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Abstract

Polyvinyl chloride (PVC) is a long-standing thermoplastic with excellent performance in
chemical resistance, healthcare, construction, and packaging. However, this versatile ther-
moplastic has low thermal resistance during processing and service life. In this project,
Layered Double Hydroxide (LDH) is used as an environmentally friendly thermal stabi-
lizer in two stages: before surface modification and after surface treatment. The successful
synthesis of MgAlZn-LDH structures with a constant molar ratio of Mg+Zn/Al=2 and
three different molar ratios of Mg/Zn=0.5, 1, and 2 is confirmed by powder X-ray anal-
ysis. The plasticized PVC compounds show improved thermal stability for all PVC-LDH
samples compared to the reference sample, with C-R2 (Mg/Zn=2) exhibiting the best
thermal stability. However, EDS results reveal that LDHs have a nonuniform distribution
in PVC with weak dispersity, indicating a tendency for LDHs as inorganic additives to
agglomerate in PVC. To enhance the distribution of LDHs in PVC, the surface of LDH-2R
is organo-treated with Oleic Acid (OA) as a surfactant derived from renewable resources.
Different molar ratios of OA/LDH (3, 6, 9, 12 mmol) are used for the surface modifica-
tion. Powder X-ray analysis shows that the modification process not only preserves the
integrity of LDHs but also increases the crystal size with fewer defects. Additionally, XPS
analysis confirms that the surface chemistry of LDHs changes after modification, leading
to a decrease in surface energy and more stable structures. EDS maps demonstrate the
uniform distribution and strong dispersity of the finest surface-modified LDH in PVC,
indicating excellent compatibility between LDH and PVC in compounds. Furthermore,
the MC-90A PVC compound exhibits excellent static thermal stability compared to the
reference compound. Discoloration tests reveal significant color stability in the modified
compounds, with uniform color change indicating the uniform distribution of LDHs in
PVC. Raman spectroscopy analysis illustrates the thermal stabilization of LDH in PVC

degradation through the formation of metal chloride during the thermal decomposition of
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PVC. Modified compounds exhibit lower rates of metal chloride formation, demonstrating
the significant impact of OA on the efficiency of LDHs in absorbing and neutralizing the

HCI released during PVC thermal degradation.
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Chapter 1

Introduction

1.1 General Background

Polyvinyl chloride (PVC) is extensively used as a thermoplastic in a variety of applica-
tions, ranging from construction materials to medical uses. However, despite its com-
mendable performance and cost-e ectiveness, this polymer is limited in outdoor and high-
temperature applications due to its low thermal and ultraviolet (UV) radiation resistance.
To overcome this limitation, a wide range of additives, particularly thermal stabilizers, are
employed to enhance the thermal stability of PVC in compound formulations, especially
for plasticized products. Thermal stabilizers, which have been in use for a long time, pre-
vent the thermal degradation of PVC by absorbing and neutralizing the hydrochloric acid
(HCI) released during the degradation process. Among these additives, lead-based ther-
mal stabilizers are widely used due to their e ectiveness and low cost in improving color
stability and long-term heating stability. However, the high toxicity and environmental
concerns associated with lead-based stabilizers have led to their ban in Europe and North

America.

Metal soaps, speci cally calcium/zinc (Ca/Zn) stabilizers, have emerged as a viable al-



ternative to traditional thermal stabilizers, o ering good e ciency and non-toxicity. While
metal soaps provide safe and e cient performance, they still have certain limitations com-
pared to lead-based stabilizers, particularly in terms of color stability. To address the
demand for environmentally friendly and highly e ective thermal stabilizers, Layered Dou-
ble Hydroxide (LDH) shows great promise for PVC commercial products. LDH is a class of
materials consisting of metal cations and hydroxide anions arranged in brucite-like struc-
tures, which possess the ability to absorb and neutralize HCI during PVC degradation.
Despite extensive research and industrial utilization of LDH in commercial products, fur-
ther research is needed to select and optimize metal cations, anion interlayers, synthesizing

methods, and ensure uniform distribution of LDH in PVC.

1.2 Thesis Objectives

The primary objective of this thesis is to synthesize and modify the surface of MgAIlZn-
Layered Double Hydroxides (LDHs) through the pH constant co-precipitation method,
hypotheses at developing advanced thermal stabilizers for plasticized polyvinyl chloride
(PVC) compounds. By incorporating these LDHs, the goal is to enhance the thermal
stability of PVC, which is critical in various industrial applications. The unique aspect
of this study lies in the surface modi cation of LDHs using oleic acid, an environmentally

friendly fatty acid, to improve compatibility and performance within PVC matrices.

This research speci cally contributes to the following areas:

" Synthesis and Characterization of MgAIZn-CO-LDHSs : The LDHs will be synthesized
with varying metal cation compositions (Mg, Al3, Zn?), and their physicochemical
properties will be characterized. A detailed analysis of the structure, morphology, and
thermal properties will be conducted to establish the in uence of cation composition

on LDH performance in PVC stabilization.
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Application of LDHs as Thermal Stabilizers in PVC: The synthesized LDHs will
be incorporated into plasticized PVC compounds to evaluate their performance as
thermal stabilizers. The impact of these LDHs on the static thermal stability, color

retention, and dehydrochlorination rate of PVC will be systematically examined.

Optimization of Surface Treatment for Enhanced Compatibility: A key focus of the
research is selecting the optimal LDH composition and surface treatment, with oleic
acid being employed as a surface modi er. Oleic acid is selected due to its unique
properties as a long-chain unsaturated fatty acid that is liquid at room tempera-
ture, o ering ease of handling and potential for e ective surface modi cation. The
organo-modi cation is expected to improve the dispersibility of LDHs within the
PVC matrix, thus enhancing the overall thermal stability and color performance of

the material.

