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A B S T R A C T

In packaging materials design, enhanced barrier coating materials typically correlate with slower microbial

breakdown; This can lead to a decline in the overall performance of biobased packaging materials by inhibiting

their ability to be biodegraded or composted at the end of their life cycle. Thereafter, material design must inte-

grate biodegradation testing into performance evaluation. In this context, the aim of this research is to evaluate,

through a statistical approach, the rate of soil degradation of different environmentally friendly paper-based

packaging materials and the factors that influence it. Experimentally, 4 types of biobased coatings composed of

PCL, cutin, glycerol, starch and agar, were applied on paper and their properties were assessed before and after

burial in soil for 14 and 28 days. In detail, weight variation, chemical structure, morphology and mechanical

properties were assessed. The results demonstrated that the type of soil rather than the type of coating led to

the clearest detriments of the mechanical properties (p-value < 0.005), reaching the complete degradation in

a universal soil (pH = 6.5) in 20 days. ESEM analyses confirmed the general degradation of coatings in uni-

versal soil, while degradation in acidic soil (pH = 4.5) resulted in total removal of starch coating, while PCL

and cutin/glycerol coating showed almost no morphological degradation. The degradation trend is potentially

related to the microbiological activity plausibly favored by the pH environment of the universal soil.

1. Introduction

Paper is a well-known sustainable alternative to plastic in the food

packaging sector, as it is biodegradable and leaves no long-term pollut-

ing residues, contributing to a significantly lower environmental impact

[1]. Nevertheless, packaging materials must ensure the safe transport,

distribution, and handling of products, protecting them from impact and

compression. These materials must also provide good protection against

moisture, oxygen, and light, thereby reducing chemical and biological

deterioration. In addition, it is essential that food packaging materials

are inert, meaning they do not release harmful compounds that could

alter the sensory characteristics of food or pose a health risk. In this

context, despite its many benefits, paper also has disadvantages: its low

resistance to water and moisture makes it unsuitable for many products
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that require waterproofing, and the same applies to grease resistance.

In addition, the production of paper packaging can lead to considerable

environmental challenges due to the variety of waste streams generated

by industry [2]. To mitigate these impacts, eco-friendly biomaterials,

also known as biopolymers, are increasingly being promoted in the pa-

permaking process. Research is therefore focusing on sustainable alter-

natives with improved properties and lower environmental impact than

the cellulosic products currently available on the market.

Bio-based polymers can be evaluated as suitable alternatives to poly-

meric coatings available on the market to protect paper, thereby over-

coming their poor environmental safety and potential risks to human

health. In recent years, the development of fully biodegradable coatings

and formulations has gained a pivotal role in materials science, driven

by the urgent need to replace fossil-based plastics with eco-friendly al-
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ternatives. For instance, current research has successfully leveraged the

biodegradability of cellulose derivatives, such as ethyl cellulose, to de-

velop functional coatings that ensure a low environmental footprint and

rapid breakdown at the end of their life cycle [3]. Concurrently, signifi-

cant advancements have been focused on evaluating the biodegradation

performance and functional properties of water-soluble matrices like

polyvinyl alcohol, which are increasingly adopted to design environ-

mentally friendly protective films [4]. Furthermore, substantial progress

has been made in blending biodegradable polyesters with natural poly-

mers like starch to engineer advanced composite films for sustainable

active packaging applications, emphasizing how functional additives in-

teract with the degradable matrix [5]. This widespread focus on green

formulations highlights the critical importance of systematically evalu-

ating how these biopolymer mixtures degrade under real environmental

conditions.

Among them a strong focus must be given to the biodegradable ones,

such as PLA, starch, cellulose, cutin and agar, either alone or in multi-

layer combinations [6–11]. The degradation of polymers and biopoly-

mers generally refers to a series of complex phenomena that lead to the

total breakdown of materials, resulting in the fragmentation of macro-

molecules into low molecular weight fragments. This phenomenon leads

to changes such as the appearance, disappearance, and transformation

of chemical groups, as well as changes in physical properties or perfor-

mance, such as loss of mechanical properties, brightness, discoloration.

