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1. Abstract

Bisphenol A (BPA) in the manufacturing of several consumer products has
implications on human health and the environment. In particular, the exposure to BPA
used as a developer in thermal paper is a known cause of endocrine disruption in
humans and non-humans. For this reason, local, national, and global regulations have
been put in place to reduce or eliminate BPA in thermal paper. However, several
known and commercially available alternatives to BPA have similar health and
environmental-threatening effect occasioned by their structural similarity to BPA.

This work aimed to assess the potential of bio-based substances to function as
an alternative developer in the heat-sensitive layer of thermal paper. These
substances are called 'green developers.' The interactions between fluoran dye, ODB-
2, and green developers selected from the class of organic carboxylic acids, tannin,
and lignin-derived monomers in colour-developing compositions were evaluated in this
study. Spectroscopic techniques such as UV-Vis, NMR, and FTIR were employed to
monitor these interactions. The thermal and colourimetric behaviour of these
compounds in a ternary mixture containing solvent was also studied. Furthermore,
phenol resins and phenol-amine complex of high thermal stability were synthesised
using methanol extracts of vegetable tannin and pure tannin model compounds.
Finally, the performance of these green developers in thermal paper was evaluated as

a function of their print density.

The NMR, FTIR, and UV spectroscopy investigation confirmed the lactone ring-
opening interaction between fluoran dye and green developers. Most of the studied
compounds produced black colour on interacting with fluoran dye under the influence
of heat. These compounds also showed potential for utilisation in thermochromic

systems like thermal paper.

Of the organic carboxylic acids studied, ascorbic acid, ascorbyl palmitate, and
citric acid produced clear colour-forming dispersion and optical print density of 1.1,
0.79, and 0.25, respectively, in thermal paper. The print from the ascorbic acid-coated
thermal paper was, however, unstable. Within seven days of printing, 90% of the
density was lost. In addition, exposure to oil, water, and solvent led to an 80%
reduction in colour density. Also, the unprinted citric acid-coated paper appeared

greenish-grey with a whiteness value of 79% - about 11% less than the target value
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(290%). This relatively low whiteness caused a poor contrast between the printed and
unprinted paper. On the other hand, ascorbyl palmitate-coated paper produced a fine,
solid, legible, and more stable print.

The thermal paper produced with vanillin gave a characteristic sweet smell on
printing, suggesting a partial sublimation of the phenol compound on heating.
However, under a higher humid condition of 90% RH, the printout faded and was
unrecognizable. Also, the printed image with vanillin displayed an irregular and
heterogeneous pattern different from the smooth surface of a BPA-coated paper.
Other vanillin derivatives such as vanillic acid, isovanillic acid, and isovanillin showed
a weak interaction in colour forming composition and could not be used in thermal

paper.

The optical densities of print obtained with thermal paper coated with
commercially available tannin compounds such Tanal 02, Tanex 20, Tanal 40, and
tannin were 0.66, 0.07, 0.55, and 0.64 respectively. Methanol extract of mimosa tannin
gave a low print density of 0.40, while other extracts from mimosa-sulphite and grape
seed showed a weak thermal reaction on printing. Application of external heat through
flame markedly improved the optical print density of papers coated with the tannin
compounds. However, this showed that the applied temperature might not be sufficient
to achieve an optimum print density with the tannin compounds. A higher applied
printing temperature, unsuitable for energy-efficient technical applications, would be

required to achieve a deeper colouration and higher print density.

The amine complex produced from resorcinol and Hexamethylenediamine
(HMDA) melted like BPA. The thermal paper made from this coat gave an optical print
density of 0.50. Thus, the resorcinol-amine complex might help ease premature colour
formation associated with phenol-based thermal paper. Other phenol-amine
complexes did not produce colour, possibly due to high thermal stability, requiring

printing temperature greater than achievable with the thermal printer.

Some phenol-glyoxal polymers showed promising potential as a developer in a
thermal paper. For example, the thermal paper produced from the polymer of grape

seed extract gave a print density of 0.24.
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Alternatively, the use of a mixture of developers in thermal paper was
considered and simulated. The colour density of mixtures containing vanillin and
vanillic acid varied from 1.2 to 1.9. The highest colour density was obtained when
vanillin and vanillic acid were combined in mole ratio 3:1. The black colour showed
average moisture resistance of 80% after 24 hours in 50% relative humidity. The
values of colour density also revealed that higher colour density and potentially higher
stability could be achieved when organic carboxylic acids, lignin monomers, or tannin

model monomers were mixed with phenol-glyoxal polymers in varying ratios.

This study showed that several bio-based compounds offer a route to a safer
and environmentally friendly alternative to BPA as a developer in thermal paper. These
substances can be used either in pure form, modified form, or building blocks for higher
valued chemicals. The use of various commercially available tannins and phenol
polymers as a developer in thermal paper comes with many advantages. Tannin is a
high molecular weight polymer with little or no known toxicity. In addition, high
molecular weight compounds such as tannin and phenol polymers are associated with
low dermal migration potential. Thus, they may help overcome the skin-penetration
and bioaccumulation problem associated with BPA, Bisphenol S (BPS), and similar
compounds. The use of phenolic polymers in thermal paper is recommended because
these polymers are easy to synthesise with commercially available compounds. Their
high thermal stability could be an advantage. In addition, it ensures that prints are only
produced at end-use temperature. However, more work is still needed to improve the

properties of these polymers to ensure their suitability as a developer in thermal paper.

The synthesis of more bio-based high molecular weight and high thermally
stable phenol resins from bio-based phenols and simple aldehydes, which could

function as a developer in thermal paper, is worth further investigation.
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1 Introduction

1.1 Background

Thermal papers or heat-sensitive papers are a class of functional papers that
produce colour, image, or print under the influence of heat. They are also called ‘self-
contained papers’ because the print produced results from the chemical interaction
involving an in-built chemical mixture [1]. Consequently, unlike conventional printing
technology, thermal printing is without inks. This attribute makes thermal printers
portable, compact, easy to maintain and has influenced their expanding utilization.
Typical thermal paper applications include cash receipts, bank tellers, industrial
barcodes, self-adhesive labels, transport tickets, parking tickets, travel luggage tags,
point of sale (POS) terminal receipts, ATM receipts, etc. (Figure 1).
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Figure 1. Supermarket receipt printed with thermal paper.

The colour forming composition in thermal paper consists of a colourless dye,
developer, binder, sensitizer, and pigments. While these substances play a
complementary role in determining the output print quality, the developer has attracted

the highest level of attention. The most widely used developer in thermal paper is



Bisphenol A (4, 4’-isopropylidenediphenol). The industrial utilization of BPA in thermal
paper is due to its efficient colour development, excellent thermal response, low cost,
and availability. BPA constitutes about 1- 2% by weight (%) of a whole thermal paper
receipt [2]. However, owing to its low molecular weight and unbound nature, significant
amounts of BPA can be released into the human skin simply by touching and holding
thermal papers [3, 4]. The effect of this exposure has generated controversies and
conflicting scientific reports. Most of these reports have implicated exposure to BPA
as the root cause of health-related diseases such as cancer, obesity, infertility,
respiratory irritation, and cardiovascular degeneration, while others have expressed
opposing views [5]. For these reasons, public concerns about BPA toxicity and

unfavourable health and environmental effects have increased in recent times.

Consequently, regulations that seek to reduce or remove BPA from thermal
paper have been proposed. In January 2020, the European Commission’s regulation
aimed at restricting BPA in thermal paper in concentrations of 0.02% or more by weight
came into effect [6]. With this regulation, thermal paper manufacturers and

stakeholders worldwide need to switch to safer alternatives.

Several BPA alternatives such as bisphenol C, bisphenol F, bisphenol S,
bisphenol AP, D8, and TG-SA cause similar endocrine-disrupting effects. Also, the
toxicity, health, and environmental hazard of other non-structurally similar alternatives
are currently unknown [7]. More so, most petrol-based chemicals are hazardous to the
health and environment. Impediments to the switch from BPA to alternatives are cost,
technical performance, and compatibility with current industrial processes and

installations.

In the quest for ‘Green developers,’” bio-based, safer, renewable, and
environmentally friendly alternatives to BPA in thermal paper, substances belonging
to the class of carboxylic acids, fatty acids, sugars, mono, and polymeric phenols, etc.
may provide a sustainable solution since most of these substances can be isolated
from natural sources and are commercially available [8]. Also, considering their
structures, such as reactive OH groups, their direct utilization in colour forming
compositions either in pure or modified form is a possibility. These substances could
also be used as building blocks to compounds of improved properties. Unfortunately,

there is little technical information in the public domain on using these compounds as



alternative developers in a thermal paper except for organic acids and synthetic
phenols, which is well mentioned in patent literature [9, 10].

Natural phenols from wood-derived lignin and biomaterials are known to be
safer alternatives to petrol-based phenols. Of these lignin phenols, vanillin and its
derivatives like vanillic acid seem the most attractive phenols for use as a developer
in thermal paper. Interestingly, there is no technical information on using these
compounds in thermal paper at any level. In the same vein, tannins are plant-based
polyphenolic compounds with similar structures to synthetic phenols. They are green
and sustainable alternatives to synthetic phenols. Tannins are used in their native
forms or subjected to various modifications [11]. The use of tannins as developers in
thermal paper has not been thoroughly considered except for a few mentions in
patents [12]. Besides, tannins offer several potential advantages over BPA. They
possess numerous reactive OH groups, which may influence the intensity of prints.
They are non-crystalline and thermally stable with high degradation and glass
transition temperature influenced by other constituents such as carbohydrates and
other oligomeric polysaccharides [13]. The high molecular weight of tannins suggests
that when used as a coating in thermal paper, there is a very low likelihood of
sublimation or crystallization and premature colour formation, unlike what is obtainable
with synthetic monomeric phenols and some organic carboxylic acids. Tannins are
high molecular weight compounds with limited dermal migration potential. They are of

no known toxicity to man and are commercially available [14].

Attempts have been made to substitute BPA with eco-friendly phenol-
formaldehyde resins [15] and hyperbranched polymers [16] produced from a mix of
commercially available bio-based monomers. But there is no information on the
commercial viability/application of these substances. Perhaps, this could be attributed
to their inability to replace BPA or potential toxicity effectively. On the other hand, it
could also be due to confidentiality in a highly competitive thermal paper market.
Nonetheless, tannins could be utilized as alternatives to synthetic phenols to
synthesize these bio-based phenolic resins for use as developers in thermal paper.

This is an area of research that is worth further exploration.

Furthermore, for the effective utilization of green developers as alternatives to

BPA in thermal paper, it is imperative to ascertain their capacity to react with colour



formers to produce the desired colour effectively. Several spectroscopic methods such
as FTIR and NMR can be utilized to give more precise information about the
functionality of these substances. This spectroscopic investigation may serve as a
complementary study to the recently described preliminary rapid screening method for
green developers in a leuco dye-based system [17].

1.2 Research Objectives

Research on the use of bio-based and eco-friendly alternative developers in
thermal paper is not common in public literature. However, recent regulations have
called for the urgent need to introduce safer BPA alternatives to the market. Therefore,
the motivation behind this project is to search for bio-based developers termed ‘green

developers’ that can function as alternatives to BPA.
The objectives of this project were therefore

e To carry out spectroscopic investigations of the interaction between green
developers and fluoran dye, with a focus on organic carboxylic acids, lignin-
derived compounds (vanillin and vanillic acid), vegetable tannin, and tannin
model compounds (resorcinol and phloroglucinol).

e To explore the use of lignin-derived compounds such as vanillin and vanillic
acid as developers in thermochromic systems like thermal paper

e To synthesise and characterise phenolic polymers from tannin and tannin
model compounds.

e To evaluate the technical performance of green developers in thermal paper.



2 The current state of knowledge

2.1 Functional papers

The rapid global trend in technology has led to the development of functional
materials that respond to external stimuli such as light, pressure, and heat. For
example, paper products that respond to stimuli are termed functional or smart papers
[18].

The first generation of functional papers was the pressure-sensitive carbonless
Ccopy papers or pressure-sensitive recording materials, which develops image or print
using pressure or mechanical impacts such as writing strokes or typewriter impression.
The configuration of a typical pressure-sensitive paper is described in the patent
literature [19, 20]. To produce this kind of paper, the colourless dye, known as colour
former, is encapsulated into microcapsules of diameter about 3- 5 um. The
microcapsules are produced as a finely dispersed emulsion droplet in an organic
solvent or oil and coated on the upper layer of a paper substrate. The under layer of a
second paper substrate is coated with a developing coat containing a colour-
developing agent or developer. The two papers are then placed upon one another
such that the microcapsule coated layer and the developer coated layer are in a
contiguous position to one another. Upon applying pressure on the upper sheet either
by writing, marking, or striking with a typewriter or ballpoint pen, the microcapsules are
destroyed to release the in-built dye precursor. The dye precursor then transfers to the
developer layer resulting in a colour development reaction. In this application,
microcapsules are very important because they prevent colour formation until the
interaction is initiated between the colour former and the developer by mechanical
force. Different configurations of the microcapsule and developer layer are possible
[21] by altering the microcapsule layer's combination and composition [22]. Typical
encapsulating materials used in microencapsulation include water-soluble or water-
dispersible materials such as gelatin, cellulose, and gum Arabic. Microencapsulation
is generally done through complex coacervation [23] and interfacial polymerization
[24].

Photosensitive papers produce an image on exposure to light energy of a
specific wavelength. In this type of paper, a photosensitive coat is applied on a paper

substrate either in the form of microcapsules or liquid suspension. On irradiation with



UV light, the capsules are ruptured and colour forming substances are released to
interact with one another leading to image development. Photosensitive papers tend
to exhibit reversible coloured or discoloured appearance under the influence of light of
varying wavelengths and therefore have broad applications in photography,
photocopying, and photolithography [25].

The commonly used functional papers are those which produce an image under
the influence of heat. They are called thermal paper, heat-sensitive papers, or thermal
recording materials [26]. Thermal paper is structurally multi-layered, consisting of a
supporting base (paper), a base coating, and a thermosensitive layer [27]. The colour-
forming chemicals are embedded in the thermosensitive coating, which upon heating
to a pre-determined temperature, melt-react to develop the desired print or image.
Although other components of the coating, such as pigments, binder, lubricants, play
complementing roles, characteristics, and quality of image/print formed, are majorly
determined by the nature of the colour former and the developer. The design of the
developing component of thermal paper and the mechanism of colour formation is the

focus of this research.

2.2 Thermal paper
2.2.1 History of thermal paper

The earliest type of heat-sensitive paper was developed and marketed by the
Minnesota Mining and Manufacturing (3M) Corporation under the trade name
ScotchMark [28]. These papers utilized the reaction of a metal salt such as iron
stearate with phenolic compounds. They were designed to function as heat-sensitive
copying paper to reproduce printed materials such as the printed pages of books,
pencilled notes, sketches, drawings, type-written letters, etc. They were also used
extensively in barcode production. An original copy of printed material is irradiated with
intense radiant energy to achieve the copying process, which is absorbed and

converted to heat energy to generate the printed or the coloured areas of the original.

A more advanced dye-developer thermal paper was invented by the National
Cash Register Corporation (NCR) and described in a patent [29]. A temperature-
sensitive record material that functions based on the heat-initiated reaction between a
colourless crystal violet lactone dye and phenolic compound such as diphenols was

described in this patent. Coatings made from aqueous dispersions of the colourless



dye and phenol are applied separately on sheets of papers. These papers are then
placed face to face with one another such that once heat is applied, the components
of the two dispersions are liquefied/vaporised to interact and produce the expected
colour. These papers were stable up to 60°C and produced a blue-coloured image
when heated between 100-150°C. Many other improved and more sophisticated
thermal papers have been produced based on similar principles, formulations, and
technological processes [30, 31]. Commonly used dye-developer thermal paper now
requires a single coating application on a pre-coat paper rather than a separate
coating on two sheets. The dye-developer thermal paper is the most used and most
marketed worldwide due to its improved technical capability [32].

2.2.2 Production and consumption of thermal paper

Various organisations have reported an estimated current and future value of
the global thermal paper market. The thermal paper market was valued at USD 1.5 —
1.6 bn in 2006 [33], USD 1.02 billion in 2014, USD 2.69 billion in 2017 [34], USD 3.54
billion in 2018 and it is expected to reach USD 4.77 billion by 2022 [35] and USD
5.52Billion by 2025 [36]. Reports also show that over 3.1 million tons of thermal papers
were sold globally in 2018, and consumption was likely to grow at a subdued rate of
2.7% in 2019 [37]. That is partly due to the reduced supply of commonly used colour
former. The retail industry is the largest end-user of thermal paper, accounting for over
half of global demand during the studied period. In the report by Grandview research,
about 82% of the global volume share in 2015 was utilized in POS. Tags and label
segment generated revenue worth USD 258.0 million, and it is expected to rise for the

foreseeable future.

Many factors back the increase in the demand for thermal paper. One such is
the rising demand for point of sale (POS) terminals as an alternative to cash registers
in various sectors of the economy, such as in the coffee shops, restaurants, hospitality,
and craftsman shops. This is attributed mainly to the growth and advancements of the
global retail industry. In addition, an increase in online purchases of products will also
require an increase in the use of thermal paper for labelling. Furthermore, the future
growth projection of the global thermal paper market assumes continuous
development of innovative and improved thermal paper products. Therefore,
manufacturers are constantly working to offer consumers of thermal papers improved

quality such as high image density, moisture, heat, UV, and plasticiser resistance. For
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instance, thermal papers with standard sensitivity that can last a minimum of 15 - 25
years are currently in the market. This and many other developments, including the
incorporation of inherent security features to thermal paper to prevent counterfeiting
and the ability to provide multi-colour images, has expanded the utilization scope of
thermal paper in a specialized and extensive range of fields such as in the preparation
of sensitive legal documents, and medical documents like electrocardiograms (ECGS),
and prescription labels.

Table 1. Worldwide manufacturers of thermal paper.
Company Country
Koehler Paper Germany
Mitsubishi HiTech Paper Germany
Mitsubishi Paper Mills Japan
Jujo Thermal Paper Finland
Appvion us
Oji Paper Company Japan
Shandong ChenMing Paper Holdings Ltd China
Henan Jianghe Paper Co. Ltd. China
Guangdong Guanhao High Tech Co. Ltd China
Jiangsu Papers Co. Ltd China
Ricoh Industry Japan
Hansol Korea
NCR Corporation us
Kanzan Specialty Papers GmbH Germany
Nashua Corporation us
[33].

The current thermal paper market is highly competitive, oligopolistic, and
controlled by a handful of major paper producers. The top key players in the global
thermal paper market in no particular order are presented in Table 1. While China is
currently the largest thermal paper producer due to lower production costs, the largest

thermal paper enterprise is spread across Japan, Europe, and the USA. Germany is



the largest producer of thermal paper in Europe. Emerging markets, including Mexico,
Brazil, China, and Thailand, are expected to contribute significantly to the future
demand for thermal paper.

Pricing for thermal paper is often not in the public domain. Still, the relatively
stiff competitive nature of the thermal paper suggests that price variations from one
producer to the other are not likely to be high. Furthermore, thermal paper products
are usually not sold directly to end consumers but to paper converters in the form of
paper rolls, receipt rolls, thermal paper rolls, cash register rolls, or jumbo rolls. Before
use, paper rolls are carefully stored and protected from moisture, water, and dust.
Under normal storage conditions, information printed on thermal paper can be
preserved for many years. However, certain oils, moisture, sunlight, or mechanical
friction make images less legible. As such, the stability of prints on thermal paper is
still being developed.

2.2.3 Component and design of thermal paper

Thermal paper is generally like a plain white sheet of paper. It is, however,
smoother, thinner, and more sophisticated than regular paper. Thermal paper is a
specialty paper consisting of a high-quality base paper matrix, a heat-sensitive layer,
undercoat, topcoat, and back coat [38]. The base paper is specially sized [26]. The
prototype design of a thermal paper is shown in Figure 2. The heat-sensitive layer,
also called the thermo-reactive layer, thermosensitive layer, or colour-producing layer
houses the compositions that produce colour during printing. This layer and the base
paper matrix are separated by a pre-coat which prevents heat transfer through the
lower layers of the paper during printing. This pre-coat is also known as Z-coat or
undercoat. Thermal papers are divided into three categories based on their base
weight [39]:

1. fax and sales slips (average base weight: 58 g/m?)
2. labels and tickets (average base weight: 80 g/m?)

3. heavy tickets (average base weight: 120 g/m?)
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Figure 2. The design of thermal paper.

2.2.3.1 Thermosensitive layer
The thermosensitive layer is an essential part of thermal paper. The

components of this layer include a colourless chromogenic dye (colour former), a
developer that can change the dye to its coloured form when heated. Also included
are binders, pigments, sensitizer, minerals, optical brightener, UV absorber, and other
additives which impart various properties to the finished thermal paper. The

thermosensitive layer can have a thickness between 5-10um [40].

A chromogenic dye precursor is characterized by its colourless or off-white
appearance and ability to change to its coloured state after a heat-initiated reaction
with a developer occurs. Without the developer, the dye remains in its colourless state.
Commonly used dyes in thermal paper are fluoran dyes, which produce a variety of
colours depending on the structure and the operating temperature. Other examples of
classes of colour formers are triarylmethanephthalide, pyridylphthalide,
leucoauramine, and phenothiazine compound [41]. A suitable developer must be
weakly acidic. A strong acid can also develop colour with the dye, but this may lead to
a permanent colour formation which is undesirable for erasable thermal printing
technology [42]. Therefore, phenols and phenol derivatives are commonly used as
developers in this application. The amount of developer in a colour composition is
usually more than the dye; therefore, it has a greater influence on the optical density

of the image formed.

The temperature of colour formation is generally dependent on the melting
temperature of the dye and developer. However, since this is mostly high and leads to
low energy efficiency, a compound that lowers the colour development temperature is

added to the colour composition. This compound is known as a sensitizer. Owing to
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its lower melting temperature, sensitizers act as a medium to enhance the rapid
interaction between the dye and developer. Furthermore, the sensitizer dissolves the
dye and developer, thereby lowering the colour reaction temperature. Examples of
sensitizers include benzyl-2-naphthyl ether and dimethyl terephthalate, stearic acid
amide, palmitic acid amide, etc.

Furthermore, essential for a coating composition for a thermosensitive layer is
a binder. Binder act as a vehicle for the dissolution of the dye and developer. It also
acts as a glue that firmly holds the coating composition's components on the paper
matrix. In addition, the binder acts as a delimiter which keeps the dye and developer
away from each other to prevent premature colour development. The quantity of the
binder, which depends on the physical nature or characteristics of the dye, developer,
and other components of the coating composition, determines the viscosity or flow
characteristics of the dispersion. Examples of binders in this application are polyvinyl
alcohol and polyvinyl alcohol derivatives. Also, polyvinyl pyrrolidone, polyacrylamide,

polyvinyl butyral, hydroxyethylcellulose, and carboxymethyl cellulose.

Furthermore, a UV stabilizer may be added to the coating composition to
enhance the UV or photostability of thermal paper. The stabilizer helps prevent colour
fading on exposure to light and increases the shelf life of the print. In addition, some

stabilizers impact long-term paper storability or image preservability [43].

Other components of a heat-sensitive layer may include fillers or inorganic or
organic pigment such as calcium carbonate, aluminium hydroxide, silica, kaolin,
calcined kaolin, talc, zinc oxide, aluminium oxide, or urea resin emulsion. They also
prevent the melted components from sticking to the thermal head. Lubricants such as
metal soaps (zinc or calcium stearate) minimize the friction of the surface of the
thermosensitive layer so that the paper runs smoothly over the roll. Anti-pressure
agents like paraffin wax are added to the thermosensitive layer so that the paper can
be easily calendered. Fluorescent brightening agents, anti-sticking agents, defoaming
agents, viscosity modifiers, dusting preventives, lubricants, and water-proofing agents
are other additives added to the coating formulation a thermosensitive layer.
Depending on the design, quality, and end application, a thermosensitive layer may

contain several dozens of chemicals. It may also be a multi-layered structure.
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2.2.3.2 Preparation of thermal paper
In the preparation and design of thermal paper, the coating formulation is

prepared as an aqueous dispersion of the colourless dye, developer, and other
additives [44]. Dye and developer are ground separately in an aqueous suspension
with a binder. The diameter of the particles is between 1-10um using a wet grinding
apparatus such as a ball mill, attritor, and sand grinder. The slurry is ground until the
desired particle size is attained. The smaller the particle size, the higher the interaction
between the dye and developer.

The aqueous dispersion of the dye and developer are mixed in a pre-
determined ratio. Generally, the weight ratio of developer to leuco dye varies between
0.1:1 to 10:1, depending on the expected output. Sensitizers and other additives are
also added and pulverized. The balance of the combination of the dye, developer, and
sensitizer determines the optical density of the colour image. It may also influence the
scan properties and the durability of the thermal paper [45]. The pulverised mix of the
dispersion is then distributed on a pre-coat base paper by a coating method using a
roller, coating machine, blade, or ruler. A printing method such as gravure can also be
used to apply the coating composition on the paper. After the coat is applied, a
convective or radiation-type dryer is used immediately to speed up the drying of the
wet coat to avoid disruption of the coat. A topcoat may be optionally added to act as a
sealant and protect the papers from premature colour formation under physical
abrasion, chemical or environmental influences. The topcoat also helps prevent the
paper from sticking to the thermal head and mitigates fading by fat, solvent, or
plasticizer. Also, a back coat may be added to offer additional protection during the
lamination or printing process. It improves the flatness of the thermal paper and serves
as a barrier against migrating adhesives. In addition, the back coat preserves the
paper's integrity during mechanical transportation within a thermal printer [46]. The
final step is the calendaring of the paper to afford a certain degree of smoothness.
Calendering produces a smooth surface and ensures reproducibility. During
calendaring, care is taken to avoid colour development due to excessive pressure.

Preferably, a white paper background is desired after the application of the coat.

The Colour produced when the thermal paper is heated depends on the nature
of the dye and the chemical composition of the coat. However, over 95% of marketed

thermal paper produced worldwide develops a single black print on heating. To create

12



two colours, two heat-sensitive layers with two different dyes are applied to the base
paper. In between the two heat-sensitive layers is an extinguishing layer which
selectively destroys the image of the upper, first melted layer to allow for the
appearance of the image of the second layer. In this system, an image is created
based on the different melting points of the two heat-sensitive layers [47].

2.2.4 Sensitivity of thermal paper

Thermal paper is simple to the eye but sophisticated in design. The shelf life,
durability, and application performance of thermal paper depend on strength, surface,
absorption properties, and sensitivity. Technically, the quality of thermal paper is

described in terms of sensitivity.

Sensitivity is a measure of the degree of response of thermal paper to thermal
energy. There are two forms of sensitivity — static and dynamic sensitivity. Static
sensitivity is defined as the temperature at which colour/image begins to form on
thermal paper. A thermal paper has low sensitivity when it produces an image at a
high temperature, while it has high sensitivity when it produces an image at a relatively
low temperature, typically between 70°C and 75°C. Static sensitivity is of high
importance, particularly when the thermal paper is designed to be used in a high-
temperature environment and when a high degree of colouration is required in a short
time of heating. This enhances energy efficiency in thermal printers. Low static
sensitivity ensures that images are not produced due to exposure to the sun or other

external heat-producing sources. The topcoat plays a critical role in this regard.

On the other hand, dynamic sensitivity explains how fast a thermal printer can
operate with the thermal paper and the required energy level. Dynamic sensitivity is
used to evaluate the speed at which the thermal paper can be printed on to attain the
maximum colouration. All other conditions constant; the higher the dynamic sensitivity
of the thermal paper, the faster the printer can run. In other words, thermal paper with
high dynamic sensitivity takes a shorter printing time than thermal paper with low

dynamic sensitivity.

The sensitivity of thermal paper is significant when selecting the paper for
specific applications. Knowledge of the sensitivity of thermal paper helps determine

the appropriate environment or thermal condition for the application. For high-end
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applications such as passenger tickets, medical measurements, barcodes, parking
receipts, ATM receipts, and POS (Point of Sale) labels, thermal papers that produce
an image of high colour density with relatively high speed at sufficiently low
temperatures are desired.

2.2.5 Thermal printing

The utilization of thermal paper is enabled via the use of a thermal printer. The
thermal printing process relies on the transfer of heat from the thermal head to the
paper to create a text or image. It is an ink-free technology with no need for an external
ink supply or ink recovery mechanism [48]. The ink-free system differentiates thermal
printers from conventional inkjet or LaserJet printers. Thermal printers are usually
small in size and portable in design [49] and relatively inexpensive, durable, rapid,
highly reliable, and produce no noise during use. In addition, they require low energy

for operation.

The early direct thermal printing technique invented in the 1930s involved using
an unsophisticated and straightforward image production process. In this process, as
shown in Figure 3, writing is done on a black coated base paper with a heated stylus.
Then, the coating wax is melted with heat application, revealing the black base paper
[50].

<«4—— Heated Stylus
<4— Wax coating
<«4— Black Base Paper

Figure 3. Direct thermal printing. Based on Bradbury [40].

The most essential component of a direct thermal printer is the thermal head
equipped with many heating elements arranged in a predetermined pattern [51, 52].
Each heating element has an approximate size of 0.1 x 0.1 mm and can be switched
on and off independently of the other elements. Heat is supplied to the heating
elements via an input voltage. Heat application from the thermal head causes the

localised melting of the component mixture resulting in colour or image formation. A
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thermal head must have a low heat retention capacity for an effective application
enough to allow continuous rapid heating and cooling cycles. This is important
because thermal printing usually lasts for about several milliseconds with the elements
heated as high as 300°C.

2.3 Dyes

Dyes are compounds used to impart colour to a substance and appear coloured
when they absorb light of wavelengths in the visible region of the UV spectrum. They
are mostly soluble organic compounds whose use for the colouration and
improvement of the aesthetic properties of substances is influenced by the presence
of colour bearing chromophores. Chromophores are responsible for the absorption of
energy. Colour can be produced via different phenomena: colour from the scattering
process, colour arising from absorption or transmission of specific frequencies of light
from an incident beam, and colour by emission from a source. Colour arising from
organic dyes is due to energy absorption in the visible region of the light spectrum and

is best explained by the molecular orbital theory [53].

In this theory, it is understood that absorption of energy in the visible region of
the light spectrum leads to the transition of an electron from the highest occupied
molecular orbital (HOMO) ground state to higher energy lowest unoccupied molecular
orbitals (LUMO) excited state. Some molecular orbitals, including bonding and
antibonding orbitals of the 6 and 6* or Tm and 11" type or n-type nonbonding orbitals,
are involved in this transition. Organic dyes have extended 1T -bonding networks which
allow for long conjugation lengths and small HOMO-LUMO excitation energies [54].
The energy gap between the HOMO and LUMO is controlled by the degree of
delocalization of the Tr-bonding [55]. The longer the conjugation lengths, the narrower
the energy gaps between molecular orbital, promoting the shift in the absorption
energy of the valence electrons from the UV region into the visible region of the
spectrum. Possible transitions in this regard from the smallest energy level to higher

energies include n-r*, T—1r*, n—6*, and T—6* transitions.

Some dyes have chromophores but only absorb energy in the ultraviolet region
and therefore produce no colour. In this case, substituent groups called auxochromes
meaning colour increasers, are attached to modify the electronic structure of the

chromophore. Modification of the chromophore is achieved either by adding or
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removing electron density to the chromophore because auxochromes are electron-
donating or electron-withdrawing groups. Examples of auxochromes are -NO>, -CHs,
-OH, -OR, -NH>, -NHR, -NR2, -BR, -CI. The addition of these auxochromes alters the
dye's physicochemical properties and enhances the shift of the absorption band to the
visible region (Figure 4). It may lead to the shifting of absorption to a longer
(bathochromic or red shifting) or shorter wavelength (hypsochromic or blue shifting),
increase in the intensity of the colour (hyperchromic), or decrease in the colour
intensity (hypochromic). Bathochromic auxochromes can also be hyperchromic,
resulting in both increased colour intensity and a shift to longer wavelengths. Most
dyes have resonance structures, and the more resonance structures are present, the

larger the expected bathochromic and hyperchromic shifts.
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Figure 4. Hypothetical absorption band of an organic dye describing the various shifts.

Adapted from [56]

2.3.1 Classification of dyes
Dyes may be classified based on the nature of their chemical chromophores

and based on applications. Chromophores have a profound effect on the characteristic
properties of the dye. Examples of chromophore-based dyes include azo,

anthraquinone, indigoid, and phthalocyanines dyes (Figure 5).
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Figure 5. Classes of dyes based on the nature of their chemical chromophore.

Based on usage or application, dyes are classified as acidic, metal-complex,
reactive, dispersive, direct, vat, sulphur, disperse dyes, cationic (basic) dyes, etc.[57].
These dyes are possible in textile materials (cellulosic fibres, wool, silk, polyamide
fibres) and non-textile applications such as leather, fur, paper, foods, writing inks,
photography indicators, drugs, and hair, etc.

