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Abstract: The use of thermochromic pigments in food packaging offers several advantages, including improved
food safety, waste reduction, and temperature change monitoring. However, little is known about how chemi-
cally resilient these materials are, especially regarding optical stability, thermochromic activation, and mechan-
ical integrity following exposure to acidic, alkaline, oil-based, and neutral food-contact environments. This study
evaluates the chemical resistance, thermal cycling effects, and mechanical durability of thermochromic pig-
ments-polymer blends. Thermochromic polymer samples were subjected to multiple chemical environments,
repeated thermal cycling, and mechanical analysis to assess degradation behavior. The findings show that virgin
food-grade polymer with no thermochromic pigment sustains its performance stability throughout chemical
exposure with little degradation. However, thermochromic polymer blends experienced reduced thermo-
chromic functionality. This study offers insight into how well thermochromic pigment can be incorporated into
intelligent food packaging despite the limitations associated with chemical exposure.

Keywords: thermochromic pigments; food packaging; chemical resistance; thermal cycling; mechanical durability

1. Introduction

Assuring food safety and cutting down on waste are two challenges facing the food packaging
industry today [1]. Unlike traditional passive materials, thermochromic pigments (TP) actively indi-
cate temperature fluctuations, offering a real-time, cost-effective solution for food safety monitoring
[2]. However, their long-term stability in food-contact conditions remains uncertain. This study eval-
uates TP chemical resistance, thermal stability, and mechanical durability for food packaging, ad-
dressing critical gaps in their real-world performance [3].

Traditional food packaging protects food from damage and helps preserve them until they are
ready for consumption [4]. Packaging also displays branding and nutritional information while sup-
porting marketing efforts [5]. Ancient packaging included using wooden parts, especially bamboo
baskets, wooden containers, and jute sacks, for packaging fruits and vegetables [6]. Over the past few
decades, petroleum-based polymer-generated plastic films have been used as a barrier to protect food
products from heat, moisture, microorganisms, dust, and dirt particles [7]. These plastic films are
cost-effective, lightweight, and convenient materials with excellent barrier properties, resistance to
stress and corrosion, and excellent transport and handling capabilities [8,9].

The market for consumables made from plastic has grown significantly [10]. A compound an-
nual growth rate (CAGR) of 7.5% is anticipated for 2025. This would amount to $1,621.51 billion in
2025, up from $1,508.6 billion in 2023 [11]. In Europe, packaging represents the most prominent ap-
plication of plastic [12]. Approximately half of all plastic products utilized in the food industry, in-
cluding cutlery, plastic bags, coatings, and packaging materials, are designed for single-use disposal
[13]. Over 35 million tons of waste from various plastic products are produced yearly; unfortunately,
only 7% are recycled [14].

The increasing demand for functional packaging has driven interest in innovative technologies
that respond to environmental stimuli and provide real-time food quality indicators [15]. Smart ma-
terials are advanced versions of conventional materials that can be used in many applications across
various sectors [16]. These advanced materials are widely used in sensors, coatings, biomedical
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devices, and adaptive textiles, where environmental responsiveness is essential [17-20]. Chromo-
genic materials offer various applications across various sectors because they can undergo reversible
or irreversible color changes in response to stimuli such as temperature (thermochromic), light (pho-
tochromic), or electric fields (electrochromic) [21]. Thermochromism refers to the phenomenon of
color change exhibited by chromic materials in response to variations in temperature [22]. This pro-
cess occurs due to molecular rearrangements, phase transitions, or electron transfer within the mate-
rial, leading to visible shifts in color [23]. Thermochromic materials are commonly adopted in smart
textiles, food packaging, security printing, and medical indicators, where temperature-sensitive vis-
ual indicators are beneficial [24-27].

Intelligent and active packaging are the two main categories of smart packaging [28]. Intelligent
packaging detects changes in food quality within the package using indicators, sensors, and radio
frequency identification (RFID) tags, and communicates these changes through visual signals [29].
Active packaging extends a product's shelf life by incorporating absorption and diffusion systems
designed to regulate substances such as oxygen, carbon dioxide, and hydroalcoholic solution [30].
Intelligent packaging has become increasingly popular in the modern packaging sector due to its
added value, enhanced safety features, and greater potential for marketing and promotional strategy
[31]. Driven by growing consumer demands for sustainability, enhanced product safety, and high-
quality standards in all areas of the life sciences, the food industry has increasingly adopted intelli-
gent packaging solutions [32,33]. The first notable discovery of thermochromism was documented in
1888 when Friedrich Reinitzer identified the phenomenon in liquid crystals [34].

Thermochromic materials, which are used in a range of industrial applications from food pack-
aging to textiles, can be divided into groups according to their chemical makeup and activation pro-
cesses [35-37]. The main attractiveness of polymer-based thermochromic systems is their broad com-
patibility with flexible packaging materials [35].

Despite their potential, concerns regarding the functionality of innovative polymer materials
have been highlighted in various applications [36]. In food packaging, thermochromic materials are
valued for their precise temperature sensitivity [37]; however, concern regarding the effects of re-
peated thermal cycling on the immediate functionality of thermochromic polymers, particularly their
ability to maintain consistent color-changing properties, is evident [38,39]. For TP to endure physical
stresses in food packaging without degrading, mechanical integrity is essential, but little is known
about how susceptible they are to these forces [40]. The aesthetic quality of TP food packaging re-
quires further investigation, particularly regarding the resistance to surface blemishes [41,42].

Chemical sensitivity is a crucial factor in assessing the performance of TP in food-contact envi-
ronments, as certain substances can alter polymer structure, affecting color change or degradation
[43,44]. Thermochromic polymers used in food packaging are frequently exposed to various chemical
agents during their lifecycle, including oils, acids, solvents, alkaline, and food-related substances [45].
Solutions may interact with packaging materials, potentially compromising their structural integrity,
appearance, and functional properties and potentially affecting the functionality of thermochromic
polymers [46]. Several studies have dealt with thermochromic inks” low-light fastness issues [47-49].
However, research on the chemical resistance of thermochromic plastics in food packaging remains
largely underexplored [50].

This study aims to evaluate thermochromic polymers' chemical resistance, thermal cycling ef-
fects, and mechanical stability in simulated food-contact environments, addressing existing
knowledge gaps.

The specific objectives of this study are:

To assess thermochromic polymers” optical stability and thermochromic activation before and after
exposure to solutions representative of food-contact environments.

To determine the impact of repeated thermal cycling on thermochromic behavior post-chemical ex-
posure.

To review mechanical integrity post-chemical exposure.

This research explores the feasibility of thermochromic polymers for commercial food packag-
ing, seeking to develop durable, chemically stable, and reliable intelligent packaging solutions. By
bridging the gap between thermochromic material development and real-world applications, manu-
facturers can optimize formulations for enhanced environmental resistance and integration into next-
generation smart packaging solutions.
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2. Materials and Methods
2.1. Materials

Avenue Moulds Solutions Limited (Sligo, Ireland) provided a commercially available food-
grade high-density polyethylene (HDPE) (Borealis MG7547S, Vienna, Austria). The material had a
density of 0.954 g/cm?® and a melt flow rate (MFR) of 4 g/10 min (190 °C/2.16 kg load). Furthermore,
the manufacturer verified the material as appropriate for food contact applications.

Pellets of TP (ThermoBatch™), which has a reversible temperature transition of 38 °C, were sup-
plied by SpotSee®/LCR Hallcrest Ltd (Chester, UK). The density was 0.508 g/cm?with an MFI of 15-
40 g/10 min. Unless stated otherwise, all testing was carried out at 23 °C + 2 °C following ISO 527-
2:2012 [51], ISO 179-1:2023 [52], and other applicable standards. Results from tensile, impact, and
other property evaluations were ensured to be consistent and repeatable under these circumstances.

2.2. Blend Preparation

To achieve homogeneity, binary mixes of TP as the additive and HDPE as the matrix were man-
ually dry-mixed by tumbling in a sealed polyethylene bag for five minutes. The weight of each blend
was 2 kg. The components were precisely weighed using a Sartorius LA230P analytical balance with
a precision of +0.0001 g (Sartorius, Dublin, Ireland). A suitable polymeric carrier miscible with the
HDPE matrix was present in the green-colored concentrate ThermoBatch™. To guarantee consistent
findings, the samples were conditioned at 23 °C for 24 hours prior to testing after blending. Table 1
displays the mix compositions created for this study.

