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Abstract: Sustainable calcium-zinc (Ca-Zn)-based complex stabilizers were developed to replace existing heavy metal-
based polyvinyl chloride (PVC) stabilizers, such as cadmium, barium, and lead, which are known for their toxicity to the
human body. A series of PVC composites were prepared by adopting MgAl-layered double hydroxide (MgAl-LDH) as
a co-stabilizer, and their thermal stability and cytotoxicity were subsequently evaluated. The mixing ratio of the Ca-
Zn:Sn:MgAI-LDH complex stabilizer corresponding to the results of the discoloration and cytotoxicity tests using human
lung fibroblasts (MRC-5) was derived as 1:0.2:1. Additionally, it was confirmed that the heat resistance of the composite

supplemented with 0.2 phr of aluminum acetylacetonate, which has a S-diketone structure, was improved by nearly 2 h.

Keywords: polyvinyl chloride, stabilizer, composite, thermal stability, cytotoxicity.

Introduction

Despite its dominance in the construction industry,'? polyvinyl
chloride (PVC) requires robust thermal stabilization to prevent
dehydrochlorination during high-temperature manufacturing.’
The release of hydrogen chloride (HCl) gas acts as an auto-
catalyst, leading to structural failure and discoloration.** Current
stabilization methods, however, are hindered by the toxicity of
lead-based additives and the high cost of organotin compounds,
creating a critical need for eco-friendly alternatives.®
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Layered double hydroxides (LDHs) offer a promising remedy
through their high anion exchange capacity,” which enables
them to intercept and neutralize HCI before degradation accel-
erates.'”"® Research into MgAl and ZnAl-LDHs highlights not
only their effectiveness as acid scavengers but also their excel-
lent biocompatibility."*'> These attributes, confirmed by low
cytotoxicity in human cell lines,'® make LDHs a sustainable
and safe alternative to traditional, environmentally burdensome
stabilizers.

Therefore, this study aims to develop a PVC complex sta-
bilizer capable of replacing conventional heavy metal thermal
stabilizers. The goal is to exclude severely hazardous substances
such as lead, barium, cadmium, and chromium, while achiev-
ing at least 90% of the performance of traditional lead-based
stabilizers in terms of thermal stability, dechlorination effi-
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ciency, and lead-leaching resistance. To this end, the content of
non-toxic calcium-zinc stearate (Ca-Zn) stabilizer was kept
constant, while the concentrations of methyltin mercaptide
(MTM)-a tin-based (Sn) stabilizer-and MgAI-LDH were sys-
tematically adjusted. The optimal mixing ratio for heat resis-
tance and non-toxicity was determined through discoloration tests
of the fabricated PVC/LDH composites and cytotoxicity eval-
uations using 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assays.

Experimental

Materials. PVC (LS100, LG Chem, Ltd., Korea), lead stearate
[Pb stabilizer, (Duksan Pure Chemicals Co., Ltd., Korea)], MTM
(95%, Merck KGaA, Darmstadt, Germany), dioctyl terephthal-
ate [DOTP, (OC-100, OCI Company Ltd., Korea)], stearic acid
(ELOFAD SH60, LG Household & Health Care, Ltd., Korea),
pentaerythritol tetrakis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)pro-
pionate] [PBHP (AO-60, ADEKA Korea)], and calcium carbonate
(BKEICAL HIT-1000, Daemyung Chemical Co., Ltd., Korea)
were used as received. Barium-zinc stearate (Ba-Zn) and Ca-
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Scheme 1. Manufacturing process of PVC/LDH composites.
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Zn stabilizers were provided by KD Chem Co., Ltd., Korea.
MgAIl-LDH (HI-TAL) was obtained from Sinwon Industrial
Co., Ltd., Korea. For other materials that do not affect the test
results, reagent grade was used.

