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Abstract: This study investigated the impact of surface basicity on the performance of layered dou-
ble hydroxides (LDHs) as heat stabilizers for polyvinyl chloride (PVC). LDHs with varying surface
basicity were synthesized and characterized using XRD, SEM, BET, and CO:-TPD. The LDHs were
then combined with zinc stearate and dibenzoylmethane to create an environmentally friendly heat
stabilizer and added to PVC. The resulting PVC composites were evaluated for thermal stability
using the oven-aging method. The results showed that a lower Mg/Al molar ratio (2.0) improved
the initial whiteness and long-term thermal stability of PVC composites compared to higher ratios
(2.5, 3.0, and 3.5). Replacing Mg with Zn in the LDHs had a similar effect to that of reducing the
Mg/Al ratio. Crosslinking the laminae of LDHs with 5% silane coupling agent KH-560 reduced the
surface basicity of LDHs by 79%, increasing the chromaticity index, b*, and thermal stability time
of PVC composites by 48% and 14%, respectively. A descriptive relationship was established be-
tween the structure and surface basicity of LDHs and the initial whiteness and long-term thermal
stability of PVC composites.

Keywords: layered double hydroxides; thermal stabilizer; thermal stability; poly(vinyl chloride)
composite; surface basicity

1. Introduction

Polyvinyl chloride (PVC) is a versatile polymer with high strength, corrosion re-
sistance, durability, good insulation properties, and low-cost. These properties have led
to it wide use in a variety of applications, including building materials, packaging, furni-
ture, decorative items, electronics, automotive parts, and medical equipment [1,2]. De-
spite its advantages, PVC is known for its poor thermal stability, which can cause it to
decompose and release hydrogen chloride gas (HCl) at temperatures as low as 90 °C,
leading to a decrease in its mechanical and electrical properties. To address this issue,
thermal stabilizers are added to PVC during processing to prevent or slow down its de-
composition [3-7]. However, the traditional thermal stabilizers, such as lead/cadmium
salts and organotin, pose health and environmental hazards, leading to regulations such
as EU 76/769/EEC, WEEE, and RoHS that require the use of non-toxic, environmentally
friendly, and efficient thermal stabilizers [8]. Thermal stabilizers of [3-diketone com-
pounds, zinc stearate, and LDHs show great potential as practical alternatives [4,9-14].
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Layered double hydroxides (LDHs) are a type of anionic compound with a formula
of [M2%, M3*(0H),]* [(A™)x » mH20]*, where M?* is a divalent metal ion, M3 is a trivalent

metal ion, and A™ is an interlayer anion. The molecular formula for magnesium aluminum
carbonate hydrotalcite, a typical LDH, is MgsAl(OH)1s6CO3-4H20 [14]. Due to their basic-
ity and ion exchange abilities, LDHs can absorb the HCI released during PVC decompo-
sition, reducing the impact of HCl on the decomposition process and thereby enhancing
PVC’s thermal stability [14,15]. By changing the metal elements in the laminae, the inter-
layer anions, the surface properties, and the grain size and size distribution of LDHs, the
thermal stability of PVC can be improved [16-26].

The role of LDHs in enhancing the whiteness of PVC is believed to stem from the
positive charge of LDH platelets interacting with the electron clouds of vinyl chloride and
tertiary chlorine atoms in PVC chains, which weakens the activity of chlorine atoms and
restricts PVC dehydrochlorination. The long-term thermal stability of PVC is related to
HClI absorption by LDHs, either through ion exchange between interlayer anions and HCI
or platelet hydroxides absorbing HCI. The exact mechanism is still uncertain. However,
Lin et al. [27] found a positive correlation between the amount of COs?- in LDHs and the
long-term thermal stability of PVC, and a negative correlation between the amount of -
OH and the total HCI absorption capacity, leading to the conclusion that ion exchange
between interlayer anions and HCl is the critical factor in enhancing PVC thermal stabil-
ity. The interlayer anions in LDHs must overcome the reaction between surface hydrox-
ides and HCl to facilitate this exchange.

