 44.28+0.68 | 101.47 +£0.33 -26.20
Mixed layers GdA-6808.4.1 | 44.95+0.52 98.21 +0.33 -25.50
Carbonized GdA-6808.5.1 | 87.16+2.65 | 108.46=0.35 | -31.40
Random GdA-6809.1.1 | 42.12+0.41 | 112.00+0.34 | -25.65
Paper Outer layer GdA-6809.2.1 | 40.38+0.12 | 111.41+0.36 | -24.60
5. QPP-5 plates Inner layer GdA-6809.3.1 | 44.26+0.37 | 111.92+0.36 | -25.90
Mixed layers GdA-6809.4.1 | 42.98+0.42 | 111.64+0.36 | -25.00
Carbonized GdA-6809.5.1 | 69.74+2.52 | 111.24+0.36 | -30.60
Random GdA-6810.1.1 | 46.02+0.43 | 123.44+0.34 | -26.49
Fork GdA-6810.2.1 | 47.05+1.19 | 136.53+0.42 | -26.00
6. | QWC-6 V\Clzfl:fy" Knife GJA-6810.3.1 | 45.12+3.03 | 114.72+0.37 | -26.20
Mixed fork & knife | GdA-6810.4.1 | 46.70+1.35 129.7£0.40 -26.20
Carbonized GdA-6810.5.1 | 92.50+3.43 | 121.77+0.39 | -35.20
Random GdA-6811.1.1 | 44.11+0.25 | 108.13+0.34 | -26.21
Brown Outer layer GdA-6811.2.1 | 44.15+0.64 | 108.11+0.35 -25.80
7. QBPP-7 paper Inner layer GdA-6811.3.1 | 45.86+0.77 | 107.22+0.36 | -25.20
plates Mixed layers GdA-6811.4.1 | 44.67+0.19 | 108.35+0.35 -24.80
Carbonized GdA-6811.5.1 | 90.90+1.65 | 109.63 +0.28 -31.30
Wheat Random GdA-6812.1.1 | 44.22+1.02 | 101.35+0.34 | -27.84
8. VWBP-8 bran Outer layer GdA-6812.2.1 | 43.56+0.63 | 100.92+0.29 | -27.60
plates Inner layer GdA-6812.3.1 | 43.39+0.52 | 100.86+0.29 | -27.50




Mixed layers | GAA-6812.4.1 | 43.52+0.56 | 100.81+0.29 | -27.00
Carbonized GdA-6812.5.1 | 65.99=1.25 | 100.72+0.29 | -32.10

Random GdA-6813.1.1 | 43.01=1.01 | 100.02+0.34 | -14.72

Sugar Outer layer GdA-6813.2.1 | 43.2620.13 | 100.14+0.29 | -13.90

9. BSCB-9 cane Inner layer GdA-6813.3.1 | 43.28+0.15 | 100.54+0.29 | -14.50
boxes Mixed layers | GAA-6813.4.1 | 43.32+0.12 | 100.64+0.29 | -14.10

Carbonized GdA-6813.5.1 | 91.31+0.12 | 99.890.29 | -21.50

Random GdA-6814.1.1 | 43.14+0.14 | 111.98+0.34 | -25.62

Outer layer GdA-6814.2.1 | 44.79+0.30 | 110.98+0.29 | -26.00

10. | BPP-10 ppgf:; Inner layer GdA-6814.3.1 | 45.10+0.12 | 111.54+0.29 | -25.40
Mixed layers | GAA-6814.4.1 | 45.09+0.11 | 111.32+0.28 | -25.10

Carbonized GdA-6814.5.1 | 94.97+3.77 | 111.71+0.29 | -33.30
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1. BIO-CARBON CONTENT DETERMINATION IN DISPOSABLE
PACKAGING BY LIQUID SCINTILLATION COUNTING
(OZNACZANIE ZAWARTOSCI BIOWEGLA W OPAKOWANIACH
JEDNORAZOWYCH METODA CIEKLOSCYNTYLACYJNA)

1.1. Introduction

Liquid scintillation counting (LSC) is one of the most common radiocarbon technique
that has been used for the biocomponent content determination in various materials since
its first application in the 1950’s [1]. The LSC technique is considered a mature method of
measurement. In LSC measurements, the energy released from the radioactive decay is
converted into light by the scintillator, which is then detect by photomultipliers. Cost-
effectiveness, portability, ease of sample preparation, and a possibly comparable detection
limit of 0.4 weight percent to AMS are among the benefits of LSC [2]. LSC measurements
can be used to distinguish between fossil and biogenic components which is difficult by
classical analytical techniques because of their similar physical and chemical properties
[3].