Table 1. Blend compositions prepared for this study.

Sample Name HDPE (wt. %) TP (wt. %)
HDPE100/TP0 100 0
HDPE98/TP2 98 2
HDPE92/TP8 92 8

2.3. Injection Molding

Injection molding is a molding technique that uses an external heating device and a screw to
melt the material, which is then injected into a mold to create the desired part while the mold cools
[53]. Following ISO 294-1: 2017 [54], injection molding was performed. An Arburg Allrounder 370E
600 E drive injection molding machine (Arburg, Lossburg, Germany) was used to process the blends,
as shown in Table 1. Two tensile (type B1) and two impact (type Al) test specimens were produced
by the machine using a "two by two" family mold with a double-T runner. The Arburg machine fea-
tured a maximum calculated stroke volume of 85 cm?, a maximum clamping force of 600 kN, and a
screw diameter of 30 mm.

Four temperature controllers controlled the temperature distribution along the barrel, while a fifth
controller was used to control the temperature of the nozzle. Starting at 170 °C at the hopper, the
temperature profile gradually rose to 210 °C at the nozzle. With an injection pressure of 750 bar, an
injection speed of 80 mm/s, and a holding pressure of 400 bar, a cooling duration of 35 s was imple-
mented. A Piovan Technologies THM 120/EN temperature control unit (JL Goor, Wicklow, Ireland)
was used to keep the mold at a consistent 30 °C. The shot size of the mold was 52 g. For every blend
formulation shown in Table 1, tensile test specimens (ISO 527-2: 2012 specimen type 1BA [51]) were
molded. Charpy impact test specimens were also created on the same mold and, when necessary,
notched with a Type A V-notch (ISO 179-1 2023: specimen type Al, direction of blow edgewise [52]).

2.4. Chemical Resistance Testing Solutions

To evaluate the chemical resistance of the thermochromic polymer blends, each blend was ex-
posed to a series of solutions representing different food-contact environments. The solutions were
selected to simulate real-world exposure scenarios across a broad pH spectrum (2.3-12.5), including
acidic, neutral, solvent-based, oil-based, and alkaline conditions.

The pH of each solution was measured using an Orion Model 410a Lab Professional pH meter
paired with a Hanna HI 1110B combination pH electrode (Thermofisher Scientific, Leicestershire,
England). Before testing, the pH meter was calibrated with standard buffer solutions at pH 4, 7, and
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10. The measured pH values were recorded to ensure consistency, and periodic monitoring con-
firmed that no significant pH drift occurred during exposure.

The solutions tested represented a variety of food-contact conditions. Acidic conditions were
simulated using lemon juice (pH 2.3) and orange juice (measured pH 3.8) to replicate highly acidic
beverages and fruit-based products. As a baseline reference, neutral conditions were evaluated using
tap water (pH 7.0). A 40% hydroalcoholic solution, prepared by diluting ethanol in deionized water
(pH 7.2), was used to mimic solvent-based environments typical of alcohol-containing food prod-
ucts. Oil-based conditions were evaluated using vegetable oil (non-aqueous; no pH value) to assess
interactions with fatty food components. Alkaline conditions were simulated using a 5% bleach so-
lution (measured pH 12.5) prepared by diluting commercial bleach in deionized water to assess ma-
terial resistance in highly alkaline environments.

Each thermochromic polymer blend (HDPE100/TP0, HDPE98/TP2, and HDPE92/TP8) was fully
submerged in 3 L of the test solution for 24, 48, and 72 hours to simulate both short-term and pro-
longed exposure. Due to vessel interactions, non-reactive Pyrex® borosilicate glass containers pre-
vented contamination or unintended pH fluctuations. Table 2 summarizes the test solutions, concen-
trations, measured pH values, and the exposure time durations.

Table 2. Solution type, test substance, concentration, measured pH, and exposure time for chemical resistance

testing.
Solution Type Test Substance Concentration (%) Measured pH  Exposure Time (h)
Acidic Lemon juice 100% 2.3 0,24,48,72
Acidic / Aqueous Orange juice 100% 3.8 0,24,48,72
Neutral Solution Tap water 100% 7.0 0,24,48,72
Solvent-Based Hydroalcoholic solution 40% 7.2 0,24,48,72
Oil-based Solution Vegetable oil 100% N/A 0,24,48,72
Alkaline Solution Bleach solution 5% 12.5 0,24,48,72

Following exposure, the samples were gently blotted with lint-free absorbent paper and left to
air dry under monitored temperature conditions (23 + 2 °C) in a controlled laboratory environment
for 24 hours before subsequent analysis.

2.5. Visual and Spectrophotometric Color Analysis

Spectrophotometry is a method used to measure the interaction of light with materials [55]. The
chromatic characteristics and color stability of thermochromic materials exposed to multiple solu-
tions were examined using a portable, handheld sphere spectrophotometer (X-Rite SP62, Grand Rap-
ids, Michigan, USA). The spectrophotometer was calibrated with a white tile and a zero tile in se-
quence before taking the measurements following the SP60 Series Spectrophotometer user instruc-
tions. The color results were presented using the Commission International de ’Eclairage (CIE) chro-
maticity coordinate system (L*, a*, b*) [56].

In this system, the L* value represents the luminance between black and white and ranges from
0 (black) to 100 (white) [57]. The a* and b* parameters represent chromaticity without specific numer-
ical limits. Negative a* values correspond to green, while positive a* values correspond to red. Simi-
larly, negative b* values correspond to blue, and positive b* values to yellow [58]. The differences
(AL*, Aa*, and Ab¥) indicate the variation between the sample and standard in L¥, a* and b* values
[59]. In addition, the total color difference (AE*a) was calculated using Equation (1).

AE;, = [(AL)? + (Aa)? + (ADb)H] V2 (M

where

AEy, is the color difference between two colors;

AL*  is the difference in lightness between the two colors;

Aa”  is the difference in the red-green axis;

Ab*  is the difference in the yellow-blue axis.

The color coordinates L, a*, and b* were recorded according to ISO/CIE 11664-4: 2019 [60] using
Oncolor™ (v.6.3.4.4 QC-Lite) software. Five replicates were obtained for each group of samples, and
the corresponding means and standard deviations were calculated. This coordinate made it possible
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to determine the color difference associated with the test specimens. The color difference, represented
by the distance metric AE"», was obtained using Equation (1) by comparing the color coordinates of
the chemically exposed samples with those of the unexposed food-grade material samples, which
served as a reference.

2.6. SEM Analysis

Scanning Electron Microscopy (SEM) is a characterization technique for obtaining high-resolu-
tion surface topography of test specimens [61]. SEM is a technique that uses a focused electron beam
to scan the surface of a specimen, enabling detailed morphological analysis in three dimensions [62].

Fractured injection-molded impact bars were analyzed using a Tescan Mira SEM (Oxford In-
struments, Cambridge, UK) to examine external surface topography and internal fracture morphol-
ogy. Before imaging, samples were affixed to adhesive conductive tape on aluminum stubs. A gold
coating was applied using a Baltec SCD 005 sputter coater (BAL-TEC GmbH, Schalksmiihle, Ger-
many) to enhance surface conductivity and optical contrast.

SEM imaging was conducted at 100x magnification to assess surface defects, microcracks, and
pigment distribution after subjecting samples to six test solutions. This study emphasized the effects
of stress concentration and TP dispersion.

2.7. Moisture Content Analysis

Moisture content testing is crucial in various industries, including food, to ensure product qual-
ity, stability, safety, as well as prevent microbial growth, extend shelf life, and maintain material in-
tegrity [63-65]. In the food sector, controlling moisture is essential to prevent microbial growth, ex-
tend shelf life, and maintain material integrity. In this study, moisture content was measured to assess
potential material degradation, hygroscopic behavior, and the impact of chemical exposure on
thermochromic polymer blends.

A Rolbatch RBMB-210 Moisture Meter (Mettler-Toledo, Ohio, USA) with a measurement reso-
lution of +0.001 g was used to determine the moisture content of test materials. Accurate evaluation
of moisture absorption and retention was made possible by the moisture meter's integrated halogen
lamp, which was adjusted to a drying temperature of 120 °C.

To accommodate the moisture analyzer's disposable pan, impact test specimens were granulated
using a Rapid 150-21 series rotary granulator (Rapid Granulator, Bredaryd, Sweden). Granules
weighing 4 g were placed into the moisture analyzer's disposable pan.