The basicity of LDHs plays a crucial role in adsorbing HCl and reducing the catalytic
decomposition of PVC. On the other hand, alkaline substances can also directly attack
PVC molecular chains and promote HCI release, thus generating a conjugated polyene
sequence and making the PVC molecular chain less stable [28]. Solid-state nuclear mag-
netic resonance research showed that with changes in the molar ratio of the metal ele-
ments in the layers of LDHs and the types of interlayer anions, the hydroxyl environment
of the LDHs also changed [29,30]. The latter will inevitably lead to changes in the basicity
of LDHs. Zhang et al. [24] have confirmed that changing the type of interlayer anions in
LDHs leads to a significant change in the surface basicity of LDHs, which demonstrates
that the surface basicity of LDHs cannot be ignored when discussing the impact of LDHs
on the thermal stability of PVC. To our best knowledge, little has been reported on the
effect of the basicity of LDHs on PVC properties.

The relationship between the structure and properties of LDHs and the initial white-
ness and long-term thermal stability of PVC is not well understood. This study aimed to
fill that gap by investigating the impact of various factors, such as metal element type and
proportion, hydroxyl type, and crosslinking degree of the laminate, on the surface basicity
of LDHs. The goal was to uncover the relationship between the surface basicity of LDHs
and the thermal stability of PVC, with the ultimate objective of developing high-perfor-
mance LDHs for use as PVC heat stabilizers.

2. Materials and Methods
2.1. Materials

PVC (5G-5) was obtained from Xinjiang Tianye (Group) Co., Ltd. (Shizihe,China).
Dioctyl terephthalate (DOTP, 99%) was from Nantong Runfeng Petrochemical Co., Ltd.
(Nantong, China). Calcium carbonate (98%) was purchased from Guangxi Xin Gai Mining
Co., Ltd. (Guilin, China). Thermal stabilizer (TS-Zn) with zinc stearate and dibenzoylme-
thane as the key components was from Shanghai Haoyuan Environmental Protection Ma-
terial Co., Ltd. (Shanghai, China). Mg(NOs)26H20, Al(NOs)s-9OH20, Ca(NOs)2-4H:0,
Zn(NO:s)2-6H20, NaOH, and NaHCO;, all analytical grade, were purchased from Guang-
zhou Chemical Reagent Factory(Guangzhou, China). Silane coupling agent (KH-560, 98%)
was provided by Nanjing QiyuChem(Nanjing, China).
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2.2. Preparation of LDHs

Preparation of MgAl-COs LDHs: First, 17.20 g Mg(NOs)>6H20 and 12.58 g
Al(NOs)3-9H20 were added into 80 mL distilled water to form solution A to give
n(M2/M3) = 2, n(OH")/(2n(M*) + 3n(M?)) = 1.0, and n(HCOs?)/n(M?*") = 0.5. Then, 9.39 g
NaOH was dissolved in 60 mL of distilled water to form solution B, and 1.40 g NaHCO:s
was dissolved in 20 mL distilled water to form solution C. Furthermore, solution A was
placed into a 250 mL flask, and solution B was added drop by drop to the flask under
stirring at 80 °C until finished and then continuously stirred for 10 min. Then, solution C
was added drop by drop to the flask. The obtained slurry was crystallized at 80 °C for 12
h, followed by suction filtration, washing, drying, and grinding to obtain Mg/Al hy-
drotalcite (labeled as MgAl2.0). The above procedures were repeated for n(M2/M3*) = 2.5,
3.0, and 3.5 to produce Mg/Al hydrotalcite with different Mg/Al molar ratios (labeled as
MgAl2.5, MgAl3.0, and MgAI3.5, respectively).

Preparation of CaAl-COs and ZnAl-COs LDHs: Similar to the synthesis of MgAl-COs
LDHs, Ca(NOs)24H20 or Zn(NOs)2:6H20 was used to replace Mg(INOs)2-6H20, with
n(OH")/(2n(M2*) + 3n(M3*)) = 1.0, n(HCOs>)/n(M?3*)=0.5, to produce Ca-Al LDHs and Zn-
Al LDHs (labeled as CaAl2.0 and ZnAl2.0, respectively).

Preparation of CaMgAl-COs and ZnMgAI-COs LDHs: Similar to the preparation of
MgAI-COs LDHs, Ca(NOs)4H20 or Zn(NOs)6HO was used to partially replace
Mg(NOs)26H20, with n(Mg?/Ca?) = 1 or n(Mg?/Zn?) = 1, n(M?/M?*) = 2, n(OH")/(2n(M?%) +
3n(M?)) = 1.0, and n(HCOs*)/n(M?3*) = 0.5, to produce Ca-Mg-Al LDHs and Zn-Mg-Al LDHs
(labeled as CaMgAl11 and ZnMgAl11, respectively).