Carbon-14 (*C) is the heaviest and radioactive isotope of carbon. It's formed in the
upper atmosphere when cosmic rays collide with nitrogen atoms, converting them into C,
which is then oxidized to 'CO, and transferred to plants and other living
organisms. Hence, living organisms contain '*C. During the life of an organism, there is
a dynamic balance between the absorbed '*C and that which undergoes radioactive
decay. After the death of the organism, exchange with the environment ceases and the
amount of '*C decreases according to the law of radioactive decay. After undergoing beta
decay, this radioactive isotope becomes stable nitrogen-14 by emitting a beta particle. With
a half-life of approximately 5,700 years [4], carbon-14 can be utilized to date geological
and archaeological samples up to 50,000 years old using a method known as radiocarbon
dating [4-6]. As fossil fuels (natural gas, oil, coal, lignite) do not contain *C, it is possible

to verify using the radiocarbon method whether a product (e.g. disposable packaging) has



been produced from modern biomass or whether fossil components have been used in its
production [7-10].

It is only in the last fifteen years that the industry has begun to make polymers utilizing
renewable sources of carbon, such as plants, as opposed to the beginning of the third
millennium, when all raw materials used for the synthesis of plastic products were derived
from petroleum. In 2003, the market saw the first unsaturated polyester resins with an 18%
bio-content [11, 12]. The material reflects the current value of atmospheric *CO; activity
if the radioactive carbon content is significantly different from that of fossil material,
indicating that the *C coexisted with biological material during its production. [11]. In this
regard, '*C is used to assess biobased content in packaging [6], oil [13], diesel [14], plastic
[15, 16], used car tyres and their pyrolysis products [17, 18], carbon black [19], vinegar
[20], and various other products [3] for which bio-based content is required.

Three standards, EN 16785-1, ASTM D6866, and EN 16640, are mainly used for bio-
based content determination. ASTM D6866 is used to determine the bio-based carbon
content in materials by radiocarbon analysis. Bio-based carbon content is determined as
the amount of bio-based carbon in the material as a percent of mass of the total organic
carbon in the material. The bio-based carbon represents the carbon directly related to the
renewable materials like wood, and other recently living organisms. In contrast, organic
carbon content represents the bio-based carbon together with the fossil-based carbon
(carbon from non-renewable materials such as petroleum, coal, natural gas, etc). EN 16640
is slightly different from ASTM D6866. The bio-based carbon content is determined in
relation to the total carbon content, which represents the total amount of carbon from bio-
based carbon, fossil-based carbon and inorganic carbon (from minerals or rocks) [21].

In present days many studies focus on the determination of bio-based carbon content in
different materials. Many laboratories use accelerator mass spectrometry (AMS) for bio-
based carbon content determination. The aim of this research is to measure the modern
carbon percentage by the LSC method for the determination of bio-carbon content of the

final products used for packaging.



1.2. Materials and method

In this research, the LSC technique was used to analyse disposable packaging materials
(DPMs) for bio-based carbon content determination. We worked on total ten samples. The
samples were made of paper, wheat bran, sugar cane and wood. We tested packaging of
various shapes (for various applications). These were plates, cups, baking paper, cutlery,
boxes. Samples were collected from different DPMs manufacturing companies. Samples
were prepared and analysed at the Gliwice '*C and Mass Spectrometry Laboratory within
the Institute of Physics — Centre for Science and Education, SUT, Poland [17, 22, 23].