Five replicate specimens were evaluated for each solution to produce statistically significant re-
sults.

2.8. Mass Stability

Mass measurements taken prior to testing specimens demonstrate that the mechanical proper-
ties are consistent and comparable between tests [66]. To guarantee the comparability of mechanical
properties across various solutions, the mass of tensile test specimens was determined using a Mettler
TG50 Thermobalance (Mettler-Toledo, Ohio, USA), with a precision of +0.0001mg. These analyses
helped identify potential mass variations resulting from material degradation, leaching, or uptake of
solution components during chemical exposure [67-69].

2.9. Thermal Cycling

Depending on their chemical makeup, formulation, and intended use, thermochromic polymers
exhibit a wide range of transition temperature ranges [70]. Their thermal and optical characteristics
were assessed before and after chemical exposure using temperature-controlled reflectance spectros-
copy. The experimental setup included a digitally controlled temperature-regulated hotplate (Fish-
erbrand™ AREX 5, 0.5 °C accuracy) with a Pt100 external temperature probe (Fisher Scientific Ire-
land Limited, Dublin, Ireland) to ensure precise and uniform heating and minimize temperature fluc-
tuations that could affect thermochromic activation.

A handheld portable UV-Vis spectrophotometer (Konica Minolta CM-700d, Konica Minolta,
Warrington, England) equipped with an integrating sphere was used to quantify reflectance changes
as a function of temperature. Color stability testing was conducted on HDPE100/TP0, HDPE98/TP2,
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and HDPE92/TP8 tensile specimens before and after chemical exposure to assess whether chemical
interactions altered thermochromic activation behavior.

To simulate real-world temperature fluctuations, specimens underwent 100 cyclic heating-cool-
ing cycles. In each cycle, the temperature was raised from 23 °C to 50 °C degrees Celsius and then
passively cooled to room temperature. Each specimen's surface temperature was tracked in real time
by a thermocouple placed in the middle of the sample.

Potential changes in activation temperature brought on by chemical exposure and repetitive
thermal cycling were assessed using the manufacturer's stated transition temperature (38 °C) as a
guide. Surface temperatures were kept between 33 °C and 43 °C throughout the spectrophotometric
examination to guarantee thorough and uniform color changes in every studied specimen. This range
was selected to capture the start and finish of the thermochromic reaction while including the whole
activation window and avoiding overheating that could result in deterioration.

Spectroscopic reflectance measurements were recorded at regular temperature intervals to
quantify variations in optical properties during activation. A visual assessment was conducted be-
fore, during, and after thermal cycling to detect potential fading, irreversible color shifts, or degrada-
tion in pigment activation.

2.10. Tensile Testing

Tensile testing of polymers is used to evaluate a polymer’s mechanical properties by applying a
controlled tensile (pulling) force until the sample breaks [56]. Tensile testing was performed on tensile
specimens (specimen type 1BA) per ISO 527-2: 2012 [54] to evaluate the mechanical properties of the
polymer blends post-chemical exposure. To evaluate the ductility and toughness of the samples, the
analysis examined the maximum tensile stress, Young’s modulus, and tensile strain at break. In order
to achieve statistical robustness, five replicate specimens per cycle were used to test each polymer
blend, HDPE100/TP0, HDPE98/TP2, and HDPE92/TP8, which had been exposed to the chemical so-
lutions.

The tensile test was conducted using an Instron 3400 tensile tester machine (Instron, Norwood,
MA, United States), configured with a 4 kN load cell and Bluehill® software version 4.29 for data
gathering. Five specimens, each measuring 170 mm in length, 10 + 0.2 mm in width, and 4 + 0.2 mm
in thickness, were used to examine each sample. A grip gap of 25.4 mm was maintained to guarantee
that the clamping of the samples was even. Measurement testing was carried out using a Mitutoyo
Absolute CD-6-ASX caliper (BCS Calibration, Laois, Ireland). Tensile testing was performed at a 10
mm/min strain rate in steady-state conditions.

2.11. Charpy Impact Testing

The Charpy test is a standardized method for assessing a material's impact strength and tough-
ness [71]. A pendulum hammer is released to strike the specimen, and the resulting impact energy is
recorded [72]. Charpy impact testing was conducted on ten specimens following ISO 179-1: 2023 [52]
using a calibrated CEAST Resil 6545 5.5 Series pendulum impact testing machine (Zwick Roell, Ulm,
Germany). Notched and unnotched specimens were tested to evaluate the effect of chemical exposure
on impact resistance.

Test specimens, with an average thickness of 12.72 mm (+0.04 mm), were prepared with a Type
A V-shaped notch (2 mm depth) using a Zwick/Roell notch cutter (Zwick/Roell, Ulm, Germany). Im-
pact testing was conducted using a 4 ] hammer mounted on a swinging pendulum operating at an
impact velocity of 2.9 m/s. Each specimen was horizontally centered, ensuring optimal notch align-
ment with the pendulum arm and positioning away from the impact direction.

The hammer arm was released from an elevated position and struck the specimen. Notched
specimens fractured upon impact, whereas unnotched specimens remained intact. The subsequent
downward motion of the weighted pendulum enabled the determination of the specimen's impact
energy in joules.

The impact absorption energy of each sample was obtained from the impact tester display. The
corresponding Charpy impact strength, acu, expressed in kilojoules per square meter (kJ/m?), was
calculated for unnotched samples using Equation 2:
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Wc
= 103 2
aCU h X b X ( )
where:

Wc  is the corrected energy, in joules, absorbed by breaking the test specimen;

h is the thickness, in millimeters, of the test specimen;

b is the width, in millimeters, of the test specimen.

The Charpy impact strength, acn, expressed in kilojoules per square meter (kJ/m?), was deter-
mined for the notched samples using the calculation presented in Equation 3:

LTS 3
Where :
Wc  is the corrected energy, in joules, absorbed by breaking the test specimen;
h is the thickness, in millimeters, of the test specimen;

b~ is the width, in millimeters, of the test specimen.

2.12. Statistical Analyses

For any research activity to reach quantitative conclusions, statistical analysis is necessary [73].
Quantitative analysis is made more rigorous and reliable using systematic and consistent data collec-
tion. All data points were kept in the dataset, and no outliers were removed. The sample size for each
test was explicitly defined to ensure methodological transparency and reproducibility. Statistical
analyses were performed using Minitab® 21.4.1 Statistical Software. Normality testing was carried
out on each set of results to see whether to accept or reject the hypothesis and if there was a statistical
difference in the results of the samples post-chemical resistance testing. A one-way analysis of vari-
ance (ANOVA) was performed for quintuplicate (n=5) and decuplicate (n=10) measurements, with
results expressed as mean +standard deviation. Post hoc comparisons were conducted using the
Tukey method, and statistical significance was determined at p < 0.05, with a 95% confidence level.
The conclusions considered statistical significance and practical relevance to ensure meaningful in-
terpretation of the data.

3. Results
3.1. Visual and Spectrophotometric Color Analysis

Photographs were taken after samples had been exposed to the various test solutions at 0, 24, 48,
and 72 hours to document color changes. Figures 1 and 2 show that specimens exposed to lemon and
orange juice exhibited progressive discoloration over time. By 72 hours, HDPE100/TP0O (white)
showed minimal change, whereas HDPE98/TP2 and HDPE92/TP8 (green) displayed increasing light-
ening, with HDPE98/TP2 exhibiting the most significant shift. The loss of green hue suggests pro-
longed acid exposure degrades TP, indicating potential limitations for food packaging applications.

Figure 1. Visual color changes in (A) HDPE100/TP0O, (B) HDPE98/TP2, and (C) HDPE92/TP8 before and after
exposure to lemon juice. Each set shows samples in the order: unexposed (control), 24 hours, 48 hours, and 72
hours.
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Figure 2. Visual color changes in (A) HDPE100/TP0O, (B) HDPE98/TP2, and (C) HDPE92/TP8 before and after
exposure to orange juice. Each set shows samples in the order: unexposed (control), 24 hours, 48 hours, and 72
hours.

Figures 3 and 4 illustrate the limited impact of tap water and hydroalcoholic solution on color
stability. Throughout the 72-hour exposure, only minimal color change was observed in any formu-
lation, suggesting that these solutions interact minimally with the polymer matrix and TP.