2.3.2 Functional dyes

Functional dyes are described as dyes that possess the ability to change form
in response to chemical and physical interactions with external forces such as pH,
electricity, heat, pressure, electromagnetic radiation, touch, body heat, etc. A wide
array of high-technology products in areas such as thermal imaging, electrography,
liquid crystal display, molecular switches, sensors, and probes for analytes systems
have been designed and commercialised based on the ability of functional dyes to
alter their form in a different medium or under varying conditions [50]. Leuco dyes are

one of the most widely researched and applied classes of functional dyes.

2.3.3 Leuco dyes
Leuco is from the Greek word leukos, meaning white. Leuco dyes, also called

colour formers, are characterised by their white, colourless, or off-white appearance.

A typical leuco dye has the potential to exhibit two reversible chemical forms; (a)
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colourless, off-white or leuco form and (b) an intense coloured state. Structurally,
reversible changes in the electronic absorption of these dyes occur depending on the
nature of the external influence and the structural and molecular properties of the dyes
[58]. These properties also play a vital role in the colour produced, the stability of
colour, and their scope of applications. For example, based on the colour-forming
reaction with acid developers, some leuco dyes are used in the production of thermal
paper. Adsorption or interaction with a cellulose fibre can also initiate colour formation
[59]. Also, the coloured form of leuco dye can be achieved by the change in the polarity
of the dye environment or interaction with metal ions [60].

For use as a colour former in thermal paper and related materials, leuco dye
properties such as high molar extinction coefficients, solubility in acceptable solvents
for coating, high-temperature stability to withstand the temperature of the thermal
head, good fastness properties, good image stability, low cost of preparation, good
chemical stability of both the coloured and colourless form, nontoxicity, non-
mutagenicity are critical to achieving a product of quality characteristics. Furthermore,
depending on the target application, quality, and economic feasibility, a mixture of
leuco dyes can be used. The use of such a mixture in ink formulation has been
investigated and found to have a significant effect on the density of colour formed [61].
Leuco dyes can be divided into spiropyran, quinone, thiazine/oxazine/phenanzine,
phthalide, triarylmethane, fluoran, and tetrazolium dyes. In this work, the focus is

placed on leuco dyes belonging to the family of fluoran dyes used in thermal papers.

2.3.3.1 Fluoran leuco dyes
Fluoran is the name for the compound spiro[2-benzofuran-3,9'-xanthene]-1-

one. It is characterized by a xanthene moiety core with a planar geometry in a

perpendicular position to a phthalide moiety (Figure 6) [62].

The xanthene moiety comprises two phenyl ring bridges with an oxygen atom.
In the presence of an acid, the lactone ring is cleaved, leading to the extension of the
conjugated double bond system, lowering the energy of the -1* transition, forming a
zwitterionic structure colour development. The remarkable ability of flouran dyes to
produce a variety of colours is a distinguishing property that has influenced their high-

volume utilization in thermosensitive recording materials [63] and erasable inks [64].
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Examples of fluoran dye include rhodamine B lactone [65], eosin Y [66], and
fluorescein [67].

Xanthene

Lactone ring

Figure 6. Structure of fluoran. (Adapted from Huneke [17]).

Commonly known fluoran leuco dye, which produces singly black colour is 2-

anilino-6-diethylamino-3-methylfluoran (Figure 7).

Figure 7. 2-anilino-6-diethylamino-3-methylfluoran

The single black formation makes it valuable in thermal paper production. ODB-
2, as being called in the market, utilizes the steric hindrance of a methyl group at the
3’-position of the xanthene moiety to develop black colour. X-ray structural analysis of
this compound has shown that the xanthene moiety is slightly bent along the central
spiro-carbon (C*) and oxygen atoms. The phthalide moiety is as with the parent fluoran

compound perpendicular to the xanthene moiety. The carbonyl C*-O* length is about
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1.527A which is approximately 0.1A longer than the usual C-O length [68]. The
elongation in the C*-O bond of 2’-anilino-6’-diethylamino-3’-methylfluoran enhances

its cleavage.

All black colour-developing leuco dyes, though with unique individual
characteristics, are derivatives of ODB-2. Several of such derivatives have been
synthesised and investigated in binary and thermochromic systems [69, 70]. They
develop a wide variety of colours like yellow, orange, red, blue, and green, depending
on the attached substituent(s). In addition, thermally activated fluoran dye, which
produces colour without a developer [71], was recently developed. These dyes are
characterised by the presence of both allyloxy and amino groups and produce colour

via Claisen rearrangement and intramolecular acid-base reaction.

2.4  Developers

The term developers are used to describe compounds with the ability to cause
colour development in the presence of a co-reactant. Developers were first described
in colour photography, where latent images were developed through a redox-based
process called chromogenic development [72]. In this process, a colour developing
compound like pyrogallol, catechol, hydroquinone, p-phenylenediamine, or p-
aminophenol acting as a reducing agent reacted with silver halide to convert it to its
metal form. The oxidized developer compound then reacted with couplers to form a
wide variety of colours depending on the component groups. Finally, through
additional processing means, a final photographic image was obtained. The
developer's reduction of the silver ion enhanced by the transfer of an electron from the

developer was the determining factor in the rate of colour development.

Colour developers play a central role in colour and image development in
thermal paper. They are a critical part of the thermosensitive layer. Developers
partake in the heat-initiated reaction with a colourless colour former to produce the
coloured form of the dye with accompanying image/print. Developers used in thermal
paper are typically weak acids and electron acceptors with readily accessible
hydrogens or active protons. Compounds with acidic functional groups or phenolic
hydroxyl groups are examples of developers use in heat-sensitive papers. Compounds
modified by the addition of substituents & groups are also used as developers.

Substituent groups in these type of developers include halogens [73], amino [74],
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phenylureido [26], ester [75], aromatic carboxyl [76], sulphate [77], sulphonamide [78],
thiourea [79], phenylurea [80], thiourea [81], urea-urethane [82], alkyl [83, 84], alkoxy
[85], ether [86], heteroaryl [87], triazole [88], metal salt [89], ureido and imido moiety
[90].

Compounds with the structural capacity to release acid when heated to certain
temperatures have also been used as a developer. In these compounds, called
hindered phenols, the hydroxyl group is chemically prevented from taking part in the
reaction with leuco dye until a specific temperature is reached. To hinder a phenol, the
phenolic compound may be reacted with a coupler to form a thermally stable complex.
Typical examples are phenol-amine complexes [91-94]. A hydrogen-bonded complex
produced from phenol and a suitable amine prevents premature colour formation.
Images are produced when the thermal dissociation temperature of the complex is
reached. Acid precursors can also function as developers. These substances'
structure and molecular configuration are altered under heat, thereby releasing the
acid functionality to partake in the dye-developer reaction. Salts of acids are examples

of acid precursors. Blocked acids are another type of developer.

A typical example is the amine salt of p-toluenesulfonic acid. In this compound,
the amino group acts as the blocking group. Therefore, heating the compound splits

the ion pair, thereby regenerating the acid functionality.

The earliest developers used in pressure and heat-sensitive systems are
inorganic acids such as activated acid clay; acid clays such as attapulgite, zeolite,
bentonite, kaolin, silica [95, 96]; and acid-treated molecular sieve [97]. Though
relatively inexpensive, problems associated with these compounds arose from their
ability to adsorb gas and moisture from the air during storage resulting in yellowing
reduced colour density. In addition, the colour developed from these substances was
vulnerable to fading on exposure to sunlight. Nowadays, the commonly used
developer in thermal paper is Bisphenol A (BPA) and structure-like compounds. It is
associated with high image density and stability [98]. However, problems associated
with its environmental and health toxicity have necessitated the call for its restriction

and development of alternatives [99].

The quality of thermal paper during application is generally a function of the

quality of the image produced, which depends largely on the characteristics of the
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developer used. Owing to the increased demand for thermal paper in high-tech
applications, the quality threshold of its developer component and other substances is
very high. Table 2 highlights the expected properties of a potential developer needed

to produce a functional and marketable thermal paper.

Generally, the developer used in thermal paper is expected to be colourless in
a similar fashion as the colour former. This is because the presence of colour in the
background of a thermal paper may interfere with the quality of the image/print formed.
Developers can be used either in solid, semi-solid, liquid, or condensate form.
However, widely used developers are in solid form. The solid nature of the developer
allows for easy and good miscibility with the colour former during the preparation and
application of the coat.

The melting temperature is also an important quality of developers for
consideration. The colour formation is dependent on the temperature of the colour
developing mixtures. When the melting temperature of the developer is too high, an
equally high temperature will be needed to cause the melting of the developer. This
makes the process energy inefficient. On the other hand, if the temperature is too low,
the possibility of premature colour formation may be high.

Furthermore, since thermal paper is a consumer product and the potential for
dermal migration has been suggested, the developer must have little or no
environmental and human bioaccumulation hazard potential.

Colour developers must also have good thermal stability at end-use
temperature. Images/prints produced with a developer are expected to be stable
against external factors such as light, moisture, heat, plasticizer, oil, solvent, and other
forms of chemicals. These are the main characteristics that determine the longevity of
the image. Modifications of developer compounds or the use of a mixture of
developers may be considered to achieve the pre-determined developer and image
characteristics. For instance, with the use of a plurality of developers, such as a
mixture of diphenolic compounds and at least one polyphenolic compound, increased
image density, image stability, image sensitivity, and resistance to external factors,
was achieved [100]. This mixture also led to the reduction of the eutectic point of the
dye-developer mixture. An irreversible high-density image was achieved with a
developer mixture consisting of diphenyl sulfone derivatives in combination [101] with

an organic acid such as ascorbic acid, citric acid, coumaric acid, salicylic acid, vanillic
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acid, cinnamic acid, o-acetyl salicylic acid, etc. [30]. A modifier compound was
optionally added to the heat-sensitive composition. Suga and co-workers reported the
use of a mixture of phenolic condensate and bisphenol sulfone to obtain a thermal
recording material with improved colour sensitivity and image stability [102].

Furthermore, an image of higher density and stability was created with a
mixture of phenolic resin with phenol [103], metal salts of aromatic carboxylic acid [1],
and vinylic or acrylic resin [104]. Furthermore, a mixture of kaolin clay, zinc-modified
phenol-formaldehyde resin, and urea-formaldehyde resin pigment accorded improved
print speed and image intensity [20, 105]. Finally, in a bid to obtain highly detailed
images of adequate density and stability, the use of a colour developing mixture of a
leuco dye and either of linear, branched, or copolymers of polyhdrostyrene, alone or
in combination with a co-developer such as BPA, benzyl paraben, phenolic resins,
polymeric and oligomeric hydroxy sulfones was proposed [106].

In addition, metal ions, particularly polyvalent metal ions, have played a vital
role in improving the image quality of a recording material. Yamaguchi and co-workers
attempted the combined use of a multivalent-metal-modified salicylic acid resin and a
polycondensation resin to overcome the challenges associated with using metal salts
of aromatic carboxylic acid, which exhibited premature colour formation and poor
resistance to water, plasticizers, and light [107]. Although the challenges were not
eliminated, an improved recording sheet was obtained. Similarly, a colour-developing
layer having both an electron donor and a metal double salt of a higher fatty acid of
16-35 carbon atoms as a developer was designed [89]. It was reported that the
combination of a long-chain fatty acid iron salt such as iron stearate and iron myristate
and a phenolic compound such as tannic acid, gallic acid, and ammonium salicylate
yielded a heat-sensitive adhesive sheet of improved properties [108]. In addition, a
mixture of a metallic salt of carboxylic acid, hydroxyl-containing polymer, and
melamine or urea resin was employed to improve the water-resistance of the recording
sheet [109]. Chelate-type colour-forming systems with at least one leuco dye and at
least one urea-based developer produced print images having a printing sensitivity

remarkably better than with the use of the individual developer [110].
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Table 2. Properties of developer for a functional and marketable thermal paper
Properties Description
Colourless No inherent colour to prevent background imaging of

Good solid morphology

Low water solubility

Clear/legible print

High sensitivity

Image stability

High/optimum resistance to
external factors

Thermal stability
Economic/commercial viability

High molecular weight

Toxic-free

the thermal paper during storage and before use.
Required for good miscibility with colour former
during the preparation of coating dispersion and to
enhance effective reaction

Slightly soluble or water-insoluble preferred. Allows
for easier coating preparation and application. It also
preserves the water stability of print.

Formation of clear and legible print.

Ability to produce an image of high colour density
with relatively high speed at sufficiently low
temperature.

Image density sufficiently unchanged over a pre-
determined period.

High resistance to light, oil, moisture, plasticiser,
solvent, and other chemicals

Stable to heat and temperature at the end-use
Preparation should be inexpensive for large-scale
commercial production.

Sufficiently high molecular weight to limit dermal
migration

Low environmental and human

bioaccumulation hazard potential.

In the last decade, the use of a mixture of urea-based compounds to prepare a

heat-sensitive paper has been described [111]. Ten thermal papers were produced

from the combination of the two developers from a ratio of 99:5 to 85:15. While the

background whiteness before aging and after aging of the thermal paper changed with

varying proportions of the developer mixture, the optical density of the image formed

was essentially unchanged.
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2.5 Dye-developer interaction

Colour development in a leuco dye-based system such as thermal paper is
premised on the heat-initiated chemical reaction between an electron donor (colour
former) and an electron acceptor (developer). The developer, as earlier discussed, is
mostly known to be a weak acid with the ability to donate a proton which triggers the
opening of the hitherto closed lactone ring of the dye leading to a structural
rearrangement and visible colour formation. The visible colour change represents the
new structural forms of the dye and developer [112]. This colour formation process is
a fundamental feature of the thermal printing process. In thermal printing, multiple
competing interactions occur depending on the components' characteristics, thermal
history, and operating conditions. This section focuses on the interactions and the

mechanisms thereof.

2.5.1 Dye-developer interaction in a binary system
In both thermal paper and carbonless copy paper, the equilibrium reaction and

strength of the bond between dye and developer is central to the application output.
While the dye-developer complex formed in carbonless copy paper is irreversible, the
equilibrium reaction between dye and developer in thermal paper is reversible
depending on the prevailing operating conditions [113].

The first test of the efficacy of a dye and developer is the production of colour
when fused under the influence of heat. On this note, previous work done by our group
focused on the design of a rapid preliminary screening test to investigate the colour
forming potential of over 50 bio-based, renewable compounds and fractions spread
across 15 different classes [17]. Substances tested were carboxylic acids, fatty acids,
sugar, sugar acids, tannin, proanthocyanins, etc. Most of the binary mixtures studied
produced characteristic black colour on heating, albeit at different temperatures. For
instance, the white/off-white colour of carboxylic acids such as citric acid, ascorbic
acid, salicylic acid, succinic acid, acetylsalicylic acid, and fatty acids such as myristic
acid and stearic acid was retained in their unheated mixture with ODB-2. On the
application of heat, black colour was observed between 40 — 180°C. The colour
remained constant when heated to a higher temperature and after cooling. Heated
mixtures of monomeric phenols and ODB-2 also produced characteristic black colour

on heating between 60 and 170°C.
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For a closer look at the nature of the coloured substances, organic acids like
citric acid were heated with ODB-2 on an aluminium dish. As the temperature
increased, a thick black viscous liquid was formed. On cooling in ice, the black
coloured substances turned glassy. Microscopic image showed that similar glassy
coloured substances formed between crystal violet lactone and dodecyl! gallate were
solid, opaque, and lacked distinct attributes [114]. The coloured state represents a

metastable dye: developer aggregate structure [115].

2.5.2 Dye-developer interaction in a three-component system
A three-component system called a ternary system or thermochromic system

consisting of a solvent, dye, and developer exhibits different colouring behaviour. In a
thermochromic system, contrary to a binary system where one irreversible state is
mainly attainable, two reversible states can be alternatively maintained by altering the
temperature conditions, thereby offering the possibility of recording and erasing in
application materials [86, 116]. Alteration of operating temperature influences
interactions such as dye-developer interaction and developer-solvent interaction, and
by extension, the colouring characteristics of a thermochromic mixture [117].

Solvent plays a vital role in the thermochromic system. It can facilitate or inhibit
the colourimetric characteristics of the system. Low-melting organic, non-volatile, and
hydrophobic compounds belonging to the class of long-chain alkyl alcohols from 1-
octadecanol (OD) to dodecanol [118, 119], esters [84], fatty acids [120, 121], aliphatic
ethers, [85], ketones [122], amides [88], acid amides, thiols, sulphides and disulphides
[123] are used as solvents in thermochromic mixtures. Depending on the nature of the
solvent and condition of use, it can act as a decolourising-accelerating agent [116],
phase separation controlling agent [86], activator [124], reversible agent [125], and
sensitizing agent [126].

Several investigations have been carried out to study the structure, thermal and
colourimetric properties of thermochromic systems [69, 118, 127-129]. While the
application temperature of a binary mixture was largely dependent on the melting point
of the developer, the temperature at which the solvent changes from solid to liquid or
vice versa influences the operating temperature of the thermochromic mixture [130].
This temperature can be set over a wide range of low to high temperatures because

solvent compounds are thermally stable over a long heating and cooling cycle.
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For instance, Oh et al., [128] studied the reversible thermochromic properties
of six tert-butyl substituted fluoran-based leuco dyes. The three-component system
design with methyl stearate and 1-dodecanol underwent a phase transition from red
to colourless and vice versa at 40°C and 20°C, respectively (Figure 8). The melting
points of the solvents also influenced this.

In general, depending on the prevailing colour characteristics, the operating
temperature of a thermochromic system may be termed activation temperature [131],
clearing temperature [69], discolouration temperature [117], transition temperatures
[124]; switching temperature [132], or a more general term — thermochromic
temperature [123]. Below this temperature, they are mostly coloured, and above the

temperature, they are colourless or possess a light hue.
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Figure 8. Solid-state colour change of fluoran dyes (at warm and cool) with bisphenol-A and
methyl stearate. Copyright: Oh et al., [128].

Thermochromic systems have been exploited to design temperature-sensitive
commercial products termed thermochromic materials [133], functional materials, or
smart materials [134]. These materials change colour with temperature changes.

Figure 9 summarises the different classes of thermochromic materials.

Colour formation and erasing in thermal paper is thermochromism [38, 135].
This mechanism has been studied and remains an open matter for continuous debate.
However, most studies have supported the phase separation mechanism [136] and
pH-dependent molecular arrangement [70]. According to the phase separation
mechanism of thermochromism, when a three-component thermochromic system as
found in thermal paper is heated to the melting temperature of the solvent, the solvent

melts, bringing the dye and developer into solution. In this state, the dilution effect of
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the solvent enhances the developer and solvent interaction. This inhibits the
interaction of the developer with the dye and results in a ‘no-colour ring-closing state.’
However, a melt-coloured state can also be achieved depending on the compatibility
of the solvent and developer [137]. Conversely, when the system's temperature is
reduced either via cooling on ice or under liquid nitrogen or via quenching [138], the
solubility of the dye and developer is decreased gradually, leading to their
crystallization and subsequent coloured ring-opened state. In this state, the interaction
between the dye and the developer outweighs the developer: solvent interaction due
to the solvent's dye and developer phase separation.

Thermochromic
Materials

Inorganic .
Organic

Thermochromic

Materials Thermochromic

Materials

Reversible Inorganic | | Irreversible Inorganic
Thermochromic Thermochromic
Materials Materials

Thermochromism Thermochromic
via Molecular Liquid Crystals
Rearrangement

Irreversible Reversible

Three-Component Three-Component
Systems Systems

Figure 9. Subdivision of thermochromic materials. Reproduced based on Hong [139].

In line with the phase separation mechanism, lbata et al.,[140] divided the

colour formation process in thermal printing application into three steps:

(1) Dissolution — the process in which the dye and developer dissolve in the molten
solvent at increased temperature.

(2) Fixation — the metastable dye-developer colour complex is rapidly fixed on the
substrate at a lowered temperature.

(3) Stabilization — the colour formed is finally stabilized by weak intermolecular

interactions such as H-bonding and van der Waals forces.
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To achieve precise thermochromism in thermal paper, each developer requires
a compatible solvent. The solubility of the developer in the mixture during the transition
from one state to the other is important for effective application. Also, colourimetry
characteristics are dependent on a good formulation. Typically, the composition of dye
and developer may vary from 5 to 15% or more by mass, respectively. The solvent
can be as high as 80% or more, depending on the target print quality. The quantity of
solvent used is essential for the stability and durability of colour. Too much solvent
may lead to a dilution effect which inhibits the crystallisation of the dye and developer
in transition. As a result, a low colour density is achieved in such a situation. On the
other hand, when the quantity of solvent is too low, the dissolution of the dye and
developer on solvent melting will be hindered, thereby affecting the targeted colour
changes.

Based on this understanding, the first design rule for the optimization of
rewritable thermochromic properties was proposed [141]. According to the rule, the
contrast between the coloured and non-coloured state must be high at ambient
temperature. Secondly, the rate at which colour changes in transition must be fast
enough to lead to a metastable state. The rate of transition from colourless to coloured
state in thermal printing is very rapid. Lastly, the metastable state of the colour formed
must be stable over a long period with no significant change in density at ambient

temperature.

2.5.3 Spectroscopic properties of a dye-developer-based system
FTIR, NMR, UV spectroscopy, and X-ray crystallography analysis have been

used to study the interaction between leuco dyes and developers. Leuco dyes are
characterised by carbonyl (C=0) absorption vibration peaks between 1740cm and
1760 cm™ in the FTIR spectra [118]. Typically, the transfer of a proton from the
developer initiates the formation of a hydrogen bond between the carboxylate anion
(COO-) of the dye and the hydroxyl groups (OH) of the developer leading to the
opening of the lactone ring [142]. Takahashi et al., [143] studied the coloured species
formed from the fusion of S-205 dye and BPA and confirmed that the opening of the
lactone ring of the dye led to the formation of a colour-developing complex (CDC). This
CDC comprised the dye and developer in a defined mole ratio and stabilized by

hydrogen bonding [144]. Tsutsui et al., [145] called the coloured species a
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supramolecular complex. The stoichiometric molar ratios of complexes of various dyes
and developers have been determined [140, 146, 147].

The first attempt to isolate the colouring species of dye and developer was
reported in the early '90s [148]. In this work, a well-defined complex was obtained from
the interaction of CVL with either zinc or cadmium iodide in acetone. According to the
X-ray crystallography, the CVL with its opened carboxylate structure is embedded in
a carrier matrix built of the metal and iodine atoms forming alternately six and four-
membered rings linked together in a spiro-arrangement. Single crystals of the complex
were later obtained with intercalated acetone molecules [149]. It was revealed that the
leuco dye takes on a different structural formation when transiting from the colourless
to the coloured state and vice versa [62, 68, 150-152].

Furthermore, Takaoka et al., [153] showed that the diethylaniline ring to the
xanthene moiety of the fluoran dye has a quinoid structure in the coloured state. In
contrast, in the decoloured state, the xanthene moiety is folded at about 180° around
the central C-O axis. As reported by Horiguchi and co-authors, the mixture of 6'-
(Diethylamino)-3'-methyl-2'-(phenylamino)spiro[isobenzofuran-1(3H),9'-[9H]-
xanthene]-3-one (ODB) and the long-chain developer, N-(4-
hydroxyphenyl)docosanamide (PA21) molecule exhibited different layered structures
between the coloured to decoloured state signalling a degree of intercalation and

deintercalation of the leuco dye [154].

Also, based on X-ray diffraction of the colouring species obtained from
Rhodamine B and phenolic colour developers, two main types of interactions were
observed. Firstly, a hydrogen bond between the OH groups of developers to form a
dimer (in developers with less than two OH groups, such interaction was not evident)
and secondly, a -1 stacking interaction between xanthene moieties of the dye [155].
The xanthene moieties overlapped parallel to each other across an inversion centre,

indicating the extension of the electronic conjugation in the colouring species.

This is similar to the results of the X-ray diffraction analysis of the interaction
between fluoran leuco dye and Bisphenol-S (BPS), in which one molecule of BPS was
found to be hydrogen-bonded to four different neighbouring ones to form a two-
dimensional hydrogen bond network [156]. One of these hydrogen bonds formed the

dye/BPS system, while the remaining three hydrogen bonds act as network stabilizers.

30



Essentially, these studies emphasised the importance of hydrogen bonding in dye-
developer interaction. Hydrogen bonding plays a key role in the stability of the
colouring species, and the presence of multiple hydrogen bonding may increase the
stability of the complex [82]. Notably, it has been opined that the ability to participate
in hydrogen bonding is one of the prerequisites for a developer in a leuco dye-based
system [82, 157].

Dye-developer interactions have also been extensively monitored with NMR
spectroscopy. Based on 'H-NMR, Hojo et al., [158] showed that the cleavage of the
C-O bonds of Rhodamine B base and the formation of stable zwitterions in the
presence of alkali or alkaline-earth metal ions is confirmed by a shift in the band of the
xanthene of the fluoran dye to a lower magnetic field from the coloured and colourless
states. **CNMR signals confirmed the formation of the sp? hybridized carbon centre
of the black colour former. In a study of the reversible ring-opening and ring-closing
interaction between fluoran leuco dye (DEAMCF) and CDCIz with a developer using
1I3CNMR, Endo et al., [112] showed that in the presence of an acid such as H2SOa,
some signals of the dye shifted to a lower field while some shifted to a higher field.
Most of these signals were found in the shift range of the normal benzene-ring carbons
of about 110-150 ppm, suggesting a change of the xanthene ring to a planar structure.

Signal shifts varied with an increasing amount of the acid [159].

UV spectroscopic analysis provides information about the characteristic
absorption spectra of a dye in the coloured and colourless state [60]. The coloured
form of some fluoran leuco dyes exhibits two absorption maxima (Amax) and an
identical molar absorption coefficient. For instance, two strong complementary
absorption peaks at 453nm and 595nm representing yellow and violet colours are
produced when ODB-2 interacts with a developer. The additivity of the complementary
colours develops black colour [154]. In its ground state, CVL is colourless with Amax
at 280nm. In the presence of a developer, CVL showed absorption peaks at 620nm
with a shoulder at about 570nm when it changed to its characteristic blue colour [139].
The coloured state of Rhodamine B also had an intense absorption maximum at a

wavelength between 510nm and 570nm [160].
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2.6  Properties and application of Bisphenol A (BPA)

Bisphenol A [4,4'-(propane-2,2-diphenyl propane)], commonly called BPA, is a
petrol-based chemical with an estimated high production volume of about 8 billion
tonnes per annum worldwide [161]. BPA is commonly used as a plasticizer in the
production of polycarbonate, epoxy resins and as a component of the flame retardant
tetrabromobisphenol-A due to its relatively high heat resistance and transparency
[162]. In addition, BPA is a major component of various plastic products, including
baby toys, feeding bottles, dental sealants, drinking bottles, cookware, plates, storage
containers, sport, and electronic equipment. Also, BPA is widely used in the production
of printing ink and thermal paper for receipts, self-adhesive labels, lottery tickets, and
fax paper, where it functions as a developer responsible for image production.

Owing to the ubiquity of BPA in various everyday products, it has been detected
in many environmental media, non-humans, and humans. As such, public concerns
about its toxicity and related environmental implications have been raised.
Furthermore, BPA is a known environmental pollutant [163] and with the potential to
disrupt the normal functions of the endocrine system in humans and non-humans
[164]. Consequently, its estrogenic activity and detrimental health effects in vitro and

in vivo have been the focus of a large body of research [165-168].

Figure 10.  Structures of (a) bisphenol A and (b) oestradiol.

Hormones play a vital role in many processes in the body, including the
development of organs. Enhanced by the structural similarity to oestrogen (Figure 10),
BPA binds with the nuclear estrogenic receptor and modifies gene expression under
oestrogen control [169]. Thus, BPA mimics endogenous hormones to act as a
hormone antagonist, leading to a false increase in the available hormone in the body.
In principle, BPA interferes with the synthesis, secretion, transport, and binding action

of natural hormones, including the development of the central nervous system
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responsible for the maintenance of homeostasis, reproduction, development, and
behaviour [170]. Disruption of the endocrine system can lead to the breakdown of
communication between body cells and organs, thereby posing a significant effect on
health stability.

2.6.1 Exposureto BPA
Exposure to BPA can either be through dietary or non-dietary routes. Dietary

exposure is associated with BPA exposure through contact with food products and
food packaging, such as food and beverage containers, while non-dietary exposure
refers to exposure through contact with non-food substances.

2.6.2 Dietary exposure to BPA

Food, particularly canned food, is an important source of BPA exposure and
was recently one of the highlights of the Scientific Opinion released by the European
Food Safety Authority [171]. Epoxy resins are used as internal coatings of food and
beverage cans to prevent the cans from corrosion and to prevent the migration of
metal ions into the food, thereby protecting the integrity of the container and the
organoleptic properties of the food. Epoxy resins are synthesised by the condensation
of BPA with epichlorohydrin to create BPA diglycidyl ether. However, residual free BPA
monomers from the polymerization process can leach from the epoxy resin and

contaminate stored foods and drinks [172].

A review of several studies conducted worldwide to determine BPA
concentration in canned foods and beverages [173] shows that BPA migrates from
coated cans to foods including vegetables, fish, meat, beans, soup, milk, fruit, and
infant formula [174]. These studies showed large variations in the BPA concentrations
depending on the food type, food brands, coating compositions, and make-up of the
cans [175]. Food packaged in glass, plastic paper, and laminated paperboard also
contained some level of BPA, although significantly lower than the amount detected in
their canned counterparts [176]. Lids for glass containers contain epoxy resins, and
most packaging papers are made from recycled papers, which may contain BPA. The
migration of BPA from these containers into food is increased during storage and is
greatly influenced by heat and temperature [177]. As such, when foods stored in BPA-
containing packages are microwaved at high temperatures, the BPA can be released

from the packaging material into the food [178]. For this reason, the use of plastics in
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microwave or filling of plastics with hot substances has been discouraged. In addition,
since epoxy resins are key components of household pipes and fittings, the probability
of BPA exposure through household water, especially in hot climate conditions, is also
high [172].

Furthermore, an investigation of the urine samples of those who either
consumed canned soup or canned vegetables showed a substantial difference in BPA
level compared with those who did not consume canned foods [179, 180]. On the other
hand, a reduction in the urinary BPA concentration was reported for volunteers
subjected to a 3-day uncanned or unpackaged “fresh food” diet [181]. Thus, although
intake of BPA through food was less than the tolerable daily intake set by the food
authorities, humans of different age groups remain at risk of the cumulative effect of
BPA through food exposure [182].

2.6.3 Non-dietary exposure to BPA
Only about 3% of the produced polycarbonate and 10% of the epoxy resins are

used in materials intended to contact food substances [183]. Therefore, non-dietary
sources of BPA exposure such as inhalation of contaminated air or dust in homes,
offices, and laboratories [184], medical devices [162], dental materials [185], sewage

treatment effluents [186], and thermal paper are a genuine cause for concern.

Table 3. Concentration of BPA in thermal paper cash receipts
(LOQ = Limit of quantification)

Country Concentration of BPA Reference
(range) (ug /9)
Switzerland 13500 (5600 -30400) [187]
China 13940 (160 — 26750) [188]
USA 15400 (4500 - 42600) [189]
15100 (<LOQ-17000) [190]
12500 (3000 - 17000) [191]
9310 (<LOQ-13900) [192]
Belgium 15000 (100 - 21000) [193]
Denmark 11400 (8700 — 17000) [32]
Brazil 16300 (5000 - 23200) [194]
Germany 15530 (15000 - 15900) [98]
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BPA exposure through contact with thermal paper receipts is one of the single
largest non-dietary sources of BPA in humans [195]. The European Thermal Paper
Association (ETPA) reported that 70-80% of all thermal paper sold in the EU contained
BPA [196]. At the turn of the millennium, an estimated 1,400 tons of BPA was used to
produce 105,000 tonnes of thermal paper [197]. This suggests that the thermal paper
contains about 13,000 ug/g BPA. Furthermore, a 35% increase was reportedly used
between 2005-2006 [32]. A further survey and investigation of thermal paper receipts
show that about 1-2% by weight of the whole thermal paper receipts is made up of
BPA [2]. In addition, several country-specific studies have identified several BPA
concentrations in thermal paper. The results of these studies are summarised in Table
3.

Exposure to BPA from thermal paper can occur via several routes. Firstly,
during manufacturing, workers are exposed to high dosages of BPA via inhalation.
Secondly, consumers and particularly cashiers who touch receipts frequently, are
exposed to BPA through skin contact. Contrary to other applications, BPA in thermal
paper is present in a free, unbound, non-polymerized form which enhances dermal
absorption or medium transfer when contact is made. Lastly, exposure to BPA can
occur during the recycling of used thermal paper and other BPA-coated papers. BPA
ends up in paper recycling sites through trimmed, discarded, and re-pulped thermal
papers. Paper products made from these recycled papers like kitchen rolls, hand
tissue, books, magazines, and serviette papers are potential carriers of BPA and a

route of exposure.