1.2.1. LSC measurements at Gliwice 'C and Mass Spectrometry Laboratory

DPM samples were analysed by LSC technique using the benzene synthesis method
[23]. Each sample was directly used without any pretreatment and passed through carbide
synthesis, hydrolysis (acetylene preparation), trimerization of acetylene, and purification
of benzene. In the first step, the cleaned metal reactor with a small hole, to minimize air
access, was used for the carbonization of large mass of sample (~24g) in a muffle furnace
at 700 °C under controlled pressure conditions. The process took 7 to 10 minutes to
complete. The carbonized sample was ground into powder after cooling and directly treated
with lithium metal with a proportion of 1:1 in the sealed metal reactor in the muffle oven
at 700 °C. The obtained carbide product was treated with deionized water after cooling to
produce acetylene. Acetylene was collected under liquid nitrogen after passing through
a highly hygroscopic trap of a mixture of potassium dichromate and sulfuric acid. In the
next step, acetylene was trimerized to benzene in the presence of preheated activated
chromium catalyst at 600 °C for about half an hour. The obtained benzene was purified by
keeping sodium metal in benzene overnight to absorb water and then stored in the freezer
(at-15 °C) for approximately a month to make the sample radon-free (the half-life of radon
is 3.8 days) [17, 19]. Quantulus 1220™ liquid scintillation B spectrometer was used for
LSC measurements [22, 23].



1.2.2. 613C measurements by Isotope Ratio Mass Spectrometry (IRMS)

The standardised isotope fractionation correction is calculated using the IRMS
technique [24]. The relative ratio of stable carbon isotopes (8!*C or 3C/!2C) is determined
by IRMS measurements. Simax tubes were used for the combustion of samples with ~300
mg of CuO at 560 °C for ~12 hours with proper sealing. ANU-sucrose (IAEA-CH-6, ~3
mg), NBS-22 (oil, ~ 5 pL) and WZS (internal standard from lake sediment, ~2 pug) [25]
were used as standards. The IsoPrime 100 spectrometer connected to the Gilson-271

autosampler MultiFlow was used for measurements of §!°C [19, 26, 27].

1.2.3. Calculations of bio-based carbon and biomass content

Bio-based carbon content by dry mass was determined by European standard EN 16640
for measurements using the LSC and AMS techniques.

In Gliwice "*C and Mass Spectrometry Laboratory, based on the measured sample
activity by LSC technique, we determine percentage of modern carbon in the sample and
calculate the bio-based carbon content (BBCC) by dry mass using measured total carbon
content (TCC) in the sample and the same formula like for AMS technique:

percent of modern carbon in the sample

reference value (%) (1.1)

The bio-based carbon content by dry mass is expressed as a percentage, and the
reference value, expressed in pMC, of 100% bio-based carbon of the biomass from which
the sample is constituted.

The same standard also specifies how to calculate bio-based carbon content as a fraction
of the total carbon content (X):

bio — based carbon content

X= x 100 (¢ 12
total carbon content 00 (%) (1.2)

In turn, the European standard EN 16785-1 uses the radiocarbon method and elemental
analysis for bio-based content determination. In this way, the bio-based content is
determined as the amount of bio-based elements (C, H, N, O) in the materials as a percent
of the total mass of the material [21, 28] by the following formula:



mass of bio — based content

Bio — based tent = X 100 (9 1.3
to ased conten total mass of material (%) (1.3)

Regarding paper material, 90-99% of paper-based products typically composed of
cellulose [29], with the empirical formula; (C¢H1005)., where ‘n’represents the degree of
polymerization. Theoretically, the simplest paper contains 44.44% carbon, 6.17%
hydrogen, and 49.38% of oxygen. These compositions depend on the type of material. By
following Eq. 1.3, the bio-based content can be determined by chemical analysis of the

elements presented in the bio-based product.

1.3. Results

The '“C concentration in disposable packaging material samples is reported as percent
modern carbon (pMC) [24] measured by LSC. The measured values of pMC, §'3C and
calculated bio-based carbon content according to EN 16640 [30] are listed in Table
1.1. 33C values were used for standardised isotope fractionation correction for LSC
measurements and are expressed in per mil (%o0) VPDB. A 100% reference value (REF)

was used to determine the bio-based carbon content (see Eq. 1.2) [31, 32].