Preparation of PVC Composite Containing LDH. The base
PVC compound was formulated with 53.85 wt% PVC resin,
supplemented with 0.5 wt% Ca-Zn stabilizer, 25 wt% modifier
(calcium carbonate), 20 wt% processing aid (DOTP), 0.15 wt%
antioxidant (PBHP), and 0.5 wt% dispersing agent (stearic acid).
To this base, varying amounts of MgAI-LDH (0.1, 0.25, 0.5, 1.0,
and 2.0 phr) and 0.1 phr of Sn stabilizer were added. The mix-
ture was processed in a 3 L kneader mixer (Hwa Shin Machinery
Co., Ltd., Korea) at a rotor speed of 60 rpm and a temperature
of 145 °C for 10 min. Following the kneading process, the
material was pelletized and subsequently molded into sheets
using a hot plate press at ~160 °C.

Instrumentation. The thermal stability of the composites
was evaluated via thermogravimetric analysis (TGA) using a
Q500 analyzer (TA Instruments, USA). Thermal treatment was
conducted under a nitrogen atmosphere, ramping the tempera-
ture from 80 to 800 °C at a steady rate of 20 °C/min.

Extrusion Pelletizing

PVC/LDH
composite

Extrusion
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Thermal Discoloration Analysis. To evaluate the efficacy
of the thermal stabilizers, the color transition of the PVC/LDH
composite sheets was monitored during heat exposure. Pre-cut
PVC slices (measuring roughly 15 x 20 x 1 mm) were posi-
tioned on aluminum foil and introduced into a temperature-
controlled aging oven set at 200 °C. The specimens were removed
every 5 min, and a high-resolution digital camera was used to
document their gradual discoloration.

The extent of discoloration (D¢) was quantified through dig-
ital image processing using a commercial software, following
the equation: Dc=(4-*100)/Ar. Here, Ar represents the total
surface area of the sample after the discoloration test, and 4¢
represents the discolored area after the test. To resolve any
ambiguity in assessment, the discoloration endpoint was estab-
lished as the moment when localized staining or color change
encompassed more than 10% of the entire sample surface.

Cytotoxicity Test. To prepare the extraction vehicle, a min-
imum essential medium containing 10% fetal bovine serum (MEM/
10%-FBS) was utilized. A 4 g portion of the film-shaped spec-
imen was immersed in 20 mL of MEM/10%-FBS and subse-
quently eluted at 37 °C for 24 h under continuous agitation.
The resulting supernatant was collected and designated as the
100% sample extract. The MEM/10%-FBS without the test
sample was stored in the same type of container as that holding
the test sample and was exposed to identical conditions during
the extraction process; this was designated as the blank medium.

Concurrently, human fetal lung fibroblast cells (MRC-5) were
suspended in the MEM/10%-FBS and calibrated to a density
of 1 x 10° cells/ml. Utilizing a multichannel pipette, 100 pL of
the cell-free MEM/10%-FBS was allocated into the peripheral
wells of a 96-well microplate to serve as blanks. The inner wells
were seeded with 100 puL of the cell suspension, achieving an
initial seeding density of 1 x 10* cells/well. The plate was then
incubated at 37 °C for 24 h.

Following this incubation period, the existing medium was
aspirated. Each well was then replenished with either 100 puL
of the 100% sample extract or an equivalent volume of the
blank medium. After an additional 24 h of incubation, cell via-
bility was quantified via the MTT assay in strict accordance with
the ISO 10993-5:2009 guidelines. The cell viability percentage
was determined using the Viability%=(100xODsy.)/ODsq, equa-
tion: where ODsy, represents the mean optical density of the
groups treated with the 100% test sample extract, and ODsq,
denotes the mean optical density of the blanks. All experiments
were performed using at least three independent blank mediums
and samples, and the data are presented as the mean + standard

Zan, 45048 A55, 2026\

deviation. Based on these criteria, a reduction in cell viability
to less than 70% was defined as a positive indication of poten-
tial cytotoxicity.

Results and Discussion

Thermal Stability of PVC Compounds. As shown in
Scheme 1, PVC resin, heat stabilizer, modifier, processing aid,
antioxidant, and dispersing agent were put in a double spindle
kneader and kneaded at 145 °C to prepare the PVC compound.
For the polymer matrix, a suspension polymerized PVC
homopolymer was employed, characterized by a degree of
polymerization of 1000+ 30 and a K-value of 66. To ensure
adequate flowability during processing, 20 wt% of DOTP was
incorporated as a processing aid.