Preparation of cross-linked Mg-Al LDHs: The method of preparing Mg-Al-COs LDHs
was followed. Specifically, 0.32 g (5 wt % Mg-Al LDHs) of silane coupling agent KH-560 was
added to solution A, then solutions B and C were added drop by drop, and the slurry was
stirred at 160 °C for 12 h to obtain cross-linked Mg-Al LDHs, labeled as CL-MgAI2.0.

2.3. Characterization of LDHs by XRD, CO:-TPD, SEM, BET, and Particle Size

The obtained LDHs were analyzed by an X-ray diffractometer (D8 ADVANCE), with
the following characteristics: Cu-Ka radiation, 40 kV voltage, 40 mA current, a scanning
range of 5-70°, and a scanning speed of 10°/min.

The surface basicity of LDHs was determined by an automatic chemical adsorption
instrument (ChemBET Pulsar TPR/TPD) by weighing 60 + 2 mg of samples, purging with
helium at 150 °C for 30 min, lowering the temperature to 60 °C, allowing the adsorption
of CO2 gas for 30 min, and then purging the CO: on the surface of the sample by helium
gas. Desorption was carried out by using helium as the carrier gas at a flow rate is 80
mL/min and a heating rate of 10 °C /min.

The morphology of the LDHs was observed using a field emission scanning electron
microscope (ZEISS SUPRA 55) with a voltage of 5 kV.

An automatic multifunctional gas adsorption instrument (ASAP 2020) was used to
determine the specific surface area of LDHs. The samples were vacuum-dried at 150 °C
for 2 h, and a nitrogen adsorption isotherm at 77 K was used to calculate the BET-specific
surface area.

The particle size and size distribution of the LDHs were measured using the HORIBA
LA-960 laser particle size analyzer with air as the dispersant, and the pressure was set at
0.4 MPa.

2.4. Preparation of PVC Composites

As shown in Figure 1, 100.0 g of PVC, 50.0 g of DOTP, 30.0 g of CaCOs, and 3.0 g of
Zn-based thermal stabilizer composed of 1.0 g of TS-Zn and 2.0 g of LDHs were thor-
oughly mixed and blended in a double-roller mixer that was heated to 170 °C. The result-
ing PVC composites were compression molded to a 0.8-mm: thick film.
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PVC, DOTP,
CaCO,, TS-Zn,
LDHs

weigh thoroughly mixed blended for 5§ min at 170 °C PVC Composites

Figure 1. A schematic diagram of the preparation of PVC composites.

2.5. Thermal Stability Tests of PVC Composites

Oven-aging tests on the PVC composite samples were performed at 200 °C following
the Chinese National Standard Testing Method GB/T 9349-2002 [31].

Color measurements of the PVC composites were preformed using a high-quality
portable computer colorimeter (NH310) with the following specifications: light source
D65, test aperture @8 mm, and display mode CIE L*a*b*C*H*. The lightness index, L*,
indicates black and white between 0 and 100. The chromaticity index, a*, represents the
red-green axis, with positive values indicating red and negative values indicating green.
The chromaticity index, b*, represents the yellow-blue axis, with positive values indicat-
ing yellow and negative values indicating blue. A yellowish shade means the discolora-
tion of the PVC sample during the initial heating stage, and the change in b* can be used
to characterize its whiteness. The greater the b* value, the darker the yellow shade.

The morphology of the PVC composites before and after aging was observed using
a ZEISS Sigma 300, and the attenuated total reflection infrared spectra of the PVC compo-
sites before and after aging were measured using a Shimadzu IRTracer-100.

3. Results and Discussion

3.1. Effect of Metal Species in the Laminae on the Surface Basicity of LDHs and the Thermal
Stability of PVC Composites

As demonstrated in Figure 2, when the metal elements in the layers were Mg and Al,
strong diffraction peaks were observed at 20 angles of 11.61°, 23.39°, 34.50°, 38.69°, 60.70°,
and 62.05°, which correspond with those of PDF#89-0460, indicating the successful syn-
thesis of an Mg-Al hydrotalcite. After the Mg in the hydrotalcite layers was fully substi-
tuted with Ca or Zn, the d(003) diffraction peak shifted to larger angles of 11.69° and
11.71°, respectively, which is consistent with PDF#87-0493 and PDF#48-1023, signifying
the preparation of Ca-Al or Zn-Al LDHs. When the ratios of n(Mg)/n(Zn)/n(Al) were 1:1:1,
the resulting product displayed characteristic diffraction peaks of typical LDHs, and the
d(003) diffraction peak was between that of Mg-Al and Zn-Al LDHs. Similarly, for the
ratios of n(Mg)/n(Ca)/n(Al) = 1:1:1, the d(003) diffraction peak of the product was located
between those of Mg-Al and Ca-Al LDHs. XRD patterns confirmed the formation of Zn-
Mg-Al and Ca-Mg-Al LDHs [32].