Table 1.1
Results of the '*C concentration and 8'3C measurements
and calculated bio-based carbon content for DPMs
Wyniki pomiaréw koncentracji izotopu *C i §13C
oraz obliczonej zawartosci wegla bio-bazowego.
14 13 Bio-based
No. Sample Lab code C conc. g SVPDB carbon content
(PMC) (%0) (%)
QSCP-1
1 Sugarcane GdS-4610 | 103.20+0.74 | -24.156 + 0.059 103.20 +£0.74
plates
PC-2
2 QPC GdS-4611 | 114.65+0.80 | -29.465 +0.037 114.65 £ 0.80
Paper cups
BP-
3 Q 3 GdS-4616 | 109.99+0.78 -27.43 +£0.23 109.99 + 0.78
Baking paper
4 QPS4 GdS-4617 | 110.36 £0.78 -26.97 £0.36 110.36 £ 0.78




Paper straws
QPP-5
Paper plates
QWC-6
6 Wooden GdS-4618 | 125.51 +0.87 -30.02+0.16 125.51 +£0.87
cutlery
QBPP-7
7 | Brown paper | GdS-4621 | 111.36 £0.74 -27.78 £ 0.24 111.36 +£0.74
plates

8 VWEP-8 GdS-4622 | 103.56 £0.71 -14.24 +£0.74 103.56 +0.71
Wheat plates

BSCB-9
9 Sugar cane | GdS-4623 | 102.45=+0.70 -15.84 £0.42 102.45+0.70
boxes
BPP-10
10 | Paper plates | GdS-4624 | 114.92+£0.76 -29.68 £0.16 114.92 +0.76

GdS-4620 | 108.30+0.72 -26.14 £ 0.21 108.30 + 0.72

Results of the *C measurement can be converted to calendar age using the post-bomb
atmospheric NH1 calibration curve [32, 33] and the OxCal v.4.4.4 calibration program
[34]. Example calibration results for the sample with the highest and lowest measured *C

concentration are shown in Fig. 1.1.
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OxCalvd 4.4 Bronk Ramsey (2021} r:0.2; Post-bomb atmospheric NH1 curve (Hua et al 2021, Reimer et al 2020)
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Fig. 1.1. Conversion of the *C isotope concentration (here expressed as F'*C = pMC/100) to calendar age
given as 95.4% confidence intervals, using the OxCal v.4.4.4 calibration program [34] and NH1
calibration curve [32, 33]. The blue curve is the calibration curve, the red distribution on the
vertical axis is the measurement result, and the resulting probability distributions of calendar ages
are shown in gray

Rys. 1.1. Przeliczenie stezenia izotopu *C (tutaj wyrazonego jako F'*C = pMC/100) na wiek kalendarzowy
podany jako przedziaty 95,4% ufnosci, przy uzyciu programu kalibracyjnego OxCal v.4.4.4 [34]
i krzywej kalibracyjnej NH1 [32, 33]. Niebieska krzywa to krzywa kalibracyjna, czerwony
rozktad na osi pionowej to wynik pomiaru, a powstate rozktady prawdopodobienstwa wiekoéw
kalendarzowych pokazano w kolorze szarym

1.4. Discussion

Ten disposable packaging material samples were measured for bio-based carbon
content analysis by the LSC technique. All samples presented '*C concentration values
higher than 100% bio-based carbon content, so the samples are considered as biomass
produced between AD 1955 and 2018.The obtained concentrations of the isotope '*C above
100% are related to the fact that after nuclear weapons tests between 1955 and 1965, the
concentration of this isotope in the atmosphere (and thus in the biosphere) increased above
the 100% level assumed for the year 1950. The changes in the concentration of the isotope
14C after nuclear weapons tests are presented by the calibration curve in Fig. 1.1. Table 1.1
represents the '*C concentration in pMC, §'*C values in %o and bio-based carbon content

in pMC of each sample. Bio-based carbon content was calculated using 100 REF value
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according to EN 16640 [30]. The concentration values of *C and the corresponding

uncertainty values are graphically explained in Fig. 1.2. For standardised isotope

fractionation correction, the 3'3C value was used. Fig. 1.3 presents 3'3C values with

uncertainty according to the type of material.
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Fig. 1.2. Results for the '*C concentration measurements in different DPMs
Rys. 1.2. Wyniki pomiarow stezenia '*C w réznych opakowaniach jednorazowych
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Fig. 1.3. Comparison of the 3'*C values with uncertainty across different DPM material categories
Rys. 1.3. Porownanie wartosci 8'*C z niepewnoscig dla roznych kategorii opakowan jednorazowych

Nine samples out of ten show the '*C content between 102.45 = 0.7 pMC to
114.92 £ 0.76 pMC. Six samples of paper materials — paper cups (QPC-2), baking paper
(QBP-3), paper straws (QPS-4), paper plates (QPP-5), brown paper plates (QBPP-7) and
paper plates (BPP-10) — show *C concentrations between 108.30 £+ 0.72 to 114.92 £ 0.76
pMC, corresponding to the modern carbon concentration of packaging material reported in
[6, 35, 36]. The 8'3C values for the paper materials are in range of -29.68 + 0.16 %o to -
26.14 %o, corresponding to the range reported in [6, 11].