Dermal absorption of BPA through the handling of receipts and other papers
such as banknotes is significant. It could run to about several hundreds of micrograms
per day, depending on certain factors. A study by Biedermann et al., [190] assessed
the level of ‘paper to skin transfer’ of BPA in occupationally exposed people such as
supermarket cashiers and showed that more than 1.1ug BPA could be transferred
daily to each of the two exposed fingers if the skin was dry and ten times more if the
skin was wet or greasy. The study further predicted that the BPA level might rise to a
worst-case of 71ug/day if all ten fingertips repeatedly touch the thermal paper during
a 10h work shift. 27% of this BPA is likely to penetrate the skin. A Danish study
predicted a realistic worst-case scenario of a daily uptake of 240ug, assuming the

receipts were touched with humid fingers [32]. According to this study, the immersion
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of the receipts in artificial sweat for 5 seconds showed a BPA migration of 7-21ug
BPA/cm?, equivalent to 10-37% of BPA content in the receipts. An increase in the
amount of BPA transferred to the skin was also observed when touched first with
“normal” conditioned fingers (0.8ug BPA /finger) and later with moistened fingers
(35ug BPA/finger) [98]. Alcohols used in hand creams and sanitizers could also act as
an enhancer of the ‘paper to skin transfer’ of BPA. Direct contact of BPA-exposed
unwashed hands with food, mouth, or any other item may also lead to increased
exposure. Geens and co-researchers [193] estimated the daily intake of the BPA
exposure in a population at 0.4 mg/day, and in a worst-case scenario, this could rise
to about 1.3 mg/day. A slightly higher value of 1.4mg/day was predicted by Rocha and
co-authors [194], while Zalko et al., [198] set the amount of bioavailable BPA at
6.6mg/day. The level of exposure depends on which side of the thermal paper was
frequently touched because only the front side of the thermal contains BPA. Paper-to-
skin transfer from the backside of the thermal paper could be attributed to

contamination.

2.6.4 Impacts of BPA exposure on human health and the environment
Human and non-human exposure to BPA is ubiquitous, and the aftermath

effects of this exposure have been extensively reviewed [5, 99, 165, 166, 168]. Mielke
and co-authors systematically simulate BPA concentrations in human body organs like
kidneys, liver, and blood after dermal and oral exposure to BPA. Results confirmed
the transfer of BPA through the skin into the target organs at varying concentrations.
Accordingly, an estimated amount between 10% and 60% of BPA coped from external
exposure could find its way to the internal tissues and fluids [199, 200]. A large body
of evidence from epidemiological studies have therefore implicated BPA levels in body
fluids in wildlife, [201] and humans in many health challenges such as infertility [202],
breast cancer [203], type 2 diabetes [204], obesity [205], attention deficit hyperactivity
disorder [206], neurodegeneration [207], unfavourable brain development and
behaviour [208], and numerous cardiovascular diseases and metabolic disorders [204,
209].

A higher BPA level was associated with poorer ovarian response in women
undergoing IVF treatment [210]. An increase in BPA level in serum of women and
Asian men also caused a decrease in the probability of fertilization [211]. Cases of

premature delivery (less than 37 weeks) reportedly occurred in Mexican pregnant
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women due to elevated BPA levels [212]. Children with BPA-exposed mothers had
significantly lower birth weight than children of unexposed mothers. Furthermore,
increased urinary BPA was associated with premature puberty in 9-year old girls [213].
Higher urinary BPA in pregnant women and offspring was implicated in girls' increased
externalizing behaviours at two years of age, but the same was not found in boys
[214]. High urinary BPA led to higher body mass index and obesity in adults and school
children [215, 216]. In males, exposure to BPA was associated with decreased serum
levels, low sperm count, sperm motility, and rapid increase in sperm DNA damage
[207, 217, 218]. These effects could be irreversible, long-lasting, and

transgenerational, surviving several future generations [219].

The level at which BPA produces harmful effects in humans and non-humans
is still a subject of debate and research. Some studies suggested that a low dosage
of BPA at about 10 to 100ng/kg could produce profound and adverse health effects in
animals [220, 221]. For example, Wang et al., [222] claimed that low-dose BPA
exposure was responsible for breast cancer. On the other hand, more studies have
reported contrary opinions, suggesting that a low dosage of BPA has no significant
effect in humans [223, 224]. Nonetheless, very low doses of chemical pollutants could
have profound effects on the exposed. Furthermore, the mixture of BPA with other
chemical pollutants in the environment could lead to compounded effects in the
exposed [225].

2.6.5 Regulation of BPA
Despite the high number of scientific reports in the public domain, the overall

effects of BPA exposure on BPA levels in the human body fluids and health
implications remain a complex matter of controversial discussion in the health and
regulatory space. Some scientists have argued that the various epidemiological
studies on BPA are limited in approach and cannot be accepted. Some of the
limitations of BPA-focused studies include the questionable criteria for the selection of
studies for risk assessment, the insignificant correlation between in vitro and in vivo
investigations, inaccuracy of the levels of human exposure, lack of clarity in the
mechanisms of action, uncertain routes of human exposure, and the limited scope and

volume of the studied populations [5, 226-228].
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Table 4.

Worldwide regulations and restrictions of BPA in thermal paper and consumer products

Year Country/Organisation Regulation Reference
2001 Japan Prohibited the use of BPA in thermal [229]
paper
2008 European Food Safety Sets a tolerable daily intake of [230]
Authority (EFSA) 0.05mg/kg/day for BPA.
2010 Canada Became the first country to ban BPA in [231]
baby bottles
2010 Institut National de la Santé Et  Classified BPA as a reproductive toxic [232]
de la Recherche Médicale — substance of category 3
(INSERM)
2010 Trade Union Priority List Included BPA in Trade union priority list [233]
as reprotoxic and endocrine-disrupting
compound.
2011 Taiwan; Connecticut, USA, Banned BPA in thermal papers [234, 235]
Belgium
2011 European Union Banned BPA from infant feeding bottles [236-238]
across EU
2012 German Federal Set a reference value of 7ug/l BPA for [239]
Environmental Agency 20-29-year-old adults
2012 France Officially passed a law suspending the [240]
production, trade, and marketing of food
containers containing BPA
2013 Suffolk County, New York Signed the “Safer Sales Slip” act into [241]
law to ban thermal receipt paper coated
with BPA in Suffolk County, New York
2014 French Agency for Food, Submitted a restriction proposal for the [6]
Environmental and use of BPA in thermal paper.
Occupational Health and
Safety (ANSES)
2015 European Food Safety Lowered the TD) of BPA from 50 to [171, 242]
Authority (EFSA) 4pg/kg BW per day
2016 Registration, Evaluation, Announced the restriction of BPA in [243]
Authorisation, and Restriction  thermal paper on the European market at
of Chemicals (REACH) a concentration equal to or greater than
0.02% by weight after January 2, 2020,
under the EU regulation (EU) 2016/2235
2017 European Chemicals Agency Listed BPA in the candidate list of [244]
(ECHA) substances of very high concern
(SVHCs)
2017 Institut national de Developed the certification "BPA Free” [245]

I'environnement industriel et
des risques (INERIS)

and “No Phenols added”
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Furthermore, the genuineness of the results of the research has been
guestioned. According to vom Saal et al., [246], the outcome of most scientific
investigations relating to BPA is influenced by social issues, legislation, and, more
importantly, the source of research funding — industry-funded or public-funding. For
example, an evaluation of about 115 studies showed that industry-funded studies did
not find significant effects of low doses of BPA. In contrast, over 90% of public-funded
studies reported significant results. Regardless, governmental, and non-governmental
institutions worldwide have taken steps and measures to reduce or eliminate the
widespread exposure to BPA in many consumer products. Table 4 lists BPA

regulations of various countries and organisations.

The first ban on BPA in thermal paper was in Japan in 2001. Similar restrictions
on the manufacturing, sale, or distribution of thermal receipt paper or cash register
receipt paper and other consumer products containing BPA have been enacted in
Taiwan [247], and some states in the USA like Minnesota [248] [249], New York,
Connecticut and more recently, lllinois [250]. Many other states are expected to follow

the same route [235].

Due to the health risks of BPA on pregnant women and consumers, in June
2014, the French Agency for Food, Environmental and Occupational Health and
Safety (ANSES) submitted a restriction report proposal to the European Chemicals
Agency (ECHA) on the use of BPA in thermal paper [6]. This proposal seeks to ban
the use of BPA in thermal paper in concentrations equal to or higher than 0.02%. In
response, the European Commission carried out a thorough assessment of the
proposal and decided that the requested ban was admissible and might be utilized as
an EU-wide measure to reduce the risk for human health. Consequently, a draft
amendment to the REACH regulation regarding the use of BPA was made to set a
limit for BPA in thermal paper. In December 2016, after passing through several
legislations, the European Commission added BPA to the list of restricted substances
(regulation (EC) No. 1907/2006). Equally, in June 2017, ECHA’s member state
committee announced their support for the French proposal to additionally identify
BPA as a substance of very high concern because of its endocrine-disrupting
properties. The entry was updated in January 2018. Therefore, it was decided that
BPA may not be placed on the European Market in thermal paper at a concentration

equal to or greater than 0.02% by weight after January 2, 2020. This regulation applies
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to all producers of thermal paper in the EU and imported thermal papers. In principle,
there is a ban on BPA in thermal paper for the European market from 2020 and
onwards [251].

In response to the new BPA regulations, there has been an increased effort by
EU countries, notably Belgium [252] and the Netherlands [253], to search for safer
BPA alternatives of similar or improved technical competence. For example, through
its National Competence Centre for Industrial Safety and Environmental Protection
(INERIS), France developed a "BPA Free” and “No Phenols added” label - to
guarantee the absence of BPA and other phenolic compounds in thermal papers. This
initiative is one of the French government’s National Strategic Plan against Endocrine
Disruptors [254]. Many manufacturers have adopted this move in the EU as a way of
emphasising their commitments to the removal of BPA and related substances of
health and environmental concern from the production of several consumer goods and

thermal papers.

2.7 BPA alternatives in thermal paper
2.7.1 Petrol-based alternatives

Few studies have sought to address the quality of alternatives to BPA in thermal
paper and other consumer products. In 2012, the United States Environmental
Protection Agency (USEPA) released a draft assessment of the existing 19
alternatives to BPA in thermal paper [255]. This was a response to the chemical action
plan for BPA released by the Environmental Protection Agency (USEPA), which
tasked the Design for the Environment (DfE) branch to conduct an alternatives
assessment for BPA in thermal paper. The assessment carried out in conjunction with
a consortium of stakeholders, including NGOs, chemical experts, supply chain
companies, green chemistry, and technical experts, and international governmental
organisations focused primarily on the chemical and physical properties of the
substances, their production, use, hazard profile, toxicity potential, predicted
bioaccumulation and persistence in the environment. Out of the 19 studied
substances, 12 were Bisphenol-based (BPA, BPF, BPC, MBHA, BisOPP-A, BPAP,
PHBB, BPS, 2,4-BPS, TGSA, BPS-MAE, and BPS-MPE), bisphenol-free but phenol-
based developers were 3 (D-8, D-90, DD-70) and 3 were phenol-free developers
(Pergafast 201, BTUM, and UU). The final report of the assessment released in 2015

[195] revealed that none of the 19 substances was fit enough to be a safer alternative
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to BPA. All these substances are petrol-based, and most have a moderate to high
probability to impact human health and/or aquatic systems and therefore did not pass
the health safety assessment test. The report stressed that substitution with these
alternatives is questionable and can result in the need for additional substitution in the

future.

Despite these revelations, petrol-based BPA and many of these compounds
are still being highly used as developers in thermal paper. Investigation of colour
developers in thermal papers placed in the EU market between 2014-2016 shows that
BPA is the most used developer. However, an increase in the use of other developers
was reported from 2014 to 2017 (Figure 11).

M Bisphenol A M Bisphenol A
M Bisphenol S M Bisphenol S
m Other m Other
developers developers
M Bisphenol A M Bisphenol A
M Bisphenol S M Bisphenol S
1 Other 1 Other
developers developers

Figure 11.  The use of BPA and its alternatives in thermal paper between 2014 and 2017.
(Adapted from ECHA [256, 257])

A study of BPA alternatives in thermal papers from the Netherlands, Spain,
Sweden, and Norway revealed the presence of BPS, Pergafast 201, and D-8 [4, 258].
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BPA is the main developer in cash receipts, while D-8 is commonly used in other
thermal paper products such as cinema tickets, boarding passes, and luggage tags.
Similarly, in a recent study on the developer contents of thermal papers in the German
market between 2014 -2017 [98], 5 out of the 19 colour developers listed by the US
EPA were detected in about 311 thermal papers investigated. BPA found in almost
50% of the samples was still the most frequently used colour developer, while phenol-
free Pergafast 201 was the most used alternative. Bisphenol analogues such as BPS
and D8 were found to be less common. Between 2015 and 2017, supermarkets and
grocery stores were observed to have moved from BPA to other alternatives.
Businesses like gas stations and clothing stores still use thermal paper containing
BPA, while event tickets, parking tickets, and self-adhesive labels were mostly
produced with D8. The most widely known BPA alternative in thermal paper is

Bisphenol S — the sulphur-containing structural analogue of BPA (Figure 12).

Figure 12.  Structure of Bisphenol S

O=n=0

A recent study shows that receipt papers coated with BPS accounted for about
88% of human’s BPS exposure [259]. Due to structural similarity to BPA, BPS, and
other bisphenol compounds like bisphenol C (BPC), bisphenol F (BPF), bisphenol AF
(BPAF), bisphenol AP (BPAP), and TGSA have been predicted to pose a similar risk
and threat to human and aquatic life [7, 260]. These compounds possess estrogenic
activity and genotoxicity with the potential to be more potent than their parent
compound [261]. They have been detected in various environmental media [262] and
waste paper samples [263] in concentrations higher than BPA. They have also been
implicated in many health-deteriorating challenges. BPS disrupts cell signalling at an
extremely low dosage [264], causes severe eye irritation, reproductive and
developmental hazards [255], and may even be more persistent in the environment
than BPA [265].

Phenol-free alternatives like D-8, D-90, and Pergafast 201 offer better
performance than BPA [8]. Compared to BPA and BPS-based thermal paper, image
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stability, printability, oil, and sunlight resistance is higher for D-8 and D-90 and much
higher for Pergafast 201. Substituting BPA for these compounds comes with little or
no technical challenges in the production process and adaptability with the existing
thermal printers. A phenol-free, urea-urethane (UU) compound produced from the
condensation of phenols and aromatic isocyanate is also used as a developer in
thermal paper [266]. The UU developer has no acidic protons but promotes the
opening of the dye fluoran ring and stabilises the dye/developer complexes through
hydrogen bonding [82]. UU developers and related compounds effectively produce
thermal paper with good surface whiteness and high thermal sensitivity. In addition,
they develop images of high density, high stability, and high resistance to hydrophobic
substances [87, 267, 268].

Thermal paper made with Pergafast 201 is the most expensive alternative
[269]. This is due to the fact the market for this developer is monopolistic. It is produced
by one manufacture — BASF. Secondly, its complex structure also suggests that a
considerable amount of investment in material resources is needed for its production.
Thermal paper with alternatives other than Pergafast 201 is about twice as expensive
as BPA-based thermal paper. The use of isocyanate compounds considered a health
and environmental hazard in the production of urea-based developers poses a great
challenge. Pergafast 201 and UU are known to be environmentally persistent and toxic
to aquatic life with long-lasting effects. Although, due to its higher molecular weight,
dermal migration of Pergafast 201 might be considerably lower than BPS and BPA.

On the other hand, Pergafast 201 does not possess significant estrogenic
activity [187]. The potential for carcinogenicity cannot, however, be ruled out. The
human toxicity of Pergafast 201 and D-8 is considered very low to moderate and low
to moderate, respectively [195]. Meanwhile, the aquatic toxicity of Pergafast 201 is
high and may cause long-term adverse effects in the aquatic environment. Therefore,
their use as a developer in thermal paper, born out of necessity to adhere to
regulations, should be considered cautiously. Moreover, BPA-free thermal papers are
not necessarily safer if substitutes of related chemical and toxic properties are used

as developers [270].

2.7.2 Wood-based alternatives to BPA — Green Developers
Considering the challenges associated with the use of petrol-based chemicals

as developers in thermal paper, bio-based, food-grade, natural, and commercially
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available substances belonging to the class of carboxylic acids, fatty acids, sugars,
biopolymers, mono & polymeric phenols (Figure 13) may be considered an alternative
route to a safer and sustainable substitution because they are mostly isolated and
purified from natural sources of little or no known toxicity. Also, they possess inherent
multifunctional and structural features that are amenable to modifications, thereby
making them useful either in pure form, in combination with other substances or as

building blocks to a higher value chemical.

Lignin-derived
phenol monomer

Sugar/sugar acid

Carboxylic acid

Green developer

Figure 13.  Chemical classes of potential green developers.

2721 Organic acids
The most frequently patented bio-based substances used as colour developers

in thermal papers are organic acids - either aliphatic or aromatic - such as salicylic
acid, oxalic acid, maleic acid, benzoic acid, citric acid, sorbic acid, oleic acid, succinic
acid, tartaric acid, phosphonic acid, ascorbic acid and the likes [30, 44]. Carboxylic
organic acids are weak acids characterized mainly by one or more carboxylic groups
— COOH. They can act as both hydrogen-bond acceptors (-C=0) and hydrogen-bond
donors (-OH) [271]. Carboxylic organic acids are pervasive. They can be isolated from
wood and wood by-products [272, 273] and are also produced industrially on a large

scale.
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One critical problem associated with the use of organic carboxylic acids as a
developer in thermal paper is that they crystallise during the coating application
resulting in a semi-opaque coating [107]. Separate crystallisation of organic acid
developer and dye is easily influenced by high humidity leading to a print of low
moisture resistance. Secondly, aromatic organic acids tend to sublime and
decompose, leading to an unwanted premature colour reaction. To mitigate these
problems, the use of organic acid derivatives [274] or modified forms of the organic
acids such as their polyvalent metal salt, esters, and copolymers have been
considered [9]. Metal salts of aromatic carboxylic acids considerably improved the
image quality and resistance to yellowing [275]. Still, their ability to produce colour at
very low temperatures was a limitation. Poor light fastness is an additional problem.

Recently, an environmentally friendly thermal recording material consisting of a
phosphate modifier used in conjunction with leuco dye and organic acids like citric
acid, salicylic acid, or ascorbic acid acting as an activator was proposed [45]. Under
the influence of heat, the phosphate modifier facilitates colour formation.

Thermal paper produced from the use of ascorbic acid (vitamin C) as a
developer was recently announced [276]. This paper appears yellowish, and it is
reportedly accepted and used by organic food retailers in some parts of the United
States. Meanwhile, an analytical investigation into the constituent makeup of this
paper revealed that there was no trace of vitamin C in the thermal paper. However,
two pharmacologically active chemicals, dapsone, and tolbutamide were detected in
the paper [98]. These same compounds were used as developers in a thermal
recording patent [101]. No other information as regards the technical feasibility of
ascorbic acid is available in the public domain.

Nonetheless, ascorbic acid is a naturally occurring antioxidant present in fruits
and other plant products. However, its hydrophilic nature has limited its use in life
science, food and pharmaceutical industries and could also pose a challenge when
used as a developer in thermal paper [271]. Alternatively, ascorbic acid ester like
ascorbyl palmitate could offer improved performance. Ascorbylacid esters are
potential surfactants and antioxidants. The presence of the long-chain alkyl group in
the molecular structure imparts new chemical properties such as higher melting and
low water solubility, both of which are key to the performance of developers in thermal
paper. The application of this compound as a developer will be investigated in this

work.
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2.7.2.2 Phenols
Phenols have long been used as developers in heat-sensitive materials due to

their efficacy attributed to active protons for colour formation and sufficiently high
colour density and relative stability due to their inherent aromatic backbone.
Monomeric, dihydric, and polyhydric phenols are the most commonly used phenol
types as developers. Examples include hydroxybenzoate, bisphenols, trisphenols, m-
cresols, xylenols, m-ethoxyphenol, m-chlorophenol, 2,4’-methylene-diphenol, tert-
butyl phenol, octylphenol, phenyl phenol, 4-hydroxybenzoic ester, catechol, resorcinol,
phloroglucinol, pyrogallol, hydroxyhydroquinone, and related compounds [277]. These
compounds have been used in their native monomeric or polymeric form, as
derivatives and polymeric resins. The use of these phenolic compounds poses several
challenges. For instance, colours produced from certain phenols fade under light and
during storage in the dark [103]. Fading is caused by the crystallisation of the phenol
compound and dye under the influence of humidity and temperature. Thermal papers
produced from phenols are known to be of low sensitivity and characterised by
background staining. The hydrophobic nature of phenols makes them susceptible to
moisture erasure, thereby limiting the application stability. More importantly, phenols
are known to be hazardous to human health and the environment. Naturally occurring
monomeric and polymeric phenols isolated from natural sources are, however,
environmentally friendly, and biodegradable. These phenol types could serve as an

upgrade to petrol-based phenols.

Wood-derived lignin is a good source of natural phenols and chemicals for
value-added applications. Lignin, the second most available renewable raw material,
is a complex three-dimensional biopolymer arising from the polymerization of three
cinnamyl alcohols: p-hydroxycinnamyl alcohol, coniferyl alcohol, and sinapyl alcohol.
The production of phenols from lignin through depolymerisation techniques has been
extensively discussed in many publications [278-282]. Through these processes,
lignin is fragmented into a complex mixture containing different lignin model
compounds belonging to various chemical groups, including phenols, aldehydes, and
hydrocarbons. The resulting mixtures are then separated or purified using a variety of
techniques. Lignin phenolic compounds dissolve in cooking solutions during the

pulping process can also be isolated from the liquor. In addition to their favourable
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properties, lignin phenolic compounds are environmentally friendly with good
pharmacological and antioxidant properties [283].

Of these lignin phenols, vanillin and its derivative like vanillic acid seem the
most attractive phenols for use as a developer in thermal paper. Vanillin (4-hydroxy-
3-methoxy benzaldehyde) (Figure 14) is a food-grade substance majorly used as a
preservatives and flavouring agent in food and cosmetic products because of its
antioxidant and antimicrobial properties. It is also extracted from Vanilla orchid pods.
However, the composition of Vanillin from this source is complex and contains many
side compounds, which make it unadaptable for industrial use. Vanillin can also be
produced through biological means using ferulic acid [273], another natural phenolic
compound with high industrial potential. With its free phenolic hydroxyl group, Vanillin
can act as a proton donor to leuco dye and participate in hydrogen bonding.

() (b)

/CHS
OCH,
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HO

Figure 14.  Structure of (a) vanillin and (b) vanillic acid.

Vanillin can be used in its pure form or as a building block for higher-value
renewable materials [284]. One of the challenges that might limit the utilization of
vanillin in thermal paper is the competition with food and cosmetic application, which
may inevitably lead to increased costs in the international market. Chemically, vanillin
is also hydrophilic absorbing moisture on exposure to air. This may impact its

effectiveness as a developer in thermal paper.

In 2014, a ‘green alternative’ to BPA from lignin was reported by a research
group in the USA [285]. The lignin fragments vanillyl alcohol and guaiacol were
converted to isomers of bisguaiacol-F (BGF) via an acid-catalyzed electrophilic
aromatic substitution. The synthesised resins had a similar structure to BPA, high
thermal stability, and additional methoxy substituents [286]. The endocrine activity of

these BGF compounds recently investigated [287] revealed that BGF isomers have a
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lesser endocrine disruptive impact than BPA. BGFs are, however, designed to be used
in plastics. Information on their application as a developer in thermal paper is still

unavailable.

The lignin-based coumaric acid and its derivatives, such as caffeic acid, ferulic
acid, and phloretic acid, are also a potential bio-based alternative to BPA. For
example, coumaric acid (Figure 15a) has free phenolic hydroxyl groups and
sufficiently high melting points. In addition, diphenolic acid (Figure 15b), a renewable
bisphenol derivative produced from the condensation reaction of phenol with levunilic
acid — a by-product from the biorefinery process — has the physical and chemical

properties to act as a BPA substitute [288].
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Figure 15. Structure of (a) coumaric acid and (b) diphenolic acid.

2.7.2.3 Tannins
Second only to lignin, tannins are the most abundant source of natural

polyphenols and aromatic biomolecules. Tannins are high molecular weight
substances from bark, leaves, roots, branches and also obtained as by-products of
some agricultural wastes such as tea [289], coffee [290], and fruit residues [291].
Tannins are commonly obtained from wood species such as quebracho wood, pine,
oak, mimosa, etc. The chemical properties of tannins are dependent on extraction
conditions such as the method of extraction, extraction time, extractant type, the
particle size of the sample, and extraction temperature [292]. In woody plants, tannins
perform a wide variety of defensive roles. They defend the wood against infections,
fungi, bacteria, and insect attacks. In addition, tannins give fruits and leave astringent
taste making them less appealing to herbivores. Through molecular mechanisms,

tannins also offer protection against UV rays and free radicals.
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Tannins are classified into two major groups - condensed tannins and
hydrolysable tannins. Another class of tannins is the phlorotannins which are
derivatives of phloroglucinol. Hydrolysable tannins are esters of gallic or ellagic acids
and sugar. The term ‘hydrolysable’ simply means that weak acids or bases can
hydrolyse these tannins to produce carbohydrates and phenolic acids. Hydrolysable
tannins are commercially extracted from Chinese gall (Rhus semialata), Sumac (Rhus
coriara), Turkish gall (Quercus infectoria), tara (Caesalpinia spinosa), Myrobalan nuts
(Terminalia chebula), and Chestnut (Castanea sativa). They can also be isolated from
pomegranate peel, alder leaves, myrobolans, and divi-divi extracts. Hydrolysable
tannins are characterised by low nucleophilicity and a macromolecular structure
dependent on extraction methods [14]. These attributes affect their chemical and
economic importance. Condensed tannins, known as proanthocyanidins, are the most
common commercially available tannins. They constitute about 90% of the total global

production of commercial tannins and are mostly concentrated in tree bark.

There is little information on the use of tannins as a developer in heat-sensitive
paper. Although a handful of patents have mentioned tannic acid [12, 293, 294] and
tannin model compounds like resorcinol, phloroglucinol, and catechin as potential
developers, no technical information is provided to ascertain their effectiveness. Gallic
acid (3,4,5-trihydroxy benzoic acid) is the most widely mentioned form of tannin used
as a developer in thermal-responsive materials. In addition, the developing potential
of esters of gallic acid such as stearyl gallate, lauryl gallate, octyl gallate, dodecyl
gallate, ethyl gallate, butyl gallate, and propyl gallate has also been studied [117, 137,
141].

The use of tannins as developers in thermal paper may offer several
advantages over BPA. Tannins are bio-based polyphenolic antioxidants with similar
structures to synthetic phenols. They are veritable, green, and sustainable alternatives
to synthetic phenols. They possess numerous reactive OH groups and chemical
properties, making them amenable to modifications and reactions for wide industrial
applications [11, 13]. Tannins are non-crystalline and thermally stable [295]. Their
thermal stability is influenced by other constituents such as carbohydrates [296]. The
non-crystallinity of tannins could lead to a very low likelihood of sublimation or
crystallization, a problem encountered with monomeric phenols. High thermal stability

of tannin could also help overcome the limitations associated with phenolics, such as
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premature colour formation and colour instability. Tannins are high molecular weight
compounds with limited dermal migration capacity. They are of no known toxicity to

man and are commercially available.

2.7.2.4 Phenolic resins

Phenolic resins or condensates are produced from the condensation of phenol
and aldehydes, typically formaldehyde. There are two main classes of phenol-
formaldehyde resins — novolac or resole produced under either acidic or alkaline
conditions, respectively. The use of high molecular weight phenolic polymer/resins like
novolac and resole as a developer in pressure and heat-sensitive paper was patented
[297-299]. The use of phenol-formaldehyde as a developer was invented to mitigate
the volatile capacity of phenols in coating formulations. Para-substituted phenol-
formaldehyde polymers and similar derivatives were highly effective as developers in
heat-sensitive papers and are known to have excellent colour-producing ability and
high fading resistance. However, paper sheets coated with phenol-formaldehyde
polymers underwent yellowing and produced colour marks, thereby becoming
significantly faded upon exposure to sunlight or during storage. Metal-modified
phenolic polymer produced by the melt condensation of phenolic resin with metal salt
in the presence of an acid catalyst provided improved performance in print fade
resistance, light stability, and intensity [300, 301]. Metalation of resin could be
achieved by adding zinc, copper, aluminium, tin, cobalt, and nickel salt. While phenol-
formaldehyde polymers have shown capability as a developer in functional papers, the
environmental incompatibility of formaldehyde is a challenge. Like BPA, exposure to
formaldehyde in humans and animals is a known problem. For this reason, attempts
have been made to produce environmentally friendly polymers for use as developers
in thermal papers.

Recently, Jang et al.,[16] synthesised hyperbranched polyester copolymers
through a one-pot polycondensation reaction involving phloroglucinol, terephthaloyl
chloride, and adipoyl chloride. The resultant highly insoluble copolymers characterised
by a high degree of branching and reactive OH groups, induced a colour in a leuco
dye system. The copolymers, however, displayed inferior developing performance
compared to BPA when used as a developer in thermal paper. In addition, an increase

in the proportion of alkyl groups by varying the ratio of terephthaloyl chloride and
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adipoy! chloride in the polymer backbone had a negative effect on the developing
properties of the polymers.

Similarly, Choi et al.,[15] synthesised and investigated the developing
properties of eco-friendly phenol-formaldehyde novolac and resole polymers using
phenols and BPA. While other polymers work as developers, thermal paper produced
from BPA-based novolac resins showed the highest developing potential and
sensitivity. However, the presence of BPA in the polymer casts doubt on its ability to
replace BPA effectively.

One of the advantages of phenolic polymeric resin is that they are of high
molecular weight, which tends to overcome skin absorption problems associated with
BPA. This is because most high molecular weight compounds are less mobile in
biological and environmental systems, limiting their migration through biological
membranes [3]. Phenolic resin derivatives are also easy to synthesise with associated
low cost and possess multiple phenol groups. Furthermore, hyperbranched polymers
are an interesting proposition because, contrary to linear polymers, they possess
many active groups owing to their highly branched architectures. In addition, they are
highly insoluble in solvents which may also reduce bioaccumulation through dermal
absorption [302]. Finally, they possess a high melting temperature which may improve

the archiving stability of the printed image.

As aforementioned, tannin and tannin model compounds have been used as a
substitute for phenol in phenolic resin [303], but their use in thermal paper has not
been mentioned anywhere in the literature. Also, in place of formaldehyde, simple and
lower aliphatic aldehydes such as acetaldehyde, propionaldehyde, butyl aldehyde,
glyoxal may be used in the synthesis of cross-linked phenolic resin [304]. Therefore,

such polymeric resins may also be useful as a developer in thermal paper.

2.7.2.5Sugars
The simplest forms of sugar are monosaccharides. These include glucose,

fructose, and galactose. Commonly used table sugar, sucrose are disaccharides of
glucose and fructose, while higher molecular weight sugars are oligosaccharides.
Sugars are naturally present in plant tissues, fruits, and vegetables. Sucrose is
commercially isolated from sugar cane and sugar beet. Structurally, sugars are

organic compounds containing hydroxyl, aldehyde, or ketone groups.
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The first sugar compound used as a developer in thermal paper was produced
by reacting the organic hydroxyl group of sugars, uronic acids, sugar acids, or sugar
alcohols with electro negatively substituted mono- or poly aldehydes (Figure 16 a-c)
[73, 305]. These developers possess excellent colour developing properties with high
thermal, acid, and air resistance. In their unreactive state, they are slightly soluble or
insoluble in water, virtually colourless and odourless, eliminating background staining.
In addition, their production is relatively inexpensive. Not much is, however, known of

either the commercial utilization of these compounds.
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Figure 16.  Structural examples of sugar-based developers (a). g-d-trichloroethylidene-d-
gluconic acid (furanose type); (b) 9-trichloroethylidene-d-gluco-furanose and (c) g-(di-
trichloroethylidene)-d-gluco-furanose. (Reproduced based on Kosche [305])

The commonly used sweetening agent, saccharin, and its derivatives like
saccharin, 1'-bromo saccharin, 1'-nitro saccharin, 1'-amino saccharin, and saccharin
5'-carboxylic acid have were applied as developers [306]. These compounds produced
colour with all studied colour formers. The chemical structure of the derivatives largely
determined the intensity and stability of the colour developed. The colour formed by
saccharin derivatives was largely irreversible, limiting the erasure of print and

recyclability of the thermal paper produced with such developers.
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2.7.2.6Urea-based compounds
Commonly known, non-phenolic developers with urea and urethane

functionalities are petrol-based. However, substances with urea functionalities are
also present in nature. Uracil, caffeine, and uric acid are three biobased compounds
possessing aromatic urea functionalities. They are weakly acidic, have high melting
points, and are commercially available. These compounds, in addition to glycolylurea,
could function as a developer in thermal paper.