To enhance weather resistance and minimize shrinkage, the
formulation was reinforced with 25 wt% of calcium carbonate,
which had been surface-modified with stearic acid. Addition-
ally, for processing and long-term thermal stability, PBHP is
utilized at 0.15 wt% as an antioxidant. For the prepared PVC
compounds, the measured tensile yield strength was recorded
at 32 MPa. Furthermore, the limiting oxygen index (LOI) sus-
tained a level of 30%.

To evaluate static thermal stability via visual color transitions,
PVC strips formulated with various stabilizers were subjected
to isothermal heating at 200 °C in a convection oven. The dis-
coloration test results, conducted at 200 °C in 5-min intervals,
are depicted in Figure 1. Consequently, to enhance visual clar-
ity, the data evaluation in this study focuses primarily on the
critical points of discoloration. Since the discoloration behav-
ior of PVC compounds is intrinsically linked to thermal history
and processing conditions, maintaining stringent control over
these variables is essential for an accurate comparative assess-
ment of heat resistance."”

For this study, a base formulation derived from preliminary
compounding tests was employed, integrating equivalent con-
centrations of Ca-Zn, Pb, Ba-Zn, and Sn stabilizers (Table 1).
Among the tested samples, PVC_Ba-Zn0.5 exhibited the most
robust thermal stability at 200 °C. In contrast, the PVC_Pb0.5
sample containing lead stearate showed initial signs of color
transition after 40 min (Dc=42.8%). Samples stabilized with
0.5 wt% of Ca-Zn and Sn stabilizers demonstrated lower ther-
mal endurance, with discoloration commencing at the 35 min
mark. Respectively, values of roughly 39.7% and 11.5% were
recorded for the D¢ of these specimens at the 35-min mark.

In PVC processing, metal carboxylates function synergistically
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Figure 1. Discoloration test results of the PVC Ca-Zn0.5, PVC Pb0.5,
PVC Ba-Zn0.5, and PVC_Sn0.5 compounds.

Table 1. Composition of PVC Compound

Sample (Wt%)

Material PVC_ PVC_ PVC_  PVC_ PVC_
Ca-Zn0.5 Pb0.5 Ba-Zn0.5 Sn0.5 LDHO.5
PVC 53.85 5385 5385 5385 53.85
Stabilizer 0.5 0.5 0.5 0.5 0.5
Modifier 25 25 25 25 25
Processing aid 20 20 20 20 20
Antioxidant 0.15 0.15 0.15 0.15 0.15
Dispersing agent 0.5 0.5 0.5 0.5 0.5
Total 100 100 100 100 100

as both lubricants and stabilizers.'®'? Specifically, lead stearate
provides a dual benefit: it acts as a high-efficiency internal lubri-
cant and a potent HCI scavenger, neutralizing the hydrochloric
acid released during thermal degradation.

However, the interaction between metal soap stabilizers and
HCI inevitably yields metal chlorides, such as PbCl,, ZnCl,,
and BaCl,.”* The catalytic impact of these byproduct Lewis acids
on PVC degradation varies significantly. For instance, PbCl, is
characterized as a weak Lewis acid and does not accelerate the
dehydrochlorination process.’

Conversely, ZnCl, behaves as a strong, ionic Lewis acid,”
which triggers rapid degradation-a phenomenon frequently termed
“zinc burning”. This process accelerates “zip-elimination” and
promotes undesirable crosslinking, ultimately turning the PVC
product black.>* To mitigate this effect, calcium or barium stea-
rate is typically co-formulated with zinc stearate. This combina-
tion enables an ion-exchange mechanism where calcium reacts

with ZnCl, to form benign CaCl: while simultaneously regen-
erating the zinc stearate.”® Given that calcium stearate is pro-
gressively consumed during this cycle, it is generally applied at
a higher stoichiometric ratio. Furthermore, barium stearate exhib-
its superior reactivity in neutralizing HC1 compared to calcium
stearate, owing to its higher dissociation capability.'”'®

The thermal degradation profiles of PVC samples stabilized
with Ca-Zn, Pb, Ba-Zn, and Sn are illustrated in the TGA and
DTG curves in Figure 2. Across all formulations, a distinct
two-step weight loss pattern was observed. The primary deg-
radation phase, occurring between 240 °C and 375 °C, is pre-
dominantly associated with the dehydrochlorination of the PVC
backbone and the subsequent evaporation of plasticizing agents.
This is followed by a secondary stage exceeding 415 °C, where
carbonaceous char residues are formed through complex pyrol-
ysis reactions.’