The layer charge density and the size of the interlayer anions play a role in determining
the interlayer spacing in LDHs. A higher layer positive charge density results in a larger inter-
layer spacing. This relationship can be observed through the d(003) diffraction peak position
in LDHs, with the order of MgAI2.0 > CaMgAl11 > ZnMgAl11 > CaAl2.0 > ZnAlI2.0.
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Figure 2. The XRD patterns of LDHs with various metal elements in the layers.

Temperature-programmed desorption (TPD) is a crucial technique used to study the
basicity of material surfaces. A higher temperature for the CO: desorption peak suggests
stronger basicity, and a larger area of the desorption peak indicates a greater amount of
basicity [33]. Weak basicity (<200 °C) of LDHs was mainly attributed to the hydroxyl
group, while medium to strong basicity (200-300 °C) was due to M-O (where M is a metal
element) [24]. The CO2-TPD diagrams (Figure 3) and the derived desorption peak temper-
ature and area (Table 1) indicate that Mg-Al hydrotalcite (MgAl2.0) had a desorption peak
temperature of 165 °C. This decreased to 141 °C and 134 °C when Mg was partially re-
placed (CaMgAll1) or fully replaced (CaAl2.0) by Ca, respectively. On the other hand,
partial or full replacement of Mg by Zn (ZnMgAl11 and ZnAl2.0) increased the desorption
peak temperature to 218 °C and 225 °C, respectively. This is probably because zinc atoms
have empty orbitals in the outer layer, and Zn-O has stronger polarity than Mg-O and Al-
O. Therefore, the basic strength of LDHs decreased in the order of ZnAl2.0 > ZnMgAl11 >
MgAI2.0 > CaMgAlll > CaAl2.0, which is opposite to the basic strength order of metal
hydroxides Ca(OH)2 > Mg(OH)2 > Zn(OH)2. In other words, metal species in the laminae
greatly affect the surface basic strength of LDHs, where the higher the basic strength of
metal hydroxide, the weaker the surface basic strength of LDHs. The desorption peak area
follows the order of MgAl2.0 (1188) > ZnAl2.0 (982) > ZnMgAl11 (971) > CaAl2.0 (609) >
CaMgAl11(458). This order is different from that of basicity, suggesting that factors other
than metal species also impact the surface basicity of LDHs.

—— MgAI2.0
CaAl2.0
CaMgAlll
ZnAl2.0
ZnMgAlll

T e T e T e T
100 150 200 250
Temperature (°C)

Figure 3. CO2-TPD profiles of LDHs with varying metal elements in the laminae.
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Table 1. Desorption peak temperature and area of LDHs with different metal elements in laminae.

LDHs Temperature/°C Area
MgAl2.0 165 1188
CaAl2.0 134 609

CaMgAlll 141 458
ZnAl2.0 225 982
ZnMgAlll 218 971

The oven-aging method was employed to evaluate the impact of LDHs on the ther-
mal stability of PVC composites (as shown in Figure 4). This method involves the thermal
decomposition of PVC, which results in the release of HCI from the PVC molecular chain
and the formation of a conjugated polyene sequence (CPS). As the CPS increases, the color
of PVC changes from white to light yellow, yellow, orange, brown, and eventually black,
as reported in [10].