2.8 Alternative technologies

While the search for healthier alternatives to BPA is being intensified,
alternative technologies which promote the drastic reduction in exposure to BPA via
thermal paper have been proposed. For instance, the Safe-by-Design (SbD) concept
by the Netherlands encouraged scientists, paper manufacturers, and policymakers to
look not only at chemical replacements for BPA but also consider non-chemical,
technological, and environmentally friendly solutions during the design of products
[253]. Danish authorities also recommend several alternative technologies. The
alternative technologies centered on adopting a cashless payment system with custom
applications, mobile web payments, SMS payments, electronic ticketing/receipts,
label-less self-service check-in, and check-out system in supermarkets and airports.
Retailers are advised to offer consumers the option of not collecting receipts and
paperless transactions. Challenges associated with the e-receipt system are mostly
about data protection. Coverage of customers who do not use smartphones may also
be a challenge. Besides, the subscription cost for some mobile application features

may be an additional burden on customers.

The Koehler paper group recently began marketing an innovative eco-friendly
thermal paper that functions without the traditional dye and developer. According to
the manufacturer, the paper produces colour through a physical process [307]. It was
designed with thermo-responsive polymeric hollow-sphere pigments (HSP) as light
scattering centres to generate the functional layer's necessary hiding power/opacity.
During the thermal process, the heat responsive layer of the paper can switch between
an opaque and transparent state. Bluedest paper significantly reduced the chemical
load of low molecular weight chemicals because no colour-forming functional

chemicals are present in the coating. It can be manufactured with standard paper
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coating technologies/equipment. The paper works with conventional thermal printers
and standard printer settings with excellent long-lasting print. Blue4est has become
the first thermal paper to be verified and approved for direct contact with food.
However, the thermal paper is more expensive than conventional BPA thermal paper.

For this new development, Koehler and Dow were awarded the US Green Chemistry
Award 2017 [308].
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3 Experimental

3.1 Materials

All chemicals were obtained commercially and used without further purification,
except otherwise stated. The colour former, 2-anilino-6-dibutylamino-3-methylfluoran
(Pergascript Black 2C) and an aqueous solution of polyvinyl alcohol (12.5% PVA 15-
99), were obtained from Mitsubishi paper Hi-tech Europe. For this study, the leuco dye
colour former would be referred to as ODB-2 ("One Dye Black 2").

Raw tannin industrial extracts: mimosa and mimosa sulphite were obtained
from Otto Dille GmbH & Co. KG and Christian D. Markmann GmbH, respectively. The
Grape seed extract was obtained from C.E. Roeper GmbH.

The following reagents and solid solvents were obtained from Sigma Aldrich:
Folin-Ciocalteu’s phenol reagent, (2N); tannic acid, 99.3%, CAS [1401-55-4];
hexadecanol, 99%, CAS [36653-82-4]; octadecanol, 95%, CAS [112-92-5]; catechin
hydrate, 96%, CAS [225937-10-0]; hexamethylenediamine, 96%, CAS [124-09-4]; and
BPA, 98%, CAS [80-05-7].

Lauric acid, 99.0%, CAS [143-07-7]; resorcinol, 93%, CAS [108-46-3]; and
phloroglucinol, 95%, CAS [108-73-6] were obtained from Merck KGaA.

The following reagents were obtained from Alfar Aesar: vanillin, 99%, CAS
[121-33-5]; vanillin acid, 98% CAS [121-34-6]; and tetradecanol, 97+%, CAS [112-72-
1].

Solvents and reagents such as hexane, ethyl acetate, dimethylformamide
(DMF), dimethylsulphoxide (DMSO), acetone, acetonitrile, 1-butanol, chloroform,
dichloromethane, ethanol, ethyl acetate, hexanes, methanol, and toluene were
obtained from Sigma Aldrich and used without further purification. In addition, ascorbic
acid, salicylic acid, citric acid, and ascorbyl palmitate were obtained from Alfa Aesar,

while deuterated chloroform (chloroform-d1) was obtained from Deutero GmbH.

3.2 Sample preparation
Ternary mixtures containing developer materials, ODB-2, and solvents were

prepared to:

1. Study the colour forming reaction of green developers with ODB-2.
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2. Investigate the thermal and colourimetric properties of ternary mixtures
containing lignin-based compounds (vanillin and vanillic acid) as developers

using Job’s method of continuous variation [147, 309].

3.2.1 Preparation of ternary mixtures for colour forming reactions.
An appropriate quantity of the developer was weighed into a glass vial

containing ODB-2 and solvent of known weights (Figure 17). The mixture was
thoroughly mixed with the aid of a shaker. Tetradecanol was used as the solvent.
Developers are citric acid, ascorbic acid, salicylic acid, ascorbic palmitate, vanillin,
vanillic acid, resorcinol, phloroglucinol, phenol-amine complex, and phenolic
copolymers. The synthesis and characterisation of phenolic polymers are explained in

section 3.6.

Figure 17.  Samples of ternary mixtures prepared with carboxylic acids, ODB-2, and
tetradecanol. (a) mixtures in the unheated state, (b) mixtures heated on a hotplate, and (c)
coloured state of the mixtures after cooling.

In the case of phenol polymers, the polymer samples were first ground into
small particles with a ball mill because smaller particles are known to increase the
interaction between developer molecules and leuco dye. On the other hand, the
phenol-amine complex only required mortar and pestle. The samples were then
heated on a hotplate at about 170°C for 2 mins. A homogenous mixture was obtained
on heating due to the complete melting of the solvent. The mixtures were then
gradually cooled in a water bath. A change in the colour of the samples was achieved

on cooling.

56



To study the temperature of colour change, a binary mixture of the developer
and ODB-2 was introduced in an Eppendorf tube before heating and mixed with a
shaker. A micro quantity of this mixture was charged into a transparent glass capillary
of 1.5 mm internal diameter, 80mm length to a height of 3mm. The capillary tube was
gently tapped to allow for the settling of the mixture in the base. The mixtures' colour
developing characteristics were monitored using the rapid screening test method
previously developed [17]. Figure 18 and Figure 19 show the schematic diagram of

the set-up for the screening test and a representative sample in a capillary.

Thermometer

Capillary tube

Glass tube containing silicon

oil.

Figure 18. Set-up for the investigation of colour behaviour of a dye-developer mixture.
(Reproduced from Huneke [17]).
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Figure 19.  Images of capillary tubes containing a micro quantity of a mixture of
ODB-2, vanillic acid, and tetradecanol in (a) unheated and (b) heated form.

With the aid of a hand-held magnifying lens, the temperature characteristics of
thermochromic mixtures in relation to the solvents were visually observed on the
thermometer. After treatment, the capillary tubes were cooled in air. Magnified images
of the capillary tubes were captured with a VHX-500FD Keyence digital microscope
(Figure 20). Image processing was done with Microsoft Office Picture Manager 2010.
The colour formed and temperature of colour formation was compared to reference

substance — BPA.

Figure 20.  Magnified images of capillary tubes containing (a) unheated vanillin, (b)
unheated ODB-2, (c) unheated mixture of vanillin & ODB-2, (d) heated mixture of vanillin
& ODB-2, (e) heated mixture of reference developer, BPA &ODB-2.

3.2.2 Preparation of ternary mixtures for Job’s method
Twenty-eight ternary mixtures containing the lignin-based model compounds,

vanillin, and vanillic acid, were prepared by weighing the known quantity of ODB-2,

58



developer, and solvent into a glass vial (50 ml) such that the total amount of the
composition was kept constant at 3.75 x 10° mol. The samples were then subjected to
a heating and cooling cycle in a water bath with gentle agitation. The water bath had
an in-built temperature regulation. To cool, the glass vials were placed inside a glass
dish of iced water. With this method, multiple samples were subjected to identical

thermal treatment.

3.2.3 Preparation of a mixture of plural developers
To investigate the effect of a mixture of developers on colour density and colour

stability, developers were mixed in an aluminium pan in a ratio ranging from 5:95 to
50:50 (w/w). One developer was assigned as the main developer and the other as the
co-developer. Tetradecanol was used as the co-solvent. The developer mixture was
introduced into the melted solvent and heated to 200°C on a hot plate for 60min. After
heating, the aluminium pan was immediately transferred into an iced water bath to

cool.

3.3 Acetone test

Developer samples were subjected to the acetone test using the method
described by Rihs and Weis [148]. This test allows for the isolation of the coloured
form of ODB-2. Typically, 0.00532g, 0.01mmol, ODB-2 was added to 20ml acetone.
Unless otherwise stated, 0.04mmol of developer sample was added to the mixture and
allowed to stand for 5 days. Acetone was removed via rotary evaporation, and the
solid black crystal obtained was left to dry in the flask. A mixture of vanillic acid and

ODB-2 in acetone is shown in Figure 21.

Figure 21.  Mixture of vanillic acid and ODB-2 in acetone
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3.4 Dispersion test

The colour forming reaction of developer samples in a dispersion containing
ODB-2, developer, and polyvinyl alcohol (PVA) was investigated in the wet and dry
states. Firstly, a suspension of ODB-2 was prepared by mixing an appropriate amount
of ODB-2 in water and PVA. Then, the composition was thoroughly dispersed using

an ultra-turrax.

An appropriate amount of developer was added to about 1g of ODB-2
suspension in an aluminium pan. The mixture was allowed to stand for a few minutes
(Figure 22). Afterward, the sample was dried to a constant weight in a drying oven at
120°C. During the drying process, the mixture's water component was removed, and
the dye and developer fused to produce the corresponding colour.

Figure 22.  Wet dispersion of ODB-2, PVA and (1) vanillin, (2) vanillic acid, (3) isovanillic acid
and (4) isovanillin.

3.5 Purification of tannin extracts

Purification of raw tannin extracts (mimosa extract, mimosa sulphite extract,
and grape seed extract) was carried via soxhlet extraction with methanol as solvent
(Figure 23). For the purification, approximately 25¢g of oven-dried raw tannin industrial
extract was introduced into the extraction thimble, placed in a soxhlet, and extracted
with 150ml of methanol for 8hrs. After extraction, the solvent was recovered via rotary
evaporation, and the extracts were dried in an oven at 70°C. The concentrated extracts
were then cooled in a desiccator. For each sample, purification was done in six and
repeated three times. The percentage yield of extract yield was calculated with

equation 1.

Weight of purified extract (g)

Yield of extract (Y %) = X 100 Equation 1

Initial weight of raw tannin extract (g)
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Figure 23. Soxhlet extraction of mimosa extract.

3.6 Synthesis of phenol-amine complex

Phenol-amine complexes of purified tannin extracts (mimosa, mimosa-sulphite,
grape seed), tannic acid, and tannin model compounds (resorcinol and phloroglucinol)
were synthesised using the method described by Lawton [310].

In a typical reaction, 1mol of the phenolic compound was dissolved in aqueous
methanol to form a 25% solution. An appropriate quantity of solid HMDA crystals was
added to the alcoholic solution in molecular equivalent corresponding to the functional
hydroxyl groups in the phenolic compound. The mixtures were stirred for a few minutes
until they became homogeneous. The reaction mixture was separated via filtration with
Whatman filter paper, and the residue was washed thoroughly with methanol. The
number of hydroxyl groups in mimosa and mimosa sulphite was calculated based on
the structure of the predominant flavonoid unit, probinetinidin. Tannic acid is

hydrolysable tannin with gallic acid as its basic structure.

3.7 Synthesis of phenol polymer

Copolymers of purified tannin extracts (mimosa, mimosa sulphite, grape seed),
tannic acid, and tannin model compounds (resorcinol and phloroglucinol) were
synthesised through reaction with glyoxal according to the method described by Tondi
[304].
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Phenol copolymers were prepared in plastic 50ml test tubes by reacting with
different amounts of glyoxal at varying pH and temperature conditions. Generally, 30%
phenol solution was prepared by dissolving an appropriate amount of the phenol
compound in distilled water. To 20g of phenol solution, 10ml of glyoxal solution (40%)
was added, and the pH was adjusted to 2, 7, and 9. The acid, neutral and alkaline pH
was obtained by adding an aqueous solution of H>SO4 and NaOH (0.001 M). After
formulation, the plastic test tubes were screw-capped and vigorously mixed on a
shaker to ensure dissolution/homogenous distribution. The samples were then kept at
ambient temperature for 24h and thereafter subjected to heating at successively
increasing temperature, 50, 70, 90, 100, 120°C in the oven. Samples were removed
from the oven after a solid mass was obtained. The hardening temperature was
recorded for every sample. The solid was milled into a fine powder and washed with
ethyl acetate, acetone, and ethanol. The washed polymer was then dried in a
desiccator. For each sample, polymerisation was done in triplicate. The yield was
presented as the percentage of the weight of dried polymer over the initial weight of

the phenol compound.

3.8 Characterization and instrumental analysis

3.8.1 FTIR spectroscopy
FTIR spectra of pure ODB-2, black composite, phenol-amine complex, and

phenol copolymers were recorded at ambient temperature on a Bruker Vector 33 ATR

instrument from 3750 to 530cm-1 with 60 cumulative scans a resolution of 4cm™.

3.8.2 UV-VIS spectroscopy
The UV analyses of ODB-2 and developer substances were carried out with a

Perkin Elmer Lambda 650 UV-Vis spectrometer. Dilute solutions of ODB-2 in an
appropriate solvent (acetonitrile, ethanol, methanol, ethyl acetate, toluene, hexane,
diethyl ether, acetone, and tetrahydrofuran) were prepared from the stock solution. A
2-3ml aliquot of the solution was introduced into a 10mm quartz cuvette and
measured. The spectra were scanned at ambient temperature in the range of 220 -
500nm. In addition, molar absorptivity was calculated from the absorbance value

obtained using the Beer-Lambert relationship:
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A

E=— Equation 2
CxL
Where;
€ = molar absorptivity
A = absorbance
C = concentration of the solute in moldm-3 (M)
L = path length of the light.

3.8.3 Differential scanning calorimetry (DSC)

3.8.3.1DSC of ternary mixtures
The thermal behaviour of ternary mixtures was studied by DSC analysis

following the method described by Panak et al., [311]. Approximately 5mg of the
coloured composite was weighed and enclosed in an aluminium pan. A Mettler Toledo
DSC 3+ differential scanning calorimeter was used at a scan rate of 2°C/min over a
temperature range of 10 to 50°C. Results obtained were evaluated using the STARe
software. The second heating cycle was used for the result evaluation to minimize the

effect of sample preparation and its thermal history.

3.8.3.2DSC of Phenol copolymer and phenol-amine complex
Glass transition temperature (T4) and melting properties of the different phenol

copolymer and the phenol-amine complexes were determined using a Mettler Toledo
DSC 3+ differential scanning calorimeter at a scan rate of 10°C/min over a temperature
of 50 to 400°C. Before the measurement, samples were dried in a vacuum overnight
to remove residual water. Approximately 5 mg was weighed and enclosed in an
aluminium pan. Ty, defined as the midpoint of the temperature at which the change in

heat capacity occurred, was evaluated using the STARe software.

3.8.4 CNMR spectroscopy of ODB-2
The molecular structures of the colourless and the coloured form of ODB-2

were determined by *C-NMR spectroscopy at 25°C with CDCls as a solvent and as
standard. For NMR measurement, about 100mg of coloured or colourless solid of

ODB-2 was weighed in a glass vial. Then, CDCI; was added, and the sample was
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thoroughly dissolved on a shaker. NMR spectroscopy was performed on a Varian
Mercury 400 MHz spectrometer. Acquisition parameters: 40°C, 25,000 Hz spectral
window, 150 scans, a 2.0s acquisition time, and 10s delay between pulses.

3.8.5 Carbohydrate content
The amount and monomeric composition of carbohydrates in the raw and

purified tannin extracts were analyzed by two-step hydrolysis, followed by Borate-high-
performance anion-exchange chromatography with post-column derivatization (Borat-
HPAEC) described by Bianchi et al., [312].

3.8.6 Total phenolic content
The total phenolic content (TPC) in raw and purified tannin extracts was

measured using a modified Folin-Ciocalteau method [313, 314] and estimated as gallic
acid equivalents. In this assay, 100ul of 4N Folin-Ciocalteau reagent were added to
20ul of each tannin sample (50mg/l) in a cuvette containing 1550ul of distilled water.
This mixture was allowed to react for about 5min before the addition of 300l of 10%
sodium carbonate. The reaction mixture was stirred gently inside the water bath at
40°C for about 30min before measuring the absorbance at 765nm against the blank
using a UV-visible spectrophotometer Agilent 8453 (Agilent Technologies, USA). The
total phenol content was calculated using a standard calibration curve of gallic acid
and expressed in milligram equivalents of gallic acid per gram of extract (mgGAE/Q).
For the calibration, dilute solutions of gallic acid (0-500mg/l) were prepared by
dissolving 0, 1, 2, 3, 5, and 10ml of stock solution of gallic acid in ethanol (50mg/ml)

into a 100ml volumetric flask. All analyses were done in triplicates.

3.8.7 Ash content
The ash content was determined according to Tappi Standard T211om-02.

3.8.8 Colour measurement
Digital images of the thermochromic mixtures in a glass vial were captured at

different temperatures using a digital camera (Figure 24). The glass vials were
removed from the water bath, dried, and captured from the bottom over a white
rectangular-shaped spectralon disc. The white spectralon disc helped to normalize the
brightness of the image, eliminate variations in the posture of the sample, settings of

the camera, and the presence or absence of stray light from room lighting. Firstly, the
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Microsoft office picture manager was used to crop the image to remove unwanted
areas. ImageJ software was then used to measure the colour of each sample at a

variety of spots.

Figure 24. Image capturing of a cooled mixture of vanillin, ODB-2, and tetradecanol with a
digital camera.

For dried dispersions in aluminium pans, images were obtained using the data
colour ELREPHO 450x with measurement geometry 45c/o. A round-shaped white-
surface-coated aluminium plate was used as the measuring cell. A few mg of each
sample was melted on the cell at a temperature of 120°C and then covered with glass
to avoid change in sample thickness during measurement. The sample was cooled to
room temperature before measurement. The measuring cell was placed on a white
rectangular-shaped spectralon disc and then positioned under the instrument
aperture. Thus, the 34 mm aperture covered almost all measuring cells with the
sample while ensuring that the light source was directed on the sample. The

measurement was performed four times.

3.8.9 Colour determination
Colour values from ImageJ were in the RGB colour space, while colour values

from the data colour instrument were obtained as CIE Lab* values. The CIE Lab*
colour space is the closest representation of the observed colour of objects. There are
three axes in this colour space; the a* axis spans from red (a* > 0) to green (a* < 0),
the b* axis spans from yellow (b* > 0) to blue (b* < 0) and the L* axis relates the
lightness of the sample (L* = 100 indicates a pure white sample, L* = 0 indicates a

pure black sample). To obtain the colour density, colour values were converted to
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standard trichromatic values CIE XYZ values through computing methods described
by the International Commission on lllumination (CIE 1964) standard colourimetric
method [315].

Colour densities were calculated as the negative logarithm of trichromatic value

CD = —log (%) Equation 3

where CD is the colour density and Y is the Y coordinate of the CIE XYZ colour space.

3.9 Thermal printing test

The thermal printing test was done at Mitsubishi Hi-tech Paper GmbH. Coating
dispersions were produced from the developers and ODB-2. Developer substances
were first grounded into a reduced patrticle size. The particle size obtained was in the
range of 50£5um. Then, the milled samples were dissolved in water using a magnetic
stirrer. A dispersion consisting of finished coating colour former without a developer
was prepared separately. The finished coating formulation consists of colour former,

inorganic pigments, waxes, and binder.

A known weight of the coating dispersion was measured into a laboratory cup
then the developer solution was added while stirring to produce a fine mixture. The
weight ratio between developer and colour former varied with the developer. Binder
content also varied between 7%-10%, depending on the consistency of the dispersion.
The coating mixture was applied on a pre-coated paper with the aid of a laboratory
paint coater and dried with a hairdryer at a temperature of 55°C to prevent a premature
colour reaction before printing. The coated sheets were printed with an Atlantek 400
test printer. The printer printed ten fields with increasing energy levels from 3 to 15
mJ/mmz2. In addition, the field with the maximum optical print density was recorded and

compared to the reference thermal paper produced with BPA as a developer.
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4 Results and discussion

4.1  Electronic absorption spectroscopy of ODB-2 based system.

Figure 25 shows the colour properties of ODB-2 in protic and aprotic solvents.
In aprotic solvents, such as acetonitrile, tetrahydrofuran, toluene, acetone, and
hexane, ODB-2 did not produce any colour. On the other hand, ODB-2 turned black in
protic solvents, ethanol, and methanol.

Figure 25.  ODB-2 in aprotic and protic solvents. (1) tetrahydrofuran, (2) acetonitrile,
(3) toluene, (4) acetone, (5) methanol, (6) ethylacetate, (7) hexane, (8) diethyl ether, and
(9) ethanol

The formation of characteristic black colour resulted from the cleavage of the
lactone ring of ODB-2 triggered by the transfer of a proton from the solvent to the dye.
On the other hand, the dye appeared in its colourless form in the aprotic solvents
because solvents such as acetone and acetonitrile cannot participate in solvent-to-

solute hydrogen bond interactions due to their inability to act as proton donors [316].

Furthermore, the interaction of ODB-2 with protic solvent led to the formation of
its resonance form with an increased degree of conjugation in the chromophore and
subsequent reduction in the energy of T-1r* transition. This resonance form absorbed
radiation in the visible region of the electromagnetic spectrum. The effect of polar
solvent on the absorption maxima of ODB-2 was evident in the UV/vis absorption

spectra (Figure 26). The absorption maxima are shown in Table 5.
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Absorbance

Table 5. Absorption maxima of UV-visible absorption spectra of ODB-2 in protic and
aprotic solvents

Solvent Amax Amax
Ethanol 458 570
Methanol 461 564
Ethylacetate - -
Toluene - -
Hexane 275
Diethylether - -
Acetonitrile - -
Acetone - -
Tetrahydrofuran - -
2.0 2.0
(a) Tetrahydrofuran (b) Ethanol
Acetone Methanol
15 Acetonitrile 15
Diethylether
Ethylacetate 8
10 Hexane gl.o
Toluene 2
<
0.5 0.5
0.0 0.0
300 400 500 600 700 800 350 400 450 500 550 600 650 700 750
Wavenumber (nm) Wavenumber (nm)

Figure 26.  UV/VIS spectra of ODB-2 in (a) tetrahydrofuran (1.54 x 10-3mol/l), acetone (1.65 x
10-3 mol/l), acetonitrile (1.12 x 102 mol/l), diethylether (1.39 x 10~ mol/l), ethylacetate (0.56 x 10-
3 mol/l), hexane (1.24 x 10" mol/l), and toluene (0.97 x 10 mol/l); (b) methanol (1.63 x 102 mol/l)

and ethanol (1.63 x 10 mol/l).

ODB-2 showed two strong absorption peaks Amax at 458nm and 570nm in
ethanol and Amax at 461 nm and 564 nm in methanol. A shift in the band was observed
with increasing polarity from ethanol to methanol. The two bands in the spectra
representing characteristic r-r* transition involving the whole 1r-electron system are

complementary, and their additivity produced the visible black colour. Though of the
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same concentrations (1.63 x 10-3mol/l), the black colour formed by methanol was
visibly deeper than the colour obtained with ethanol. The higher polarity of methanol

was responsible for this variation.

Moreover, the polarizability of solvents is known to influence the molecular and
electronic behaviour of solutes [317]. Related studies reported similar results for
fluoran dye [159] and aryl azo dyes [318] in varying solvents. Noticeably, a single
absorption band was observed at 275nm in the spectrum of hexane (Figure 26a). The
reason for this was unclear. It was first assumed to be a product of interference from
impurity, but after multiple measurements, the band remained unchanged. A similar
effect was reported in the spectrum of fluoran dye in toluene [319]. This was attributed
to the presence of the lactone form of the dye.

4.1.1 Effect of solvent mixture on the electronic absorption of ODB-2 based system.
The behaviour of leuco dye in a neat solvent is different from its behaviour in a

mixed binary solvent system. Various solvent-solute interactions may alter the
molecular characteristics of the dye resulting in spectra shifts of varying degrees [320].
The electronic absorption of ODB-2 was further investigated in a binary solvent mixture
of methanol-toluene and ethanol-acetonitrile. Increasing amount of methanol and
ethanol (0.1mol — 1mol) was added to a mixture of ODB-2 in toluene (0.93 x 10-2mol/l)

and acetonitrile (1.87 x 102 mol/l), respectively.

As reported in section 4.1, ODB-2 had no absorption in the visible region in
toluene and acetonitrile but developed black colour in methanol and ethanol. In the
toluene-methanol binary mixture, the characteristic absorption bands of ODB-2 at 460
nm and 570 nm were well resolved (Figure 27). A redshift of 12nm on the long
wavelength was observed upon the addition of 0.3 mole methanol. This shift remained
constant until the maximum amount was added. The change in the shorter wavelength
was of the order of 1nm. Absorbance continued to rise at a steady rate with an increase
in the amount of methanol. Maximum absorption was attained on the addition of 1mole

methanol.
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Figure 27.  UV/VIS spectra of ODB-2 in toluene (0.93 x 10-2mol/l) with (a) 0.1mol, (b)
0.2mol, (c) 0.3mol, (d) 0.4mol, (e) 0.5mol, (f) 0.6mol, (g) 0.7mol, (h) 0.8moal, (i) 0.9mol, and
(i) 2mol of methanol
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Figure 28.  UV/VIS spectra of ODB-2 in acetonitrile (1.87 x 10-2 mol/l) with (a) 0.1mol, (b)
0.2mol, (c) 0.3mol, (d) 0.4mol, (e) 0.5mol, (f) 0.6mol, (g) 0.7mol, (h) 0.8mol, (i) 0.9mol, and (j)
1mol of ethanol.
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Like the toluene-methanol mixture, the characteristics absorption bands of the
ODB-2 in acetonitrile-ethanol were also well resolved (Figure 28). A lower redshift of
4nm was observed in the long wavelength with 1mole ethanol, while a 3nm red shift

occurred in the short wavelength.

The change in absorbance and intensity of absorption may be attributed to an
alteration in the ratios of the coloured and colourless form of ODB-2 in the solvent
mixture [321]. The leuco dye existed in its colourless state in nonpolar solvent and
produced colour when the polar solvent was added. A direct relationship between the
coloured form of the dye and the polarity of the solvent may be inferred because
absorbance is known to be typically affected by the distribution of the solvents between
two phases: the bulk and the solvation shell of the dye. This may lead to differential

solvation of the ground and the first excited state of the chromophore.

4.1.2 Effect of acid on the electronic absorption of ODB-2 based system.

Figure 29 and Table 6 show the UV-visible spectra changes of ODB-2 (4.49 x
103M) with hydrochloric acid solution and the peak wavelengths of absorption,
respectively. The addition of 1.0 x 10-°M hydrochloric acid (HCI) to the solution of ODB-
2 in acetonitrile produced an intense black colour. This signalled the opening of the
lactone ring of ODB-2 and the formation of the zwitterion form of the dye. Two
characteristic absorption bands of ODB-2 at Amax 448nm and Amax 587nm were
observed in the visible region of the spectrum. The positions of the bands were
unchanged, but their absorbance increased with the increasing concentration of HCI.
Related spectroscopic studies on the interaction of fluoran dye and tin (IV) chloride in
methyl alcohol showed similar results [98]. A third peak was observed at a lower
wavelength between Amax 279nm and 311nm for all HCI concentrations. This peak
increased with an equivalent increase in the other two absorption peaks. This may be
attributed to the mono-protonation of the aniline- or dialkylamino-group in the molecule
of ODB-2 [60].
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Figure 29.  UV/VIS spectra of ODB-2 in acetonitrile (4.49 x 10M) at pH (a) 5, (b) 4.69,
(c) 4.52, and (d) 4.39.

Table 6. Effects of pH on the electronic absorption of ODB-2 in acetonitrile
pH Amax (Nm) Nmax (NM)  A3max (NmM)
5 279 448 587
4.69 303 448 588
4.52 311 448 586
4.39 311 447 587

Investigation of the concentration dependence of the coloured forms of
spirobenzopyran in nonpolar solvents had earlier showed that additional absorption
bands and a shoulder appeared on the shorter wavelength side [322]. Likewise, the
appearance of three peaks when heterocyclic substituted fluoran compounds were
dissolved in 95% acetic acid was reported [323]. The authors opined that the three
peaks might be due to the co-existence of the quinone, zwitterion, and lactone forms

of the dye.

The addition of a high concentration of HCI to ODB-2 in ethanol caused an
instant saturation of the black colouration, which was not measurable in UV. The
experiment was done with lower concentrations of HCI (0.5 x10°M — 2.0x10°M) in a
mixture of ODB-2 in ethanol (0.94x102M). The UV absorption spectra and peak

wavelengths of absorption are reported in Figure 30 and Table 7, respectively.
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Figure 30.  UV/VIS spectra of ODB-2 in ethanol (0.94 x 102 M) at pH (a) 5, (b) 4.69, (c)
4.52, and (d) 4.39

Table 7. Effects of pH on the electronic absorption of ODB-2 in ethanol
pH Mlmax (NM)  A2max (M) A3max (Nm)
5 381 455 587
4.69 381 452 589
4.52 384 452 588
4.39 391 447 582

In the long-wavelength (Amax 587nm), a hypsochromic shift of 18nm occurred
from the neutral ethanol solution by adding 0.5 x 10°M HCI, indicating the formation
of the cationic form of ODB-2. A small shift in peak wavelength was observed when
the amount of HCI was doubled. However, with further addition, there was a decrease
in the black colour. Consequently, there was a decrease in the intensity of the bands
close to the intensity of ODB-2 in neutral ethanol. The black colour receded by adding

1.5 x 10°M HCI, and the colour was completely lost when HCI was increased to 2.0 x
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10°M. Further addition of either HCI or ethanol did not return the colour of the solution.
Absorbance, therefore, remained at its minimum with more addition. Unlike in non-

polar solvent, no additional peaks were observed in ethanol.

A selective and random change in the Anax absorption of fluorescein was
observed when hydrogen chloride was mixed with its neutral alcoholic solution [324].
The authors reported that while one band became stronger, the other turned weaker,
and the remaining part of the spectrum appeared like the neutral dye. Further increase
in the hydrogen chloride content completely changed the character of the absorptions.
Hojo et al., [60] reported a similar trend when trifluoromethenesulfonic acid was added
to fluoran dye in acetonitrile. With a mono-equivalent amount of the acid, the black
colour was developed. However, further addition of the acid led to a decrease in the

black colour. Other acidic substances tested in the study gave varying results [60].

4.1.3 Effect of alkali on the electronic absorption of ODB-2 based system
To investigate the effect of alkali on the absorption spectra of ODB-2, increasing

amounts of NaOH were added to a fresh mixture of ODB-2 in ethanol (0.47 x 102M).
Figure 31 shows that a shift in the peak wavelength (Almax 457-455nm; A%max 566-
568nm) was observed on the addition of NaOH. The coloured zwitterionic form
remained constant when the concentration of NaOH was up to 0.4 x 10°M (e = 7.3 x
10* Mt cm™* at Amax 457nm; € = 6.4 x 10* M1 cm™ at Amax 568nm). However, when
NaOH was increased to 0.8 x 10°M, the intensity of the bands was reduced. With
further addition to 1.0 x 10°°M NaOH, the black colour became more intense. Further
addition of NaOH did not lead to any further change in the absorption. Colour formation
in the presence of amines and potassium hydroxide, respectively, have been
previously reported [60, 324]. This was attributed to salt formation caused by solute-
solvent interaction.

Based on the above results, it can be concluded that the colour-forming
capacity and protonation-deprotonation of ODB-2 can be influenced by the polarity of
solvents and the strength of the acid or alkali [325]. In a polar solvent, protonation of
the dye chromophore is achievable, while a non-polar solvent does not participate in
the proton-transfer reaction. Acid and alkali can also alter the behaviour of the

zwitterionic chromophore in polar solvents to varying degrees.
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Figure 31.  UV/VIS spectra showing effect of NaOH concentration of (a) 0.2 x 10-°M, (b)
0.4 x 10°M, (c) 0.8 x 10°°M and (d) 1.0 x 10-°M on the absorbance of ODB-2 in ethanol (0.47
X 102 M).

4.2 Colour-Forming Interaction between ODB-2 and green developers

A rapid screening method developed in our group was previously used to study
the colour forming potential of a catalogue of bio-based substances in the presence of
ODB-2 [17]. In this study, an acetone test, dispersion test, FTIR and NMR were utilized

further to ascertain the reaction between ODB-2 and green developers.

4.2.1 Acetone Test: Interaction of ODB-2 and developer in acetone

As shown in Figure 32, ODB-2 and vanillin dissolved in acetone to produce a
transparent colourless solution. Similar solutions were produced with other studied
compounds like vanillic acid, isovanillin acid, isovanillinic acid, and BPA (Figure 33).
Tannin substances such as Tanal 02, Tanex 20, and Tanex 40 dissolved in acetone
to produce a light-yellow solution, while Tannic acid solution had a slight purple colour
(Figure 34). Ascorbic acid and its derivative, ascorbyl palmitate, were only sparingly
soluble in acetone. The acetone solution was transferred to a larger round bottom flask
and the sediment dissolved with ethanol. Ascorbic acid was also only slightly soluble
in ethanol. The blackish solvent mixture (Figure 35) was then removed from the round
bottom flask in two fractions in the rotary evaporator. Acetone was evaporated at 40°C
and 300mbar, and ethanol at 60°C.
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Figure 32.  Mixture of vanillin and ODB-2 in acetone. (a) Before and (b) after evaporation

Figure 33.  Mixture of BPA and ODB-2 in acetone. (a) Before and (b) after evaporation.