Quantitative analysis of the TGA thermograms for the four
different heat stabilizers indicates varying degrees of thermal
protection. The initial decomposition temperature (7, followed
the order: PVC_Ca-Zn0.5 (269.6 °C) < PVC_Pb0.5 (274.1 °C)
<PVC Ba-Zn0.5 (275.6 °C) < PVC _Sn0.5 (278.5 °C). Among
these, the Sn stabilizer demonstrated the highest threshold for
initial degradation, confirming its exceptional performance in
bolstering the early-stage thermal resistance of the polymer.

To further explore alternative stabilization, Figure 3 delineates
the TG behavior of a PVC compound containing 0.5 wt% MgAl-
LDH. Similar to the other stabilized systems, the PVC_LDHO0.5
sample follows a typical two-stage decomposition path. Nota-
bly, this particular sample exhibited a superior Ty, of 288.9 °C,
surpassing all other tested stabilizers in terms of early-phase
thermal enhancement. At the 800 °C mark, the final char yields
were recorded as follows: PVC_Pb0.5 (22.87%), PVC_Ba-Zn0.5
(22.82%), PVC_Ca-Zn0.5 (22.65%), PVC_LDHO.5 (20.65%),
and PVC _Sn0.5 (18.77%). The reduced residual mass of the
MgAI-LDH system, compared to conventional metal-soap sta-
bilizers, can be attributed to the constitutional dehydration of
the LDH layers, which contributes to the overall weight loss
during heating ®

Notably, results from our previous thermal desorption-gas
chromatography-mass spectrometry test indicate that the
lowest char yield of the PVC_Sn0.5 sample is presumably
rooted in the specific behavior of the Sn stabilizer. Unlike
alternative stabilizers that encourage the formation of metal
oxide residues, MTM tends to yield volatile trimethyltin
chloride with a low boiling point, leading to its subsequent
evaporation.

Polym. Korea, Vol. 50, No. 5, 2026
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Figure 2. TGA and DTG curves of the (a) PVC_Ca-Zn0.5; (b) PVC _Pb0.5; (c) PVC_Ba-Zn0.5; (d) PVC_Sn0.5.
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Figure 3. TGA and DTG curves of the PVC_LDHO.5.
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Discoloration Test of PVC/LDH Composites. To com-
pensate for the limited long-term stability of Ca-Zn systems,
organotin compounds are often introduced.”® Figure 4 illus-
trates the performance of the Ca-Zn/MgAI-LDH/Sn system at
200 °C, where the Sn stabilizer concentration was varied from
0.1 to 0.5 phr while keeping other components constant.

For ease of distinction, the baseline formulation for stabilizer
comparison and the MgAIl-LDH integrated composite are denoted
as PVC _stabilizer and PVC/LDH, respectively. As exemplified in
Table 1, PVC_Ca-Zn0.5 signifies a PVC compound containing
0.5 wt% Ca-Zn stabilizer. Furthermore, PVC/LDHO.5 in Table
2 represents a composite where 0.5 phr of MgAI-LDH and 0.1
phr of Sn stabilizer were incorporated into 100 parts of the
PVC Ca-Zn0.5 compound.

In the case of PVC_LDHO0.5 (Figure 4), the combination of
0.5 wt% MgAI-LDH and 0.15 wt% antioxidant (Table 1) was
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PVC_LDHO0.5 PVC/Sn0.1 PVC/Sn0.2  PVC/Sn0.5
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Figure 4. Discoloration test results obtained by changing the Sn sta-
bilizer content of the PVC/LDHO.5 composite formulated according
to Table 2 to 0.1 phr (PVC/Sn0.1), 0.2 phr (PVC/Sn0.2), and 0.5 phr
(PVC/Sn0.5).

found to effectively eliminate initial discoloration for up to
30 min.

Notably, the formulation with the minimum Sn stabilizer
content (0.1 phr) remained stable without discoloration for up
to 40 min. In contrast, higher Sn stabilizer concentrations appeared
to accelerate pigmentation after 35 min. Consequently, the opti-
mal concentration for the Sn stabilizer in this specific system
is identified as 0.2 phr or below.