In the early stage (from 0 min to the color turning yellow) of PVC aging at 200 °C, the
chromaticity index, b*, can indicate the degree of yellowing. The smaller b* is, the further
the color from yellow [34]. For PVC composites with 1.0 g of stabilizer (ITS-Zn) only, at an
aging time of 0 min, the chromaticity index b* was 4.08, indicating an excellent initial
whiteness of PVC. Adding CaAl2.0, CaMgAlll, ZnMgAll1, and ZnAI2.0 to PVC changed
the b* to 7.14, 6.73, 6.53, and 6.38, respectively. In other words, the PVC color became
lighter in the order of thermal stabilizers CaAl2.0, CaMgAlll, ZnMgAll1, and ZnAl2.0.
Thus, the ability of LDHs to improve the initial whiteness decreased in the order of
ZnAl2.0>ZnMgAl11>CaMgAl11>CaAl2.0. This order contradicts the one of positive
layer charge density of LDHs (MgAl2.0 > CaMgAlll > ZnMgAl11 > CaAl2.0 > ZnAl2.0),
indicating that the positive layer charge density of LDHs is not fully correlated with the
initial whiteness of PVC. In contrast, the ability of LDHs to improve the initial whiteness
agrees with the decreasing order of basic strength ZnAl2.0>ZnMgAl11>CaMgAll11>
CaAl2.0. Based on these findings, it can be concluded that increasing the basic strength of
LDHs leads to an improved initial whiteness of PVC composites.

At 60 min of aging, the PVC with TS-Zn stabilizer turned black, a phenomenon
known as “zinc burning.” This was due to the absorption of HCl released from PVC de-
composition by zinc stearate in TS-Zn, leading to the formation of ZnCl2, which catalyti-
cally accelerated PVC decomposition [12]. PVC composites with MgAl2.0/TS-Zn had an
initial chromaticity index b* of 7.62 and, although its initial whiteness was not as good as
PVC stabilized with TS-Zn only, its color did not turn yellow until 60 min of aging and
did not turn brown until 105 min, suggesting that MgAI2.0 improved the long-term ther-
mal stability of PVC. Similarly, PVC with CaAl2.0, CaMgAlll, ZnMgAll1l, and ZnAl2.0
changed from yellow to brown after 75, 80, 90, and 105 min of aging, respectively, indi-
cating that the order of ZnAl2.0 = MgAl2.0 > ZnMgAl11 > CaMgAl11 > CaAl2.0 in terms
of enhancing the long-term thermal stability of PVC. This order does not match the basic
strength order of ZnAl2.0 > ZnMgAl11 > MgAl2.0 > CaMgAll1l > CaAl2.0 or the surface
basicity order of MgAl2.0 > ZnAl2.0 > ZnMgAl11 > CaAl2.0 > CaMgAl11. This discrepancy
could be due to the absorption of HCl by LDHs in the late stage of aging, leading to the
formation of ZnClz, MgClz, and CaClz, which have differing catalytic effects on PVC deg-
radation in the order of ZnCl. > CaCl. > MgCl.. As reported by Ye et al. [10], the long-term
thermal stability of PVC is also influenced by chloride species and their contents.
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Thermal Stabilizers
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Figure 4. Metal species in laminae of LDHs affect the thermal stability of PVC composites in an
oven-aging test.

3.2. The Effect of Mig/Al Ratio in Laminae on the Surface Basicity of LDHs and the Thermal
Stability of PVC Composites

For the investigation of the relationship between the surface basic strength of hy-
droxyl groups and the surface basicity of LDHs, a series of Mg-Al LDHs were produced
by varying the molar ratio of Mg/Al while keeping the metal elements in the laminae con-
stant (Figure 5). All of the synthesized products displayed the characteristic diffraction
peaks of hydrotalcite. As the molar ratio increased from 2.0 to 3.5, the d(003) characteristic
diffraction peak of the LDHs gradually shifted to a smaller angle (20 were 11.61°, 11.54°,
11.40°, and 11.25°, respectively), which is line with a previous literature report [27].

MgAl3.5
—— MgAI3.0
—— MgA2.5
—— MgAI2.0

T T T T T T T T T T T T
10 20 30 40 50 60 70
20/(°)

Figure 5. XRD patterns of LDHs with Mg/Al molar ratios of 2.0, 2.5, 3.0, and 3.5.

As shown in Figure 6 and Table 2, the desorption peak temperature decreased with
the increase in the Mg/Al molar ratio from 2.0 to 3.5. In contrast, the peak area increased,
indicating that while the strength of the basicity of LDHs declined, their surface basicity
increased. The main hydroxyl groups of LDHs were MgsOH and Mg:AIOH, with the for-
mer being higher in basicity than the latter. The proportions of MgsOH were 3%, 20%, and
38% when the Mg/Al molar ratio was 2.0, 3.0, and 4.0, respectively [29]. This suggests that
the content of MgzOH in LDHs increased in the order of MgAl2.0 < MgAI2.5 < MgAl3.0 <
MgAIl3.5. This order agrees with the surface basicity order of LDHs (MgAI2.0 < MgAl2.5
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< MgAI3.0 < MgAI3.5), implying that the surface basicity of LDHs is dependent on the
MgsOH groups.