Figure 34.  Mixtures of tannin compounds and ODB-2 in acetone. (a) Tanal 02, (b) Tanex
20, (c) Tanex 40 and (d) tannin and ODB-2 in acetone.

76



Figure 35.  Mixture of ascorbic acid and ODB-2 in solvent. (a) Undissolved ascorbic acid
in acetone and (b) solution of ascorbic acid and ODB-2 in a mixture of acetone and ethanol.

On evaporation of acetone, the colour formed with vanillic acid and isovanillin
compounds was relatively lighter, suggesting weaker interaction with the colour former
(Figure 36).

vanillic acid vanillin

isovanillic acid isovanillin

Figure 36. Coloured species formed from the reaction of ODB-2 and vanillic acid, vanillin,
isovanillic acid and isovanillin.

In acetone, the solid powder of dye and developer dissolved to produce a
transparent solution. Acetone acted as a sensitizing agent by initiating the mobilization
of the dye and developer molecules into the solution for efficient interaction. After
evaporation of the solvent, a solid black coloured substance was produced. The
absence of colour in acetone suggested that the dye molecules were strongly bonded
to the acetone and unavailable for interaction with the developer molecules. Acetone
could also be said to act as an inhibitor. The reversed situation ensued when acetone

was removed. A coloured species representing a dye-developer complex with an open
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lactone structure was produced. This coloured substance confirmed a good reaction
with ODB-2.

Further addition of acetone dissolved the complex and returned the dye to its
colourless form. Conversely, acetone played the role of a decolourising-accelerating
agent or reversible agent. These complexes also dissolved finely in other solvents
such as methanol, ethanol, and dimethyl sulfoxide, confirming their thermodynamically
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metastable properties.
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Figure 37.  Coloured species formed from the reaction of ODB-2 and resorcinol,
pholorglucinol, citric acid, ascorbyl palmitate, salicylic acid, ascorbic acid, succinic acid, and
acetylsalicylic acid.

In the case of citric acid, resorcinol, salicylic acid, and tannin compounds, the
reaction of ODB-2 with the developer already took place in the acetone solution. After
evaporation of the solvent, the black colour became more intense (Figure 37 and 38).
All colour formed in solid states were stable, suggesting a stable colour complex. The
colour developed in the solution confirmed the transfer of a proton from the developer
to the dye to open the lactone ring. Citric acid, salicylic acid, resorcinol, and tannic
acid produced colour in solution because of their stronger acidic nature. In addition, a
higher proportion of hydroxyl groups in substances like tannic acid made the solution
more acidic, and hence colour was produced. This same effect was reported when

fluoran dye was dissolved in hydrochloric acid solution [143]. With a lower
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concentration of hydroxyl groups in the solution, the equilibrium position moved in the
direction of the acetone, maintaining the colourless form of the dye. The higher
concentration of the hydroxyl groups shifted the equilibrium in the direction of the

coloured form of the dye.

Tanal 02 Tanex 20 Tanex 40

tannin d-catechin BPA

Figure 38.  Coloured species formed from the reaction of ODB-2 and tannin compounds
(Tanal 02, Tanex 20, Tanex 40, tannin, d-catechin) and BPA.

4.2.2 Dispersion Test: Interaction of ODB-2 and developer in dispersion
The dispersion test mimicked the reaction environment in a commercial thermal

paper. In this test, a coating dispersion containing ODB-2, the developer samples, and
binder was prepared as used in thermal paper and tested for colour formation both in
wet and dried form. The composition of the aqueous dispersion of ODB-2 is shown in
Table 8.
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Table 8. Composition of an aqueous dispersion of ODB-2

Component Weight (g)
ODB-2 201.54
10% agq. solution of polyvinyl alcohol (PVA) 101.62
Water 750

The results of the dispersion test of vanillin, vanillic acid, and their derivatives
are shown in Figure 39. The mixture of vanillin, vanillic acid, isovanillin, and isovanillic
acid with ODB-2 in the aqueous phase resulted in no colour reaction. As the
suspensions were dried, the reaction between dye and vanillin was initiated to yield a
black colour. Vanillic acid and isovanillin developed a slightly grey colour. In the case
of isovanillic acid, there was no change in colour. In the wet state, citric acid, ascorbic
acid, and salicylic acid produced a grey colouration, suggesting that a reaction was
initiated. This reaction intensified during the drying of the suspension. This coincides
with the result obtained with the organic acids in acetone described in section 4.2.1.
Ascorbyl palmitate showed no reaction in a wet suspension. After drying, a grey colour
was observed, confirming the reaction with ODB-2 (Figure 40). With all the tannin
samples, a reaction with ODB-2 already occurred in the wet phase. The reaction with
Tanal 40 was the strongest. After drying, the dispersion took on a deeper black colour.

There were no obvious differences between the compounds (Figure 41).

Figure 39. Interaction of ODB-2 and green developer in a dispersion. (1a) vanillin in wet
dispersion, (2a) vanillic acid in wet dispersion, (3a) isovanillic acid in wet dispersion, (4a) isovanillin
in wet dispersion, (1b) vanillin in dried dispersion, (2b) vanillic acid in dried dispersion, (3b)

isovanillic acid in dried dispersion, (4b) isovanillin in dried dispersion.
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Figure 40. Interaction of ODB-2 and green developer in a dispersion. (1a) ascorbic acid
in wet dispersion, (2a) citric acid in wet dispersion, (3a) ascorbyl palmitate in wet dispersion,
(1b) ascorbic acid in dried dispersion, (2b) citric acid in dried dispersion, (3b) ascorbyl
palmitate in dried dispersion.

Figure 41. Interaction of ODB-2 and green developer in a dispersion. (1a) Tanal 02 in wet
dispersion, (2a) Tanex 20 in wet dispersion, (3a) Tanal 40 in wet dispersion, (4a) tannin in wet
dispersion, (1b) Tanal 02 in dried dispersion, (2b) Tanex 20 in dried dispersion, (3b) Tanal 40
in dried dispersion, (4b) tannin in dried dispersion.
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Colour formation in the wet state is not beneficial for thermal paper. It risks
premature colour formation during storage. This underlines the limitations of organic

acids such as salicylic acid and citric acid as developers in thermal paper.

4.3 FTIR Spectra of ODB-2 and green developer

The FTIR spectra of pure ODB-2 with the closed lactone ring and the reaction
product of ODB-2 and BPA with the opened lactone ring are shown in Figure 42. BPA
was used as a control to monitor the interaction of ODB-2 with green developers. FTIR
confirmed the reduction or total disappearance of the lactone ring of ODB-2. Three
major peaks were present in the spectrum of pure ODB-2, the characteristic carbonyl
(C=0) vibration of lactone ring in ODB-2 at 1745cm™ and the C-C stretching of
aromatic rings at 1598 cm™ and 1620cm [326]. The sharp carbonyl vibration peak
showed that the fluoran dye was in its closed state. Studies on ODB-2 observed the
C=0 vibration peak at 1744cm [327] while being present at 1751cm™ and 1760 cm™
in other fluoran dyes like S-205 and benzofluoran dye, respectively [69, 143]. In Crystal
violet lactone dye, this band is present in the range 1734cm™ and 1754cm™ [146, 328,
329].

1745 1598 1518 1325
1620 . 1576

Lactone ring opened

(BPA + ODB-2)

Lactone ring closed ODB-2

Relative intensity

2000 1800 1600 1400 1200

Wavenumber (cm™)

Figure 42.  FTIR spectra showing the opened and closed lactone ring form of ODB-2.
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The cleavage of the lactone ring by monomeric phenols was confirmed by the
disappearance of the carbonyl band in the FTIR spectrum (Figure 43). This band was
replaced by two new carboxylate bands: 1325 cm-! (symmetric) and 1576 cm™ (anti-
symmetric). Carboxylate bands also appeared at 1722 cm! (vanillic acid), 1708cm*
(vanillin) and 1703 cm™ (resorcinol & phloroglucinol). Furthermore, when the lactone
ring was opened, two vibrations, the symmetric and the asymmetric stretching of the
COO" group, were formed [326]. The symmetric band was very weak in vanillic acid
and appeared as broadband in phloroglucinol. The weak band in vanillic acid could be
attributed to the instability of the black colour. A strong peak attributed to asymmetric
vibration was observed in salicylic acid at 1640cm™. This peak was also evident in

ascorbyl palmitate but weak in citric acid and ascorbic acid.
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Figure 43.  FTIR spectra of the coloured form of ODB-2 obtained from the interaction with
green developers. The green developers are inscribed on the spectra.

4.4 13C NMR spectra of ODB-2 and green developers

The molecular structures of the colourless lactone of ODB-2 and the coloured
zwitterions formed from the interaction with green developers were identified by 13C
NMR spectroscopy. The numbering of each carbon atom in the central structure of
ODB-2 is shown in Figure 44.
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Figure 44.  Molecular structure of ODB-2

The position of Cy in NMR spectra is typical of sp3, quaternary carbon (0 = 75—
85ppm) [112], and it was used to monitor the interaction of ODB-2 with green
developers (Figure 45). The spiro carbon (C9) signal of ODB-2 appeared at 84.12
ppm, which suggested that ODB-2 existed as colourless lactone in chloroform-d
(CDCl3) [158]. The spectra show that ascorbyl palmitate, citric acid, ascorbic acid,
vanillin, vanillic acid, salicylic acid, resorcinol, and phloroglucinol transferred a proton
to ODB-2, leading to the opening of the lactone ring of the dye. In response, the spiro
carbon (Cy) and the surrounding carbon atoms shifted to varying magnetic fields. The
difference in the chemical shift (Ad) of the spiro carbon in the black CDCIs solution
produced from ascorbyl palmitate, citric acid, and resorcinol was 12.89, 13.31, 11.80,
respectively (details in Appendix, page 188). For these compounds, Cg was in the
range of about 97-110ppm. Higher shifts to 152 — 169 ppm were recorded for ascorbic
acid (Ad = 78.04), vanillin (Ad = 68.71), and salicylic acid (Ad = 85.41). The appearance
of 13C signals at lower magnetic fields in the presence of these compounds
respectively gave evidence of the formation of the sp? hybrid carbon centre for the

black colour former. It confirmed the formation of the zwitterions form of ODB-2 [158].
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Figure 45.  3C NMR spectra of (a) ODB-2, (b) reaction product of ODB-2 and ascorbic acid, (c)
reaction product of ODB-2 and vanillin, (d) reaction product of ODB-2 and resorcinol in CDCl; over the
range 85 to 175 ppm
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45 Thermal and colorimetric behaviour of thermochromic mixtures

The effect of stoichiometric relationships on the thermal and colour properties
of ternary composites containing lignin-based monomers (vanillin and vanillic acid) as
developers in the presence of tetradecanol was investigated using Job’s method of
continuous variation. Tetradecanol was selected as a solvent because it possesses
an alkyl chain of intermediate length which is suitable to provide the required solubility
of the dye and developer on melting and colour development during crystallisation
[146, 328].

In the solid state, vanillin and tetradecanol are crystalline white, while ODB-2
and vanillic acid bear a somewhat off-white appearance. ODB-2 and developer were
mixed with the molten tetradecanol to give a colourless or weakly coloured
homogenous mixture. The melt solidified when cooled on ice resulting in an instant
generation of colour. The colour forming reaction was reversible when mixtures were
heated and cooled. All composites showed colour reversibility around 38°C. Most of
the composites showed a high contrast between density in the coloured state and the
sufficiently low colour density in a decoloured state. The Colour produced was
dependent on the molar ratio of the components. Tables 9 and 10 show the
composition of the samples. While the total number of moles in the composition was
kept constant, the number of moles of ODB-2, vanillin, and vanillic acid were

sequentially varied.

Table 9. Composition of ODB-2 based thermochromic mixtures with vanillin as developer
Sample code Amount of TD* Amount of Amount of ODB-2 Total amount of vanillin
(9) vanillin (mol) (mol) and ODB-2 (mol)
VI 1.5011 0 3.75 x10° 3.75x10°
Vil 1.0123 0.375x 10° 3.375x 10° 3.75x10°
VI 1.0789 0.75 x 10°® 3.0x10° 3.75x10°
VIV 1.0600 1.125x 10° 2.625 x 10° 3.75x10°
\AY, 1.0142 1.5x10° 2.25x 10° 3.75x10°
VVI 1.0283 1.875x 10° 1.875x 10° 3.75x10°
VVII 1.0489 2.25x10° 1.5x10° 3.75x10°
VVII 1.0238 2.625 x 10° 1.125x 10° 3.75x10°
VIX 1.0513 3.0x10° 0.75 x 10° 3.75x10°
VX 1.0186 3.375x 10° 0.375x 10° 3.75x10°
VXI 1.0258 3.75 x10° 0 3.75 x10°

*TD = Tetradecanol
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Table 10. Composition of ODB-2 based thermochromic mixtures with vanillic acid as developer
Sample code Amount of TD* Amount of Amount of ODB-2 Total amount of vanillic
(9) vanillic acid (mol) acid and ODB-2 (mol)
(mol)

VAI 1.0290 0 3.75x10° 3.75x10°
VAII 1.0631 0.375x 10°® 3.375x 10" 3.75x10°
VAIII 1.0793 0.75x 10° 3.0x10° 3.75x10°
VAIV 1.0307 1.125x 10° 2.625x 10° 3.75x10°
VAV 1.0230 1.5x10° 2.25x10° 3.75x10°
VAVI 1.0630 1.875 x 10° 1.875x 10°® 3.75x10°
VAVII 1.0217 2.25x10°% 1.5x10° 3.75x10°
VAVIII 1.0554 2.625 x 10°® 1.125x 10°® 3.75x10°
VAIX 1.0714 3.0x10° 0.75x 10° 3.75x10°
VAX 1.0148 3.375x 10°® 0.375x 10 3.75x10°
VAXI 1.0777 3.75x10° 0 3.75x10°

*TD = Tetradecanol

4.5.1 Thermochromism in ODB-2/vanillin/tetradecanol mixtures
As the temperature rises above the melting point of tetradecanol, the mixture

melted to give a clear transparent solution. The gradual lowering of the temperature
led to the crystallisation of dye and developer from the solvent. At room temperature,
colour was formed in most mixtures (Figure 46). As the amount of vanillin increased,
a more intense colour was observed. A light pink colouration was obtained after
cooling sample VI containing ODB-2 and TD only. This suggested a reaction occurred,
and the ODB-2 potentially had an affinity for TD. Repeated heating and cooling of the
mixtures yielded the same result. This process appeared to support the mechanism of

phase separation explained in section 2.5.

According to the design rule of thermochromism, the optimum ratio is defined
as the ratio at which the deepest colouration, complete discolouration, and high
contrast are obtained [141]. Several methods have been used to determine the
stoichiometry of the coloured complex formed from the reaction of leuco dye and
developer. Luthern and Peredes [309] employed a graphical analysis of
thermochromic mixtures' reflectance and absorption values to arrive at an optimal
stoichiometric ratio. The optimal ratio was determined as the ratio at which the
reflectance was lowest, and absorbance was highest. Absorbance is a function of
colour density, and colour density is indirectly proportional to luminosity. The higher

the colour density, the lower the luminosity. Therefore, the density and luminosity of
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composites may be used as parameters for determining the ratio of highest colour

formation.

Figure 46.  Thermochromic mixtures with vanillin as developer at room temperature. The
composition of the samples is presented in Table 9.

Table 11. Value of colour parameters of vanillin-based ternary composites.
Sample code Mole ratio L* a* b* c*
(Vanillin:ODB-2)

Vi 0 61.72 5.30 2.73 5.97
Vil 1:9 60.13 7.97 4.23 9.02
VI 1:4 35.07 2.71 -0.39 2.74
VIV 1:2.3 52.90 3.62 1.99 4.14
\AY 1:1.5 35.28 1.40 -0.79 -0.71
VVI 1:1 35.54 1.21 -0.71 1.40
VVII 151 37.01 1.32 0.21 1.34
VVIII 2.3:1 22.06 1.29 -0.93 1.59
VIX 4:1 31.98 0.84 -0.28 0.88
VX 9:1 31.22 0.79 0.43 0.91
VXI 0 74.63 0.37 2.87 2.89

Values of colour parameters obtained for the vanillin-based mixtures are shown
in Table 11. The luminosity of the samples is represented as L*. The colourimetric
values (CIE Lab*) were used to calculate the densities of the thermochromic colours.
The variation of densities and colour contrasts with moles of vanillin and ODB-2 is
presented in Figures 47 and 48. The highest density was obtained at a molar ration
2.3:1 (sample VVIII). This molar ratio gave the highest colour density, lowest
luminosity, highest solubility of the components in the molten solvent, and the highest
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contrast between the coloured and discoloured forms. The colour transition of VVIII as
a function of temperature is shown in Figure 49.
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Figure 47.  Variation of colour densities with the number of moles of vanillin the ternary
mixtures (VI-VXI)
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Figure 48.  Variation of colour densities with the number of moles of ODB-2 in the ternary
mixtures (VI-VXI)
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Figure 49.  Colour transition of a thermochromic mixture of tetradecanol, vanillin and ODB-2
(2.3:1) with heating and cooling temperature.

4.5.2 Thermochromism in ODB-2/vanillic acid/tetradecanol mixtures
Like vanillin, TD, and ODB-2 (VAI) mixture only produced an off-white colour

while other mixtures containing vanillic acid produced colours ranging from grey to
black (Figure 50). In addition, the colour stability of composites with vanillic acid was

relatively low. The Colour faded within an average time of 150 seconds.

VAVIII

Figure 50.  Thermochromic mixtures with vanillic acid as developer at room temperature. The
composition of the samples is presented in Table 10.

The colour parameters of vanillic acid-based composites shown in Table 12
indicated that the lowest lightness at room temperature was observed in VAVI. Colour

transition was also apparent around the melting temperature of tetradecanol.
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Furthermore, VAVI showed the highest calculated colour density at room temperature
(Figure 51 and 52). Compared to other samples, it also showed the fastest rate of
decolourisation and the highest colour contrast. For vanillic acid-based thermochromic

mixture, the optimum ratio of ODB-2: Vanillic acid was estimated at 1:1.

Table 12. Value of colour parameters of vanillic-acid-based ternary composites.
Sample code Mole ratio L* a* b* c*
(vanillic acid:ODB-2)
VAI 0 65.62 3.01 3.61 4.69
VAII 1:9 63.01 3.33 2.37 4.08
VALl 1:4 47.84 2.55 2.23 3.39
VAIV 1:2.3 50.49 1.76 1.67 2.42
VAV 1:1.5 39.95 0.64 0.95 1.14
VAVI 11 31.02 2.19 -1.55 2.69
VAVII 151 33.45 0.67 -0.15 0.68
VAVII 2.3:11 32.66 0.02 -0.34 0.34
VAIX 4:1 37.31 0.29 151 1.54
VAX 9:1 57.63 0.83 1.33 1.57
VAXI 0 74.46 -0.38 8.64 8.65
25
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Figure 51.  Variation of colour contrast with the number of moles of vanillic acid in the
ternary mixtures VAl — VAXI
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Figure 52.  Variation of colour contrast with the number of moles of ODB-2 in ternary
mixtures VAI — VAXI

The optimum ratios reported for both vanillin and vanillic acid mixtures were
estimated with due consideration of all possible interactions that might affect the
mixtures' colour and thermal behaviour. Though the transition temperatures were
broadly similar, the affinity between developer-dye and developer-solvent, nature, and
purity of components are some of the factors that may affect the optimum ratio and,
by extension, application conditions of these mixtures in thermochromic systems like

pH papers, thermal paper and souvenirs [83, 140, 309].

4.5.3 Effect of excess solvent and developer on the colour properties of a
thermochromic mixture

An attempt was made to see how higher solvent and developer concentrations
can affect the composites' colorimetric property. With about 59 of tetradecanol added
to the mixtures in section 4.5, the colour was entirely lost in both heated and cooled
states. A higher amount of tetradecanol led to a dilution effect. In the presence of
higher vanillin and vanillin acid contents of about 15 x 10°mol, low solubility and high

colour density were observed at high temperatures. The liquid state was coloured with
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high density and showed no thermochromic effect when cooled at 25°C (Figure 53).
A similar outcome was reported for propyl gallate in CVL and alcohol solvent [141]. A
follow-up study described it as melt darkened thermochromism [137]. On the other
hand, melt lightened thermochromism was observed when the developer and dye
dissolve in the melted solvent without interaction to produce a transparently clear

solution.

25°C

VAVIs i VAVIls

Figure 53.  Composites containing ODB-2, tetradecaonol and excess vanillic acid (15 x 10°°mol)
as developer showing coloured solid state at 25°C and melt darkened behaviour at 50°C.

4.5.4 DSC of vanillin and vanillic acid-based thermochromic composites
To study the interconnection between colour change and phase transitions,

DSC analysis was carried out on ten thermochromic mixtures prepared with ODB-2 as
the colour former, tetradecanol as the solvent, and vanillin or vanillic acid as a
developer. Five mixtures were prepared, each for vanillin and vanillic acid as a
developer, respectively. In these mixtures, the ratios of tetradecanol/ODB-2/developer
were 25/1/1, 25/1/1.5, 25/1/2, 25/1/4, and 24/1/10.

The DSC diagrams and data of colour species formed from mixtures containing
vanillin as the developer are summarised in Figure 54. A single distinct peak was
observed on heating, representing the overlapped solid-solid (S-S) and solid-liquid (S-
L) transitions. The melting point of pure tetradecanol is 38.5°C. The addition of vanillin
shifted the melting point to lower temperatures around 37°C, leading to a slight
broadening of the peak. The endset temperature was stable between 39-40°C with
increased developer content. The endset temperature on heating is the temperature
at which colour change ends, and this also represents the critical temperature of

system application [330]. This is the point at which the dye and developer molecule
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dissolves in the molten solvent. No colour forming reactions occurred at this stage,
and therefore there was no crystallisation. Discolouration on heating is a product of
the formation or destruction of the solvent's low-temperature rigid crystalline structure
[115].

(@) (b)
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3 N s 25/1/10
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Figure 54. DSC curves showing (a) heating and (b) cooling of the thermochromic
composites with vanillin as developer and tetradecanol as solvent.

The transitions on cooling, such as liquid-solid and solid-solid transitions, were
well separated. The liquid-solid transition's onset temperature, which represented the
solvent's freezing, was almost unchanged, hovering around 37°C, while the solid-solid
transition was around 34.5°C. The increasing proportion of the developer had no
significant effect on the temperature of the solid-solid transition. The distinct solid-solid
transition corresponded to the formation of a stable 3 form. This may be attributed to
the existence of several crystalline forms [69]. For mixtures containing vanillic acid,
the liquid-solid and solid-solid transitions were well separated on cooling (Figure 55).
The onset temperature varied with an increase in the developer on the order of 1-2°C.
An increase in the proportion of vanillic acid led to the prolongation of the liquid-solid
transition. This was evident in the broadening of the peaks and can be attributed to
the formation of crystallites. It also underlines the interplay between the components
in the composite towards the crystal growth process. The corresponding enthalpies of

phase transition of tetradecanol and its composites are expressed in Table 13.
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Figure 55. DSC curves showing heating (a) and cooling (b) of the thermochromic
composites with vanillic acid as developer and tetradecanol as solvent.

Table 13. Enthalpies of the phase transition of thermochromic mixtures in the defined
molar rations.

Enthalpy of transition (J/g)

Heating Cooling
Sample (S-S) + (S-L) (L-S) (S-S)
Pure TD 213.85 -108.56 -97.43
(TD/ODB-2/vanillin)
25/1/1 119.50 -20.40 -52.00
25/1/1.5 197.30 -99.00 -97.01
25/1/2 178.10 -87.52 -83.02
25/1/4 183.10 -75.37 -82.36
25/1/10 203.10 -62.40 -103.57
(TD/ODB-2/vanillic acid)
25/1/1 189.25 -79.09 -87.47
25/1/1.5 205.21 -92.51 -96.54
25/1/2 195.12 -78.71 -116.10
25/1/4 185.39 -77.16 -81.12
25/1/10 219.26 -88.00 -115.09

TD = Tetradecanol

S-S = solid-solid transition, S-L = solid-liquid transition, L-S= liquid-solid transition; (S-
S) + (S-L) represents melting on heating where the (S-S) + (S-L) phase transitions
overlap. The data were obtained from the DSC curves in Figure 54 & 55
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The above results showed that changes in the appearance of thermochromic
systems are a function of the changes in the phase of the component materials. At a
temperature higher than the melting temperature of the solvent, little or no interaction
occurred between the dye and the developer, thereby producing a transparent and
colourless system. However, on cooling to solid-state, the interaction between the dye
and developer is initiated to produce colour. This process is evident in thermochromic
materials like thermal paper. When thermal paper is introduced into the thermal printer,
no colour is formed until the paper is exposed to the air while leaving the printer. The
transition between the heated and cooled states, however, takes milliseconds. It must
also be mentioned that varying colour-colourless response can be achieved
depending on the nature of the solvent, dye, and developer.

4.6 Exploring the use of tannin as a developer in thermal paper.

Tannin extract in its native form contain other substances besides of
polyphenols. Sugars, organic acids, gums, and hydrocolloids are some of its other
constituents. Therefore, depending on the target application, tannin extract must
undergo further purification processes to isolate the preferred components. By doing
so, its scope of application can be expanded to higher-value products such as

pharmaceuticals, cosmetics, and advanced composite materials.

4.6.1 Tannin purification and characterization
With the focus of this investigation being the use of tannin as a phenol

substitute, industrial tannin extracts such as mimosa extract, mimosa sulphite extract,
and grape seed extract were purified using Soxhlet extraction with polar organic
solvent, methanol. The soluble fraction was recovered after evaporation of the
methanol solvent with the rotary evaporator. The methanolic fractions of mimosa,
mimosa-sulphite, and grape seed extracts were labelled MIM, MIM-S, and GSE. The
industrial raw extracts carried the subscript R. The properties of the raw and purified
extracts were evaluated through the determination of the total phenolic, ash, and

carbohydrate contents (Table 14 and 15).
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Table 14. Total yield of tannin extracts and their phenolic, and ash compositions.

(Total Phenolic compounds (TPC) expressed as gallic acid equivalent (GAE) (mean = std. dev., n samples))

Tannin samples Total yield (n=6) (%) TPC Ash % (n=3)
MIMg 29.(5nir 3?15 16.4 £+ 0.03
MIM 725+1.3 449 £ 0.32 9.1+0.45
MIM-Sr 31.2+0.25 15.9+0.25
MIM-S 715+23 46.1 £ 0.10 5.7+0.12
GSEr 30.3+0.51 6.3+0.05
GSE 749+04 52.7£0.33 1.4+0.91

Total yields of extraction for MIM, MIM-S, and GSE were 72.5%, 71.4%, and
74.9%, respectively. Tannins are inherently polar, and compatibility with the polarity of
the extracting solvent will lead to high efficiency. Purification of mimosa extract with
soxhlet extraction in methanol reportedly yielded 82.2% [331]. Lesser yield values
were reported for ethyl acetate (6.1%) and hexane (0.2%). The higher the polarity of
the solvent, the higher the yield of the extract.

The content of total phenolic compounds (TPC) in the raw industrial extracts
and their methanol fractions was determined by Folin-Ciocalteu (FC) assay. TPC of
the raw industrial extract of MIMgr, MIM-Sg, and GSEr was 29.5 £ 0.15mg, 31.2 £ 0.25
mg, 30.3 = 0.51 mg of GAE/qg of dried raw extract, respectively, while the TPC of their
methanol fractions were significantly higher at 44.9 + 0.32 mg, 46.1 £ 0.10 mg, and
52.7 £ 0.33 mg of GAE/g of methanolic extract. The phenolics were concentrated in
the methanol fractions, with the highest concentration found in grape seed extract.
These findings agreed with a previous study that reported higher phenolic contents in
the methanol extract and butanol extracts of Mimosa, respectively [332]. The polarity
of the extracting solvent also influenced the concentration of phenolics [333]. The TPC
of GSE fell in the range of values reported by Poudel et al., [334], who analysed the
TPC of seeds and skins of wild grapes. Rababah et al., [335] reported TPC values
ranging from 4.66 to 5.12 g of GAE/100g extracts for a different cultivar of grape seed
extracts [335]. The TPC of other tannic compounds used in this study like Tanal 40,
Tanal 02, Tanex 20, and tannin were 1.03%, 0.99%, 0.86%, and 1.00%, respectively.

These values were obtained from the supplier.
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The monomeric composition of carbohydrates in the raw and purified extracts
shown in Table 15 revealed the typical softwood bark polysaccharides. These
compounds were also found present in varying amounts in tannins obtained from the
bark of European softwoods such as Silver fir, European larch, Norway spruce,
Douglas fir, and Scots pine [292]. The total carbohydrate monomers in MIMr (60.87 *
1.36%) were slightly higher than MIM-Sr (58.05 + 1.5%). A similar trend was observed
for the methanolic fractions. The highest total carbohydrate concentration was found
in GSER (65.56 + 0.93 %). Overall, higher concentrations of carbohydrates were found
in the raw industrial tannin compared to the methanolic fractions. This suggested low
solubility of these compounds in methanol.

Table 15. Monomeric composition of carbohydrates in industrial tannin extracts and their
purified fractions (% w/w on dry extract)
MIMgr MIM MIM-Sr MIM-S GSEr GSE
Rhamnose 222 +0.12 0.88+0.17 1.83+0.31 0.61 % 0.04 212+0.11 0.40%0.31
Mannose  2.71+0.56 0.97 + 0.89 2.30 +0.30 0.86 + 0.54 2.90+0.10 0.46 + 0.14
Arabinose  8.36 + 0.82 5.99 + 0.98 6.11+0.12 558 + 0.13 7.110.22 2.03+0.18
Galactose  7.66 + 0.80 1.23+0.03 7.12+1.12 151+0.02 6.15+ 1.12 0.25 + 0.01
Xylose 0.50 + 0.01 0 0.40 +0.12 0 0.30 + 0.05 0
Glucose  39.42+0.88 45.39 + 0.76 40.29+1.16  41.75+0.50 46.98 + 0.26 55.35 + 0.33
Total 60.87 + 1.36 54.47 + 1.39 58.05 + 1.5 50.31 + 0.68 65.56 + 0.93 58.49 + 0.03

GSEr and GSE had significantly lower ash contents 6.25 + 0.05 and 1.41 +
0.91%, respectively, compared to mimosa extracts. There was no significant
difference in the ash content of both the raw and methanolic extracts of mimosa and
mimosa sulphite. The higher concentration of ash in the raw extracts confirmed the

enrichment of carbohydrate in the raw extracts.

4.6.2 Synthesis of hydrogen-bonded phenol-amine complex

Hydrogen bonded complexes of phenol were produced by complexation
reaction with an amine. Phenols possess one or more hydroxyl groups (-OH) directly
connected to the aromatic system. Due to the high electronegativity of the oxygen,
phenols have an acidic character and can form phenoxide ion through the loss of H*.
Both phenol and its conjugate base are resonance stabilized. Consequently, alteration

of the chemical nature of phenol can be achieved by the addition of varying functional
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groups. Properties such as melting point, boiling point, and water solubility can be
effectively modified by adding electron-withdrawing groups (-NO2, -COOH) or
electron-donating groups (-NH2, -OCHs). Substitution with groups such as amine can
form either inter or intramolecular hydrogen bonds, which imparts a new character on
the phenol derivative [336]. Several hydrogen-bonded phenol-amine complexes
containing different phenols and amines have been synthesised, and their properties
studied in the literature [337-339]. The target of this experiment was to produce

modified phenol compounds of higher molecular weight and higher thermal stability.

Phenol compounds such as purified tannin extracts (MIM, MIM-S, GSE), tannic
acid, and tannin model compounds (catechin, resorcinol, and phloroglucinol) were
reacted with hexamethylenediamine (HMDA) at neutral pH to produce hydrogen-
bonded complexes. HMDA was mixed with the methanolic solution of the phenol in an
amount equivalent to the number of actives OH groups. The molar compositions and

properties of the hydrogen-bonded amine complexes are shown in Table 16.

Table 16. Composition and properties of the phenol-amine complexes.

*Sample code Phenol Weight of Number of Weight of Temperature of %Yield of

phenol (g) active OHin  HMDA (g) crystal formation  crystal
phenol (°C)

IM-H MIM 14.22 5 29.15 24 75.4

MIM-S-H MIM-S 14.05 5 29.14 24 70.3

TA-H Tannic acid 8.511 4 23.2 24 75.4

GSE-H GSE 14.31 5 29.23 24 53.42

RES-H Resorcinol 5.53 2 11.6 60-70 97.8

PH-H Phloroglucinol  6.37 3 17.4 50 - 60 54.1

CAT-H Catechin 14.26 5 29.01 24 32.45

*See the appendix (page 182) for the description of the samples.