If chemical and organic substances in the environment are key play-

ers, this process is defined as biodegradation [12]. The biodegradation

products consist of (i) biogas such as CO2 and CH4 and (ii) liquid or

solid compounds such as water, biomass, or minerals [9]. Biodegrada-

tion mechanisms are not easy to define in detail as each polymer or

biopolymer follows a different degradation path, which depends on sev-

eral intrinsic and extrinsic factors [13]. Examples of intrinsic factors are

the polymer’s chemical structure, morphology, molecular weight, hy-

drophilicity or hydrophobicity behavior, surface characteristics, melting

temperature, elastic modulus. Regarding extrinsic conditions, we can list

temperature, pH, oxygen level, nutrients, humidity, and UV exposure

[6,14–16].

Due to the high number of variables, it is challenging to define predic-

tive models to estimate the biodegradation path of a material in terms of

time and products, thereafter biodegradation tests must be considered.

Among them, the burial test is one of the least expensive and reproduces

natural environmental conditions. In this test, the material is buried in

a selected soil and controlled environment for a defined period, and any

variation in the material properties (e.g., weight, morphology, chemical

structure and mechanical) over this period should be monitored [17].

Recent studies have increasingly utilized the soil burial test to as-

sess the environmental degradability of biopolymers specifically devel-

oped for food packaging and paper‑based packaging substrates, offering

realistic simulations of material breakdown in terrestrial ecosystems.

For example, starch–nanocellulose films incorporating bioactive extracts

showed significant biodegradation under soil burial conditions, with

marked weight loss and morphological changes relevant for biodegrad-

able food wraps, demonstrating their potential as sustainable packaging

alternatives to conventional plastics [18]. Ternary biocomposites com-

posed of poly(butylene adipate‑co‑terephthalate) (PBAT), thermoplastic

starch, and cellulose exhibited measurable soil burial degradation, high-

lighting the influence of blend composition on mass loss and surface

deterioration, which is crucial for film packaging performance [19].

Long‑term in‑field burial tests of starch/PBAT mulch films revealed pro-

gressive deterioration over extended periods, underlining how polymeric

blends degrade differently in real soil environments, with implications

for biodegradable packaging disposal and microplastic formation [20].

The role of soil burial tests has also been documented in evaluations of

cellulose films, showing complete microbial assimilation within weeks

to months, underscoring the importance of natural soil conditions in

degrading paper‑like materials used in packaging [21]. Soil burial in-

vestigations of Mater‑Bi/PCL bio‑blends showed that while the inclu-

sion of PCL reduced the overall degradation rate compared to pure

starch phases, these blends still exhibited moderate mass loss and sur-

face changes over twelve weeks, relevant for packaging film life‑cycle

assessments. In the same study temperature was found to be strongly

correlated with the rate of PCL degradation under controlled condi-

tions, suggesting a significant role for microbial activity, which is indeed

influenced by temperature [19]. Methodological reviews additionally

emphasize that soil burial assessments provide critical insights into the

actual degradation kinetics and mechanisms of composite biopolymer

films intended for food packaging applications, despite variations caused

by soil microbiota and environmental factors [22]. Nevertheless, con-

sidering the high variability of environmental conditions and material

mixtures, the literature does not provide a reliable comparison among

different paper-based packaging materials that would allow predictive

assessment of material behavior.

In the present paper, as a first novelty compared with the consol-

idated literature, a statistical approach to the experimental burial test

of environmentally friendly coatings for packaging paper was applied

to obtain statistical models with predictive power and to overcome the

drawbacks of burial tests regarding poor standardization and repro-

ducibility. Secondly, five different materials specifically designed for

food packaging were compared: (i) Uncoated paper; (ii) Paper coated

with a mixture of starch, agar, and glycerol;(iii) Paper coated with PCL;

(iv) Paper with a mixture of PCL and cutin; (v) Paper coated with a mix-

ture of PCL, cutin, and glycerol. Thirdly, each material was buried in

two types of soil (universal and acid) for a period of four weeks to eval-

uate how external factors, namely the burial environment, influence the

speed and effectiveness of the induced biodegradation mechanism in

terms of weight loss and changes in material structure. Finally, optical

spectroscopy was evaluated as a possible non-destructive and low cost

method to assess material decomposition.