MgAl3.5
—— MgAI3.0
—— MgAI2.5
—— MgAL2.0
T
AN
) L\
/ —
TN \\
4 oy
2
/ H
Vg N -
i 4—:‘:_;1'
ey
T LI T L T L T
100 150 200 250

Temperature (°C)

Figure 6. CO2-TPD profiles of LDHs with different Mg/Al molar ratios.

Table 2. Desorption peak temperature and area of LDHs with different Mg/Al molar ratios.

LDHs Temperature/°C Area
MgAl2.0 165 1188
MgAl2.5 158 1360
MgAI3.0 154 1718
MgAl3.5 153 2065

The thermal stability of PVC composites containing LDHs with different Mg/Al mo-
lar ratios was evaluated (Figure 7). The chromaticity index, b*, of PVC composites in-
creased from 7.62 for MgAI2.0 to 8.95 for MgAl3.5 at 0 min aging, indicating that the com-
posites became increasingly yellow as the Mg/Al ratio increased. This reduction in the
initial whiteness of PVC composites was further evidenced by the decrease in the time
required for the composites to turn yellow, from 90 min for MgAI2.0 to 60 min for MgAl3.5.
The time needed for the composites to turn brown also decreased, from 105 min for
MgAl2.0 to 75 min for MgAI3.5. These results suggest that as the Mg/Al molar ratio of
LDHs increases, the long-term thermal stability of PVC composites deteriorates. This may
be due to the increased Mg/Al ratio, making it easier for the PVC molecular chain to be
attacked, releasing HCI and forming a conjugated polyene sequence, which reduces the
stability and accelerates the consumption of thermal stabilizers. The initial whiteness and
long-term thermal stability of PVC composites was dependent on the Mg/Al molar ratio
of the LDHs, with smaller ratios resulting in whiter and more stable composites (MgAI2.0
> MgAI2.5 > MgAI3.0 > MgAl3.5). This order is consistent with the strength sequence of
basicity (MgAI2.0 > MgAl2.5 > MgAl3.0 > MgAl3.5) but opposite to the surface basicity order
(MgAI2.0 < MgAI2.5 < MgAI3.0 < MgAI3.5), meaning that increasing the strength of basicity
and reducing the surface basicity of LDHs leads to whiter and more thermally stable PVC.



Polymers 2023, 15, 1043

9 of 15

200°C Degradation Time

Thermal Stabilizers
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Figure 7. The molar ratio of Mg/Al in LDHs affects the thermal stability of PVC in an oven-aging test.

3.3. The Impact of Crosslinking on the Surface Basicity of LDHs and Thermal Stability of PVC
Composites

The surface basicity of LDHs is influenced not only by the types and contents of hy-
droxyl groups but also by crosslinking between the layers. To assess the relationship be-
tween the structure and surface basicity, the silane coupling agent KH560 was used to
react with the hydroxyl groups on the layers while keeping the metal species and their
ratios (Mg/Al =2.0) constant. As shown in Figure 8, the crosslinked product (CL-MgAI2.0)
also had the characteristic diffraction peaks of LDHs. Their positions were similar to
MgAl2.0, indicating the interlayer spacings of both MgAl2.0 and CL-MgAI2.0 were con-
sistent, and the layer charge density and interlayer anions were also the same. However,
KH560 affected the surface of the LDHs.

—— CL-MgAI2.0
—— MgAIR2.0
A l A A A .
| N N ~—
T L T B T Lk T Lz T L T

10 20 30 40 50 60 70
20/°)

Figure 8. The XRD pattern of MgAI2.0 and its crosslinked counterpart (CL-MgAI2.0).

The desorption peak temperature of MgAI2.0 was 20°C lower than that of crosslinked
CL-MgAI2.0, while the peak area of MgAI2.0 was much larger than that of its crosslinked
counterpart (Figure 9 and Table 3). This suggests that crosslinking has increased the
strength of the basicity and reduced the surface basicity of the LDHs.
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Figure 9. COx-TPD diagrams of MgAI2.0 and its crosslinked counterpart (CL-MgAI2.0).

Table 3. Desorption peak temperature and area of MgAI2.0 and its crosslinked counterpart.