On addition of HMDA to the alcoholic solution of MIM, MIM-S, GSE, and
catechin, a white precipitate was formed immediately at ambient temperature. On the
contrary, in phloroglucinol and resorcinol, no precipitate was formed at ambient
temperature. The mixture was then subjected to mild heating at about 60°C with
vigorous stirring. After about 10mins, solid white crystals began to form. The mixture
was cooled in cold water. After cooling, the crystals were filtered on a Whatman filter

paper and washed thoroughly with methanol to remove the unreacted HMDA and
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phenol compound. The residue, phenol-amine complex, was left to dry in the air
overnight (Figure 56). On drying in air, complexes of phloroglucinol and GSE turned
dark. This may be attributed to air oxidation or incomplete reaction of the phenols with
HMDA. Darkening of the complexes of phloroglucinol and GSE rendered them un-
useful for the application as developers. The hitherto whitish resorcinol-amine complex
turned slightly off-white while MIM and MIM-S complexes were brownish in

appearance.

GSE-H

MIM-S-H

TA-H

CAT-H PH-H
RES-H
Figure 56.  Images of phenol-amine complexes during filtration. GSE-H = Phenol-amine

complex from grape seed extract, MIM-H = Phenol-amine complex from mimosa extract, MIM-S-
H = Phenol-amine complex from mimosa sulphite extract, TA-H = Phenol-amine complex from
tannic acid, CAT-H = Phenol-amine complex from catechin, PH-H = Phenol-amine complex from
phloroglucinol, RES-H = Phenol-amine complex from resorcinol.

HMDA (Figure 57) was used in this synthesis because it is a di-functional
diamine substance. It is widely used in the production of polymeric materials such as
nylon66. HMDA can react with flavonoid tannins such as catechin and mimosa in
acidic, basic, and neutral conditions to produce dimeric, oligomeric, and polymeric
condensates of different proportions [340]. This reaction proceeds via the formation of
ionic bonds between protonated amino groups of HMDA and the hydroxyl groups of
the flavonoid structure. Mimosa and catechin are slow reacting tannins, while catechol

and resorcinol-type tannins have good reactivity. However, phloroglucinol-type tannin
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has undesirable characteristics due to its very high reactivity [303]. This may account
for the fast darkening of the phloroglucinol-amine complex in air.

NH

2

Figure 57.  Structure of hexamethylenediamine

4.6.3 Synthesis of phenol polymers

Polymers of phenol; MIM, MIM-S, GSE, tannic acid and resorcinol, and
phloroglucinol were synthesised by condensation reaction with glyoxal at acidic and
alkaline pH. Several experimental variations were attempted to obtain polymers of
these phenolic compounds.

At ambient temperature, mixtures of MIM, MIM-S, GSE, tannic acid (TA), and
resorcinol (RES) at pH 2, 7, and 9 remained in the suspension form. Solid polymers
of MIM, MIM-S, GSE, TA, and RES were produced when the mixture was treated at
120°C. At 100°C the samples appeared as viscous semi-solid, and below 100°C they
remained in liquid form. The hardened solids obtained were either dark or dark brown
in appearance. The resulting products were labelled with the name of the phenol and
a figure showing the pH of formation, e.g., MIM-CP2 is a copolymer obtained from
mimosa tannin at pH 2. MIM-CP2 and MIM-S-CP2 showed a somewhat light
appearance. MIM-CP2, MIM-CP7, MIM-CP9, MIM-S-CP2, MIM-S-CP7, MIM-S-CP9
were brittle and could easily be ground into a powder with a mortar and pestle. GSE-
CP2 appeared as a glassy solid. The polymer of tannic acid, TA-CP2, was also a
glassy solid while TA-CP7 and TA-CP9 looked soft.

Phloroglucinol showed high reactivity with glyoxal at ambient temperature. A
soft, lightly coloured solid (PH-CP2) was produced when left standing overnight at
ambient temperature. At neutral and alkaline pH, PH-CP7 and PH-CP9 turned glassy
when heated to about 90°C for 24hr. Technically, the electrophilic substitution that
occurs in the case of tannin and formaldehyde also took place with glyoxal. Glyoxal
reacted with the two functional groups in the activated positions of the flavonoid,
producing a diolic crosslink or its enol [304]. With phloroglucinol, the electron-donating

property of the three hydroxyl groups of the phenol placed meta to each other
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enhanced the nucleophilic property of the unsubstituted positions of the ring. Thereby
increasing its ease of attack by the protonated aldehyde. This outcome agreed with
previous works, which showed that aldehydes react rapidly with phloroglucinol in
acidic or alkaline solution to form insoluble polymers of appreciably high molecular
weight possessing methylene bonds linking the phenol units [341]. The use of glyoxal
helps overcome the health challenges associated with formaldehyde because glyoxal

is of low toxicity and can be obtained from several natural resources.

Figure 58.  Phloroglucinol-glyoxal polymer (PH-CP2) (a) before milling and (b) after
milling

The effect of varying concentrations of glyoxal on phloroglucinol was
investigated. 5ml, 12ml, 15ml, 25ml, and 40ml of 40% glyoxal was added to a 30%
aqueous solution of phloroglucinol, and the pH adjusted to 2 with 0.001 M H2SOa. The
mixtures were left for 24hr at ambient temperature. Lightly coloured solid polymers
PH-CP2-25 and PH-CP2-40 were obtained with 25ml and 40ml glyoxal at room
temperature, respectively (Figure 58). The other mixtures remained unchanged until
heated to 90°C — 95°C. They were dark-coloured. Increasing the time of polymerization
at all temperatures did not yield any significant change. The resulting polymers were
ground into a fine powder and subjected to washing: first, with ethyl acetate, then

acetone, and ethanol.

4.6.4 Characterization of phenol-amine complexes and phenol polymers
The vibration and thermal characteristics of phenol-amine complexes and

phenol polymers were evaluated with FTIR and DSC.
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4.6.4.1FTIR spectroscopy of phenol-amine complexes and phenol polymers
The inactivation of the phenol through the formation of the hydrogen-bonded

phenol-amine complex with HMDA was shown in the spectra of pure resorcinol and
the reaction product of resorcinol and HMDA (RES-H) in Figure 59.

3174 2983

‘ 202

3336 3143 |
: L 12885

RES-H

Relative intensity

3500 3000 2500 2000 1500 1000 500

VVavenunﬁber(cnfl)
Figure 59.  FTIR spectra of pure resorcinol (RES) and resorcinol-amine complex (RES-H)

The band at 3174cm™ is characteristic of —OH groups bonded to the benzene
ring in pure resorcinol. The bands at 2983cm™ and 1483cm™ are attributed to the
stretching of -CH>— bonds. The band at 1606cm™ represents aromatic ring stretching.
A significant reduction in the intensity of the OH was evident in the spectra of the
complex (RES-H). The band at 3336cm™ was assigned to N-H stretching vibration.
Bands between 3180cm™ and 2923cm™ were attributed to C-H stretching (aromatic
CH), C-H stretching (methylene CH asymmetric stretch in O-CHzs), and C-H stretching
(methylene CH symmetric stretch in O-CHs). The C=C-C stretching (aromatic
skeleton) and C=C-C stretching (the aromatic skeleton with C-H bond in methylene)
were found at 1598cm™ and 1442cm™ [338].
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Figure 60.  FTIR spectrum of (a) phloroglucinol-glyoxal polymer (PH-CP2, PH-CP2-12,
PH-CP2-25 and PH-CP2-40 are polymers produced with 10ml, 12ml, 25ml and 40ml of
glyoxal respectively), and (b) tannin-glyoxal polymer.
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The FTIR spectra of various phloroglucinol-glyoxal and tannin-glyoxal are
shown in Figure 60a and 60b. The peak at about 3600-3100cm™ corresponded to
the phenolic OH stretching vibration of the polymers. Other peaks were identified as
the C—H stretching vibration bands (2890cm™ and 2935cm™) from methyl, methoxyl,
and methylene groups; the carbonyl groups (1712cm™); and the ether linkage of
methylene groups and ether bonds (1203cm™) [340].

The hydroxyl values of the obtained polymers in Table 17 show that the
hydroxyl values of the polymers ranged from 515mg — 300mg of KOH/g. These values
are lower than the reported hydroxyl value of BPA (660.6 mg of KOH/g) [15].

Table 17. Hydroxyl values of phenol-glyoxal polymers

Phenol polymer hydroxyl value

(mg of KOH/Qg)

MIM 503.5+ 1.1
MIM-CP2 459.3 0.3
MIM-CP7 441.1+05
MIM-CP9 421.5+0.1
MIM-S 514.4+ 1.5
MIM S-CP2 412.5+0.3
MIM S-CP7 432.3+0.2
MIM S-CP9 413.7+0.5
GSE 515.5+ 0.5
GSE-CP2 401.5+0.1
GSE-CP7 409.1+0.3
GSE-CP9 391.7+0.2
RES-CP2 321.5+15
RES-CP9 300.1+2.2
PH-CP2 454.7 + 1.4
PH-CP7 412.3+0.8
PH-CP9 448.1+1.2
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4.6.4.2 DSC of phenol-amine complex and phenol polymer
As the thermal property of a developer material has a pronounced influence on

the colour forming properties of thermal papers, the thermal behaviour of tannins, their
complexes, and polymers were observed with DSC. Figure 61-63 show the DSC
curves of the samples obtained at a heating rate of 10°C/min.

The glass transition temperatures (Tg) of MIM, MIM-S, and GSE were 93.8°C,
99.5°C, and 98.3°C. The amine complexes: MIM-H and MIM-S-H showed similar
thermal behaviour with T4 values at 103.3°C and 101.9°C. However, the amine
complex of resorcinol, RES-H, showed a melting behaviour at 163.2°C. The melting
temperature of RES-H is considerably higher than the melting temperature of pure
resorcinol (110°C). This confirms that the reaction of resorcinol with HMDA affected
the structural configuration of the phenol. The melting property of RES-H, which is
similar to that of BPA, would enhance its use as a developer in thermal imaging. This
is because higher melting temperatures inhibit premature colour formation and
enhances heat resistance in a high-temperature environment. In addition, the melting
of a developer enhances the homogenous blending with other coating materials and

the effective interaction with the colour former.

Regarding the phenol-glyoxal polymers, none of the polymers showed melting
behaviour between room temperature and 300°C. MIM-CP2, GSE-CP2, and PHCP2
had the highest T4 values of 206.5°C, 207.7°C, and 223.8°C, respectively. Other
polymers showed Tq4 values ranging between 101-197°C. The pH of polymerisation
had no significant effect on the thermal properties. This indicated that these polymers
have high thermal stability and would likely be stable at the end-use and printing

temperatures [342].
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Figure 61.  DSC curves of amine complex and polymers of (a) mimosa extract (MIM), and
(b) mimosa sulphite extract (MIM-S)
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Figure 62.  DSC curves of amine complex and polymers of (a) grape seed extract (GSE),
and (d) resorcinol (RES)
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Figure 63.  DSC curves of phloroglucinol-glyoxal polymers and BPA

4.6.5 Colour-forming reaction of tannin compounds with ODB-2

4.6.5.1 Colour-forming reaction of ODB-2 and tannin compounds in acetone
Purified tannin extracts and phenol polymers showed brownish colouration in

acetone (Figure 64) and were largely insoluble. However, on evaporation, they
produced sharp black colouration (Figure 65). Unlike the pure phenol, all phenol-
amine complexes were insoluble in acetone, and no colour was produced after
evaporation of the solvent. This indicated that the compounds were in their complex
form, and the phenols were not available for reaction. In addition, the temperature of
evaporation (40°C) was too low to initiate the decomposition of the complex. This also

confirmed the effectiveness of the complexation process.
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Figure 64.  Mixture of mimosa extract (MIM) and ODB-2 in acetone. (a) before evaporation
and (b) after evaporation

Figure 65.  Coloured species formed from the reaction of ODB-2 and purified tannin extracts:
(a) mimosa extract (MIM) (b) mimosa sulphite extract (MIM-S) (c) grape seed extract (GSE)

4.6.5.2 Colour-forming reaction of ODB-2 and tannin in dispersion
The results of the dispersion test according to the procedure described in

section 4.2.2 are presented in Figure 66. The composition of the aqueous dispersion
includes ODB-2, 10% PVA, and water. About 1g of this dispersion was thoroughly
mixed with the tannin samples for this evaluation. Dispersion prepared with mimosa
extract (MIM), mimosa sulphite extract (MIM-S), and grape seed extract (GSE)
showed no colour reaction in the aqueous state. The suspensions had the colour of
the phenol samples. After drying, a grey/black discolouration was observed. Only MIM
showed a somewhat coloured reaction. It may be suggested that MIM-S and GSE

underwent thermal degradation leading to burning and darkening.
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Figure 66. Interaction of ODB-2 and tannin in a dispersion. (1a) mimosa extract (MIM) in
wet dispersion, (2a) mimosa sulphite extract (MIM-S) in wet dispersion, (3a) grape seed
extract (GSE) in wet dispersion, (1b) mimosa extract (MIM) in dried dispersion, (2b) mimosa
sulphite extract (MIM-S) in dried dispersion, and (3b) grape seed extract (GSE) in dried
dispersion

The phenol-amine complexes produced from tannic acid (TA-H), mimosa
extract (MIM-H), and mimosa-sulphite extract (MIM-H) were grey in the wet dispersion.
On drying at 120°C, brownish colour appeared. TA-H, MIM-H, and MIM-H did not react
with ODB-2 to form the expected black colour. An increase in the treatment
temperature to 180°C - 200°C led to dark colouration. This colour may be attributed to
the chemical degradation of the tannin compound (Figure 67). The resorcinol-amine
complex (RES-H) produced a grey colouration different from the off-white appearance
in wet dispersion when dried at about 150°C-160°C. RES-H melted at about 163°C to

produce a black colour. The black colour signified a reaction with ODB-2.

The dispersion prepared from the polymer of mimosa extract (MIM-CP2) and
mimosa sulphite extract (MIM-S-CP2) appeared light brown taking the colours of the
polymers. In the wet dispersion, no reaction was observed. However, after drying to
120°C — 125°C, a slight grey/green discolouration was detected, which signified a
reaction had taken place (Figure 68). However, the samples did not melt, which

confirmed the characteristic high thermal stability.
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Figure 67. Interaction of ODB-2 and phenol-amine complex in a dispersion. (1a) tannic
acid-amine complex (TA-H) in wet dispersion (2a) mimosa sulphite extract (MIM-S) in wet
dispersion, (3a) mimosa extract (MIM) in wet dispersion, (4a) resorcinol-amine complex in wet
dispersion, (1b) tannic acid-amine complex (TA-H) in dried dispersion, (2b) mimosa sulphite
extract (MIM-S) in dried dispersion, (3b) mimosa extract (MIM) in dried dispersion, and (4b)
resorcinol-amine complex in dried dispersion

Figure 68. Interaction of ODB-2 and phenol polymer in a dispersion. (1a) mimosa-glyoxal
polymer at pH 2 (MIMCP2) in wet dispersion (2a) mimosa sulphite-glyoxal polymer at pH 2
(MIM-S-CP2) in wet dispersion, (1b) mimosa-glyoxal polymer at pH 2 (MIMCP2) in dried
dispersion, (2b) mimosa sulphite-glyoxal polymer at pH 2 (MIM-S-CP2) in dried dispersion.
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The tannic acid polymer, TA-CP2, was a glassy solid. Therefore, it could not be
grounded into fine solid. Similar to MIM, there was no reaction in the wet dispersion.
However, drying to about 120°C - 130°C produced a slight grey discolouration without
melting (Figure 69).

Figure 69. Interaction of ODB-2 and phenol polymer in a dispersion. (1a) tannic acid-glyoxal
polymer at pH 2 (TA-CP2) in wet dispersion, and (1b) tannic acid-glyoxal polymer at pH 2 (TA-
CP2) in dried dispersion

The polymer synthesised from grape seed extracts, GSE-CP2 and GSE-CP9,
the dispersions produced were off-white (Figure 70). There was no reaction in the wet
dispersion. On heating, GSE-CP2 and GSE-CP9 showed a possible interaction with
ODB-2 around 170°C - 180°C. These interactions suggested the potential suitability of

these polymers as developers in thermal paper.

Figure 70.  Interaction of ODB-2 and phenol polymer in a dispersion. (1a) grape seed extract-
glyoxal polymer at pH 2 (GSE-CP2) in wet dispersion (2a) grape seed extract-glyoxal polymer
at pH 9 (MIM-S-CP9) in wet dispersion, (1b) grape seed extract-glyoxal polymer at pH 2 (GSE-
CP2) in dried dispersion, (2b grape seed extract-glyoxal polymer at pH 2 (GSE-CP9) in dried
dispersion
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Phloroglucinol-glyoxal polymers also showed a slight reaction with ODB-2 in
the dried dispersion (Figure 71). PH-CP2, PHCP2-12, PHCP2-25, and PHCP2-40
showed no reaction in the wet dispersion. On drying at 120°C, PH-CP2, PHCP2-12,
and PHCP2-40 showed only a weak reaction with ODB-2 with the slightly grey
colouration. On the other hand, PHCP2-25 showed no reaction with ODB-2. All PH-
CP2 samples did not, however, melt on heating. These polymeric samples showed
high thermal stability.

Figure 71.  Interaction of ODB-2 and phloroglucinol polymer produced at pH 2 in a
dispersion. (1a) PHCP2 in wet dispersion, (2a) PHCP2-12 in wet dispersion, (3a) PHCP2-25 in
wet dispersion, (4a) PHCP2-40 in wet dispersion, (1b) PHCP2 in dried dispersion, (2b) PHCP2-
12 in dried dispersion, (3b) PHCP2-25 in dried dispersion, (4b) PHCP2-40 in dried dispersion.
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4.7 Colour density of green developer-based mixtures

The quantitative evaluation of the colour formed from the mixture of green
developers and ODB-2 was carried out by measuring the colour density values. The
values obtained were compared to the colour density obtained from mixtures produced

with BPA as a developer.

4.7.1 Colour density of the mixture of ODB-2 and phenol compounds
Figure 72 shows the colour densities after heating the mixture of ODB-2 and

tannin polymers such as MIM-CP2, MIM-CP2-S, GSE-CP2, GSE-CP9, PH-CP2, and

resorcinol-amine complex RES-H.
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Figure 72.  Colour densities of phenol-amine complexes and phenol polymers

The density of RES-H (0.7) was higher than those of MIM-CP2 (0.57), MIM-
CP2-S (0.47), GSE-CP2 (0.65), GSE-CP9 (0.6) but still lower than that of BPA (1.2).
The densities of PH-CP2, PH-CP2-12, and PH-CP2-40 were 1.18, 1.08, and 1.22,

respectively.

Figures 73-77 show the dependency of colour density on the ratio of developer
to dye. Colour density achieved increased with an increase in the amount of
developers. After aging for 24 hours at 25°C/50% R.H, all samples showed only slight
change in their colour density. In the same vein. The colours were relatively stable

over 10 days.
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Figure 73.  Colour density of (a) RES-H, and (b) MIM-CP2 before and after aging for 24 hours
at 250C/50% R.H.
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Figure 74.  Colour density of (a) MIM-S-CP2, and (b) GSE-CP9 before and after aging for
24 hours at 25°C/50% R.H.
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Figure 75.  Colour density of (a) GSE-CP2, (b) PH-CP2 before and after aging for 24 hours at
25°C/50% R.H.
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Figure 76.  Colour density of (a) PH-CP2-12, and (b) PH-CP2-40 before and after aging
for 24 hours at 25°C/50% R.H.
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Figure 77.  Colour density of BPA before and after aging for 24 hours at 25°C/50% R.H.
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4.8 Colour density of the mixture of ODB-2 and plural developers.
To enhance image density and image stability, the use of plural developers in
colour forming formulation was explored. The descriptions of the samples are shown

in the appendix (page 182).

4.8.1 Colour density of the mixture of vanillin and vanillic acid
The first experiments focused on using a mixture of the monomeric phenols,

vanillin, and vanillic acid (VV) as developers. The phenolic compounds were mixed
sequentially in mole ratios 1:1, 1:2, 1:3, 1:4, and 1:6. The weight of ODB-2, PVA, and
tetradecanol solvents were kept constant for all samples at 0.05g, 2.5g, and 5g,
respectively. The colour densities immediately after colour formation and after 24 h in
50% R.H at 25°C are shown in Table 18 and Figure 78. The variation of the colour

density for 10 days was also monitored (Figure 79).

Table 18. Colour density of colour-forming mixtures with vanillin and vanillic acid as
developer and co-developer.

*Sample  Colour density  Colour density  Colour density Moisture
code immediately after 24h after one week resistance (%)
VV1 1.63 1.21 0.81 77.95
VV2 1.38 0.94 0.92 74.14
VV3 191 1.87 0.62 91.13
VV4 1.73 1.71 0.78 99.32
VV5 1.75 1.71 0.93 96.03
VV6 1.71 1.53 0.62 87.94
V7 1.73 1.46 1.14 83.42
VV8 1.65 1.35 0.91 81.43
VV9 1.56 1.32 0.91 85.91

The colour densities of the mixtures ranged from 1.38 to 1.9. The highest colour
density for VV3 prepared from the combination of vanillin and vanillic acid in mole ratio
3:1 was 1.9. The average colour density was 1.6. The densities of the mixtures did not
follow a particular trend. After 24 hours in 50% relative humidity condition, the densities
of VV1 and VV2 reduced to about 25 % of the original values. VV1, VW2, VV6, VV7,
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VV8, and VV9 had moisture resistance of 77.9%, 74.1%, 88%, 83.3%, 81.4%, and
86%, respectively. The colours of VV3, VV4, and VV5 were relatively more stable than
the other samples. They showed higher resistance to moisture with 91%, 99%, and
96%, respectively. Over 10 days, the gradual fading of the coloured mixtures was
noticeable. During this period, an average of 56% of the initial colour densities was
lost. This was attributed to the water solubility of the phenol monomers. In comparison,

the mixture containing BPA only retained 80% of its initial colour strength after 10 days.
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Figure 78.  Colour density and moisture resistance of a colour forming composition with a
mixture of vanillin and vanillic acid as developer. VV = mixture of vanillin and vanillic acid.
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Figure 79.  Variation of colour density of colour forming composition with vanillin and
vanillic acid mixture as a developer over 10 days. VV = mixture of vanillin and vanillic acid.
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4.8.2 Colour density of the mixture of phenol-amine complex with co-developers

The performance of resorcinol-amine complex (RES-H) in a colour-forming
mixture containing other co-developers was evaluated by measuring the density of
colour formed immediately and the stability for 10 days. The resorcinol-amine complex
(RES-H) was mixed with vanillic acid, vanillin, citric acid, ascorbic acid, salicylic acid,
and tannic acid in varying ratios produce RESH-VA, RESH-V, RESH-CA, RESH-AS,
RESH-SLY, and RESH-TA respectively. The weight of ODB-2, PVA, and tetradecanol
solvents were kept constant for all samples at 0.05g, 2.5g, and 5g, respectively. The
compositions of the samples are shown in the appendix.

As shown in Table 19, the highest colour density of the coloured products
recorded for RESH-VA4 (1.84), a colour forming mixture produced by the addition of
20% vanillic acid to 30% RES-H. All other samples showed similar colour densities
ranging between 1.43-1.75. After 24 hours at room temperature at 50%R.H, the
colours were relatively stable. This was evident with the high values of moisture
resistance between 91.5 (RESH-VA7) — 99% (RESH-VAL).

Table 19. Colour density of colour-forming mixture with resorcinol-amine complex (RES-
H) and vanillic acid as developer and co-developer, respectively

*Sample code Colour Colour Colour density Moisture
density density after  after one week resistance (%)
immediately 24hr
RES-H-VAl 1.64 1.63 1.56 99.61
RES-H -VA2 1.66 1.64 1.59 98.32
RES-H -VA3 1.75 1.73 1.54 98.85
RES-H -VA4 1.84 181 151 98.21
RES-H -VA5 1.65 1.64 161 99.34
RES-H -VAG6 1.73 161 1.22 92.38
RES-H -VA7 1.65 151 1.33 91.52
RES-H -VAS8 1.43 1.34 1.01 93.72
RES-H -VA9 1.60 1.52 1.39 93.68

*See the appendix (page 174) for the description of the samples.
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In the presence of vanillin, higher colour densities ranging from 1.78 — 2.19
were recorded. RESH-V4 and RESH-V5 showed the highest values of 2.18 and 2.19,
respectively (Table 20). The density of samples containing tannic acid was in the
range of 2.55 (RESH-TAS8) — 2.07 (RESH-TA4). Moisture resistance after 24 hours
was in the range of 58.6% (RESH-TA) — 99.8% (RESH-TA5). RESH-TA samples
showed the highest densities compared to others with phenol and other organic acids
(Table 21). Amongst the organic carboxylic acids, the addition of citric acid yielded the
highest density. The Colour density of RESH-CA samples ranged from 1.89 — 1.99.
RES-SLY and RESH-AS samples ranged from 1.69 — 1.77 and 0.8 — 1.42, respectively
(Table 22 — 24). After 24 hours, only RESH-AS9 dropped below 50% of its original

value.

Table 20. Colour density of colour-forming mixture with resorcinol-amine complex (RES-
H) and vanillin as developer and co-developer, respectively

*Sample code Colour Colour Colour Moisture
density density after  density after  resistance (%)
immediately 24hr one week
RES-H-V1 2.12 1.66 1.53 78.31
RES-H -V2 2.11 1.59 1.5 75.71
RES-H -V3 2.19 1.59 1.04 72.60
RES-H -V4 2.18 1.7 151 77.98
RES-H -V5 2.19 1.65 15 75.34
RES-H -V6 1.85 1.8 1.58 97.29
RES-H -V7 1.78 1.65 1.44 92.69
RES-H -V8 1.92 181 1.6 94.27
RES-H -V9 1.89 1.78 1.43 94.18

*See the appendix (page 174) for the description of the samples.
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Table 21. Colour density of colour-forming mixture with resorcinol-amine complex (RES-
H) and tannic acid as developer and co-developer, respectively.

*Sample code Colour density Colour Colour Moisture
immediately  density after  density after resistance
24hr one week (%)
RES-H-TA1 2.11 1.62 1.61 77.14
RES-H - TA2 2.11 161 1.55 76.19
RES-H - TA3 2.07 2.01 2.00 96.29
RES-H - TA4 2.07 1.59 1.55 76.81
RES-H - TAS 2.21 2.20 2.11 99.83
RES-H - TA6 2.43 2.31 2.11 95.06
RES-H - TA7 2.34 2.10 1.89 89.74
RES-H - TA8 2.55 2.31 1.78 90.19
RES-H - TA9 2.11 1.23 0.89 58.57

*See the appendix (page 174) for the description of the samples.

Table 22. Colour density of colour-forming mixture with resorcinol-amine complex (RES-
H) and citric acid as developer and co-developer, respectively.

*Sample code Colour Colour Colour density Moisture
density density after  after one week resistance
immediately 24hr (%)
RES-H-CA1 1.94 1.90 1.87 97.94
RES-H - CA2 1.93 191 191 98.96
RES-H - CA3 191 1.90 181 99.48
RES-H -CA4 1.94 191 1.78 98.46
RES-H - CA5 1.90 1.88 1.88 98.89
RES-H - CA6 1.89 1.85 1.80 97.88
RES-H - CA7 1.97 1.96 1.80 99.49
RES-H - CA8 1.96 1.92 1.80 97.96
RES-H - CA9 1.99 1.92 1.80 96.48

*See the appendix (page 174) for the description of the samples.
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Table 23. Colour density of colour-forming mixture with resorcinol-amine complex (RES-
H) and ascorbic acid as developer and co-developer, respectively.

*Sample code Colour density Colour Colour density Moisture
immediately density after after one week resistance
24hr (%)
RES-H-AS1 1.54 1.42 1.24 92.21
RES-H - AS2 1.47 1.31 11 89.12
RES-H - AS3 1.47 1.12 1.06 76.14
RES-H - AS4 1.45 1.09 1.00 75.17
RES-H - AS5 1.39 1.11 0.74 79.14
RES-H - AS6 1.46 1.02 0.66 69.86
RES-H - AS7 1.44 1.11 0.66 77.08
RES-H - AS8 1.47 0.91 0.33 61.22
RES-H - AS9 1.48 0.81 0.61 54.05

*See the appendix (page 174) for the description of the samples.

Table 24. Colour density of colour-forming mixture with resorcinol-amine complex (RES-
H) and salicylic acid as developer and co-developer, respectively

*Sample code Colour Colour density ~ Colour density Moisture
density after 24hr after one week  resistance
immediately (%)
RES-H-SLY1 1.69 151 1.31 88.76
RES-H-SLY?2 1.67 131 1.27 77.84
RES-H-SLY3 1.67 1.60 151 95.81
RES-H-SLY4 1.66 1.62 1.45 96.39
RES-H-SLY5 1.76 1.71 1.52 97.16
RES-H-SLYG6 1.77 1.72 1.65 96.04
RES-H-SLY7 1.72 1.77 1.63 98.83
RES-H-SLYS8 1.70 1.66 1.62 97.65
RES-H-SLY9 1.71 1.62 141 94.74

*See the appendix (page 174) for the description of the samples.
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Over 10 days, the colour of RESH-VA4 was reduced by a further 20%. The
densities of RESH-VA1 and RESH-VA2 were decreased by 8% (Figure 80). The
highest reduction in colour density was observed in RESH-VA9, with about 50% of the
original colour left after 10 days. In contrast, the densities of RESH-V samples were
almost similar all through the first 9 days. After the tenth day, all samples showed an
average reduction in the density of 30%. Only RESH-V3 showed a decrease in density
up to 53%. RESH-TA samples generally showed about 50% resistance after 10 days.
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Figure 80.  Variation of colour density of colour forming compositions with a mixture of
resorcinol-amine complex and vanillic acid as developer over 10 days. The compositions of
RESH-VAL — RESH-VA9 are presented in the appendix (page 174).

4.8.3 Colour density of the mixture of phenol polymers with co-developers
The addition of vanillic acid or vanillin to phloroglucinol polymer (PHCP2)

significantly increased the polymer's colour density. The colour density of PHCP2-VA
samples ranged between 2.07 — 2.17, while PHCP2-V ranged between 2.95 and 4.69.
In the presence of tannic acid and other organic carboxylic acids, such as citric acid,
ascorbic acid, and salicylic acid, colour densities were similar (Table 25-30). During
the first 5 days, most samples remain relatively stable while few reduced in density
steadily. There were not large differences recorded when vanillic acid was added in a

varying amount to PHCP2-12.
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Table 25. Colour density of colour-forming mixture with phloroglucinol-glyoxal polymer

(PHCP2) as developer and vanillic acid as co-developer.

Colour density  Colour density  Colour density

Moisture

Sample code immediately  after 24 hr after one week Resistance (%)
PHCP2-VAl 2.08 2.08 1.32 99.78
PHCP2-VA2 2.16 2.05 2.00 95.10
PHCP2-VA3 2.13 2.11 2.10 99.16
PHCP2-VA4 2.17 2.15 2.10 99.16
PHCP2-VA5 2.17 2.11 1.19 96.97
PHCP2-VAG6 2.13 2.10 1.70 98.41
PHCP2-VA7 2.21 2.12 1.52 95.91
PHCP2-VA8 2.13 2.12 2.00 99.58
PHCP2-VA9 2.12 2.05 1.87 96.91
*See the appendix (page 174) for the description of the samples.

Table 26. Colour density of colour-forming mixture with phloroglucinol-glyoxal
polymer (PHCP2) as developer and vanillin as co-developer.
Colour density  Colour density  Colour density Moisture

Sample code immediately after 24 hr  after one week  Resistance (%)
PHCP2-V1 4.70 4.66 4.66 99.17
PHCP2-V2 2.95 2.21 2.21 74.58
PHCP2-V3 3.76 3.31 3.31 87.54
PHCP2-V4 4.70 4.10 4.10 87.17
PHCP2-V5 3.31 2.14 2.14 64.85
PHCP2-V6 412 3.89 3.89 94.42
PHCP2-V7 4.32 4.01 4.01 92.76
PHCP2-vV8 2.98 2.09 2.09 70.41
PHCP2-V9 3.78 3.38 3.38 89.60
*See the appendix (page 174) for the description of the samples.
Table 27. Colour density of colour-forming mixture with phloroglucinol-glyoxal
polymer (PHCP2) as developer and tannic acid as co-developer.

Colour density  Colour density  Colour density Moisture
Sample code immediately after 24 hr after one week  Resistance (%)
PHCP2-TA1 4.32 2.42 2.42 56.01
PHCP2-TA2 4.24 2.33 2.33 55.02
PHCP2-TA3 4.56 4.32 4.32 94.76
PHCP2-TA4 4.39 4.12 4.12 93.85
PHCP2-TA5 4.78 4.53 4.53 94.67
PHCP2-TA6 4.01 3.97 3.97 99.00
PHCP2-TA7 4.22 4.12 4.12 97.63
PHCP2-TA8 4.38 4.21 4.21 96.20
PHCP2-TA9 4.98 4.71 4.71 94.61

*See the appendix (page 174) for the description of the samples.
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Table 28. Colour density of colour-forming mixture with phloroglucinol-glyoxal
polymer (PHCP2) as developer and citric acid as co-developer.