Investigation of the Impact of Surface Modi cation on LDH Dispersibility and Per-
formance: The study will assess how surface modi cation with oleic acid a ects the
dispersion of LDHs in the PVC matrix. Enhanced dispersibility is hypothesized to
lead to improved interaction between the LDH and PVC, resulting in superior ther-
mal and color stability. The mechanism of thermal stabilization introduced by the
modi ed LDHs will also be explored using advanced analytical techniques such as

Raman spectroscopy.

Justi cation for the Use of Oleic Acid: Oleic acid was chosen as the surface modi er
due to several factors. First, it is an organic molecule recognized for its sustainability
and environmental friendliness, aligning with the current trend toward greener chem-
ical processes. Additionally, its long aliphatic chain and unsaturated bond structure
make it a promising candidate for integration into plasticized polymers, o ering com-

patibility and enhanced interfacial adhesion between the LDH and PVC. The use of

oleic acid as a surface modi er is supported by its liquid state at room temperature,

3



making it easier to work with compared to solid fatty acids like stearic acid, which
have been similarly explored in the literature for their e cacy in polymer stabiliza-
tion. Furthermore, oleic acid's unsaturated bond introduces the potential for further
interactions within the PVC matrix, which may enhance the overall stabilization

mechanism, a hypothesis that will be explored in this work.

In summary, the novel contribution of this thesis lies in the development of MgAIZn-LDH-
based thermal stabilizers for PVC, with a particular focus on optimizing the performance
of these materials through surface modi cation using oleic acid. This research will advance
the understanding of how surface treatment can enhance the properties of LDHs, thereby

contributing to more sustainable and e ective thermal stabilizers for PVC applications.

1.3 Thesis Outline

This thesis focuses on the use of LDH material as a thermal stabilizer in PVC compounds
and investigates the e ects of surface treatment of LDH on the uniform distribution of
LDHs in PVC and the improved thermal stability of PVC compounds. To achieve this,
Chapter 2 provides a literature review on the structural defects in PVC and the reasons for
the low thermal resistance of this polymer. It also explains the di erent types of stabilizers
and their mechanisms for thermal stabilization in PVC compounds. Chapter 2 also provides
background information on LDHs as thermal stabilizers and explains the key parameters
of LDHSs that contribute to the improvement of PVC thermal stability. Chapter 3 includes
the selection of materials, methodologies such as synthesis methods, LDH characterization,
preparation of compounds, and evaluation of the thermal stability of PVC compounds using
TGA, Raman Spectroscopy, discoloration, Congo red, and dehydrochlorination methods.
Furthermore, this chapter discusses the results of the project and provides a conclusion

in the form of a paper. Chapter 4 highlights the signi cance of this study and presents

4



suggestions for future research.



Chapter 2

Literature Review

Polyvinyl chloride, also referred to as PVC, is one of the world's most frequently used
and adaptable synthetic polymers [27]. Its chemical structure's main components are vinyl
chloride monomers, which are then polymerized to produce a thermoplastic resin [28] as
shown inFigure. 2.1 . PVC's excellent durability, chemical resistance, and a ordability
are the reasons for its versatility. Numerous industries use this material extensively, includ-
ing the building [29], healthcare [30], electronics [31], and automotive [32] sectors. Because
they are easy to install and corrosion-resistant, PVC pipes and ttings are widely used in
construction for drainage and water supply systems [33]. Furthermore, PVC is essential
for producing electrical cables [34], apparel [35], and packaging materials [36], highlighting

its vital role in modern manufacturing.

Figure 2.1: Molecular structure of PVC.



Despite its widespread popularity in industrial contexts, PVC faces a notable challenge
in terms of its thermal stability due to structural defects [37]. This issue is of such sig-
ni cance that it has taken over 60 years to identify and address [27]. Researchers have
directed their attention to mitigating this concern. Fortunately, incorporating additives,
such as thermal stabilizers, has addressed this issue. However, it remains an undeniable
challenge, constraining the use of PVC in speci c processes like mechanical recycling [27].

Subsequent sections will delve further into an examination of this challenge.

2.1 History of PVC

During their scienti ¢ investigation in 1795, Dutch chemists synthesized dichlorethane, a
substance believed to be the precursor of PVC. This development triggered a scholarly dis-
course on whether the compound constituted a simple amalgamation of chlorine and ethane
or a more intricate combination [38]. Subsequently, in 1835, foundational steps for PVC
production were undertaken within academic studies using vinyl chloride gas [39]. A piv-
otal advancement occurred in 1909 when it was discovered that chlorine could be e ectively
utilized in the liquid phase, signifying an important milestone in PVC manufacturing. The

o cial acknowledgment of PVC as a novel and practical material occurred in 1912 [40].
During the First World War, various plasticizers were introduced in its formulation, and

PVC underwent chlorination, enhancing its processability [38].

2.2 Commercial PVC

The advent of commercial PVC production commenced in 1930 when B.F. Goodrich, a
rubber manufacturer in the United States, introduced plasticizers to PVC to enhance

the elastic properties. This innovation placed PVC as a feasible replacement for rubber,



marking a pivotal milestone in its industrial production [40]. By the close of the 1930s,
signi cant quantities of PVC were utilized in the electrical cable industry, and its applica-
tions expanded to include oor coverings, pipes for conveying various liquids, wall panels,
building materials, tank linings, and pipe systems [41,42]. The period between the 1930s
and 1960s detected a substantial increase in commercially available plasticizers, introduc-
ing numerous novel emollients. This period saw the establishment of the plasticization of
polymers as a distinct sub eld within polymer science [43]. Nowadays, reports indicate the
production of over 100 grades of PVC resin in the United States, underscoring its pivotal

role in industry and academia [44].