LDHs Temperature/°C Area
MgAI2.0 165 1188
CL-MgAI2.0 185 253

The SEM images of MgAI2.0 (Figure 10) depict randomly stacked laminae with dis-
tinct boundaries. Conversely, the laminae of crosslinked CL-MgAI2.0 were arranged in a
more orderly manner, with “stitching” and “stacking” taking place among the laminae,
leading to the formation of broader and thicker laminae, which indicates a clear crosslink-
ing between the laminae and supports the results reported in previous works [35]. This
may be due to the hydrolysis and condensation of some ethoxy groups of the silane cou-
pling agent in the alkaline solution. The uncondensed -SiOH reacted with the more basic
hydroxyl groups (Mg:OH) on the laminae of MgAl2.0, leading to a more stable and or-
derly stacking between the laminae. This hypothesis is supported by the BET-specific sur-
face area measurements. MgAI2.0 had a specific surface area of 11.73 + 0.04 m?/g, while
the value was only 3.91 + 0.18 m?/g for crosslinked CL-MgAl2.0. Overall, crosslinking had
a similar effect to that of reducing the Mg/Al molar ratio in enhancing the basicity strength
of LDHs and reducing their surface basicity.

EHT= 600 kV

22 Mar 2015 HO313

Figure 10. SEM images of MgAIl2.0 (a) and its crosslinked counterpart CL-MgAI2.0 (b).
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The particle size and size distribution of LDHs before and after crosslinking were
measured using a laser particle size analyzer in the dry method, as shown in Figure 11
and Table 4. The particle size of both MgAI2.0 and CL-MgAI2.0 had a normal distribution,
with most particles ranging from 2.0 to 9.5 um. The average particle size (D0.5) was 4.51
um for MgAl2.0 and 4.93 pm for CL-MgAI2.0. The results suggest that the particle size
and size distribution of LDHs did not change significantly after crosslinking.

—— MgARR2.0
—— CL-MgAI2.0
T L L | e L LR L | T
0.01 0.1 1 10 100 1000

Particle size(pm)

Figure 11. Particle size distribution (dry method) of MgAI2.0 and its crosslinked counterpart CL-
MgAI2.0.

Table 4. Particle size (dry method) of MgAI2.0 and its crosslinked counterpart CL-MgAI2.0.

LDHs D(0.1)/um  D(0.35)/um  D(0.5)/um  D(0.75)/pm  D(0.9)/um
MgAl2.0 1.69 3.59 4.51 6.48 9.13
CL-MgAI2.0 2.00 3.97 4.93 6.98 9.55

The effects of crosslinking LDHs on the thermal stability of PVC composites are de-
picted in Figure 12. The composite containing MgAI2.0/TS-Zn had a chromaticity index,
b*, of 7.62 after 0 min of aging. It turned yellow after 60 min of aging and became brown
after 105 min. On the other hand, the composite with crosslinked MgAI2.0 (CL-
MgAl2.0/TS-Zn) had a chromaticity index, b*, of 4.23 after 0 min, and it turned yellow and
brown after 90 min and 120 min of aging, respectively. These results indicate that cross-
linking improved the initial whiteness of the PVC composite and enhanced its long-term
thermal stability by 14.3%. Combining the results from the CO2-TPD analysis (Figure 9
and Table 3), it is evident that crosslinking increased the strength of basicity, reduced sur-
face basicity, improved initial whiteness, and enhanced the long-term thermal stability of
PVC composites. The effect of crosslinking was similar to that of lowering the Mg/Al mo-
lar ratio in improving the initial whiteness and long-term thermal stability of PVC.

200°C Degradation Time
Thermal Stabilizers

0 min 15 min 30 min 45min 60 min 75 min 90 min 105 min 120min

e —
A -

CL-MgALR2.0/ TS-Zn
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Figure 12. Comparison of the thermal stability of PVC reinforced with MgAI2.0 and its crosslinked
counterpart CL-MgAI2.0.

To further investigate the impact of crosslinking on the thermal stability of PVC, SEM
and ART-FTIR were performed on the PVC composite materials before and after aging.
The outcomes are presented in Figures 13 and 14. At 0 min of aging, the PVC composite
materials with MgAI2.0/TS-Zn and CL-MgAIl2.0/TS-Zn were smooth and compact,
demonstrating successful PVC plasticization. After 105 min of aging, tiny pores emerged
in the PVC composite materials containing MgAl2.0/TS-Zn and CL-MgAI2.0/TS-Zn, in-
dicating that the PVC had decomposed. The PVC composite material containing
MgAl2.0/TS-Zn showed larger pores, implying that its decomposition was more severe.
This outcome aligns with the results of the oven aging process.