Colour density  Colour density  Colour density Moisture
Sample code immediately after 24 hr _ after one week  Resistance (%)
PHCP2-CAl 4.72 3.42 3.42 72.46
PHCP2-CA2 4.42 3.33 3.33 75.25
PHCP2-CA3 4.32 3.32 3.32 76.84
PHCP2-CA4 4.12 3.12 2.22 75.66
PHCP2-CA5 4.32 3.53 3.13 81.72
PHCP2-CA6 4.23 2.96 1.76 70.18
PHCP2-CA7 4.56 4.12 3.82 90.39
PHCP2-CAS8 4.39 4.21 3.41 95.91
PHCP2-CA9 4,78 4,71 3.55 98.46
*See the appendix (page 174) for the description of the samples.
Table 29. Colour density of colour-forming mixture with phloroglucinol-glyoxal
polymer (PHCP2) as developer and ascorbic acid as co-developer.

Colour density  Colour density  Colour density Moisture
Sample code Immediately after 24 hr _ after one week  Resistance (%)
PHCP2-AS1 3.01 2.08 1.68 68.89
PHCP2-AS2 3.22 2.05 1.65 63.75
PHCP2-AS3 4.38 2.11 1.71 48.15
PHCP2-AS4 2.98 2.15 1.45 72.19
PHCP2-AS5 3.12 2.11 1.33 67.59
PHCP2-AS6 3.32 2.10 1.76 63.10
PHCP2-AS7 2.98 1.92 1.52 64.46
PHCP2-ASS8 3.78 2.12 1.72 56.16
PHCP2-AS9 2.32 2.05 1.83 88.52
*See the appendix (page 174) for the description of the samples.
Table 30. Colour density of colour-forming mixture with phloroglucinol-glyoxal
polymer (PHCP2) as developer and salicylic acid as co-developer.

Colour density  Colour density  Colour density Moisture
Sample code Immediately after 24 hr after one week  Resistance (%)
PHCP2-SLY1 4.24 4.21 3.72 99.41
PHCP2-SLY2 4.56 4.45 3.15 97.59
PHCP2-SLY3 3.40 3.21 2.41 94.61
PHCP2-SLY4 4.30 4.21 3.11 95.99
PHCP2-SLY5 3.87 3.77 3.00 97.41
PHCP2-SLY6 4.32 4.21 3.30 97.41
PHCP2-SLY7 4.08 3.91 2.57 95.83
PHCP2-SLY8 4.18 4.01 3.32 95.69
PHCP2-SLY9 4.32 4.31 3.21 99.77

*See the appendix (page 174) for the description of the samples.
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At the end of 10 days, a 40% - 50% reduction in the density of most of the measured
samples (Figure 81 & 82).
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Figure 81.  Variation of colour density of colour forming compositions with a mixture of
phloroglucinol-glyoxal polymer (PHCP2) and vanillic acid as developer over 10 days. The
compositions of PHCP2-VA1 — PHCP2-VA9 are shown in appendix (page 173).
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Figure 82.  Variation of colour density of colour forming compositions with a mixture of
phloroglucinol-glyoxal polymer (PHCP2-40) and vanillin as developer over 10 days. The
compositions of PHCP2-40-V1 — PHCP2-40-V1 are shown in the appendix (page 173).
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Table 31 Colour density of colour-forming mixture with mimosa extract-glyoxal polymer
(MIM-CP2) as a developer and vanillic acid as co-developer.

Colour
Colour density Colour density  density after Moisture
Sample immediately after 24 hours one week Resistance (%)

MIM-CP2-VAl 0.37 0.2 0.12 56.8
MIM-CP2-VA2 0.33 0.22 0.09 67.6
MIM-CP2-VA3 0.33 0.26 0.16 82.3
MIM-CP2-VA4 0.34 0.23 0.13 68.5
MIM-CP2-VAS5 0.37 0.26 0.08 71.1
MIM-CP2-VA6 0.37 0.28 0.09 76.6
MIM-CP2-VA7 0.38 0.23 0.13 59.7
MIM-CP2-VA8 0.36 0.21 0.11 59.1
MIM-CP2-VA9 0.39 0.26 0.19 67.4
*See the appendix (page 174) for the description of the samples.

Table 32 Colour density of colour-forming mixture with mimosa extract-glyoxal

polymer (MIM-CP2) as a developer and vanillin as co-developer.

Colour

Colour density Colour density density after Moisture
Sample immediately after 24 hours one week  Resistance (%)
MIM-CP2-V1 0.33 0.15 0.11 45.7
MIM-CP2-V2 0.34 0.21 0.10 59.2
MIM-CP2-V3 0.32 0.21 0.11 62.9
MIM-CP2-V4 0.32 0.14 0.07 45.5
MIM-CP2-V5 0.35 0.21 0.11 60.3
MIM-CP2-V6 0.35 0.29 0.13 83.3
MIM-CP2-V7 0.37 0.32 0.07 87.0
MIM-CP2-V8 0.32 0.23 0.16 72.3
MIM-CP2-V9 0.38 0.21 0.12 55.5
*See the appendix (page 174) for the description of the samples.
Table 33 Colour density of colour-forming mixture with mimosa extract-glyoxal
polymer (MIM-CP2) as a developer and tannic acid as co-developer.

Colour

Colour density Colour density density after Moisture
Sample immediately after 24 hours one week  Resistance (%)
MIM-CP2-TA1 0.44 0.33 0.14 75.0
MIM-CP2-TA2 0.44 0.23 0.06 52.3
MIM-CP2-TA3 0.44 0.39 0.12 88.6
MIM-CP2-TA4 0.44 0.35 0.12 795
MIM-CP2-TA5 0.44 0.32 0.18 72.7
MIM-CP2-TA6 0.44 0.31 0.22 70.5
MIM-CP2-TA7 0.44 0.33 0.21 75.0
MIM-CP2-TA8 0.44 0.34 0.17 77.3
MIM-CP2-TA9 0.44 0.34 0.16 77.3

*See the appendix (page 174) for the description of the samples.
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Table 34

polymer (MIM-CP2) as a developer and citric acid as co-developer.

Colour density of colour-forming mixture with mimosa extract-glyoxal

Colour

Colour density Colour density density after Moisture
Sample immediately after 24 hours one week  Resistance (%)
MIM-CP2-CA1 0.51 0.40 0.18 79.0
MIM-CP2-CA2 0.51 0.38 0.21 74.4
MIM-CP2-CA3 0.51 0.27 0.15 53.1
MIM-CP2-CA4 0.51 0.28 0.16 54.1
MIM-CP2-CA5 0.51 0.27 0.14 53.7
MIM-CP2-CA6 0.51 0.28 0.15 55.9
MIM-CP2-CA7 0.51 0.36 0.12 69.8
MIM-CP2-CA8 0.51 0.36 0.11 69.8
MIM-CP2-CA9 0.51 0.48 0.13 93.3

*See the appendix (page 174) for the description of the samples.

Table 35 Colour density of colour-forming mixture with mimosa extract-glyoxal
polymer (MIM-CP2) as a developer and ascorbic acid as co-developer.
Colour
Colour density Colour density density after Moisture
Sample immediately after 24 hours one week  Resistance (%)
MIM-CP2-AS1 0.33 0.29 0.14 87.9
MIM-CP2-AS2 0.33 0.27 0.11 81.8
MIM-CP2-AS3 0.33 0.19 0.12 57.6
MIM-CP2-AS4 0.33 0.12 0.03 315
MIM-CP2-AS5 0.33 0.11 0.03 34.2
MIM-CP2-AS6 0.33 0.13 0.04 40.9
MIM-CP2-AS7 0.33 0.12 0.03 354
MIM-CP2-AS8 0.33 0.12 0.02 33.0
MIM-CP2-AS9 0.33 0.22 0.11 66.4

*See the appendix (page 174) for the description of the samples.

Table 36

polymer (MIM-CP2) as a developer and salicylic acid as co-developer.

Colour density of colour-forming mixture with mimosa extract-glyoxal

Colour

Colour density Colour density density after Moisture
Sample immediately after 24 hours one week  Resistance (%)
MIM-CP2-SLY1 0.48 0.31 0.10 64.6
MIM-CP2-SLY2 0.48 0.33 0.11 69.0
MIM-CP2-SLY3 0.48 0.35 0.19 73.1
MIM-CP2-SLY4 0.48 0.36 0.19 75.2
MIM-CP2-SLY5 0.48 0.32 0.18 66.9
MIM-CP2-SLY6 0.48 0.31 0.14 64.8
MIM-CP2-SLY7 0.48 0.33 0.11 69.0
MIM-CP2-SLY8 0.48 0.31 0.19 64.8
MIM-CP2-SLY9 0.48 0.34 0.14 71.0

*See the appendix (page 173) for the description of the samples.
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The addition of vanillic acid to MIM-CP2 as a co-developer deepened the black
colour of the phenol polymer when heated. The colour density of the mixture ranged
from 0.31 (MIM-CP2-VA3) to 0.38 (MIM-CP2-VA7) (Table 31-36). The average colour
density of MIM-CP2-V samples was also in a similar range with MIM-CP2-VA samples.
The lowest and highest colour density was observed for MIM-CP2-V4 (0.30) and MIM-
CP2-V9 (0.38), respectively. The addition of tannic acid, citric acid, and salicylic acid
to MIM-CP2 yielded an average colour density of 0.44, 0.51, and 0.48. There was only
a minute change in the density of the samples as the ratio of combination varied. On
the other hand, MIM-CP2-AS samples gave an average colour density of 0.33. This

was the lowest in the evaluated batch.

After 24 hours in 50% RH at room temperature, MIM-CP2-VA showed moisture
resistance of 70%. MIM-CP2-VA1, MIM-CP2-VA7, and MIM-CP2-VA8 had the lowest
values with 56.8%, 59.7%, and 59.1%, respectively. MIM-CP2-V1, MIM-CP2-V4, and
MIM-CP2-V5 had moisture resistances of 45.7%, 45.5%, and 55.5%, respectively.
With tannic acid, only MIM-CP2-TA3 had moisture resistance beyond 80%. Other
related samples showed moisture resistance of about 70% and below. For example,
40% of MIM-CP2-AS samples had moisture resistance of about 35%, while MIM-CP2-
SLY and MIM-CP2-CA samples had an average moisture resistance of 70% and 62%.
Organic acid samples were relatively stable. MIM-S-CP2-CA samples with moisture
resistance ranging from 86% - 99% after 24 hours. MIM-S-CP2-AS samples were

considerably lower, with average moisture resistance of 45%.

The above results showed that individual monomeric compounds such as
vanillin, vanillic acid, and the studied organic carboxylic acids could be used as co-
developers to prepare thermal paper to achieve products of varying qualities. In
addition, the use of co-developers has the potential to increase the optical density of

the print.
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Print density

4.9 Application of green developers in thermal paper

To evaluate the practical usability of studied green developers in thermal paper,
coating dispersions of the developers were produced by mixing with ODB-2
suspension and PVA. The coat was then applied on the paper substrates as the heat-
sensitive layer of the resulting thermal papers. The details of the preparation of the
thermal coating dispersion and thermal papers are in section 3.9. The development of
black colour on the thermal papers was observed after heating with a thermal printer.
The density of the print produced was compared to the density of BPA-coated thermal

paper (Figure 83).
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Figure 83.  Thermal Printing Test: Variation of print density of green developer-
based thermal papers with applied energy
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4.9.1 Organic carboxylic acids-based thermal paper

Thermal paper was produced by applying dispersions containing ODB-2, PVA
as well as ascorbic acid, salicylic acid, citric acid, and ascorbyl palmitate as developer
on a pre-coated paper. The weight ratio between the developer and the colour former
in the final coating formulation was 3.3:1. The developer and the colour former mixed
very well without any visible reaction. Citric acid dissolved easily in dispersion because
of its high-water solubility. Therefore, 15% aqueous citric acid solution was used
without further additives. On the application of the coating, the measured whiteness of
the dried paper produced with ascorbic acid was 88% under UV light. While the
unprinted ascorbyl palmitate-coated paper was off-white with a whiteness of 78%, the
unprinted citric acid-coated paper was greenish-grey in appearance with a whiteness
of 79%.

A maximum print density of 1.1 was achieved with ascorbic acid paper on
printing with the thermal printer. This value was lower than the reference value of 1.20
obtained from BPA-coated thermal paper. Evaluation of the shelf life of the colour
formed showed that the colour was not stable. On exposure to humidity of 90% RH at
40°C for 24h, 75% of the colour faded away. After 7 days, the print density was less
than 10% of the original value. Exposure to oil such as lanolin, ethanol solvent, and

water for 20min led to about 80% reduction in the colour density.

Figure 84.  Thermal Printing Test: Ascorbyl-palmitate based thermal paper showing the print
density.
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In comparison, ascorbyl palmitate and citric acid produced maximum print
densities of 0.79 and 0.25, respectively. In addition, the printout of citric acid paper
was not legible enough, and the background colour caused a very poor contrast
between the printed and unprinted paper. Therefore, citric acid may not be suitable as
a developer. On the other hand, the print of ascorbyl palmitate-coated paper was solid,
legible, and relatively stable. (Figure 84).

4.9.2 Monomeric phenols-based thermal paper

Vanillin, vanillic acid, isovanillin, and isovanillic were used as developers to
prepare thermal paper. To prepare a vanillin-based thermal paper, a 30% aqueous
vanillin suspension with 8% of polyvinyl alcohol and suspension of ODB-2 was mixed.
An increased viscosity was observed after grinding. Vanillin mixed thoroughly well with
the colour former in the dispersion without premature colour formation. The weight
ratio between vanillin and ODB-2 in the prepared dispersion was 2.3:1. The finished
suspension was applied as explained in 4.9.1. On drying of the coat, the sweet vanillin
scent could be perceived. On printing, a maximum print density of 0.6 was achieved.
The vanillin scent was also evident in printing. This suggested a partial sublimation of
vanillin. A closer look at the printed image under a microscope revealed a
heterogeneous pattern different from a standard thermal paper which appeared with

a full surface (Figure 85).

Figure 85.  Microscopic image of a vanillin-based thermal paper
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The stability of the vanillin-based thermal paper was studied. The printed paper
was stored in an air-conditioned room at 23°C, 50% RH for 24 hours, and then the
print density was measured again. After 24h storage, the optical print density was 0.4
(down from 0.6). After 24h storage under humid conditions (40°C and 90% RH), the
printout faded and unrecognizable. This poor durability cast doubt on the suitability of
vanillin as a developer in thermal paper. Vanillin derivatives such as vanillic acid,
isovanillin, and isovanillic acid did not show any thermal reaction within the settings of

the thermal printer.

4.9.3 Tannin-based thermal paper

Commercially obtained tannin samples (Tanal 02, Tanex 20, Tanal 40, and tannin)
described in section 4.2.1 were used as a developer to prepare thermal papers. The
addition of tannins to the coating formulation resulted in the immediate thickening of
the mixture. Further processing of the coating colour under such circumstances was
impossible. All tannin samples (Tanal 02, Tanex 20, Tanal 40, and tannin) showed this
behaviour. The coating formulation prepared from ODB-2, PVA and water tagged F1
and developer was applied to the paper separately to circumvent this problem. Firstly,
the coating formulation was spread on the paper then the developer was added. The
individual coatings were allowed to dry before adding the next. However, this
procedure may not be suitable for technical applications in production, but it allowed
for lab-based evaluation of the samples. Test sheets were prepared as described in
Table 37.

Table 37. Design and optical density of tannin-based thermal papers

S/IN  Sample Optical density  Optical density  Observation
(print) (heat)

1 F1 + Tanal 02 0.66 0.96 strong adhesion

2 F1 + Tanex 20 0.07 0.53 no printout

3 F1 + Tanal 40 0.55 0.95 strong adhesion

4 F1 + 2 x Tanal 40 0.66 0.97 strong adhesion

5 2 x F1 + Tanal 40 0.69 0.95 strong adhesion

6 Tanal 40 + F1 0.37 0.61 -

7 F1 + tannin 0.64 0.92 grey
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For samples 1 to 3 and 7, F1 was first applied without a developer, and then
the corresponding tannin solution was added. In sample 4, F1 was first applied without
a developer, and then double the amount of Tanal 40 was added. In sample 5, twice
the amount of F1 was applied and then the Tanal 40. Samples 4 and 5 were prepared
to observe the effect of more tannin and coating mixture on the optical density. In
sample 6, the tannin sample was applied first, and F1 was added to complete the
formulation. After obtaining the maximum possible optical print density with all the
samples, the papers were subjected to a flame treatment to see if external heat could
improve the density of the colour formed (Figure 86). An open flame was used to
generate heat. The printed paper was carefully held over the flame for a short time
and density was measure again. With the flame test, optical densities were increased,
suggesting that the reaction of colorant and tannin under the thermal printer was not
completed. The thermal printing energy may not be sufficient to complete the reaction.
Application of external heat with higher energy could trigger a further reaction.
However, the optical densities of all thermal papers obtained from tannin-based sheets

were lower than the reference value (1.20).

Figure 86.  Thermal Printing Test: Tanal 40-based thermal paper after flame
application.

Furthermore, the tannin-coated sheets were not thoroughly smooth. On
printing, the sheets of Tanal 02 and Tanal 40 stuck to the thermal header and mainly
were pulled out by hand. More so, the printouts were mostly not readable. The sticking

of the tannin-coated sheets to the thermal head could be attributed to the reaction of
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tannin with some other components of the coating mixture, possibly with PVA.
Therefore, some chemical additives may be needed to ease this problem.

Of all methanol-purified tannin extracts, only mimosa extract (MIM) showed a
reaction in thermal paper. MIM was added to the dispersion in its uncrushed form, and
it dissolved quite well. The finished coating of MIM, colour former, and PVA appeared
light brown. On printing, the maximum optical print density of 0.40 was recorded
(Figure 87). The background of MIM-coated paper could limit its application.

Figure 87.  Thermal Printing Test: Mimosa extract (MIM)-based thermal paper.

4.9.4 Phenol-amine complex-based thermal paper
The print of paper coated with resorcinol-amine complex (RES-H) is shown

below (Figure 88).

Figure 88.  Thermal Printing Test: Resorcinol-amine complex (RES-H)-based thermal paper
showing the print density.
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After storage in the laboratory, RES-H powder drifted from its off-white colour
to a shade of green & blue with some large lumps. When the lumps were crushed,
they turned slightly yellow on the inside. Preparation of dispersion with RES-H was
relatively easy. However, some samples of large particle size remained in the mixture.
RES-H coated paper was grey/brown when dried. On printing, a maximum optical print
density of 0.50 was achieved.

4.9.5 Phenol-glyoxal polymer-based thermal paper

Most of the polymers were too hard and difficult to ground into small particle
sizes. Only PHCP2, GSE-CP2, and GSE-CP9 were successfully ground to reduced
particle size manageable for the application of the phenol-glyoxal polymers. The
particle sizes of the other ground polymers were too large and remained unchanged
after several hours of grinding. Small particle size enhances the interaction between
the polymer and leuco dye due to increased surface area. The ground polymers were
included as developers in the coating formulation for the thermal paper. The coating
colour appeared brown. Only GSE-CP2 and GSE-CP9-coated papers gave a colour
reaction when heated in the thermal printer. The maximum print density was 0.24 and
0.23, respectively. The thermal reaction of PHCP2 was too weak to be considered.

The grape seed extract-glyoxal polymer-based-thermal papers are shown in Figure

89.

Figure 89.  Thermal Printing Test: Grapeseed extract (GSE)-based thermal paper
(a) GSE-CP2, and (b) GSE-CP9 showing the print density.
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5 Conclusions and recommendations

The potential of several bio-based substances such as ascorbic acid, salicylic
acid, ascorbyl palmitate, citric acid, tannin, vanillin, vanillic acid, and their derivatives,
to effectively replace BPA as a developer in thermal paper was investigated. Phenolic
resins produced and characterised from glyoxal, and methanol extracts of vegetable
tannin and tannin-model compounds were also assessed for their colour-forming
potential in a leuco dye-based system. In addition, phenol-amine complexes aimed at
mitigating the premature colour formation associated with phenols were synthesised
using HMDA and tannins as phenol. FTIR and DSC characterized the phenol resins
and amine complexes. The condensed summary of the performance evaluation of

these substances in the thermal paper is presented in Table 38.

Preliminary evaluation of the colour-forming potential of the studied compounds
through acetone and dispersion tests confirmed that most of these substances,
including vanillin, ascorbic acid, ascorbyl palmitate, citric acid, salicylic acid, and tannin
compounds, can participate in a proton-transfer-reaction with ODB-2 to produce the
characteristic black colour. These interactions were examined through spectroscopic
analysis. The reduction or total disappearance of the lactone ring of ODB-2 was
confirmed by FTIR, while a shift in the signal of the central carbon of the leuco dye

was ascertained with NMR.

In a three-component system containing ODB-2 and tetradecanol, lignin-
derived monomers such as vanillin and vanillic acid showed their ability to interact with
the leuco dye at different temperature ranges. These thermochromic mixtures showed
distinct lightness at a temperature above the melting point of the co-solvent while
forming a deep colouration at a lower temperature. Furthermore, a melt-darkened
state was observed in the presence of a higher concentration of the developer and
leuco dye. The vanillin and vanillic acid performance showed their potential for

utilisation in thermochromic systems.

One of the essential steps in preparing thermal paper is the addition of
dispersion of the developer, dye, and other additives on a base paper resulting in the
heat-sensitive layer. Dispersions used for thermal paper are expected to be
homogenous and colourless to achieve a marketable thermal paper of high quality.

Ascorbic acid, ascorbyl palmitate, vanillin, vanillic acid, isovanillic acid, isovanillin,
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resorcinol-amine complex, and phloroglucinol-glyoxal polymer produced fine
dispersion for effective coating with no premature colour reaction. These compounds
were easy to be pulverised into the small particle size required for a coating
application. Unlike other organic carboxylic acids, dispersions containing salicylic acid
as developer produced a black colour, signifying a premature reaction with ODB-2
before the coating is applied. Citric acid dispersion was also slightly grey in
appearance. The dispersion of tannin compounds such as Tanal 40, Tanal 02, and
Tanex 20 was difficult to produce. They became viscous on mixing with PVA in ODB-
2 suspension. To circumvent this problem, coating application with tannin compounds
was done stepwise. First, the formulation containing ODB-2 and PVA was spread on
the base paper before the tannin was introduced. This process produced a good
thermal paper with a fine coat but would need modification to be less complex and
amenable to industrial process technology. Other studied substances like phenol-
glyoxal polymers and phenol-amine complexes produced coloured dispersion, mostly
brownish. The dispersion of grape seed extract polymer was greyish. Some of the
polymers were hard and difficult to crush into fine particle size. Some large-sized
particles of the polymer were observed in the coat. Several of these bio-based
compounds were applied as a developer in thermal paper through the application of
the coating formulation. Their qualitative properties were monitored by the

measurement of the print density of the thermal papers.

Organic carboxylic acids such as ascorbic acid, ascorbyl palmitate, and citric
showed very good amenability as a developer in thermal paper with print densities of
1.1, 0.79, and 0.25, respectively. The print from ascorbic and ascorbyl palmitate-
coated papers was solid and legible. However, citric-acid coated paper, which
appeared greenish-grey with a whiteness value of 79% in the unprinted state, had low
print legibility. The relatively low whiteness caused a poor contrast between the printed
and unprinted paper. Furthermore, the ascorbic acid-coated thermal paper was
unstable with a very low resistance to moisture and solvent, confirmed by a 90%
reduction in colour density within 7 days. Thermal paper produced from ascorbyl
palmitate, however, showed higher resistance to oil and solvent. This may be
attributed to the long alkyl chain group's presence in the developer's matrix. Therefore,

of the studied organic carboxylic acids, ascorbyl palmitate and ascorbic acid can be
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recommended for use as developers in thermal paper. These compounds are
commercially available and pose little or no threat to human health.

Of vanillin and related compounds, only vanillin-coated paper had a good
outcome. The print, however, had low stability in humidity and faded almost completely
when exposed to the humidity of 90% RH for 24 hours. Also, on printing, the paper
gave off a characteristic sweet scent that suggested the phenol substance's
sublimation. This is one of the problems associated with the use of vanillin as a
developer in thermal paper. Vanillic acid, isovanillin, and isovanillic acid did not

produce a thermal reaction worthy of industrial consideration.

Using the stepwise process explained earlier, all studied tannin compounds
produced fine coats and prints of varying qualities. The optical densities of thermal
paper coated with Tanal 02, Tanex 20, Tanal 40, and tannin were 0.66, 0.07, 0.55,
and 0.64, respectively. The low print density of the Tanex 20 paper may be attributed
to the low phenolic content of the developer compared to the other tannin compounds.
Methanol extract of mimosa tannin gave a low print density of 0.40, while other extracts
from mimosa-sulphite and grape seed showed a weak thermal reaction on printing. An
attempt was made to see if an increase in the optical density of tannin-based paper
can be achieved by doubling the amount of either the developer or the ODB-2
dispersion in the coating formulation. When Tanal 40 was doubled, the optical density
increased to 0.66, while the optical density was 0.69 when ODB-2 was doubled. A
30% improvement in the optical print density of papers coated with the tannin
compounds was achieved when the papers were further subjected to a flame test. The
print density of thermal paper coated with Tanal 02, Tanex 20, Tanal 40, and tannin
increased to 0.96, 0.53, 0.95, and 0.92, respectively. This showed that the applied
temperature might not be sufficient to achieve an optimum print density with the tannin
compounds. A higher applied printing temperature, unsuitable for energy-efficient
technical application, would be required to achieve a deeper coloration and higher

print density.

The use of various commercially available tannins as a developer in thermal
paper comes with some merits and limitations. The optical densities of the prints were
low compared to BPA thermal paper with a standard print density of 1.2. Print from

Tanex 20 paper was not legible. In addition, thermal papers from Tanal 02 and Tanal
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40 adhered strongly to the printer's thermal head on printing. This may be attributed
to the interaction of these compounds with the PVA binder. The introduction of an
additive may limit such interaction. Further fractionation to isolate the phenolic
compounds may be needed to achieve better results with vegetable tannin extracts

such as mimosa, mimosa sulphite, and grape seed extract.

Nonetheless, tannin is a high molecular weight polymer with little or no known
toxicity. In addition, high molecular weight compounds such as tannin are associated
with very low dermal migration potential. This may help to overcome the skin-
penetration and bioaccumulation problem associated with the use of BPA, BPS, and

similar compounds.

Amine complexes produced from the reaction of resorcinol and HMDA showed
a melting property like BPA. The complex was used to produce a fine dispersion and
coat for thermal paper. The thermal paper made from this coat gave an optical print
density of 0.50. The use of resorcinol-amine complex might help to ease the fading
problem associated with BPA-based paper. However, this compound was observed
to be prone to air oxidation and could also lead to colour deformation over time. Other
phenol-amine complexes did not produce colour, possibly due to high thermal stability,
which required higher printing energy. The only visible colour observed with
complexes of mimosa extract, mimosa sulphite extract and grape seed extract were
the inherent brown colours evident in the dispersion. This property made their papers

brownish in appearance and therefore limited their applicability.

Furthermore, some phenol-glyoxal polymers showed promising potential as a
developer in a thermal paper while most did not. No thermal reaction was observed
with the polymers of mimosa extract and mimosa sulphite extract. The phloroglucinol-
glyoxal polymer showed a very weak thermal reaction which is not useful for
guantitative evaluation. The thermal paper produced from the polymer of grape seed
extract gave a print density of 0.24. The weak or lack of thermal reaction may be
attributed to the high thermal stability of the polymers. A higher temperature may be
needed to initiate the colour reaction, but this may not be applicable under the
prevailing industrial process. However, phenolic polymers in thermal paper are highly
recommended because these polymers are easy to synthesise with commercially

available compounds. They have a high molecular weight which might enhance their
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low dermal migration potential. Their high thermal stability could be an advantage. It
ensures that prints are only produced at end-use temperature. However, more work
still to be done to improve the properties of these polymers with a bid to ensure their

suitability as a developer in thermal paper.

In general, this study has shown the functionality and amenability of a large
catalogue of promising bio-based compounds that have good and acceptable
properties to be used as a sustainable, healthy, and environmentally friendly
replacement for BPA in heat-sensitive materials like thermal paper. These substances
can be used either in pure form, modified form, or building blocks for higher valued
chemicals. Organic carboxylic acids and their esters, such as ascorbic acid and
ascorbyl palmitate, are developer candidates because of their functional properties,
commercial availability, and little or no known toxicity to man. Purified vegetable tannin
can be used as a source of phenol to produce bio-based resins of high molecular
weight and good thermal properties suitable for application in thermal paper.
Commercially available variants of tannin such as Tanal 02, Tanex 20, and Tanal 40
are recommended because of their high molecular weight and potential to produce a
print of high optical density at higher application temperatures. These recommended
substances may be used singly or in combination with other developers in a colour-
forming dispersion to enhance the quality of the output image or print. It also helps to

reduce the amount of BPA needed in the coating dispersion.

There is still an array of bio-based compounds open for further study of their
colour-developing potential. Bio-based phenol resins, urea-urethane-based resins,
sugar-based copolymers, cellulosic compounds, and lignin-derived compounds are
few examples. A deeper look into the various synthesis and modification routes
available in literature could lead to new ideas for the discovery of bio-based and

environmentally friendly developers for heat-sensitive materials, like thermal paper.
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Table 38.

Performance evaluation of green developers in thermal paper

Substance

Function as a developer
in thermal paper?

Merit

Demerit

Ascorbic acid

Ascorbyl
palmitate

Citric acid

Salicylic acid

Vanillin

Vanillic acid

Yes

Yes

Yes

No

Yes

No

Produced fine dispersion for coating with no premature
reaction.

Produced solid and legible print.

Commercially available

Produced fine dispersion for coating with no premature
reaction.

Produced solid and legible print.

Commercially available

Produced fine dispersion for coating.
Commercially available

Commercially available

Produced fine dispersion for coating with no premature
reaction.
Commercially available

Produced fine dispersion for coating with no premature
reaction.
Commercially available

Low oil and moisture resistance
of print.

Expensive compared to BPA,
BPS, and other alternatives.

Low print legibility.

Low contrast of printed and
unprinted paper due to
background colour.

Premature colour formation.

Gradual sublimation of print.
Paper produced vanillin scent
Low oil and moisture resistance

No thermal reaction.
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Function as a developer
in thermal paper?

Merit

Demerit

Substance
Isovanillic
acid
Isovanillin
Tannin
Tanal 02

No

No

Yes

Yes

Produced fine dispersion for coating with no premature
reaction.
Commercially available

Produced fine dispersion for coating with no premature
reaction.
Commercially available

High molecular weight polymer with little or no dermal
migration potential
Commercially available

High molecular weight polymer with little or no dermal
migration potential
Commercially available

No thermal reaction.

No thermal reaction.

Produced dispersion of high
viscosity.

Required an unconventional two-
step process for application.
Required temperature unsuitable
for technical application.

Strong adhesion to thermal head
High background colour (grey)

Produced dispersion of high
viscosity.

Required an unconventional two-
step process for application.
Required temperature unsuitable
for technical application.

Strong adhesion to thermal head
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Substance

Function as a
developer in thermal
paper?

Merit

Demerit

Tanex 20

Tanal 40

Mimosa extract

Mimosa sulphite
extract

No

Yes

Yes

No

High molecular weight polymer with little or no dermal
migration potential
Commercially available

High molecular weight polymer with little or no dermal
migration potential
Commercially available

Commercially available

Commercially available

Produced dispersion of high
viscosity.

Required an unconventional two-
step process for application.
Required temperature unsuitable
for technical application.

Strong adhesion to thermal head
Print not readable

Produced dispersion of high
viscosity.

Required an unconventional two-
step process for application.
Required temperature unsuitable
for technical application.

Strong adhesion to thermal head

Low print density.
Low print stability
High background colour (brown)
Required further fractionation to
isolate the phenolic compounds

Weak thermal reaction.
Required further fractionation to
isolate the phenolic compounds.
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Substance

Function as a
developer in thermal

Merit

Demerit

paper?
Grape seed No e Commercially available Weak thermal reaction
extract Required further fractionation to
isolate the phenolic compounds

Resorcinol- Yes e Produced dispersion for coating with no premature Substance prone to air oxidation
amine complex reaction. High background colour

e Melting property like BPA (grey/brown)

e Easy to synthesise.
Mimosa No e Easy to synthesise. Produced coloured dispersion
extract-amine unsuitable for application
complex No thermal reaction.
Mimosa No e Easy to synthesise. Produced coloured dispersion
sulphite-amine unsuitable for application
complex No thermal reaction.
Grape seed No e Easy to synthesise. Produced coloured dispersion
extract-amine unsuitable for application
complex No thermal reaction.
Mimosa No e Easy to synthesise. Produced coloured dispersion
extract-glyoxal ¢ High molecular weight unsuitable for application
polymer ¢ Low dermal migration potential No thermal reaction.