Classifying PVC grades proves challenging due to their diverse range. However, a
broad categorization based on general applications classi es them into plasticized and
Unplasticized (UPVC or rigid PVC) [45,46]. The degree of plasticization is typically de-
termined by the quantity of plasticizer incorporated into the formulation, tailored to the
product's speci c applications [47]. In the context of rigid PVC, commonly employed for
pipelines and windows, classi cation is contingent upon structural modi cations within
the PVC [48]. For instance, various grades suitable for piping applications include chlo-
rinated PVC (C-PVC) Figure. 2.2 , which is recognized for its high corrosion resistance,
durability, and exceptional impact resistance. Another noteworthy variant is molecularly
oriented PVC (PVC-O), honored for its corrosion resistance, water quality preservation,
cost-e ectiveness, recyclability, and an unmatched equilibrium between strength, sti ness,
and exibility. High-impact PVC (PVC-HI) stands for its high resistance to impact and
strength [49].

Figure 2.2: Molecular structure of C-PVC.



2.3 PVC Applications and Market

Within the thermoplastic polymers, PVC distinguishes itself due to its multifaceted ap-
plications in diverse sectors, including food packaging [50], military uses [51], the coating
industry [52], optical applications [53], and construction elements like window frames and
shutters [54]. While PVC stands as the world's third most employed polymer [27], its broad
functionality presents di culties in preparing customized formulations for particular pur-
poses. Achieving a convenient recipe requires the informed selection of an appropriate
PVC grade (considering molecular weight and synthesis method) and the incorporation
of well-suited additives like plasticizers, thermal stabilizers, UV stabilizers, etc, to meet
customized speci cations [55]. The e ective integration of additives relies on their com-
patibility with PVC and homogeneous distribution within the matrix, achievable through
various blending structures at the nano, micro, and macro scales [56]. Moreover, consid-
ering the high sensitivity of PVC to thermal degradation and excellent processability, the
appropriate processing approach becomes a crucial factor, allowing its application in vari-
ous techniques, including injection molding, rotational molding, extrusion, blow extrusion,

and thermoforming [57].

Injection-molded plastics with comparable properties in military applications have sup-
planted conventional metal devices [58]. This utilization spans from employing injection-
molded PVC nanocomposites on military vehicles to augment visual detectability to con-
structing components to extrude reinforced detection apparatus on military ships and
aircraft [59]. In the aerospace industry, the integration of PVC nanocomposites with poly-
mers like polycarbonate (PC), poly methyl methacrylate (PMMA), and polyether ether
ketone (PEEK) has proven e ective in reducing structural weight by up to 50% while si-
multaneously enhancing ame retardant properties and promoting cost-e ectiveness [51].
PVC micro-composites have gained notable attention, particularly in the optical industry,

where their combination with polystyrene (PS) facilitates the design of optical Ims [60].
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In the construction sector, a growing demand for building materials incorporating PVC
microparticles is driven by economic considerations and the need to reduce structural
weight [61]. Additionally, in the commercial packaging domain, PVC macro blends have
emerged as successful packaging materials due to their recognized strength, lightness, sta-
bility, impermeability, and ease of sterilization [62]. Notably, using PVC in food packaging
proves advantageous as it does not in uence the taste and quality of the packaged food,
preserving its natural avors and protecting against external contaminants [63]. Mixing
PVC with other thermoplastics, such as polyester, creates innovative materials charac-
terized by promoted physico-mechanical properties, including enhanced wear resistance
and tensile strength. Combining PVC with polyester or PVC/ polyole n rubber enhances
thermal stability and chemical resistance and raises the temperature threshold for practical
use. Various packaging applications bene t from the versatility of PVC blends, including

bottles, clear or blister packs, perforations, cap seals, and rigid thermal foils [51].

According to the above statements, it is reasonable to anticipate a growing demand
for PVC within industrial sectors. Statistical evidence reveals that, by 2022, roughly 47%
of the collective market share for PVC in North America is expected to be allocated to
rigid PVC, with the United States leading with a predominant share of 45%. The market's
valuation reached USD 2.37 billion in 2022, with a projected Compound Annual Growth
Rate (CAGR) of 4.5% from 2023 to 2030 [64]. In addition, a discernible transition is noted
in the demand for PVC resin in packaging, speci cally gravitating towards food packaging
products. This paradigm shift is attributed to an escalated demand for convenience food
and online food services, stemming from evolving consumer perspectives after COVID-19.
Notably, stockpiling and pandemic-induced purchasing of food, groceries, and essential
household items is expected to exacerbate this trend in the world [65, 66]. Additionally,
an upswing in demand for PVC resin is anticipated in the context of premium goods

and packaging. This surge is envisaged particularly pronounced for non-food items as
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supermarkets and convenience stores resume routine operations.

2.4 PVC and Future

Although PVC is widely recognized for its versatility and popularity as a third-ranked
plastic worldwide [27], it is imperative to exercise rigorous monitoring and control in the
production process to address the accumulation of waste from both PVC and its additives
[67]. A comprehensive case study in China in 2020 reported [68] the annual production
of PVC from 1980 to 2050 using a dynamic model. The results indicate a projected
PVC material usage of 45.3 million metric tons in 2050, re ecting a substantial 182.8%
increase compared to 2015 levels. Additionally, the anticipated PVC in-use stock in 2050 is
expected to reach 761.9 million metric tons, a 7.1-fold increase from 2015. In this context,
the estimated accumulation of PVC waste from 2016 to 2050 is approximately 495.7 million
metric tons, representing a 7.5-fold increase compared to the waste accumulated from 1980
to 2015 (66.30 million metric tons). Moreover, it is shown that 1479 million metric tons
of plastics were produced in the United States from 1950 to 2018, with PVC accounting
for 15.9% of this total [69]. These unsettling statistics highlight the escalating demand for

PVC-related products in the global industrial landscape.