A sample of wheat, wheat bran plates (VWBP-8), shows a '*C concentration of
103.56 = 0.71 pMC corresponding to the reported '*C concentration values of recent years
in [6, 36]. The 8'°C value for the wheat bran sample is the highest, -14.24 + 0.74 %o,
corresponding to the 8'*C value of C4 plants reported in [15].

Two samples of sugarcane, sugarcane plates (QSCP-1) and sugarcane boxes (BSCB-9),
show the 'C concentration of 102.45 + 0.70 pMC and 103.20 + 0.74 pMC,
respectively. The values are close to the '*C concentration values reported in [6]. The §'3C
values for the QSCP-1 and BSCB-9 are -24.156 + 0.059%o0 and -15.84 £ 0.42 %o,
respectively. The 8'°C value of BSCB-9 corresponds to the §'°C value of wheat bran
samples in [15], whereas QSCP-1 represents unexpected results probably because of the
presence of a plastic coating layer.

A sample from wood, wooden cutlery (QWC-6), shows *C concentration of
125.51 £ 0.87 pMC, corresponding to the reported range of '*C content in wood samples
by [6, 37]. The wood sample gives §'*C value of -30.02 £ 0.16 %o.

1.5. Conclusion

The liquid scintillation method was used to determine the bio-based carbon content in
ten different disposable packaging samples. Disposable samples were composed of paper,
wheat bran, sugarcane, and wood samples. [sotope ratio mass spectrometry was used for
the standardised isotope fractionation correction for LSC measurements. Samples QSCP-
1 and BSCB-9 from sugarcane, and sample VWBP-8 from wheat bran, represent the lowest
bio-based carbon content between 102.45 - 103.56 pMC and the highest 5'*C value except
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QSCP-1. The bio-based carbon content of all samples is greater than 100 pMC, indicating

that modern biomass was used to produce the disposable packaging samples. QWC-6 from

wood represents the highest, whereas the six paper material samples (QPC-2, QBP-3, QPS-
4, QPP-5, QBPP-7 and BPP-10) represents the intermediate bio-based carbon content

concentration.
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Streszczenie:

W rozdziale przedstawiono analiz¢ oznaczania zawartosci biowggla w prdobkach
opakowan jednorazowych technikg spektrometrii ciektoscyntylacyjnej (LSC). Dla
skorygowania warto$ci koncentracji izotopu '“C ze wzgledu na frakcjonowanie izotopowe
wykorzystano spektrometri¢ masowg stosunkow izotopowych (IRMS). Zawartosci
biowegla okreslono dla dziesigciu typdéw probek opakowan jednorazowych. Byly one
wykonane z papieru, otr¢gbow pszennych, , trzciny cukrowej i drewna. Wszystkie probki
wykazaly koncentracje izotopu “C wigkszg niz 100 pMC, co wskazuje, ze probki sg
wspotczesne 1 do ich produkcji uzyto biomasy. Najwicksza zawarto$¢ biowegla wykazata
prébka drewna, natomiast najmniejszg maja probki trzciny cukrowe;j i otrebow pszennych.

Summary:

The chapter presents an analysis of the determination of bio-carbon content in
disposable packaging samples using liquid scintillation spectrometry (LSC). To correct the
14C isotope concentration values for isotopic fractionation, isotope ratio mass spectrometry
(IRMS) was used. Bio-carbon content was determined for ten types of disposable
packaging samples. They were made of paper, wheat bran, sugarcane, and wood. All
samples showed a '“C isotope concentration greater than 100 pMC, indicating that the
samples are contemporary and biomass was used in their production. The highest bio-
carbon content was found in the wood sample, while the lowest in the sugarcane and wheat

bran samples.
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