[ ]

High thermal stability

No melting temperature
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Substance

Function as a
developer in thermal

Merit

Demerit

paper?

Mimosa No e Easy to synthesise. Produced coloured dispersion
sulphite e High molecular weight unsuitable for application.
extract-glyoxal e Low dermal migration potential No thermal reaction.
polymer e High thermal stability No melting temperature
Grape seed Yes e Easy to synthesise. High background colour
extract-glyoxal ¢ High molecular weight (grey/brown)
polymer e Low dermal migration potential Weak thermal reaction

e High thermal stability
Phloroglucinol- No e Produced fine dispersion for coating with no premature Weak thermal reaction
glyoxal reaction.
polymer e Easy to synthesise.

¢ High molecular weight

¢ Low dermal migration potential
Tannic acid- No e Easy to synthesise. Difficult to mill into small particle
glyoxal e High molecular weight size.
polymer e Low dermal migration potential Produced heterogeneous

e High thermal stability dispersion unsuitable for

application.
No thermal reaction.
No melting temperature
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7 Appendix

Table Al. Description of samples

S/IN  Sample code

Sample description
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29.

30.
31.

W

W
VI
VIV
\AY%
VVI
WVII
VVIII
VIX
VX
VXI
VAI
VAII
VAIII
VAIV
VAV
VAVI
VAVII
VAVII
VAIX
VAX
VAXI
VAls

VAlls
VAllls
VAIVs
VAVs
VAVIs
VAVIls

MIM
MIM-S

Mixture of 3.75 X 10-5 mol of ODB-2 and 19 of tetradecanol.

Mixture of vanillin and ODB-2 in ratio 1:9 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 1:4 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 1:2.3 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 1:1.5 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 1:1 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 1.5:1 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 2.3:1 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 4:1 with ca. 1g tetradecanol.
Mixture of vanillin and ODB-2 in ratio 9:1 with ca. 1g tetradecanol.
Mixture of 3.75 X 10-5 mol of vanillin and 1g of tetradecanol.

Mixture of 3.75 X 10-5 mol of ODB-2 and 1g of tetradecanol.

Mixture of vanillic acid and ODB-2 in ratio 1:9 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 1:4 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 1:2.3 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 1:1.5 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 1:1 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 1.5:1 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 2.3:1 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 4:1 with ca. 1g tetradecanol.
Mixture of v vanillic acid and ODB-2 in ratio 9:1 with ca. 1g tetradecanol.
Mixture of 3.75 X 10-5 mol of vanillic acid and 1g of tetradecanol.

Mixture of 15 x 10-°mol of vanillic acid and 1g of tetradecanol.

Mixture of vanillic acid and ODB-2 in ratio 5:9 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 5:4 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 5:2.3 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 5:1.5 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 5:1 with ca. 1g tetradecanol.
Mixture of vanillic acid and ODB-2 in ratio 7.5:1 with ca. 1g tetradecanol.

Methanol fraction of mimosa extract

Methanol fraction of mimosa sulphite extract

174



Sample code

Sample description

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43,
44.
45,
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

GSE

MIMr
MIM-Sr
GSEr
MIM-H
MIM-S-H
GSE-H
RES-H
PH-H
CAT-H
MIM-CP2
MIM-CP7
MIM-CP9
MIM-S-CP2
MIM-S-CP7
MIM-S-CP9
GSE-CP2
GSE-CP7
GSE-CP9
TA-CP2
TA-CP7
TA-CP9
PH-CP2
PH-CP7
PH-CP9
PH-CP2-12
PH-CP2-25
PH-CP2-40
RES-Hos
RES-H:
RES-H1s
RES-H2
RES-H4
RES-Hs

Methanol fraction of grape seed extract

Raw mimosa extract

Raw mimosa sulphite extract

Raw grape seed extract

Mimosa-amine complex produced from MIM and HMDA

Mimosa sulphite-amine complex produced from MIM-S and HMDA
Grape seed extract-amine complex produced from GSE and HMDA
Resorcinol-amine complex produced from resorcinol and HMDA
Phloroglucinol-amine complex produced from phloroglucinol and HMDA
Catechin-amine complex produced from catechin and HMDA

Polymer produced from MIM and glyoxal (10ml, 40%) at pH 2

Polymer produced from MIM and glyoxal (10ml, 40%) at pH 7

Polymer produced from MIM and glyoxal (10ml, 40%) at pH 9

Polymer produced from MIM-S and glyoxal (10ml, 40%) at pH 2
Polymer produced from MIM-S and glyoxal (10ml, 40%) at pH 7
Polymer produced from MIM-S and glyoxal (10ml, 40%) at pH 9
Polymer produced from GSE and glyoxal (10ml, 40%) at pH 2

Polymer produced from GSE and glyoxal (10ml, 40%) at pH 7

Polymer produced from GSE and glyoxal (10ml, 40%) at pH 9

Polymer produced from tannic acid and glyoxal (10ml, 40%) at pH 2
Polymer produced from tannic acid and glyoxal (10ml, 40%) at pH 7
Polymer produced from tannic acid and glyoxal (10ml, 40%) at pH 9
Polymer produced from phloroglucinol and glyoxal (10ml, 40%) at pH 2
Polymer produced from phloroglucinol and glyoxal (10ml, 40%) at pH 7
Polymer produced from phloroglucinol and glyoxal (10ml, 40%) at pH 9
Polymer produced from phloroglucinol and glyoxal (12ml, 40%) at pH 2
Polymer produced from phloroglucinol and glyoxal (25ml, 40%) at pH 2
Polymer produced from phloroglucinol and glyoxal (40ml, 40%) at pH 2
Mixture of RES-H and ODB-2 in the ratio 0.5:1

Mixture of RES-H and ODB-2 in the ratio 1:1

Mixture of RES-H and ODB-2 in the ratio 1.5:1

Mixture of RES-H and ODB-2 in the ratio 2:1

Mixture of RES-H and ODB-2 in the ratio 4:1

Mixture of RES-H and ODB-2 in the ratio 8:1
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Sample code

Sample description

66.
67.
68.
69.
70.
71.
72.

73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

91.
92.
93.
94.
95.
96.
97.
98.
99.

MIM-CP205
MIM-CP21
MIM-CP215
MIM-CP22
MIM-CP24
MIM-CP2s
MIM S-CP20.5

MIM S-CP2:
MIM S-CP215
MIM S-CP2:
MIM S-CP24
MIM S-CP2s
GSE-CP20s
GSE -CP2:
GSE-CP215
GSE-CP2;
GSE-CP24
GSE-CP2s
GSE-CP9os
GSE-CP9:
GSE-CP915
GSE-CP9:
GSE-CP94
GSE-CP9s
PH-CP2-1205

PH-CP2-12;
PH-CP2-12:5
PH-CP2-12;
PH-CP2-124
PH-CP2-12s
PH-CP2-400s
PH-CP2-40:
PH-CP2-4015
PH-CP2-402

Mixture of MIM-CP2 and ODB-2 in the ratio 0.5:1
Mixture of MIM-CP2 and ODB-2 in the ratio 1:1
Mixture of MIM-CP2 and ODB-2 in the ratio 1.5:1
Mixture of MIM-CP2 and ODB-2 in the ratio 2:1
Mixture of MIM-CP2 and ODB-2 in the ratio 4:1
Mixture of MIM-CP2 and ODB-2 in the ratio 8:1
Mixture of MIM S-CP2 and ODB-2 in the ratio 0.5:1

Mixture of MIM S-CP2 and ODB-2 in the ratio 1:1
Mixture of MIM S-CP2 and ODB-2 in the ratio 1.5:1
Mixture of MIM S-CP2 and ODB-2 in the ratio 2:1
Mixture of MIM S-CP2 and ODB-2 in the ratio 4:1
Mixture of MIM S-CP2 and ODB-2 in the ratio 8:1
Mixture of GSE-CP2 and ODB-2 in the ratio 0.5:1
Mixture of GSE-CP2 and ODB-2 in the ratio 1:1
Mixture of GSE-CP2 and ODB-2 in the ratio 1.5:1
Mixture of GSE-CP2 and ODB-2 in the ratio 2:1
Mixture of GSE-CP2 and ODB-2 in the ratio 4:1
Mixture of GSE-CP2 and ODB-2 in the ratio 8:1
Mixture of GSE-CP9 and ODB-2 in the ratio 0.5:1
Mixture of GSE-CP9 and ODB-2 in the ratio 1:1
Mixture of GSE-CP9 and ODB-2 in the ratio 1.5:1
Mixture of GSE-CP9 and ODB-2 in the ratio 2:1
Mixture of GSE-CP9 and ODB-2 in the ratio 4:1
Mixture of GSE-CP9 and ODB-2 in the ratio 8:1
Mixture of PH-CP2-12 and ODB-2 in the ratio 0.5:1

Mixture of PH-CP2-12 and ODB-2 in the ratio 1:1
Mixture of PH-CP2-12 and ODB-2 in the ratio 1.5:1
Mixture of PH-CP2-12 and ODB-2 in the ratio 2:1
Mixture of PH-CP2-12 and ODB-2 in the ratio 4:1
Mixture of PH-CP2-12 and ODB-2 in the ratio 8:1
Mixture of PH-CP2-40 and ODB-2 in the ratio 0.5:1
Mixture of PH-CP2-40 and ODB-2 in the ratio 1:1
Mixture of PH-CP2-40 and ODB-2 in the ratio 1.5:1
Mixture of PH-CP2-40 and ODB-2 in the ratio 2:1
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Sample code Sample description

100. PH-CP2-404 Mixture of PH-CP2-40 and ODB-2 in the ratio 4:1

101. PH-CP2-40s Mixture of PH-CP2-40 and ODB-2 in the ratio 8:1

102. PH-CP20s Mixture of PH-CP2 and ODB-2 in the ratio 0.5:1

103. PH-CP2: Mixture of PH-CP2 and ODB-2 in the ratio 1:1

104. PH-CP2i5 Mixture of PH-CP2 and ODB-2 in the ratio 1.5:1

105. PH-CP2: Mixture of PH-CP2 and ODB-2 in the ratio 2:1

106. PH-CP24 Mixture of PH-CP2 and ODB-2 in the ratio 4:1

107. PH-CP2s Mixture of PH-CP2 and ODB-2 in the ratio 8:1

108. vVvi Mixture of vanillin and vanillic acid in mol ratio 1:1 with ODB-2 (0.05g),
tetradecanol (5g), and PVA (2.5¢)

109. VVv2 Mixture of vanillin and vanillic acid in mol ratio 2:1 with ODB-2 (0.05g),
tetradecanol (5g), and PVA (2.59)

110. vwv3 Mixture of vanillin and vanillic acid in mol ratio 3:1 with ODB-2 (0.059),
tetradecanol (5g), and PVA (2.59)

111. vv4 Mixture of vanillin and vanillic acid in mol ratio 4:1 with ODB-2 (0.059),
tetradecanol (5g), and PVA (2.59)

112. VV5 Mixture of vanillin and vanillic acid in mol ratio 5:1 with ODB-2 (0.05g) and
tetradecanol (59)

113. VV6 Mixture of vanillin and vanillic acid in mol ratio 1:2 with ODB-2 (0.059),
tetradecanol (5g), and PVA (2.59)

114. VwVv7 Mixture of vanillin and vanillic acid in mol ratio 1:3 with ODB-2 (0.059),
tetradecanol (5g), and PVA (2.59)

115. vvs8 Mixture of vanillin and vanillic acid in mol ratio 1:4 with ODB-2 (0.059),
tetradecanol (5g), and PVA (2.59)

116. VV9 Mixture of vanillin and vanillic acid in mol ratio 1:5 with ODB-2 (0.059),
tetradecanol (5g), and PVA (2.59)

117. RES-H-VAl Mixture of 90% RES-H and 10% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

118. RES-H-VA2 Mixture of 80% RES-H and 20% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

119. RES-H-VA3 Mixture of 70% RES-H and 30% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

120. RES-H-VA4 Mixture of 60% RES-H and 40% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

121. RES-H-VA5 Mixture of 50% RES-H and 50% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

122. RES-H-VA6 Mixture of 10% RES-H and 90% vanillic acid (g/g) with ODB-2 (0.05g),

tetradecanol (5g) and PVA (2.59)

123. RES-H-VA7 Mixture of 20% RES-H and 80% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)
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Sample description

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

RES-H-VAS8

RES-H-VA9

RES-H-V1

RES-H-V2

RES-H-V3

RES-H-V4

RES-H-V5

RES-H-V6

RES-H-V7

RES-H-V8

RES-H-V9

RES-H-TA1

RES-H-TA2

RES-H-TA3

RES-H-TA4

RES-H-TA5

RES-H-TA6

RES-H-TA7

RES-H-TA8

RES-H-TA9

RES-H-CA1

Mixture of 30% RES-H and 70% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% RES-H and 60% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% RES-H and 10% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% RES-H and 20% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% RES-H and 30% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% RES-H and 40% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% RES-H and 50% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% RES-H and 90% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% RES-H and 80% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% RES-H and 70% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% RES-H and 60% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% RES-H and 10% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% RES-H and 20% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% RES-H and 30% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% RES-H and 40% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% RES-H and 50% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% RES-H and 90% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% RES-H and 80% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 30% RES-H and 70% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% RES-H and 60% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 90% RES-H and 10% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

178



Sample code

Sample description

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

RES-H-CA2

RES-H-CA3

RES-H-CA4

RES-H-CA5

RES-H-CA6

RES-H-CA7

RES-H-CA8

RES-H-CA9

RES-H-AS1

RES-H-AS2

RES-H-AS3

RES-H-AS4

RES-H-ASS5

RES-H-AS6

RES-H-AS7

RES-H-AS8

RES-H-AS9

RES-H-SLY1

RES-H-SLY2

RES-H-SLY3

RES-H-SLY4

Mixture of 80% RES-H and 20% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% RES-H and 30% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% RES-H and 40% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% RES-H and 50% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% RES-H and 90% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% RES-H and 80% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% RES-H and 70% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% RES-H and 60% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% RES-H and 10% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% RES-H and 20% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% RES-H and 30% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% RES-H and 40% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% RES-H and 50% ascorbic acid (g/g) with ODB-2 (0.05gq),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% RES-H and 90% ascorbic acid (g/g) with ODB-2 (0.05gq),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% RES-H and 80% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% RES-H and 70% ascorbic acid (g/g) with ODB-2 (0.05gq),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% RES-H and 60% ascorbic acid (g/g) with ODB-2 (0.05gq),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% RES-H and 10% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 80% RES-H and 20% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% RES-H and 30% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 60% RES-H and 40% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

179



Sample code

Sample description

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

RES-H-SLY5

RES-H-SLY6

RES-H-SLY7

RES-H-SLYS8

RES-H-SLY9

PHCP2-VAl

PHCP2-VA2

PHCP2-VA3

PHCP2-VA4

PHCP2-VAS

PHCP2-VAG6

PHCP2-VAY

PHCP2-VAS8

PHCP2-VA9

PHCP2-V1

PHCP2-V2

PHCP2-V3

PHCP2-V4

PHCP2-V5

PHCP2-V6

PHCP2-V7

Mixture of 50% RES-H and 50% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% RES-H and 90% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% RES-H and 80% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% RES-H and 70% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% RES-H and 60% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% PHCP2 and 10% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% PHCP2 and 20% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% PHCP2 and 30% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% PHCP2 and 40% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% PHCP2 and 50% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% PHCP2 and 90% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% PHCP2 and 80% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% PHCP2 and 70% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% PHCP2 and 60% vanillic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% PHCP2 and 10% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% PHCP2 and 20% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% PHCP2 and 30% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% PHCP2 and 40% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 50% PHCP2 and 50% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% PHCP2 and 90% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 20% PHCP2 and 80% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)
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Sample code

Sample description

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

PHCP2-V8

PHCP2-V9

PHCP2-TA1

PHCP2-TA2

PHCP2-TA3

PHCP2-TA4

PHCP2-TAS

PHCP2-TA6

PHCP2-TA7

PHCP2-TA8

PHCP2-TA9

PHCP2-CAl

PHCP2-CA2

PHCP2-CA3

PHCP2-CA4

PHCP2-CA5

PHCP2-CA6

PHCP2-CA7

PHCP2-CA8

PHCP2-CA9

PHCP2-AS1

Mixture of 30% PHCP2 and 70% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% PHCP2 and 60% vanillin (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% PHCP2 and 10% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% PHCP2 and 20% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% PHCP2 and 30% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% PHCP2 and 40% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% PHCP2 and 50% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% PHCP2 and 90% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% PHCP2 and 80% tannic acid (g/g) with ODB-2 (0.05q),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% PHCP2 and 70% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% PHCP2 and 60% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% PHCP2 and 10% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% PHCP2 and 20% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% PHCP2 and 30% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% PHCP2 and 40% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% PHCP2 and 50% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% PHCP2 and 90% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% PHCP2 and 80% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 30% PHCP2 and 70% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% PHCP2 and 60% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 90% PHCP2 and 10% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)
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Sample code

Sample description

208.

209.

210.

211,

212,

213.

214,

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

PHCP2-AS2

PHCP2-AS3

PHCP2-AS4

PHCP2-AS5

PHCP2-AS6

PHCP2-AS7

PHCP2-AS8

PHCP2-AS9

PHCP2-SLY1

PHCP2-SLY2

PHCP2-SLY3

PHCP2-SLY4

PHCP2-SLYS

PHCP2-SLY6

PHCP2-SLY7

PHCP2-SLY8

PHCP2-SLY9

MIM-CP2-VAl

MIM-CP2-VA2

MIM-CP2-VA3

MIM-CP2-VA4

Mixture of 80% PHCP2 and 20% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% PHCP2 and 30% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% PHCP2 and 40% ascorbic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% PHCP2 and 50% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% PHCP2 and 90% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% PHCP2 and 80% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% PHCP2 and 70% ascorbic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% PHCP2 and 60% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% PHCP2 and 10% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% PHCP2 and 20% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% PHCP2 and 30% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% PHCP2 and 40% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% PHCP2 and 50% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% PHCP2 and 90% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% PHCP2 and 80% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% PHCP2 and 70% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% PHCP2 and 60% salicylic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% MIM-CP2 and 10% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 80% MIM-CP2 and 20% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% MIM-CP2 and 30% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 60% MIM-CP2 and 40% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)
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Sample code

Sample description

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243.

244,

245,

246.

247.

248.

249,

MIM-CP2-VA5

MIM-CP2-VAG

MIM-CP2-VA7

MIM-CP2-VA8

MIM-CP2-VA9

MIM-CP2-V1

MIM-CP2-V2

MIM-CP2-V3

MIM-CP2-V4

MIM-CP2-V5

MIM-CP2-V6

MIM-CP2-V7

MIM-CP2-V8

MIM-CP2-V9

MIM-CP2-TAl

MIM-CP2-TA2

MIM-CP2-TA3

MIM-CP2-TA4

MIM-CP2-TA5

MIM-CP2-TA6

MIM-CP2-TA7

Mixture of 50% MIM-CP2 and 50% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% MIM-CP2 and 90% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% MIM-CP2 and 80% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% MIM-CP2 and 70% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% MIM-CP2 and 60% vanillic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% MIM-CP2 and 10% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% MIM-CP2 and 20% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% MIM-CP2 and 30% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% MIM-CP2 and 40% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% MIM-CP2 and 50% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% MIM-CP2 and 90% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% MIM-CP2 and 80% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% MIM-CP2 and 70% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% MIM-CP2 and 60% vanillin (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% MIM-CP2 and 10% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% MIM-CP2 and 20% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% MIM-CP2 and 30% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% MIM-CP2 and 40% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 50% MIM-CP2 and 50% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% MIM-CP2 and 90% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)

Mixture of 20% MIM-CP2 and 80% tannic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)
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Sample code

Sample description

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

MIM-CP2-TA8

MIM-CP2-TA9

MIM-CP2-CAl

MIM-CP2-CA2

MIM-CP2-CA3

MIM-CP2-CA4

MIM-CP2-CAS

MIM-CP2-CA6

MIM-CP2-CA7

MIM-CP2-CA8

MIM-CP2-CA9

MIM-CP2-AS1

MIM-CP2-AS2

MIM-CP2-AS3

MIM-CP2-AS4

MIM-CP2-AS5

MIM-CP2-AS6

MIM-CP2-AS7

MIM-CP2-AS8

MIM-CP2-AS9

MIM-CP2-SLY1

Mixture of 30% MIM-CP2 and 70% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% MIM-CP2 and 60% tannic acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% MIM-CP2 and 10% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% MIM-CP2 and 20% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 70% MIM-CP2 and 30% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 60% MIM-CP2 and 40% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 50% MIM-CP2 and 50% citric acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 10% MIM-CP2 and 90% citric acid (g/g) with ODB-2 (0.05q),
tetradecanol (5g) and PVA (2.59)

Mixture of 20% MIM-CP2 and 80% citric acid (g/g) with ODB-2 (0.05q),
tetradecanol (5g) and PVA (2.59)

Mixture of 30% MIM-CP2 and 70% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 40% MIM-CP2 and 60% citric acid (g/g) with ODB-2 (0.059),
tetradecanol (5g) and PVA (2.59)

Mixture of 90% MIM-CP2and 10% ascorbic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.59)

Mixture of 80% MIM-CP2 and 20% ascorbic acid (g/g) with ODB-2
(0.05g), tetradecanol (5g) and PVA (2.5g)

Mixture of 70% MIM-CP2 and 30% ascorbic acid (g/g) with ODB-2
(0.05g), tetradecanol (5g) and PVA (2.5g)

Mixture of 60% MIM-CP2 and 40% ascorbic acid (g/g) with ODB-2
(0.05g), tetradecanol (5g) and PVA (2.5g)

Mixture of 50% MIM-CP2 and 50% ascorbic acid (g/g) with ODB-2
(0.05g), tetradecanol (5g) and PVA (2.5g)

Mixture of 10% MIM-CP2 and 90% ascorbic acid (g/g) with ODB-2
(0.05g), tetradecanol (5g) and PVA (2.5g)

Mixture of 20% MIM-CP2 and 80% ascorbic acid (g/g) with ODB-2
(0.059), tetradecanol (5g) and PVA (2.59)

Mixture of 30% MIM-CP2 and 70% ascorbic acid (g/g) with ODB-2
(0.059), tetradecanol (5g) and PVA (2.59)

Mixture of 40% MIM-CP2 and 60% ascorbic acid (g/g) with ODB-2
(0.059), tetradecanol (5g) and PVA (2.59)

Mixture of 90% MIM-CP2 and 10% salicylic acid (g/g) with ODB-2 (0.05g),
tetradecanol (5g) and PVA (2.5g)
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Sample code Sample description

271. Mixture of 80% MIM-CP2 and 20% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY?2 tetradecanol (5g) and PVA (2.59)

272. Mixture of 70% MIM-CP2 and 30% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY3 tetradecanol (5g) and PVA (2.59)

273. Mixture of 60% MIM-CP2 and 40% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY4 tetradecanol (5g) and PVA (2.59)

274, Mixture of 50% MIM-CP2 and 50% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY5 tetradecanol (5g) and PVA (2.59)

275. Mixture of 10% MIM-CP2 and 90% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY6 tetradecanol (5g) and PVA (2.59)

276. Mixture of 20% MIM-CP2 and 80% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY7 tetradecanol (5g) and PVA (2.59)

277. Mixture of 30% MIM-CP2 and 70% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY8 tetradecanol (5g) and PVA (2.59)

278. Mixture of 40% MIM-CP2 and 60% salicylic acid (g/g) with ODB-2 (0.05g),
MIM-CP2-SLY9 tetradecanol (5g) and PVA (2.59)

Table A2. Colour densities of colour forming mixtures of RES-H and ODB-2 in different ratios
over the course of 10 days.

Day RES-Ho,s RES-Hl RES-H1_5 RES-Hz RES-H4 RES-Hg
1. 1.70 1.75 1.84 1.85 1.88 2.18
2. 1.70 1.75 1.84 1.85 1.88 2.18
3. 1.70 1.75 1.84 1.85 1.88 2.16
4. 1.70 1.75 1.84 1.85 1.88 2.16
5. 1.70 1.75 1.84 1.85 1.88 2.15
6. 1.70 1.75 1.84 1.58 1.88 2.15
7. 1.70 1.75 1.60 1.58 1.88 2.13
8. 1.54 1.75 1.60 1.58 1.88 2.13
9. 1.54 1.59 1.59 1.58 1.74 1.93
10. 151 1.59 1.59 1.58 1.74 1.93

Table A3. Colour densities of colour forming mixtures of MIM-CP2 and ODB-2 in different
ratios over the course of 10 days.

Day MIM-CP20s5 MIM-CP2; MIM-CP2.5 MIM-CP2> MIM-CP2, MIM-CP2s

1. 0.58 0.58 0.58 0.59 0.62 0.66
2. 0.58 0.58 0.58 0.58 0.59 0.64
3. 0.58 0.54 0.58 0.58 0.55 0.61
4. 0.58 0.54 0.51 0.57 0.55 0.60
5. 055 0.54 0.51 0.57 0.55 0.55
6. 0.55 0.44 0.49 0.57 0.52 0.55
7. 0.50 0.44 0.49 0.56 0.52 0.55
8. 040 0.41 0.47 0.56 0.52 0.55
9. 040 0.36 0.47 0.54 0.43 0.55
10. 0.40 0.36 0.47 0.54 0.43 0.52

185



Table A4. Colour densities of colour forming mixtures of MIM S-CP2 and ODB-2 in different
ratios over the course of 10 days.

Day MIMS-CP20s MIMS-CP2:  MIM S-CP215  MIM S-CP2: MIM S-CP24 MIM S-CP2s
1. 048 0.48 0.48 0.49 0.52 0.56
2. 0.46 0.48 0.48 0.48 0.52 0.54
3. 0.46 0.44 0.48 0.43 0.52 0.51
4. 0.46 0.44 0.41 0.43 0.52 0.50
5. 045 0.44 0.41 0.43 0.51 0.40
6. 0.42 0.43 0.40 0.41 0.50 0.40
7. 0.42 0.43 0.40 0.41 0.41 0.40
8. 0.42 0.43 0.37 0.38 0.41 0.40
9. 0.40 0.36 0.37 0.38 0.39 0.36
10. 0.40 0.36 0.37 0.35 0.39 0.32

Table A5. Colour densities of colour forming mixtures of GSE-CP2 and ODB-2 in different
ratios over the course of 10 days.

Day GSE-CP20s GSE-CP2: GSE-CP215 GSE-CP2: GSE-CP24 GSE-CP2s
1. 0.68 0.66 0.68 0.69 0.72 0.76
2. 0.60 0.66 0.68 0.69 0.72 0.76
3. 0.60 0.56 0.68 0.69 0.72 0.76
4. 0.60 0.56 0.58 0.59 0.70 0.76
5. 0.48 0.56 0.58 0.59 0.70 0.65
6. 047 0.56 0.58 0.59 0.70 0.55
7. 042 0.43 0.39 0.49 0.49 0.54
8. 041 0.43 0.39 0.38 0.49 0.54
9. 040 0.41 0.37 0.37 0.35 0.50
10. 0.40 0.36 0.37 0.35 0.35 0.50

Table A6. Colour densities of colour forming mixtures of GSE-CP9 and ODB-2 in different
ratios over the course of 10 days.

Day GSE-CP9s GSE-CP9; GSE-CP9:15 GSE-CP9: GSE-CP94 GSE-CP9%
1. 0.61 0.61 0.61 0.63 0.69 0.72
2. 0.56 0.59 0.58 0.61 0.62 0.70
3. 0.56 0.59 0.56 0.61 0.62 0.70
4, 0.56 0.59 0.48 0.61 0.60 0.70
5. 049 0.56 0.48 0.61 0.60 0.70
6. 0.48 0.42 0.48 0.41 0.44 0.61
7. 0.47 0.42 0.36 0.41 0.44 0.61
8. 042 0.42 0.36 0.33 0.44 0.45
9. 041 0.40 0.36 0.33 0.43 0.45
10. 0.40 0.36 0.36 0.30 0.38 0.45
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Table A7. Colour densities of colour forming mixtures of PH-CP2-12 and ODB-2 in different
ratios over the course of 10 days.

Day PH-CP2-1205 PH-CP2-121 PH-CP2-1215 PH-CP2-12; PH-CP2-12, PH-CP2-12s
1. 1.28 1.28 131 141 1.48 1.92
2. 1.28 1.21 1.27 141 1.47 1.87
3. 1.28 1.21 1.27 141 1.47 1.85
4. 1.28 1.21 1.27 131 1.47 1.50
5 1.6 1.20 1.27 131 1.35 1.47
6. 1.16 1.18 1.14 131 1.34 1.42
7. 1.16 1.16 1.04 1.29 1.19 1.42
8. 1.02 1.16 1.03 1.29 1.19 1.42
9. 1.02 1.16 1.00 1.18 1.19 1.42
10. 1.02 1.06 1.00 1.18 1.16 1.42

Table A8. Colour densities of colour forming mixtures of PH-CP2-40 and ODB-2 in different
ratios over the course of 10 days.

Day PH-CP2-400s PH-CP2-40; PH-CP2-4015 PH-CP2-40; PH-CP2-40; PH-CP2-40s
1. 1.32 1.32 1.39 1.42 1.49 1.86
2. 1.30 1.31 1.37 1.40 1.48 1.77
3. 1.30 1.31 1.37 1.40 1.48 1.77
4. 1.30 1.31 1.37 1.40 1.48 1.77
5. 1.20 1.23 1.37 1.39 1.37 1.77
6. 1.20 1.22 1.27 1.39 1.37 1.52
7. 1.20 1.22 1.15 1.37 1.35 1.32
8. 1.17 1.19 1.09 1.37 1.29 1.32
9. 1.06 1.19 1.08 1.18 1.29 1.22
10. 1.06 1.19 1.08 1.18 1.16 1.22

Table A9. Colour densities of colour forming mixtures of PH-CP2 and ODB-2 in different ratios
over the course of 10 days.

Day PH-CP2s PH-CP21 PH-CP21s PH-CP2; PH-CP24 PH-CP2s
1. 1.38 1.38 1.41 151 1.58 2.25
2. 1.38 1.31 1.40 151 1.57 2.16
3. 1.38 1.31 1.39 151 1.57 2.07
4, 1.20 1.30 1.39 151 1.57 2.05
5. 1.18 1.28 1.39 151 1.50 2.04
6. 1.16 1.26 1.29 1.47 1.50 1.93
7. 1.16 1.26 1.17 1.37 1.28 1.91
8. 1.16 1.26 1.14 1.37 1.19 1.85
9. 1.06 1.06 1.10 1.16 1.19 1.68
10. 1.06 1.06 1.10 1.15 1.17 1.66
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Table A10. 3C NMR Chemical Shifts of ODB-2 in CDCls
Ad Ad Ad Ad Ad Ao

Carbon ODB-2in (ascorbic (vanillin) (salicylic (resorcinol) (ascorbyl (citric

number CDCI3 acid) acid) palmitate) acid)
1 127.00 0.28 0.43 3.79 3.03 2.18 0.07
2 104.55 10.57 -0.09 6.36 2.69 9,61 3.67
3 153.08 0,17 -5.27 -1.22 -3.49 18.47 -0.08
4 97.46 0.46 0.1 10.9 5.29 154 7.09
5 117.39 2.07 1.33 1.36 15 1.43 1.25
6 128.75 0.09 0.82 -2.06 1.84 10.23 -0.06
7 135.83 0.38 0.09 7.98 5.9 15.23 -0.16
8 114.93 2.59 -0.45 2.4 0.29 2.15 -0.04
9 84.12 78.04 68.71 85.41 11.8 12.89 13.31
11 117.42 1.39 -2.48 -1.65 -0.56 1.88 -0.03
12 152.94 -1.24 -1.06 8.84 3.93 15.19 -0.05
13 147.91 0.01 2.07 6.65 9.6 8.59 -0.09
14 119.20 1.23 -0.02 -0.18 0.68 -0.2 0.1
15 149.94 0.08 -5.25 -1.6 -1.28 12.23 -0.04
16 123.80 1.45 1.01 2.89 5.18 5.86 -0.09
17 121.08 3.07 -0.28 7.97 -0.44 -0.09 -0.07
18 134.26 0.11 0.36 2.57 2.81 8.67 0.32
19 129.40 0.02 0 4,51 5.73 9.88 -0.14
20 124.80 0.3 2.09 0.47 4.59 5.22 0.05
21 144.69 -0.17 2.49 2.74 11.21 9.52 0.06
22 108.33 -2.39 -0,03 11.76 8.12 7,32 8.6
23 108.33 0.84 0.6 9.93 7.53 7.32 8.54
24 129.06 0.04 -0.47 6.75 2.23 4.16 0.03
25 121.9 3.35 1.93 6.77 6.02 5.18 5.88
26 134.84 0.46 0.07 2.31 4.49 13.94 0.03
27 169.49 -0.2 0.26 4.31 3.42 4.22 -0.06

Ad = Difference in the chemical shift of ODB-2 in CDCIs and coloured species formed
from reaction with developer
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