Excessive additive loading may impair optical properties like
transparency, even if thermal stability improves. For instance,
mercaptan-based tin stabilizers can cause detrimental side reac-
tions when present in stoichiometric excess. During melting,
the reaction between surplus tin and mercaptan groups fre-
quently results in a yellowish or brownish tint.* Such a phenom-
enon explains the accelerated discoloration observed in the
PVC Sn0.5 sample (Figure 1), confirming that the stabilizer
loading exceeded its optimum level.

The coloration patterns exhibited significant dependency on
the dosage of MgAI-LDH (Figure 5). Specifically, the thermal
stability of the samples was optimized within the concentration
range of 0.1-1 phr, demonstrating performance comparable to
that of the Ba-Zn stabilizer system (Figure 1).

Conversely, increasing the MgAl-LDH content to 2 phr trig-
gered a distinct discoloration starting at 35 min, a phenomenon
not observed in other specimens. At the 35-min mark, the PVC/
LDH2.0 composite exhibited the D¢ value of roughly 35.5%,
a figure that substantially surpassed the 12.8% recorded for the
PVC/LDHO.5 formulation. This suggests that excessive MgAl-

PVC/LDHO.I PVC/LDHO.5 PVC/LDHLO PVC/LDH2.0

N ....
) rrlil1....
40min....

Figure 5. Discoloration test results of the PVC/LDH composites with
MgAI-LDH contents of 0.1 phr (PVC/LDHO.1), 0.5 phr (PVC/LDHO.5),
1.0 phr (PVC/LDHI1.0) and 2.0 phr (PVC/LDH2.0) formulated accord-
ing to Table 2.

LDH loading may impede particle dispersion within the PVC
matrix. However, while the incorporation of MgAI-LDH altered
the heat resistance of the pristine PVC compound, it exerted no
significant impact on the tensile yield strength values.

Cytotoxicity Test. The MTT assay is a cytotoxicity test used
to evaluate the degree of toxicity that a specific compound (or
substance) exerts on cells.'*?' The MTT assay operates on the
mechanism where purple formazan crystals are generated from
the reduction of the yellow tetrazolium salt, a process driven
exclusively by metabolically active cells.'

In this study, extraction was performed for 24 h at 37 °C using
the MEM/10%-FBS, at a ratio of 20 mL of medium per 4 g of
sample, in accordance with the Ministry of Food and Drug
Safety Notification No. 2020-12 (Common Standards for Bio-
logical Safety of Medical Devices). The cell proliferation of
each extract was measured using the MTT assay after culturing
MRC-5 cells for 24 h.

The cell viability for PVC specimens stabilized with metallic
stearates-namely PVC Ca-Zn0.5, PVC Pb0.5, and PVC Ba-
Zn0.5-was measured at 123%, 117%, and 118%, respectively

Table 2. Composition of PVC/LDH Composite

Sample (phr)
Material PVC/  PVC/  PVC/ PVC/  PVC/
LDH0.I LDH0.25 LDHO0.5 LDHI.0 LDH2.0
PVC_Ca-Zn0.5 100 100 100 100 100
MgAl-LDH 0.1 0.25 0.5 1.0 2.0
Sn stabilizer 0.1 0.1 0.1 0.1 0.1

Polym. Korea, Vol. 50, No. 5, 2026
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Table 3. MTT Test Results of PYC Compounds

Sample Cell viability (%)
Blank 100 + 0.0
PVC Ca-Zn0.5 123 £ 17
PVC_Pb0.5 117 £ 10
PVC Ba-Zn0.5 118 £ 23
PVC Sn0.5 35.6 + 4.1
PVC LDHO0.5 136 = 11

(Table 3). Considering the overlapping standard deviations, the
data reveal no significant statistical variance among the eval-
uated groups. Such uniformity can be attributed to the intrinsic
low solubility of metal stearates in aqueous and organic envi-
ronments, which effectively prevents them from being extracted
from the polymer matrix.”