In recent years, substantial attention has been dedicated to PVC products, primarily
focusing on three key areas. Firstly, e orts have been concentrated on re ning synthe-
sis methods and overseeing the improvement of structural defects to enhance the thermal
stability of this material [70]. Secondly, there is a noteworthy emphasis on incorporat-
ing bio-based and environmentally friendly additives, particularly within plasticizers and
thermal stabilizers [71]. Phthalate plasticizers, identi ed as the primary pollutants among
PVC additives, not only contaminate the environment and risk the well-being of living

organisms but also pose health threats to humans by disrupting hormonal balance and
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compromising the immune system [72]. Consequently, eliminating such substances from
additives has markedly contributed to environmental amelioration and the regulation of
toxin release [73]. Furthermore, attention has been directed towards using heavy met-
als, such as cadmium and lead [74]. Lead exposure, in particular, can result in severe
health complications, signi cantly impacting the central nervous system and kidneys, with
children exhibiting heightened vulnerability to disruptions in cognitive development [75].
Despite the prohibition of lead-based heat stabilizers in America and Europe, their persis-
tence in certain Asian and African countries remains a concern. Thirdly, there has been a
notable surge in the development and expansion of mechanical, chemical, electrochemical,
and thermal recycling methods for products associated with PVC, signifying substantial

progress in recycling technologies [76].

Accordingly, thorough scrutiny and proactive measures become essential for addressing
the environmental challenges linked to the anticipated course of PVC production. Projec-
tions anticipate a noteworthy escalation in both the production of PVC and the accumula-
tion of waste by 2050, underscoring the critical need for conscientious management. Thus,
ongoing endeavors and global collaboration o er prospects for a future characterized by

diminished environmental impacts.

2.5 Thermal Degradation of PVC
2.5.1 Foundational Concept of Structural Defects and Thermal
Degradation

Current knowledge indicates that various mechanisms are involved in generating struc-
tural defects during PVC synthesis [77,78]. As an illustration, these defects arise spon-

taneously through secondary reactions in radical polymerization processes, as detailed in
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Figure.2.3 [1]. It necessitates careful investigation to address the challenges of thermal
degradation in PVC. The chlorine atoms within these irregular structures are prone to easy
removal, making them initiation points in the degradation process. Suppression of side re-
actions through modi cations in the polymerization process holds promise for yielding PVC
with heightened thermal stability [79]. In addition, as illustrated in Figure.2.4- a , one
such mechanism elucidates that the uncommon head-to-head arrangement of monomers
results in signi cant chemical consequences, leading to the formation of structures such
as ethyl branches (EB), methyl branches (MB), and chloroalic end groups (Al and A2),
which exhibit relative resistance to heat [79,80]. This process involves rapidly convert-
ing radicals from type 1 to type Figure.2.4- a , encompassing chlorine transfer reactions
from radicals 2 and 3 to monomers, facilitating chain extension without requiring single-
molecule cleavage [2]. The progression and ampli cation of these processes are further
explained by introducing the mechanism outlined inFigure.2.4- b , presenting a novel
perspective on the genesis and transformation of unstable internal chlorophyll (1A) groups.
This mechanism delineates the formation of type 4 radicals through intramolecular hy-
drogen abstraction (absence of 1,6) and-chlorine elimination, suggesting an alternative
or supplementary pathway for chain transfer to PVC [81]. In this context, unstable chlo-
rinated moieties undergo dechlorination under reduction wittBuzSnH, resulting in the
formation of diverse terminal cyclopentane (MCP) branches, signifying disorder within the

PVC structure [82].
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Figure 2.3: a) Termination by either disproportionation or transfer to monomer results

in the generation of end groups, b) The emergence of defect structures ensues after head-
to-head addition, c) In the course of radical VC polymerization, intramolecular hydrogen
transfer reactions occur during propagation, d) Interactions involving intermolecular hy-
drogen transfer take place in the course of radical VC polymerization [1].

The reactions stemming from the mentioned processes culminate in the creation of
structural defects, thereby contributing to a decline in PVC thermal stability [83]. Notably,
the formation of internal allylic functional groups and the presence of tertiary chlorine

signify defects capable of initiating the degradation process. Consequently, achieving PVC
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with heightened thermal stability mandates the restraint of side reactions and meaningful
alterations to the polymerization process [1]. Subsequent investigations in this domain
will underscore the impact of structural irregularities on the ultimate properties of PVC,
including the intrinsic sensitivity of specic functional groups formed during hydrogen
transfer reactions [1, 79]. As depicted irFigure.2.3- ¢,d , these groups, formed both
intermolecularly and intramolecularly, are identi ed through spectroscopy. While disorders
such as methyl, ethyl branches, and chloroalic end groups may not overtly a ect thermal
stability, they play a pivotal role in comprehending polymerization's processes and reaction
kinetics (Figure.2.4- b ) [81]. The primary challenge lies in suppressing side reactions
leading to the production of these defects and, consequently, the premature degradation
of PVC. Hence, researchers strive to expand solutions for enhancing the polymerization

process, leveraging insights from defect identi cation and analysis.

Figure 2.4: a) The chemical processes arise from the head-to-head positioning of VC during
its polymerization, wherein P signi es the head-to-tail macroradical,b) An additional
mechanism for transferring chains to the monomer is observed during VC polymerization,
where P represents the head-to-tail macroradical [2].
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2.5.2 Thermal Degradation Mechanisms

The pyrolysis process of PVC generally consists of two main stages of weight loss. Ac-
cording to the report by Gonzales et al [84], the rst stage occurs between 200-350
and involves the dehydrochlorination of PVC and the formation of polyene. The second
stage occurs between 350-4%D for pure PVC and is characterized by the cracking and
decomposition of polyene, leading to the formation of graphite structures. The report
also mentions that the di erence between the start and end of these stages, as well as
the amount of weight loss, is directly related to the presence of atactic bonds. Due to
the complexity of PVC thermal degradation, various models have been proposed in the

literature.