Figure 3. Visual color changes in (A) HDPE100/TP0, (B) HDPE98/TP2, and (C) HDPE92/TP8 before and after
exposure to tap water. Each set shows samples in the order: unexposed (control), 24 hours, 48 hours, and 72
hours.

Figure 4. Visual color changes in (A) HDPE100/TP0, (B) HDPE98/TP2, and (C) HDPE92/TP8 before and after
exposure hydroalcoholic solution. Each set shows samples in the order: unexposed (control), 24 hours, 48 hours,
and 72 hours.

As shown in Figure 5, vegetable oil exposure resulted in slight fading of green shades in
HDPE98/TP2 and HDPE92/TP8 by 72 hours. However, this effect was less pronounced than that ob-
served with acidic solutions. The fading may be attributed to surface interactions [74], oil absorption
[75], or changes in light reflection rather than pigment degradation [76].
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Figure 5. Visual color changes in (A) HDPE100/TP0O, (B) HDPE98/TP2, and (C) HDPE92/TP8 before and after
exposure to vegetable oil. Each set shows samples in the order: unexposed (control), 24 hours, 48 hours, and 72
hours.

Figure 6 demonstrates the most pronounced color fading in HDPE98/TP2 and HDPE92/TP8 after
bleach solution exposure. By 72 hours, the green color had noticeably faded, indicating that bleach
interacts with TP or the polymer matrix, leading to chemical oxidation or pigment breakdown [77].
HDPE100/TP0 showed little to no visible change, likely due to the absence of colorants in its formu-
lation. The results confirm that oxidizing agents accelerate pigment degradation, affecting long-term
material stability [78].

Figure 6. Visual color changes in (A) HDPE100/TP0, (B) HDPE98/TP2, and (C) HDPE92/TP8 before and after
exposure to bleach solution. Each set shows samples in the order: unexposed (control), 24 hours, 48 hours, and
72 hours.

Table 3 presents the total color difference (AE*a) for thermochromic polymer specimens sub-
jected to different test solutions. The AE*w values in Table 3 support the visual observations.
HDPE100/TP0 exhibited minimal changes (AE*a» 0.11-1.89), while HDPE98/TP2 and HDPE92/TP8
displayed more noticeable color shifts (AE*a» 0.31-3.75), especially in response to acidic and oxidizing
solutions. A one-way ANOVA was performed on AE*» values at 24, 48, and 72 hours to assess
whether the observed color differences over time were statistically significant within each solution
and specimen group. The findings confirmed that extended exposure increases pigment degradation
by showing substantial differences (p < 0.05) in HDPE92/TP8 samples exposed to acidic and oxidizing
solutions, specifically HDPE92/TP8 in orange juice, bleach, and lemon juice.

Table 3. Total color difference (AE*w) for thermochromic polymer specimens after exposure to food-contact so-

lutions.
Specimen ID Solution Type AE*a» 24 h AE*a» 48 h AE*a 72 h
Lemon juice 0.42 (0.03) 1.61 (0.09) 1.73 (£0.04)
Orange juice 0.48 (x0.02) 1.64 (x0.07) 1.89 (+0.09)
Tap water 0.11 (0.01) 0.19 (x0.01) 0.23 (0.02)
HDPE100/TFO Hydroalcoholic solution 0.22 (+0.09) 0.31 (x0.07) 0.42 (+0.05)
Vegetable oil 0.27 (+0.03) 0.61 (+0.09) 0.73 (+0.04)
Bleach solution 0.40 (+0.11) 1.51 (+0.06) 1.66 (+0.03)
Lemon juice 0.92 (+0.11) 1.61 (+0.14) 1.94 (+0.19)
Orange juice 1.05 (£0.13) 1.64 (0.17) 2.09 (x0.21)
HDPE9S/TP2 Tap water 0.19 (+0.09) 0.27 (x0.11) 0.42 (0.12)

Hydroalcoholic solution 0.38 (+0.12) 0.50 (+0.18) 0.62 (+0.22)
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Vegetable oil 0.42 (+0.23) 0.61 (+0.19) 0.93 (+0.14)
Bleach solution 0.83 (+0.21) 1.46 (+0.22) 1.73 (x0.19)
Lemon juice 1.21 (x0.11) 2.52 (+0.22) 3.54 (+0.32)
Orange juice 1.37 (¢0.12) 2.76 (x0.17) 3.75 (£0.29)
Tap water 0.31 (x0.11) 0.45 (+0.11) 0.51 (+0.12)
HDPE92/TP8 Hydroalcoholic solution 0.23 (x0.09) 0.42 (+0.12) 0.98 (+0.21)
Vegetable oil 0.69 (+0.11) 0.87 (+0.19) 0.95 (+0.14)
Bleach solution 1.11 (x0.13) 2.34 (+0.21) 3.30 (+0.19)

3.2. SEM Analysis

SEM examination of the injection-molded bars’ fracture morphology and surface topography
was conducted at 100x after exposure to various test substances for 0, 24, 48, and 72 hours. SEM
analyses revealed minimal microstructural degradation in HDPE98/TP2 and HDPE92/TP8, while
HDPE100/TP0 exhibited relatively stable morphology across all exposure conditions and time points.

As shown in Figure 7, HDPE100/TP0 exhibited minimal signs of degradation across all test sub-
stances exposures at 100x magnification. In longer-time exposure applications, the virgin polymer
blend's structural stability was confirmed by the smooth fracture surfaces that showed no discernible
microcracks or pigment clustering. Given its constant morphology, HDPE100/TP0 is a suitable choice
for high-durability applications, suggesting that it maintains its mechanical integrity after exposure
to various test substances.

Figure 7. SEM micrographs of HDPE100/TP0 post-72-hour exposure — 100 x magnification, (A) lemon juice, (B)
orange juice, (C) tap water, (D) hydroalcoholic solution, (E) vegetable oil, (F) bleach solution.

In contrast, HDPE98/TP2 (Figure 8) displayed moderate degradation, with noticeable surface
roughness and pigment clustering emerging after chemical exposure. Localized microcracks and
roughened fracture edges were observed in orange juice, lemon juice, and bleach solution test speci-
mens, suggesting early mechanical weakening.
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Figure 8. SEM micrographs of HDPE98/TP2 post-72-hour exposure — 100 x magnification, (A) lemon juice, (B)
orange juice, (C) tap water, (D) hydroalcoholic solution, (E) vegetable oil, (F) bleach solution.

The most severe degradation was seen in HDPE92/TP8 (Figure 9), which showed widespread
cracking, pigment grouping, and roughness with the acidic and oxidizing agent environments. Brittle
failure and mechanical instability resulted from the uneven dispersion of TP acting as stress concen-
tration spots, speeding up the initiation and spread of cracks [79].

Figure 9. SEM micrographs of HDPE92/TP8 post-72-hour exposure — 100 x magnification, (A) lemon juice, (B)
orange juice, (C) tap water, (D) hydroalcoholic solution, (E) vegetable oil, (F) bleach solution.

While the material remains suitable for limited-use applications, such as dry food packaging,
outer packaging layers, and tamper-evident seals and caps, its potential embrittlement during food-
contact chemical environments may reduce long-term structural performance.

3.3. Moisture Content Analysis

Table 4 summarizes the moisture content results for the polymer blends (HDPE100/TP0,
HDPE98/TP2, and HDPE92/TP8) before and after exposure to test substances. The moisture content
values represent the mean of five replicate specimens per test solutions exposure.

The control samples (HDPE100/TP0) showed low inherent moisture absorption while maintain-
ing a constant moisture content. These moisture content findings support HDPE's hydrophobic prop-
erties, which prevent water absorption in typical circumstances.
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Table 4. The effect of exposure to five different test substances on the moisture content of HDPE100/TP0,
HDPE98/TP2, and HDPE92/TP8 after 0, 24, 48, and 72 hours.