In contrast, MTM, though widely used as a low-toxicity sta-
bilizer due to its minimal aqueous solubility, presents a differ-
ent migration profile. Despite being a liquid form soluble in
organic solvents like acetone and benzene, previous studies
using food simulants have noted its increased migration in
lipophilic or high-temperature environments.” It is hypothe-
sized that the complex composition of the culture media-con-
taining amino acids, inorganic salts, and buffers-facilitated
higher leaching rates for MTM compared to the more stable
metallic stearates.

The most notable cell viability was observed in the PVC LDHO.5
formulated with MgAI-LDH, which reached 136%. This enhanced
performance is attributed to the biological safety of Mg”* and
AP" ions. These primary constituents of MgAIl-LDH have been
documented to exhibit excellent compatibility at optimal con-
centrations across diverse cell lines, including human lung epi-
thelial cells, osteoblast-like cells, and fibroblasts.*

The viability of MRC-5 cells in response to different MgAl-
LDH loadings is documented in Table 4. Building upon the

Table 4. MTT Test Results of PYC/MgAI-LDH Composites

Sample Cell viability (%)
Blank 100 + 0.0
PVC/LDHO.1 91.5+89
PVC/LDHO0.25 109 + 1.6
PVC/LDHO.5 137 + 8.4
PVC/LDH0.5Sn0.2 113 + 8.0
PVC/LDHI.0 912 £35
PVC/LDH2.0 87.9 £ 5.8

Zan, 45048 A55, 2026\

baseline formulation of 100 phr PVC_Ca-Zn0.5 and 0.1 phr Sn
stabilizer, we systematically increased the MgAIl-LDH content
up to 2.0 phr as specified in Table 2.

All samples maintained viability levels above 70%, confirming
a lack of acute cytotoxicity toward MRC-5 cells. The PVC-
LDHO0.5 sample (0.5 phr MgAIl-LDH) demonstrated the peak
viability at 137%. Interestingly, the viability followed a non-
linear trend: starting at 91.5% for 0.1 phr MgAI-LDH, peaking
at 0.5 phr, and subsequently declining to 91.2% as the MgAl-
LDH content reached 1.0 phr.

These findings suggest a concentration-dependent interac-
tion; while MgAI-LDH effectively inhibits Sn stabilizer leaching
at concentrations up to 0.5 phr, higher concentrations (above
1.0 phr) may introduce leached species that significantly sup-
press MRC-5 cell proliferation. This is further evidenced by the
comparatively lower viability (91.5%) observed at the mini-
mum MgAI-LDH concentration of 0.1 phr (PVC/LDHO.1).

However, the toxicological impact remains limited; a com-
parison between PVC/LDH1.0 and PVC/LDH2.0 showed a
negligible viability decrease of approximately 3%, despite dou-
bling the MgAI-LDH content.

Furthermore, increasing the Sn stabilizer concentration-as
seen in the PVC/LDHO0.5Sn0.2 sample-resulted in a viability
decrease to 113%. Data obtained from both the discoloration
test and MTT assay demonstrate that the Ca-Zn:Sn:MgAl-
LDH thermal stabilizer system achieves its maximum syner-
gistic efficiency at a ratio of 1:0.2:1.

Figure 6 illustrates the morphological changes in cells before
and after treatment with extracts prepared according to the for-
mulation ratios in Table 2. Normal MRC-5 cells exhibited a
characteristic flattened, elongated, and parallel spindle-shaped
fibroblastic appearance (Figure 6(a)). Similarly, no significant
morphological deviations were observed between the cells
untreated extract (Figure 6(a)) and the cells treated for 24 h
with 100% extracts containing 0.1, 0.25 and 0.5 phr of MgAl-
LDH (Figure 6(b),(c) and (d)). Cells cultured in these extracts
remained elongated and isolated without undergoing fibrogen-
esis. In contrast, MRC-5 cells treated with extracts of 1.0 and
2.0 phr MgAI-LDH (Figure 6(e) and (f)) showed a substantial
reduction in size compared to both untreated cells (Figure 6(a))
and those treated with lower concentrations (0.25 and 0.5 phr).
While some cells retained an elongated form, others remained
spherical, indicating a slight reactivity. If toxicity further man-
ifests, it may lead to cell death (apoptosis or necrosis), character-
ized by cell shrinkage or fragmentation-typical markers of a
cytotoxic response.
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Figure 6. Morphological changes in MRC-5 cells before and after
treatment with extract of PVC/LDH composites prepared according
to the formulation ratios in Table 2: (a) untreated; (b) PVC/LDHO.1;
(c) PVC/LDHO0.25; (d) PVC/LDHO0.5; (e) PVC/LDHLI.0; (f) PVC/
LDH2.0 (scale bar =100 um).