Marcilla et al [85]suggested a three-stage process of thermal degradation of PVC, which
includes the formation of HCI| and intermediate complexes in the rst stage, followed by
the production of polyene from these complex structures. In the third stage, the polyene
converts into carbon structures such as toluene or other aromatic materials. Jordan et
al [86], on the other hand, divide the PVC thermal degradation into four stages. They
propose that the rst step corresponds to the nal stage of dehydrochlorination, followed
by random chain scission, subsequent recombination, cyclization/aromatization, and nally

degradation leading to coke formation.

There are also di erent opinions regarding the dehydrochlorination stage. Gonzales et
al [84] presented a two-step model, where the rst step involves the degradation initiated by
unstable Cl atoms at lower temperatures, resulting in a high weight loss rate of over 20%wt
of PVC. In the second step, more stable Cl atoms are involved in the degradation process
at higher temperatures, resulting in a lower weight loss rate. These more stable Cl atoms
often have a higher level of syndiotactic sequences. Other studies emphasize that in the
rst step, two di erent reactions occur simultaneously, both of which are related to di erent

con gurations in the PVC structure with di erent thermal stabilities (head-to-head and
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head-to-tail con gurations). The second step includes two di erent competitive reactions,

where the intermediates undergo rearrangement after their generation is complete [87, 88].

Furthermore, various mechanisms have been proposed for the rst step. Fisch et al [89]
suggest that in primary degradation, the dehydrochlorination process occurs at the surface
molecules, as these molecules have greater mobility compared to the inner molecules. As
shown inFigure.2.5- a , in the early stages of degradation, the formation of C=C bonds is
random and slow. As the degradation progresses, the dehydrochlorination process involves
the inner molecules through complex mechanisms. In cases of high-level dehydrochlorina-
tion, HCl is released through a four-center quasi-ionic mechanidagure.2.5- b [77], which
occurs due to the charge separation of the C-Cl bond in a four-center transition state. With
further elimination of HCI, a six-center concerted mechanism occufsgure.2.5- ¢ [77].

As the concentration of HCI increases in the system, HCI acts as a catalyst and removes
the Cl atom from the backbone through a free radical mechanidfigure.2.5- d [77]. This

process is referred to as the auto-catalytic zip degradation of PVC.
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Figure 2.5: a) Dehydrochlorination mechanism in surface molecules at Primary degra-
dation. b) Four-center transition state. c) Six-center transition state. d) Free radical
mechanism [3].

2.6 Thermal Stabilizers

Thermal stabilizers or heating stabilizers represent a signi cant category of additives used
not only for PVC but also for various polymers, including polyole ns. The primary classes

of stabilizers encompass metal soaps, lead salts, and organotin compounds. While lead salts
o er excellent long-term thermal stability, concerns regarding their toxicity have arisen.
Consequently, policymakers and researchers are actively pursuing environmentally friendly
alternatives to ensure the production of safer products. Here a brief report provides the

di erent types of thermal stabilizers and their stabilization mechanisms.
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2.6.1 Types of Thermal Stabilizers

Categories of lead salts, including tribasic lead sulfate, dibasic lead phosphite, and dibasic
lead stearate, are highly regarded as e ective thermal stabilizers in PVC applications [90].
Michell [91] introduced a stabilization model known as "True Stabilization," which is based
on the free-radical mechanism. In this mechanism, lead-stearic salt not only delays ther-
mal dehydrochlorination but also e ectively prevents the formation of HCI. The interaction
between the reacted stearic groups and lead compounds enhances their mobility and com-
patibility with PVC through the formation of carboxylates. When lead salts react with

the released HCI during PVC degradation, lead chloride and aliphatic carboxylate free
radicals are formed, which subsequently trap Clions and prevent the autocatalytic ef-
fect [91]. Lead compound thermal stabilizers o er several advantages, such as low cost,
excellent color stability, long-term thermal stability, and outstanding electrical insulation.
However, it is important to note that the main drawback of these compounds is their
high toxicity [4]. The most severe e ects of lead exposure are observed in the central and
peripheral nervous systems, the hematopoietic system, the cardiovascular system, as well
as in organs like the liver and kidneys [92]. According to reports from the World Health
Organization (WHO), lead signi cantly a ects the central nervous system and the devel-
opment of children. Additionally, lead can interfere with learning ability, impair memory,
lower 1Q, and hinder growth and development [93]. While researchers have attempted to
develop biobased composites such as Pb-LDH thermal stabilizers to reduce lead toxicity,
these e orts have not been successful. Consequently, the European Union banned the use

of lead-based thermal stabilizers in 2015 [5].

Organotin stabilizers typically consist of fatty acid salts, such as dimethyl tin, di-n-
butyl tin, di-n-octyl tin, maleate, maleate monoester, mercaptan, and mercaptan-based
fatty acid salts [94]. Generally, tin stabilizers have three di erent types of bonds, namely

Sn-C, Sn-O, and Sn-S. Of these, the stability of the Sn-C bond is particularly crucial [95].