Specimen Moisture Moisture Moisture Moisture
ID. Test Substance Content (%)  Content (%) (After 24 Content (%) Content (%)

(0 Exposure) h) (After 48 h) (After 72 h)

Control 0.02 (+0.01) 0.02 (+0.01) 0.02 (+0.01) 0.02 (+0.01)

Lemon juice 0.02 (+0.02) 0.05 (+0.02) 0.09 (+0.02) 0.12 (+0.02)

Orange juice 0.02 (+0.02) 0.07 (+0.02) 0.12 (+0.02) 0.15 (+0.02)

HDPE100/TP0 Tap water 0.02 (+0.01) 0.04 (+0.01) 0.06 (+0.01) 0.08 (+0.01)
Hydroalcoholic solution 0.02 (x0.01) 0.02 (x0.01) 0.06 (+0.01) 0.08 (+0.01)

Vegetable oil 0.02 (+0.01) 0.03 (+0.01) 0.07 (+0.01) 0.08 (+0.01)

Bleach solution 0.02 (+0.02) 0.04 (+0.02) 0.08 (+0.02) 0.10 (+0.02)

Control 0.03 (+0.01) 0.03 (+0.01) 0.03 (+0.01) 0.03 (+0.01)

Lemon juice 0.03 (+0.02) 0.07 (+0.01) 0.12 (+0.01) 0.15 (+0.01)

Orange juice 0.03 (+0.02) 0.10 (+0.01) 0.16 (+0.01) 0.19 (x0.01)

HDPE98/TP2 Tap water 0.03 (+0.01) 0.06 (+0.01) 0.08 (+0.01) 0.10 (+0.01)
Hydroalcoholic solution 0.03 (+0.01) 0.03 (+0.01) 0.03 (+0.01) 0.03 (+0.01)

Vegetable oil 0.03 (+0.01) 0.03 (+0.01) 0.03 (+0.01) 0.03 (+0.01)

Bleach solution 0.03 (+0.02) 0.06 (+0.02) 0.10 (+0.03) 0.12 (+0.03)

Control 0.04 (+0.01) 0.04 (+0.01) 0.04 (+0.01) 0.04 (+0.01)

Lemon juice 0.04 (+0.02) 0.09 (+0.02) 0.15 (+0.02) 0.18 (+0.02)

Orange juice 0.04 (+0.02) 0.12 (+0.03) 0.19 (+0.03) 0.22 (+0.03)

HDPE92/TP8 Tap water 0.04 (+0.01) 0.08 (+0.01) 0.10 (x0.01) 0.12 (+0.01)
Hydroalcoholic solution 0.04 (x0.01) 0.07 (x0.01) 0.11 (x0.01) 0.12 (x0.04)

Vegetable oil 0.04 (+0.01) 0.07 (+0.01) 0.10 (x0.01) 0.13(x0.03)

Bleach solution 0.04 (+0.02) 0.08 (+0.02) 0.14 (+0.03) 0.16 (+0.04)

Acidic solutions (lemon and orange juice) increased moisture content over time, with
HDPE98/TP2 and HDPE92/TP8 absorbing more than HDPE100/TP0, likely due to acid-induced sur-
face interactions, minor swelling, or increased roughness [80]. Tap water caused a moderate rise in
moisture content, lower than acidic solutions, reinforcing the more significant permeability effect of
acids [81]. Due to its low polarity, hydroalcoholic solution produced very little change in moisture
content [82]. Vegetable oil showed little absorption, proving that non-polar substances do not help
hydrophobic polymers absorb moisture [83]. Bleach solution increased moisture, especially in
HDPE98/TP2 and HDPE92/TPS, possibly because of oxidative effects, although not as much as in
acidic solutions. Materials' surface properties can be altered by oxidation, which may increase the
materials' affinity for water and increase their capacity to absorb moisture [84]. While HDPE98/TP2
and HDPE92/TP8 showed somewhat higher absorption, HDPE100/TP0 retained the least moisture
throughout all exposures, indicating that thermochromic masterbatch may have a minimal impact
on moisture interaction.

A one-way ANOVA revealed a statistically significant effect of chemical exposure on the mois-
ture content of HDPE92/TP8 after 72 h. Tukey's test indicated that samples exposed to orange juice,
lemon juice, and bleach solution had significantly higher moisture uptake than the control, tap water,
hydroalcoholic solution, and vegetable oil. These findings suggest acidic environments promote
greater water absorption, likely due to polymer matrix interaction or surface degradation.

3.4. Mass Stability

Table 5 summarizes the mass measurements of tensile test specimens for the polymer blends
(HDPE100/TP0, HDPE98/TP2, and HDPE92/TP8) across six test solutions. The mass values represent
the mean of five replicate specimens per test solution.

Table 5. The effect of different test substances on the mass of HDPE100/TP0, HDPE98/TP2, and HDPE92/TP8
after 0, 24, 48, and 72 hours.

Specimen Mass Mass Mass Mealr:::nent
P D Test Substance Measurement (g) Measurement (g)  Measurement (g) ®)
(0 Exposure) (After 24 h) (After 48 h) (After 72 h)
Control 3.724 (x0.00) 3.724 (x0.00) 3.724 (x0.00) 3.724 (x0.00)
HDPE100/TP0 Lemon juice 3.724 (x0.02) 3.726 (x0.02) 3.736 (x0.03) 3.738 (x0.04)

Orange juice 3.724 (x0.02) 3.727 (x0.04) 3.738 (x0.03) 3.741 (x0.05)
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Tap water 3.724 (+0.01) 3.725 (+0.01) 3.725 (+0.02) 3.725 (+0.01)
Hydroalcoholic solution 3.724 (x0.01) 3.725 (x0.02) 3.726 (x0.01) 3.726 (x0.02)
Vegetable oil 3.724 (+0.01) 3.725 (x0.02) 3.726 (+0.02) 3.726 (+0.02)
Bleach solution 3.724 (+0.01) 3.725 (0.02) 3.732 (+0.03) 3.735 (+0.04)
Control 3.724 (+0.00) 3.724 (+0.00) 3.724 (+0.00) 3.724 (+0.00)
Lemon juice 3.724 (+0.02) 3.727 (+0.02) 3.730 (+0.03) 3.732 (+0.04)
Bleach 3.724 (+0.02) 3.728 (+0.04) 3.737 (+0.03) 3.739 (+0.05)
HDPE98/TP2 Tap water 3.724 (+0.01) 3.725 (x0.01) 3.727 (+0.02) 3.728 (+0.01)
Hydroalcoholic solution 3.724 (x0.01) 3.724 (+0.02) 3.724 (x0.01) 3.725 (+0.02)
Vegetable oil 3.724 (x0.01) 3.725 (+0.02) 3.725 (+0.02) 3.726 (x0.02)
Bleach solution 3.724 (+0.02) 3.726 (+0.04) 3.729 (+0.03) 3.730 (+0.05)
Control 3.724 (+0.00) 3.724 (+0.00) 3.724 (+0.00) 3.724 (+0.00)
Lemon juice 3.724 (0.01) 3.728 (+0.02) 3.730 (0.03) 3.733 (0.04)
Orange juice 3.724 (x0.02) 3.729 (+0.02) 3.732 (x0.03) 3.733 (x0.04)
HDPE92/TP8 Tap water 3.724 (+0.01) 3.726 (+0.01) 3.727 (x0.02) 3.728 (+0.01)
Hydroalcoholic solution 3.724 (x0.01) 3.725 (+0.02) 3.726 (x0.01) 3.727 (x0.02)
Vegetable oil 3.724 (x0.01) 3.725 (+0.02) 3.726 (x0.02) 3.726 (x0.02)
Bleach solution 3.724 (+0.02) 3.727 (+0.04) 3.729(x0.03) 3.731 (+0.05)

The control samples for all three specimens maintained a consistent mass of 3.724 g, demonstrat-
ing no measurable weight change under standard conditions. Exposure to lemon juice, orange juice,
and bleach solution resulted in a slight but noticeable increase in mass over time for HDPE98/TP2
and HDPE92/TP8, while HDPE100/TP0 showed less pronounced changes but was still present. This
increase suggests that the acidic environment contributed to slight surface absorption or minor inter-
actions with the TP, particularly in specimens containing higher pigment concentrations. The increase
in mass aligns with moisture uptake results, reinforcing the idea that acidic solutions interact with
the polymer matrix to a small extent.

Tap water showed modest mass gain, while hydroalcoholic solution and vegetable oil had neg-
ligible effects, reinforcing HDPE's hydrophobic nature. The stability of HDPE100/TP0 suggests min-
imal interaction with chemicals, while higher TP concentrations in HDPE98/TP2 and HDPE92/TP8
led to more significant variations. These trends align with moisture uptake data, confirming that ac-
ids and bleach solution induce the most noticeable changes, while hydroalcoholic solution and oil
have minimal impact.