EHT= 200 kY

10
Signal A= intens  Mag= TO0KX  WD= 42mm ﬁ wm EMT= 200 kV Signal A=InLens ~ Mag= 100KX  WD= 45mm ﬂ

0 pm

EHT = 2,00 kY

(b)

10
Signal A=intens  Mag= 1O0KX WE= 41 mm ﬁ um EHT= 2.00 kv Signal 4= inlens  Mag= 1LOOKX WD = 45mm ﬁ

(©) (d)

Figure 13. The SEM images of PVC composite materials at different aging times. MgAIl2.0/TS-Zn
(a—0 min; b—105 min) and CL-MgAI2.0/TS-Zn (¢—0 min; d—105 min).

As shown in Figure 14, the ART-FTIR of PVC composite materials containing
MgAl2.0/TS-Zn and CL-MgAI2.0/TS-Zn aged at different times have similar absorption
peaks. The peaks at 1255, 694, and 616 cm™ correspond to the C-Cl bonds in PVC, 1427
cm! is the -CHz- peak in PVC, 874 cm™ is the benzene ring positional substitution peak in
DOTP, 1719 cm™ is the -C=O peak in DOTP, 1255 and 1123 cm™' correspond to the -C-O in
DOTP, 2959 and 2860 cm™ are the -CHs and -CHz- peaks, and 874 cm™ is the characteristic
peak of CaCO:s. The -OH characteristic peak in LDHs is found between 3130 and 3670 cm™.

After aging for 105 min, the 874 cm™ CaCO:s peak remained unchanged, suggesting
that the filler did not react. However, the intensity of the 1719 cm™ -C=0 peak decreased
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significantly due to the volatilization of DOTP during high-temperature aging. The C-Cl
peaks in PVC, specifically those at 1255, 694, and 616 cm™!, also decreased significantly,
with a more noticeable decrease in PVC composite materials containing MgAI2.0/TS—Zn,
indicating that these materials underwent more severe decomposition and released more
HCI. The -OH absorption peak in PVC composite materials containing MgAI2.0/TS-Zn
nearly disappeared, while it was still visible in PVC composite materials containing CL-
MgAl2.0/TS-Zn, which showed that MgAI2.0 was consumed more quickly, and the de-
composition in PVC composite materials containing MgAIl2.0/TS-Zn was more severe.

105min-CL-MgAI2.0
—— Omin-CL-MgAI2.0

—— 105min-MgAI2.0
— O0min-MgAI2.0

Y T Y T M T T T Y T M T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm”

Figure 14. The ART-FTIR of PVC composites with MgAI2.0 and its crosslinked counterpart at aging
times of 0 and 105 min.

4. Conclusions

Developing environmentally friendly thermal stabilizers is critical for the successful
application of PVC. In this study, LDHs with varying Mg/Al molar ratios and metal spe-
cies were synthesized and cross-linked to evaluate their impact on PVC properties. The
results showed that a lower Mg/Al ratio of 2.0 improved the initial whiteness and long-
term thermal stability of PVC-LDH composites compared to higher ratios of 2.5, 3.0, and
3.5. Furthermore, substituting Mg in LDHs with Zn had a similar effect to that of lowering
the Mg/Al molar ratio in improving PVC properties. A third approach, crosslinking the
LDH laminae with 5% silane coupling agent KH-560, reduced the surface basicity by 79%,
improved the initial whiteness of PVC by 48%, and increased its long-term thermal stabil-
ity by 14%. These three approaches work by reducing the surface basicity of LDHs and
enhancing their basic strength, reducing the negative effects of basicity on PVC molecular
chains, such as the release of HCl, consumption of thermal stabilizer, and decreased sta-
bility of PVC. The weak basicity (<200 °C) of LDHs was primarily attributed to MgsOH,
while reducing the molar ratio of divalent and trivalent metal elements in LDHs and in-
creasing the crosslinking degree of LDH layers significantly reduced their surface basicity.
A medium to strong basicity (200-300 °C) of LDHs was caused by M-O (where M repre-
sents a metal element), and an increase in the content of metal elements with a high elec-
tron-donating ability strengthened the surface basicity of LDHs.

5. Patents

In relation to this research, a patent (ZL.201910476975.4) was granted by China Na-
tional Intellectual Property Administration.
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