19



Research indicates that thioglycolate exhibits greater reactivity than other structures, and
maleate exhibits greater reactivity than laureate [96]. Tin-based stabilizers are commonly
used in packaging due to their high transparency, thermal stability, and compatibility [95].
However, organotin compounds have been found to exhibit signs of toxicity, including
neurotoxic e ects in humans and, in extreme cases of high exposure, even leading to death.
Consequently, the use of organotin compounds as thermal stabilizers has been prohibited
in Europe, while they are still employed in North America [5]. Despite the limitations
associated with using organotin compounds, researchers continue to develop new types of
these stabilizers. In order to enhance thermal stability e ects, pentaerythritol stearate, a
multifunctional group, was utilized in the synthesis of pentaerythritol stearate ester-based
tin (1) metal alkoxides (PSE-Sn) thermal stabilizer, as depicted irFigure.2.6- a [4]. This
multifunctional tin-based stabilizer not only enhances the thermal and color stability of
PVC compounds (as shown in thd=igure.2.6- b ), but also provides plasticizing e ects

and lubrication action on PVC.
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Figure 2.6: a)Chemical structure of PSE-Sn. b) Color change pro le in thermal aging
test. [4].

The metal soap thermal stabilizer, unlike the organotin group, only has a single M-O
bond [95]. Additionally, it not only reacts with HCI but also replaces the unstable ClI
group with the PVC backbone. Lead stearate, Barium stearate, and Cadmium stearate
are the oldest types of metal soap thermal stabilizers [97]. However, due to concerns about
human health and the environment, these types of metal soaps are now limited or banned.
The newest member of this group is Zinc stearate (Zngt which exhibits better thermal
color and stability. However, the main issue with this stabilizer is its reaction with HCI
and the formation of ZnCh. ZnCl, is an active compound that acts as a catalyst for auto-
catalytic degradation in PVC [98]. The reaction between HCI and Zngt as well as the role

of ZnCl, in PVC degradation, can be observed ifigure.2.7- a . To address this problem,
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researchers have utilized Calcium stearate (Ca$tas a neutralizing compound for ZnGl.
The use of Cast not only absorbs the Cl element from ZnGl compounds and prevents
the catalytic e ect of ZnCl,, but also provides a synergistic e ect with Znst to enhance
the long-term thermal stability of PVC, as depicted inFigure.2.7- b . Nowadays, Ca/Zn
heating stabilizers are widely used in the PVC industry, and researchers have conducted

numerous studies on these compounds.

Figure 2.7: a)Mechanism of ZnGlon the PVC degradation [5]b) Ca/Zn stabilizing mech-
anism of PVC [6].

Wu et al. [99] conducted a synthesis of zinc dehydroacetate (Z)l- a novel type of
thermal stabilizer for zinc soap. This involved the combination of zinc acetate and dehy-
droacetic acid (DA). The results of the Congo red test did not demonstrate any specic

e ects when comparing Znsg/Cast, with ZnL,. However, the static thermal stability
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of PVC increased by more than 1.5 times when using the compound Cg2nL ,. Fur-
thermore, it was observed that Cast provided better color stability than the Cast/ZnL ,
thermal stabilizer. To enhance the properties of Cagtand ZnSt, aromatic amide groups
were introduced separately as N-(2-amino ethyl) tung maleamic acid (LAETMA) and N-
(2-amino phenyl) tung maleamic acid (LAPTMA) [7]. The incorporation of a double amide
group into the para-position of phenyl rings signi cantly raised the initial thermal degrada-
tion to higher temperatures (sed-igure.2.8- a ) and improved the color stability of PVC
compounds (sed-igure.2.8- b ) [7]. The introduction of humic acid as a modifying agent
for the Ca/Zn thermal stabilizer (Figure.2.8- ¢ ), with varying ratios of Ca/Zn, resulted
in a new biobased thermal stabilizer [8]. It was found that the optimal thermal stability
was achieved when the Ca/Zn ratio was 4, causing the initial thermal degradation to shift
to higher temperatures (sedrigure.2.8- d ). Additionally, the detrimental zinc-burning

e ect was signi cantly reduced [8].
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Figure 2.8: a) Color change pro le of PVC compounds at 180 (in sample A(LAPTMA-
Ca/LAPTMA-Zn=4.8:1.2), sample B(LAETMA-Ca/LAETMA-Zn=4.8:1.2), sample C
(LABTMA-Ca/LABTMA-Zn=4.8:1.2) and sample D (CaSt2/ZnSt ,=2.4:1.6)). b) TGA
(A) and DTG (B) curves of the PVC compounds [7]. C) The general structure of
Ca/ZN/humic acid thermal stabilizer, and d) E ect of Ca/Zn-humates thermal stabilizer
on PVC compounds [8].

The new types of thermal stabilizers can be classi ed into organic thermal stabilizers,
metal alkoxides, and functional materials [5]. Among the organic type, the Polyphosphates
group has received signi cant attention in the past ve years. The ndings con rm that
polyphosphates have the ability to enhance the initial color stability of PVC compounds,
while also reducing the rate of polyene formation in the presence of polyphosphates. Ad-
ditionally, tris(hydroxymethyl)aminomethane (THAM) and its derivative (DHD 2-([1,3-
dihydroxypropan-2-ylidene]lamino)-2- (hydroxymethyl)propane-1,3-diol) have been intro-
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duced as novel organic thermal stabilizers [100]. When THAM is incorporated, it reacts
with the chlorine detached from the PVC backbone nitrogen atom, leading to the forma-
tion of C-N bonds by attacking the carbocation. Moreover, the released HCI in the system
is scavenged by another THAM molecule to form a salt. The results indicate that THAM

improves the whiteness and long-term thermal stability of exible PVC compounds.

2.6.2 Thermal Stabilization Mechanism

Based on di erent stabilization mechanisms, there are three types of thermal stabilizers:
preventive, suppressive, and curative thermal stabilizers [101]. Although researchers have
provided the thermal stabilization mechanisms for synthesized heating stabilizers in a wide
range of studies, it is di cult to determine the precise performance of these stabilization

mechanisms.

Figure.2.9 presents a thermal stabilization mechanism for the PSE-Sn heating stabi-
lizer [4]. In Figure.2.9-a , the OH group of PSE-Sn chelates with free SnChand ZnCl,,
preventing the degradation of PVC. This complexation is crucial for the superior long-term
thermal stability observed with PSE-Sn stabilizers. IrFigure.2.9-b , PSE-Sn replaces the
labile chlorine atoms, inhibiting the formation of polyene and improving the thermal sta-

bility of PVC compounds.