All specimens showed total mass increases, indicating that these thermochromic polymer blends
maintain stability when exposed to different chemical environments. These findings point to possible
appropriateness for uses where a small amount of mass loss is acceptable and exposure to chemical
solutions is necessary.

A one-way ANOVA showed a statistically significant effect of chemical exposure on the mass of
HDPE92/TP8 after 72 hours (p < 0.05). Tukey’s post hoc test indicated that samples exposed to orange
juice, lemon juice, and bleach solution had significantly higher mass than the control, suggesting up-
take due to surface interaction or fluid retention. In contrast, samples exposed to hydroalcoholic so-
lution, tap water, and vegetable oil showed no significant difference from the control, indicating lim-
ited mass transfer or polymer interaction in non-polar or neutral environments. No significant differ-
ences were observed across polymer formulations, indicating that pigment concentration alone did
not affect the extent of mass change. These findings suggest that environmental chemistry, rather
than blend composition, primarily drives surface-level interactions that influence absorption.

3.4. Thermal Cycling

Table 6 presents the effect of one hundred thermal cycles on the activation temperature of three
polymer blends (HDPE100/TP0, HDPE98/TP2, and HDPE92/TP8) before and after exposure to vari-
ous test solutions.

Table 6. The effect of different test substances on the activation temperature of HDPE100/TP0, HDPE98/TP2,
and HDPE92/TP8 before and after 100 thermal cycles.

Specimen Test Initial Activation Temp. . . o
ID. Substance ©C) Final Activation Temp. (°C)
Control 38.1 38.1
HDPE98/TP2 Lemon juice 38.2 36.2

Orange juice 38.2 35.5
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Tap water 38.3 37.9
Hydroalcoholic solution 38.2 37.6
Vegetable oil 38.0 375
Bleach solution 38.2 36.4
Control 38.1 38.1

Lemon juice 38.1 35.5
Orange juice 38.4 34.2
HDPE92/TP8 Tap water 38.3 37.6
Hydroalcoholic solution 38.1 37.2
Vegetable oil 38.2 36.9
Bleach solution 38.3 35.9

Chemical exposure impacts the activation temperature of thermochromic polymers to differing
degrees, depending on the type of solution (see Table 6). All control samples maintained their stabil-
ity at 38.1 °C across all formulations, demonstrating the dependability of the thermochromic activa-
tion temperature.

Because acidic solutions, such as orange juice, break down the pigment [85] or polymer matrix
[86] they generate the most noticeable drop in activation temperature (-4.2 °C). According to the idea
that neutral aqueous solutions have little effect on the stability of polymers, tap water had little effect
on HDPE92/TP8, causing only a -0.7 °C change [87].

After hydroalcoholic solution exposure, the activation temperature shifted (-0.9 °C), suggesting
that minor polymer-pigment interactions or solvation effects may impact pigment performance.
Since vegetable oil is non-polar, it has a more negligible influence than an acidic solution (-1.3 °C).

Bleach solution exposure caused a significant decrease in activation temperature (-2.4 °C), indi-
cating oxidative degradation of TP. This noteworthy decrease confirms earlier research that bleach
solution increases pigment deterioration, which may change transition kinetics and lessen thermo-
chromic response stability.

Similar patterns were shown by HDPE98/TP2 and HDPE92/TP8 across all formulations, con-
firming that the thermochromic masterbatch—rather than the polymer composition—is the main el-
ement affecting reaction changes. The information demonstrates that whereas neutral and non-polar
compounds cause only minor changes in thermal stability, aggressive chemicals (such as lemon and
orange juice) have a major impact.

3.5. Tensile Testing

Table 7 summarizes the tensile properties of HDPE100/TPO over 0, 24, 48, and 72 hours. The
analysis considers tensile strain at break, maximum tensile stress, and Young’s modulus, providing
insight into the material’s structural response under different conditions.

HDPE100/TP0 maintains stable tensile properties across most chemical exposures, with water,
hydroalcoholic solution, and vegetable oil causing minimal changes. Lemon and orange juice initially
reduce tensile strain and Young’s modulus but show recovery over time, suggesting minor polymer
interactions. Bleach solution exposure results in progressive degradation, with the most significant
drop in Young’s modulus (694.36 MPa at 72 hours), indicating a loss of stiffness and potential plasti-
cization of the matrix. HDPE100/TP0 remains mechanically robust, but acidic and oxidative environ-
ments may impact long-term performance in food packaging applications.

Table 7. The effect of different test substances on the tensile strength of HDPE100/TP0 post 0, 24, 48 and 72 hours.

Maximum

Specimen Tensile Strain (Displace- Youngs

ID. Test Substance Time (h) ment at Break) (%) Tenzl\flep 2;ress Modulus (MPa)
0 90.27 (+7.89) 29.85 (+1.32) 785.83 (x12.30)
Lemon iuice 24 85.26 (+11.23) 28.26 (+1.48) 74155 (+14.41)
J 48 80.04 (+12.31) 28.96 (+1.13) 716.80 (+11.32)
72 103.29 (+13.76) 28.07 (+1.54) 710.20 (+13.85)
0 100.84 (7.11) 30.80 (+1.21) 743.49 (x12.23)
HDPE100/TFO Oranse iice 24 110.05 (+12.97) 31.25 (+1.41) 708.60 (x12.11)
8¢) 48 85.27(x10.11) 32.24 (+1.56) 760.16 (+12.56)
72 80.22 (+12.45) 33.30 (+1.43) 797.10 (+12.87)
0 80.24 (+7.76) 28.48 (+1.43) 74157 (x13.21)

Tap water 24 100.41 (£8.56) 30.88 (+1.76) 715.07 (x11.99)
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48 101.05 (9.98) 29.40 (+1.34) 782.69 (+12.54)
72 100.36 (+8.09) 30.00 (+1.32) 786.18 (+11.13)
0 86.73 (+7.09) 28.38 (+1.21) 727.93 (x11.83)
. . 24 100.84 (8.11) 30.97 (+1.98) 808.31 (+11.54)
Hydroalcoholic solution 48 95.61 (x10.12) 29.17 (1.56) 704.57 (+12.12)
72 90.73 (+11.59) 33.72 (+1.45) 797.33 (+12.89)
0 100.38 (8.12) 28.69 (+1.65) 749.32 (x13.32)
. 24 80.22 (+11.67) 28.35 (+1.25) 761.54 (+14.01)
Vegetable oil 48 100.37 (+12.21) 30.31 (1.71) 748.11 (+12.03)
72 95.49 (+9.11) 31.47 (+2.44) 750.82 (+13.72)
0 100.38 (9.12) 28.69 (+1.87) 749.32 (x11.58)
. 24 95.28 (+9.78) 29.61 (+1.94) 782.14 (+13.91)
Bleach solution 48 90.52(+8.99) 29.12 (+1.43) 74275 (+14.32)
72 85.56 (+11.45) 27.60 (+1.02) 694.36 (+13.98)

HDPE98/TP2 (Table 8) exhibits moderate variations in tensile properties across different chemi-
cal exposures over 72 hours. Lemon and orange juice initially increase tensile strain and Young’s
modulus, but a decline at 72 hours suggests potential acid-induced polymer relaxation. Tap water
and hydroalcoholic solution exposure reduces tensile strain, indicating minor softening, while max-
imum stress remains stable. Vegetable oil causes minor fluctuations, suggesting limited polymer in-
teraction. Bleach solution exposure initially increases tensile strain but leads to irregular trends in
mechanical properties, possibly due to oxidative effects.

Table 8. The effect of different test substances on the tensile strength of P98/TP2 post 0, 24, 48 and 72 hours.