For reference, the MTT assay potentially misleads viability
assessments in scenarios where cells are quantitatively stable
but mitochondrially dysfunctional, given its dependency on
dehydrogenase activity.” Conversely, complementary evalu-
ations-including the trypan blue exclusion technique and live/
dead assays-render more direct proof of cytotoxic effects.”*’

Synergistic Effect of Metal S-diketonate. Among co-
stabilizers, S-diketones are widely utilized for their superior
ability to maintain the initial color of PVC. By displacing
allylic chlorine or chelating ZnCl,, they enhance both initial
and long-term thermal resistance.**® Based on this, we incor-
porated metal S-diketonates into the Ca-Zn/Sn/MgAl-LDH
system for potential synergy, which our thermal aging results
later substantiated.

As illustrated in Figure 7, the PVC formulation incorpo-
rating aluminum acetylacetonate exhibited the most favor-
able initial color, remaining stable for the first 110 min of
exposure. In contrast, the specimen containing only the Ca-
Zn stabilizer showed perceptible discoloration after 35 min.
For the PVC/LDHO0.5 composite, discoloration was complete
at 70 min.

PVC_Ca-Zn0.5 PVC/LDHO0.5 PVC/LDHO.5AI

0 min

35 min

40 min

70 min

90 min

110 min

120 min

Figure 7. Discoloration test results of the PVC/LDHO0.5A1 compos-
ite (addition of 0.2 phr aluminum acetylacetonate to the PVC/LDHO.5
formulation of Table 2).

Conclusions

This research investigated the thermal stability and cytotoxicity
of PVC/LDH composites, aiming to develop alternatives to toxic
heavy-metal stabilizers. Through systematic blending optimization,
the synergistic effects of Ca-Zn, Sn stabilizer, and MgAl-LDH
were evaluated.

In the TGA results, the PVC compound incorporated with
0.5 wt% MgAI-LDH exhibited a superior T, of 288.9 °C.
This value significantly exceeds those of Ca-Zn (269.6 °C) and
Sn stabilizers (278.5 °C), demonstrating the superior efficacy

Polym. Korea, Vol. 50, No. 5, 2026
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of LDH in enhancing early-stage thermal resistance.
Discoloration tests at 200 °C demonstrated that while low Sn
stabilizer concentrations (0.1 phr) maintained color stability for
more than 40 min, higher loadings unexpectedly accelerated
browning after 35 min. Similarly, MgAI-LDH exhibited an
optimal efficiency range of 0.1-1 phr; beyond 2 phr, discolor-
ation occurred earlier due to poor particle dispersibility.
Cytotoxicity evaluations using the MTT assay indicated that
while MgAI-LDH functions as an efficient chelating agent for
Sn stabilizer within a specific concentration threshold, exceeding
this limit leads to a marked inhibition of MRC-5 cell prolif-
eration due to the release of LDH-derived solutes. Furthermore,
doubling the liquid Sn stabilizer content in the PVC/LDHO0.5
composite resulted in a 17.5% reduction in cell viability. This
decline is attributed to the higher leachability of liquid stabilizers
compared to their metallic soap-based counterparts.
Consequently, it was confirmed that a 1:0.2:1 ratio represents
the most appropriate formulation for the Ca-Zn/Sn/MgAl-LDH
hybrid system under the specific experimental conditions tested.
Additionally, incorporating 0.2 phr of aluminum acetylacetonate,
a f-diketone structure, significantly enhanced the heat stability
of the PVC/LDHO.5 composite, extending it to nearly 2 h.
Future investigations will explore the influence of diverse metal
[-diketonates on the functional performance of these compos-
ite systems. In the next phase, we aim to formulate the developed
complex stabilizer into a masterbatch format. This masterbatch
will then be applied to the production of prototype pipes and
flooring materials to assess their functional properties and safety
standards.
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