25



Figure 2.9: a)Suggestion mechanism for PSE-Sn neutralizing HCI and chelating ZxCl
b)Suggestion mechanism for PSE-Sn replacing the labile chlorine atoms of PVC [4].

The Ca/Zn synthesized from Tris[di(hydroxymethyl)amino]-1,3,5-triazine (HHTT) and
tung-maleic anhydride (TMA) and converted to zinc soap (Zn-HTMA-1 and Zn-HTMA-
2) or calcium soap (Ca-HTMA-1 and Ca-HTMA-2) contain hydroxyl and nitrogen-rich
groups [9]. The suggested thermal stabilization mechanism for PVC/Cagfn-HTMA-
2/HTMA-2 compound shows the replacement of labile chlorine atoms by hydroxyl groups,
forming stable crosslinked compounds and reducing the formation of polyenes, as shown in
Figure.2.10-a . Zhang et al. [10] synthesized a multifunctional antibacterial agent, thermal
stabilizer, plasticizer, and lubricant with pentaerythritol p-hydroxybenzoate ester-based
zinc metal alkoxides (PHE-Zn). The results showed that with an increase in PHE/Zinc
acetate, the thermal and color stability improved, and the rate of HCI release and polyene
formation decreased. As shown in the suggested mechanisniigure.2.10-b , in the rst
step, the alkyl oxygen in metal alkoxides attacks the labile chlorine, replacing it. Also, in
the second step, the released HCI is neutralized by PHE-Zn-3 with HCI absorption, and
in the last step, the production of ZnC} is complexed by hydroxyl groups, decreasing the

autocatalytic "zinc burning” phenomenon.
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Figure 2.10: a)Thermal stabilizing mechanism of PVC/CaS{Zn-HTMA-2/HTMA-2 [9],
b)A) Suggested thermal stability mechanism of PHE-Zn-3 on PVC and B) A possible way
for PHE-Zn-3 to neutralize HCI. [10].

2.6.3 Thermal Stability Characterization Methods

There are various testing methods available for assessing the thermal stability of PVC

compounds and the subsequent release of HCI during the process of thermal degradation.

The Congo red test, as described in ISO 182-1 (1990), is a widely utilized method for
evaluating the thermal stability of PVC. This test involves subjecting a PVC sample to a
temperature of 180C, while simultaneously observing the release of HCI, which serves as an
indication of degradation. Adjacent to the PVC sample, Congo red paper, a pH-sensitive
indicator, is positioned. Upon exposure to heat, the PVC sample undergoes degradation,
emitting HCI and causing a decrease in the pH level near the paper. Consequently, the
Congo red paper undergoes a color change from red to blue, signifying the initiation of

degradation. The duration required for this alteration in color is documented as the ther-
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mal static time, providing a direct measure of the PVC's thermal stability. Notably, a
lengthier thermal static time corresponds to greater stability of the PVC material. An-
other method is the dynamic thermal stability test, which evaluates the thermal stability

of PVC compounds under shear and temperature conditions. In this test, a compound is
kept at a constant temperature and speed in a batch mixer, and the point at which the
torque sharply decreases is recorded as the dynamic thermal stability of the PVC com-
pounds. The thermal aging test is used to study the whiteness or color stability of PVC
compounds. Based on ISO 305-4, 1990, this test involves keeping samples atC&0 a
heating oven and measuring the color change of the samples using a color meter every 10
minutes until the samples turn black and undergo complete degradation. To measure the
rate of HCI released during degradation, the dehydrochlorination test, based on ISO 182-2:
1990-12, is employed. In this method, samples are kept at 280in an oil bath and the
test tube is sealed. The released HCI is carried by nitrogen to 100 cc of deionized water,
increasing the water's electroconductivity. The change in the electroconductivity of the

water indicates the rate of PVC degradation.

Furthermore, several other methods are commonly used to study the thermal stability
of PVC compounds. For example, Thermo-Gravimetric Analysis (TGA) is an important
characterization technique in this eld, as it provides information about the weight loss
of compounds with increasing temperature. Advanced versions of this method, such as
TG-FTIR and TG-Mass, are also helpful in assessing thermal stability. In addition, TGA
results can be used to measure the activation energy and thermodynamic parameters,

which in turn determine the degree of degradation reaction.
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2.7 Layer Double Hydroxide (LDH)

Layered Double Hydroxide (LDH) emerges as a promising candidate for this purpose.

LDHs conform to the general chemical formula:
M M3 (OH)o" [Ax=n]”  mH,0

general formula. These compounds consist of brucite-like layers, where the basic layers
are composed of metal cations and the anions reside in the interlayer region. The basic
layers consist of divalent For divalent metald 2* : Mg?* ; Fe®" ; Co?**; Cu?*; Ni?* ; and Zr#*

and for trivalent metals M 3* : AI®": Cr¥*; Ga®> ; In® ;Mn3*;and F&"* metal cations, while
the anions in the interlayer gallery NQ;Cl ;CO3 ;SC; ;and RCO, are connected to
the metal cations through electrostatic attraction, hydrogen bonding, and ionic bond-
ing [12,102]. This arrangement achieves intercalation assembly while maintaining electrical
neutrality. The molar ratio of M?*=M2* + M 3" denoted as x, typically ranges between
0.25 and 0.33, indicating a molar ratio oM ?* to M 3* in the range of 2-4. During LDH
synthesis, water molecules are associated with the anions in the interlayer and are rep-
resented by the variable n in the general formula [103]Figure.2.11-a illustrates the
structure of LDH material. The chemical and physical properties of LDHs are directly
in uenced by the cations in the host layer, the anions in the interlayer, and the size of the
crystals. These parameters allow for the synthesis of tailor-made LDHs for a wide range

of applications [103].
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Figure 2.11: a)Schematic structure of LDH with dierent ratio of M2*=M3" [11],
b)Schematic of preparation MgAl and MgMAI LDHs (M:Fe, Co, Ni, Cu, Zn) LDHs [12].