Maximum

Specimen . Tensile Strain (Dis- . Youngs

k ID. Test Substance Time (h) placement at Break) (%) Ten?;\:[el::ress Modulus %MPa)

0 95.75 (+7.89) 28.89 (+1.12) 647.29 (x13.11)

24 100.55 (7.31) 29.60 (+1.54) 755.85 (+14.23)

Lemon juice 48 96.47 (+7.64) 28.92 (+1.56) 76631 (x14.51)

72 90.45 (+7.19) 28.55 (+1.93) 756.33 (+13.25)

0 100.32 (£8.49) 33.62 (+1.89) 816.49 (+14.23)

Orange juice 24 95.24 (+9.34) 32.87 (+1.54) 784.96 (+12.65)

48 96.01 (10.24) 31.86 (+1.53) 765.22 (+12.13)

72 102.00 (11.32) 30.68 (+1.72) 688.22 (+13.45)

0 95.34 (+7.99) 28.01 (+1.89) 662.96 (x14.54)

Tap water 24 90.28 (+8.63) 29.16 (+1.31) 704.47 (£14.39)

48 85.32 (+9.65) 31.58 (+1.65) 708.79 (+14.32)

72 80.56 (+8.35) 3161 (+1.42) 724.91 (+12.65)

HDPES8/TP2 0 86.73 (+8.65) 28.38 (+1.89) 727.93 (x13.90)

. . 24 80.26 (+8.43) 31.42 (+1.68) 759.33 (+14.94)

Hydroalcoholic solution 48 100.90 (+8.12) 28.03 (+1.75) 655.97 (+13.10)

72 95.52 (+8.99) 30.24 (+1.24) 662.82 (+14.82)

0 86.73 (+9.47) 28.38 (+1.48) 727.93 (x15.12)

. 24 100.66 (9.57) 28.66 (+1.02) 6832 (+12.13)

Vegetable oil 48 95.55 (8.62) 28.66 (+1.49) 751.81 (+12.63)

72 90.52 (+9.60) 31.67 (+1.56) 729.66 (+12.91)

0 80.48 (+10.49) 30.60 (+1.46) 707.51 (x13.12)

Bleach solution 24 114.13 (+11.94) 28.17 (+1.95) 721.67 (+13.34)

48 100.62 (£10.34) 31.27 (+1.59) 751.92 (+13.89)

72 90.52 (+9.87) 31.67 (+1.50) 729.67 (+13.24)

HDPE92/TP8 (Table 9) shows notable variations in tensile properties across different chemical
exposures over 72 hours. Lemon and orange juice cause fluctuations in tensile strain and Young's
modulus, suggesting acid-induced polymer interactions, with initial increases followed by declines.
Tap water maintains stability, with only minor variations in Young’s modulus and tensile strain.
Hydroalcoholic solution exposure results in inconsistent trends, with an early drop in Young’s mod-
ulus but recovery by 72 hours, indicating potential plasticization effects. Vegetable oil exposure leads
to minimal changes, while bleach solution exposure progressively reduces tensile properties, sug-
gesting oxidative degradation. HDPE92/TP8 remains structurally stable but exhibits greater suscep-
tibility to acid and oxidative conditions than HDPE100/TP0 and HDPE98/TP2.


https://doi.org/10.20944/preprints202504.0590.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2025

Table 9. The effect of different test substances on the tensile strength of HDPE92/TP8 post 0, 24, 48 and 72 hours.

. . . . . Maximum Youngs
SpeIclljmen Test Substance T::; € ;Z::iixsl:r:tl;reali)t)(f’:) Tensile Stress Modulus
) (MPa) (MPa)
0 85.14 (+8.81) 27.77 (+1.21) 679.85 (+12.13)
Lemon juice 24 80.24 (+8.12) 30.02 (+1.18) 722.47 (+13.15)
48 100.56 (+8.31) 28.63 (+1.17) 677.96 (+13.26)
72 95.22 (+8.92) 32.83 (+1.16) 746.61 (+13.71)
0 95.94 (+8.15) 27.62 (+1.15) 693.08 (+13.11)
Orange juice 24 90.44 (+8.12) 28.96 (+1.72) 680.49 (+12.81)
48 85.29 (+8.65) 30.96 (+1.64) 71628 (+13.33)
72 83.73 (+7.38) 28.64 (+1.27) 655.66 (+13.82)
0 100.44 (7.19) 27.82 (+1.61) 711.64 (+13.10)
Tap water 24 96.15 (+8.89) 28.64 (+1.77) 715.85 (+13.27)
48 100.35 (+7.12) 28.34 (+1.35) 769.71 (+13.93)
72 95.64 (+7.38) 29,03 (+1.82) 768.21 (+13.41)
PRO2/TPS 0 101.00 (7.89) 28.63 (+1.34) 729.54 (+13.11)
. . 24 103.65 (7.23) 27.99 (+1.78) 603.05 (+13.31)
Hydroalcoholic solution 48 92.97 (7.15) 27.76 (+1.12) 679.39 (+13.14)
72 85.87 (+7.79) 30.46 (+1.99) 769.73 (+13.79)
0 90.27 (+7.19) 29.85 (+1.56) 785.83 (+13.88)
. 24 85.25 (+7.68) 27.58 (+1.38) 71551 (+14.76)
Vegetable oil 48 80.45 (7.57) 27.64 (+1.28) 74491 (£14.45)
72 102.98 (7.29) 27.72 (+1.91) 741,50 (+14.13)
0 100.51 (8.96) 30.82 (+1.56) 700.70 (+15.43)
Bleach solution 24 95.50 (+8.24) 28.75 (+1.82) 705.38 (+15.89)
48 90.35 (+8.97) 27.90 (+1.93) 699.69 (+15.72)
72 85.30 (+9.19) 29.64 (+2.26) 680.35 (+15.11)

These results highlight a strong correlation between chemical exposure and variations in stabil-
ity and resistance to degradation. Acidic and oxidative exposures induce polymer interactions that,
in some cases, progressively reduce tensile properties [88,89].

HDPE100/TP0 demonstrates the highest chemical resilience, maintaining consistent impact
strength and tensile properties across all test conditions, with minimal structural changes over time.
HDPE98/TP2 exhibits moderate stability, with minor reductions in tensile strain and Young’s modu-
lus in acidic and oxidative environments, indicating some degree of polymer interaction.
HDPE92/TP8 shows the most pronounced variations, particularly under acidic and oxidative expo-
sure, where progressive reductions in Young’s modulus and tensile strain suggest greater suscepti-
bility to chemical-induced degradation. These findings indicate that HDPE100/TPO0 is the most suita-
ble for long-term applications in chemically exposed environments. At the same time, HDPE98/TP2
and HDPE92/TP8 may require further stabilization in acidic or oxidative conditions, particularly in
food packaging applications.

Across all tensile testing metrics (tensile strain at break, maximum tensile stress, and Young's
modulus), one-way ANOVA and Tukey HSD analysis showed no statistically significant differences
(p > 0.05) between polymer types or chemical exposures at 72 hours. Despite minor variations ob-
served descriptively —particularly under acidic and oxidative environments—the statistical results
indicate these changes are insignificant. This suggests that all three polymer blends (HDPE100/TP0,
HDPE98/TP2, HDPE92/TP8) maintain consistent mechanical performance after short-term chemical
exposure, reinforcing their suitability for applications requiring short-term structural stability.

3.6. Charpy Impact Testing

Using both notched and unnotched samples, the impact strength of different polymer blends
was assessed with exposure to various chemical food-contact conditions. The results in Table 10
demonstrate that HDPE100/TP0 maintains stable impact strength across all chemical exposures over
72 hours, with unnotched values remaining consistently above 99.2 kJ/m? and unnotched values re-
maining consistently above 23.1 kJ/m2 Minor variations observed in lemon and orange juice suggest
only surface-level interactions rather than structural degradation. However, the impact strength of
hydroalcoholic solution is marginally increased, potentially due to plasticization effects, while tap
water and hydroalcoholic solution exposure do not exhibit any significant effects. The high chemical
resistance of HDPE100/TPO is further reinforced by the negligible changes that occur as a
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consequence of exposure to vegetable oil and bleach solution. Bleach solution-exposed samples sta-

bilize at 99.80 kJ/m2.

Table 10. The effect of different test substances on the impact strength of HDPE100/TP0 with and without notch

after chemical exposure post 0, 24, 48, and 72 hours.

. . Impact Strength Impact Strength
SpeIc];men Test Substances T1111n € (kJ/m?2) (k]J/m?2)
) & Unnotched Notched
0 99.63 (+1.82) 23.48 (+1.56)
Lemon juice 24 99.48 (+1.56) 23.35 (+1.34)
48 99.38 (+1.55) 23.28 (+2.00)
72 99.28 (+1.98) 23.15 (+2.56)
0 99.43 (+1.46) 23.43 (+1.56)
Orange juice 24 99.38 (+1.76) 23.28 (+1.65)
48 99.30 (+2.09) 23.23 (+1.32)
72 99.20 (+2.98) 23.10 (+2.86)
0 99.58 (+1.47) 23.44 (+1.45)
Tap water 24 99.43 (+1.95) 23.38 (+1.72)
48 99.40 (+1.63) 23.37 (+1.88)
72 99.38 (+1.79) 23.33 (+1.56)
HDPE100/TP0 0 99.68 (+2.56) 23.36 (+1.06)
Hydroalcoholic solution 24 99.63 (£2.99) 23.32 (+1.34)
48 99.63 (+2.66) 23.28 (+1.32)
72 99.60 (+2.56) 23.24 (+1.46)
0 99.88 (+1.57) 23.33 (+1.21)
Vegetable oil 24 99.80 (+1.88) 23.26 (+1.32)
48 99.78 (+1.65) 23.21 (+1.11)
72 99.70 (+1.70) 23.18 (+1.26)
0 99.75 (+1.57) 23.48 (+1.26)
Bleach solution 24 99.70 (+1.64) 23.37 (+1.45)
48 99.60 (+1.87) 23.31 (+1.32)
72 99.56 (+2.05) 23.21 (+2.13)

For HDPE98/TP2, the results (Table 11) show slightly more significant variations in impact
strength over 72 hours compared to HDPE100/TP0. While the initial values remain high, there is a
noticeable reduction in impact strength after prolonged exposure to acidic solutions, mainly orange
juice, where values decrease over time. This reduction suggests some interaction between the TP and
the acidic environment, potentially affecting the polymer’s structural integrity. While all formula-
tions maintained high-impact values, HDPE98/TP2 and HDPE92/TP8 showed more significant de-
clines under acidic exposure than HDPE100/TP0. In contrast, neutral and non-polar chemicals caused

negligible change in all cases.

Table 11. The effect of different test substances on the impact strength of HDPE98/TP2 with and without notch

after chemical exposure post 0, 24, 48, and 72 hours.

. . Impact Strength Impact Strength
Spelcl;men Test Substance T(l;l; € (kJ/m?2) (kJ/m?2)
) Unnotched Notched

Lemon juice 0 99.68 (+1.87) 23.48 (+2.56)

24 99.40 (£1.99) 23.35 (1.34)

48 99.30 (+1.88) 23.28 (+2.00)

HDPES8/TP2 72 99.18 (£2.10) 22.77 (£2.56)
Orange juice 0 99.48 (+2.11) 23.44 (+2.42)

24 99.18 (+2.54) 23.21 (£2.16)
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48 99.20 (+2.96) 22.79 (x2.57)
72 99.13 (+2.56) 22.12 (+3.06)
Tap water 0 99.60 (+1.80) 23.44 (+1.36)
24 99.55 (+2.01) 23.38 (+1.75)
48 99.48 (+2.29) 23.25 (+1.43)
72 99.38 (+1.35) 23.13 (x1.20)
Hydroalcoholic solution 0 99.48 (+2.56) 23.43 (£1.16)
24 99.46 (+2.43) 23.16 (+1.22)
48 99.40 (+2.42) 23.14 (x1.34)
72 99.35 (+2.76) 23.02 (+1.97)
Vegetable oil 0 99.65 (+2.67) 23.32 (+1.67)
24 99.55 (+2.45) 23.22 (+1.98)
48 99.52 (+2.90) 23.19 (x2.06)
72 99.45 (+2.56) 23.14 (+2.33)
Bleach solution 0 99.60 (+2.67) 23.31 (£2.46)
24 99.50 (+2.84) 23.26 (+1.45)
48 99.40 (+3.57) 23.12 (+2.64)
72 99.25 (+2.89) 22.98 (+2.86)

HDPE92/TP8 (Table 12) exhibits the most significant reduction in impact strength following
chemical exposure, particularly in lemon and orange juice, suggesting acid-induced pigment degra-
dation. This effect correlates with its higher TP concentration, indicating that increased pigment load-
ing may accelerate structural changes in acidic environments. Water and hydroalcoholic solution
cause minor fluctuations without significant degradation, while vegetable oil and bleach solution
maintain stable impact strength. The observed weakening in acidic solutions suggests potential lim-
itations for prolonged exposure to acidic food products, as higher pigment concentrations may com-

promise mechanical stability.

Table 12. The effect of different test substances on the impact strength of HDPE92/TP8 with and without notch

after chemical exposure post 0, 24, 48, and 72 hours.

Specimen Test Substance Time Impact Strength Impact Strength
ID. (h) (kJ/m?) (kJ/m?)
Unnotched Notched
Lemon juice 0 99.38 (+2.03) 23.21 (£3.16)
24 99.20 (+2.45) 22.71 (£3.29)
48 99.11 (+2.54) 22.31 (+3.11)
72 99.02 (+2.76) 22.14 (+3.86)
Orange juice 0 99.08 (+2.54) 22.58 (£3.44)
24 98.95 (+2.55) 22.11 (£3.66)
48 98.55 (+2.78) 21.64 (+3.12)
72 98.13 (3.10) 21.02 (£3.96)
Tap water 0 99.63 (+2.12) 23.34 (+2.35)
24 99.58 (+2.93) 23.18 (+2.15)
HDPES2/TPS 48 99.50 (+2.56) 23.02 (+2.05)
72 99.50 (+2.74) 23.00 (+2.03)
Hydroalcoholic solution 0 99.63 (+2.45) 23.12 (+1.06)
24 99.58 (+2.63) 23.06 (£1.22)
48 99.50 (+2.91) 23.04 (+1.34)
72 99.48 (+2.44) 23.02 (+1.97)
Vegetable oil 0 99.85 (+2.56) 23.45 (+1.97)
24 99.80 (+2.76) 23.40 (£1.96)
48 99.73 (+2.77) 23.29 (+2.31)
72 99.68 (+2.94) 23.34 (+2.43)
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Bleach solution 0 99.85 (+3.13) 23.31 (x2.56)
24 99.54 (£3.01) 23.06 (£1.54)
48 99.23 (£3.54) 22.92 (£2.01)
72 98.97 (+3.56) 22.64 (+2.86)

These findings suggest that HDPE100/TP0 offers the most remarkable chemical stability, while
HDPE98/TP2 and HDPE92/TP8 show increasing susceptibility to acidic degradation, particularly in
higher pigment concentrations. This study highlights the trade-off between thermochromic function-
ality and long-term mechanical durability, an important consideration for food packaging and chem-
ical-exposed applications.

One-way ANOVA results revealed significant differences in unnotched and notched impact
strength across the three polymer blends. HDPE100/TPO consistently demonstrated the highest me-
chanical performance, with significantly greater unnotched and notched impact values than
HDPE92/TP8. HDPE98/TP2 showed intermediate behavior, closely aligning with HDPE100/TPO0 in
notched tests but showing a slight reduction in unnotched strength. The decline in impact resistance
with increasing pigment concentration—particularly under notched conditions—suggests that
higher thermochromic loading may contribute to reduced fracture toughness, likely due to pigment-
induced microstructural changes.

4. Conclusion

The chemical resistance, thermal stability, and mechanical durability of thermochromic poly-
mers in food-contact environments were comprehensively assessed in this study. Important data re-
garding the stability and efficacy of food-grade thermochromic polymer blends in food packaging
applications was obtained by subjecting them to six chemical solutions.

The results revealed that oxidative and acidic solutions affected the material's absorption prop-
erties. The thermal cycling results showed that the most significant reductions were caused by bleach
solution and hydroalcoholic solution, which resulted in minor activation temperature shifts in chem-
ically exposed samples. The highest stability was demonstrated by HDPE100/TP0 in all conditions,
as evidenced by tensile and impact strength testing. At the same time, HDPE98/TP2 and HDPE92/TP8
showed minor but measurable reductions in mechanical performance, particularly after prolonged
exposure to acidic and oxidative environments.

While HDPE98/TP2 and HDPE92/TP8 showed greater vulnerability to chemically induced alter-
ations, particularly under acidic and oxidative environments, HDPE100/TP0O showed the highest
overall chemical resilience. Further stabilization methods are required to extend the shelf life of ther-
mochromic masterbatch-containing polymers in food packaging to improve food safety monitoring
and preserve material integrity. Overall findings indicate that while HDPE98/TP2 / HDPE98/TPS re-
mains chemically durable, the TP may introduce some vulnerability under acidic, aqueous acidic,
and alkaline solutions conditions.
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