For example, in the host layer, when the molar ratio of divalent cations to trivalent
cations is in the range of 2-4, DLH structures are formed. As a result, a wide range of
various compositions can be designed. Furthermore, by using metal cations of the same
valence state and similar radius, it is possible to design ternary or even quaternary LDH
structures. These structures can simultaneously incorporate di erent cations, as shown in
Figure.2.11-b . Additionally, the anions in the interlayer can be exchanged with other
anions, such as polymer, organic, and inorganic, due to weak van der Waals and hydrogen
bonding interactions with the host layer. The use of customized anions in the interlayer
allows for the tuning of properties such as conductivity, catalytic e ciency, selective ad-
sorption, and absorption capacity. Moreover, by adjusting synthesis parameters such as
temperature, pH, and time, it is possible to control the size of crystals, the distribution
of crystal size, and the degree of crystallinity during synthesis [11,103]. All of these tun-
able parameters and customized LDH properties make them a unique structure with a
wide range of applications. These applications include their use as additives in polymers,
adsorption materials, precursors for functional materials, as well as in pharmaceutics, pho-

tochemistry, and electrochemistry [104].

In recent years, LDH has played a crucial role in the eld of adsorption and environ-
mental puri cation. This is due to its ability to tailor the pore size, pore distribution, and

absorption capacity of materials [105]. For instance, LDH-based materials with mesopores
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have e ectively adsorbed biomolecules such as bovine serum albumin, which measures 5
O 70 7 nm® [106]. Sun et al. [107] synthesized a NiCoAl-LDH/Kao hybrid nanocompos-
ite to enhance the degradation of antibiotics. They observed that the introduction of Al
doping in the NiCoAl-LDH/Kao nanosheets increased the exposure of active sites, surface
area, and unsaturated defect vacancies through partial dissolution 8i3* species. This
resulted in remarkable catalytic performance in degrading various pollutants, con rming
the universal applicability of this hybrid nanocomposite. In another study, & Os0,4/LDH
composite catalyst was developed using a combined strategy of morphology regulation and
LDH assistance to enhance the generation of hydroxyl radicals for photocatalytic toluene
oxidation [108]. The optimized spi€ O;0,4/LDH catalyst demonstrated superior toluene
degradation and mineralization rates of 473.28 and 466.6pm:g :h !, respectively, out-

performing recently reported catalysts.

In the eld of biomedicine, LDH, both in its free form and when incorporated into
composite hydrogels containing Boswellia serrata extracts (BSE) and Gellan gum (GG),
has demonstrated signi cant potential for cartilage tissue regeneration [109]. The com-
posite hydrogels, specically GGHL/LDH-BSE, exhibit a promising BSE delivery sys-
tem with a unique combination of mechanical and biological properties that are well-
suited for applications in cartilage repair. Moreover, LDH-based nanovaccines have shown
promise in enhancing both cellular and humoral immunity by optimizing their nanoscale
size and surface charge, which facilitates e cient internalization by antigen-presenting
cells (APCs) [110]. By combining LDH adjuvants with programmed CpG/Aptamer DNA
strands, bone marrow-derived dendritic cells (BMDCs) can be signi cantly activated and
in vivo immune responses can be improved. Thus, LDH adjuvants serve as a potent sup-
plement to traditional alum adjuvants. LDH-based hydrogels, particularly those with the
composition of hydroxyapatite (HAP)/hyaluronic acid methacrylate (HAMA) -LDH, are

designed to mimic the hierarchical anisotropic structure of natural bone [111]. As a result,
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these hydrogels o er enhanced mechanical strength and a highly organized arrangement
that is bene cial for regenerating bone defects. The LDH components present in the scaf-
fold play a critical role in promoting osteogenic di erentiation and vascularization, thereby
demonstrating signi cant potential for stimulating new bone formation and modulating

the osteoimmune environment in clinical applications.

2.7.1 Thermal Stabilizer Application of PVC

In 1981, the Kyowa Chemical Industries of Japan introduced a patent that highlighted the
considerable in uence of LDH materials on the thermal stability of PVC compounds [13].
This sparked widespread interest in LDH as a cost-e ective and environmentally friendly
solution, leading to its large-scale production. Over time, LDH has found extensive ap-
plication in polymer compounding, speci cally in areas such as UV stabilization [112],
electromagnetic shielding [113], improvement of mechanical properties [114], ame retar-

dancy [115], and absorption [116] in the PVC, polyole n, and bio-membrane industries.

Several studies have been conducted to investigate the impact of size, host metal com-
positions, and type of anion in the interlayer of LDH on the enhanced thermal stability of
PVC. Wen et al. [117] conducted a study on the in uence of processing and crystallization
time on the particle size of CaAl-LDHs and the thermal stability of exible PVC com-
pounds. Their ndings showed that increasing both processing and crystallization time to
four hours resulted in the synthesis of smaller particles (0.5-2n). Moreover, when 4phr of
the synthesized LDH was used in the PVC compound, the color of the sample tended to yel-
low after 80 minutes and turned black after 110 minutes, while the pure compound turned
black after 20 minutes at 198C. In a recent study [118], the e ect ofMg,Al COs-LDH
particle sizes on the thermal stability of PVC compounds was investigated. The results
revealed that the dynamic and static thermal stability of PVC compounds is signi cantly

in uenced by particle size. It was also observed that smaller particles are not suitable
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