2. Materials and methods

2.1. Materials

The samples were produced using Advantage MG White High Gloss

paper (Serchio Distribuzione, Rome, Italy) as a substrate. This mate-

rial consists of long-fiber white sulfate cellulose, with a grammage of

35 g/m² and a thickness of 48 µm. See Table 1 for further technical

specifications.

Polycaprolactone (PCL, Sigma Aldrich, Taufkirchen, Germany), was

employed as the main component of the coatings. It has an average

molecular weight of 80,000 g/mol, a melt flow index between 2.01 and

4.03 g/10 min (160 °C, 5 kg), and a water content of < 0.5%. Cutin,
supplied by TomaPaint (Canneto sull'Oglio, MN, Italy), is a waxy ma-

terial ranging in color from reddish to dark brown. Glycerol (Sigma

Aldrich), used as a plasticizer and fluidizer, is a colorless liquid with a

density of 1.26 g/cm³ and a molecular weight of 92.09 g/mol. Ethyl ac-

etate (Sigma Aldrich), used as a solvent, has a purity of > 99.5%, high

volatility, and a molecular weight of 88.11 g/mol. Finally, potato starch

was purchased from a local market, while agar powder was purchased

from Sigma Aldrich.

For the burial test two types of soils were considered: (i) the univer-

sal soil (GEOTEC S.r.l., Bolzano), having a pH of 6.5, certified according

to the UNI EN 12580 standard [23]. Its physical properties include by

an apparent dry density of 150 kg/m3 and a total porosity of 92% v/v.

In terms of composition, it consists mainly in descending order of vol-

ume of acid peat and simple uncomposted vegetable soil improver; (ii)

the acid soil (GEOTEC S.r.l., Bolzano), which has a pH of 4.6, also certi-

fied according to UNI EN 12580 [23]. Its physical properties include an

apparent dry density of 110 kg/m3 and a total porosity of 93% v/v. Its

main components are acidic peat and pumice.
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Table 1

Materials main properties (UCP: Uncoated Paper, SA: Starch-Agar, PCL: Polycaprolactone, CU: Cutin, GLY: Glycerol).

Properties Methods UCP SA PCL PCLCU PCLCUGLY

Basis Weight g/m2 ISO 536 35 56.7 ± 1.5 45.2 ± 2.15 47.30 ± 3.60 51.1 ± 3.14
Tensile Strength kN/m ISO 1924-3 MD 3.5 1.94 ± 0.11 5.51 ± 0.60 0.48 ± 0.02 0.45 ± 0.03

CD 1.5 0.83 ± 0.12 3.14 ± 0.12 0.22 ± 0.03 0.22 ± 0.03
Tear Strength mN ISO 1974 MD 280 / / / /

CD 420 / / / /

Burst Strength kPa ISO 2758 165 / / / /

Air Resistance (Gurley) s ISO 5636-5 28 / / / /

Cobb-60”MG Side g/m2 ISO 535 21 / / / /

Gloss % TAPPI 480 om-99 26 / / / /

Brightness % ISO 2470 82 / / / /

Opacity % ISO 2471 55 / / / /

Thickness µm ISO 534 48 151 ± 24 54 ± 3 58 ± 2 60 ± 3
Fat Resistance (Kit 12) / 4.33 ± 0.6 12 12 12

For Uncoated paper (UCP) the data are taken from the supplier technical datasheet (MD: Machine direction; CD: Cross direction).

2.2. Specimens manufacturing

For the coating phase, sheets of paper (210 × 297 mm) with the
properties listed in Table 1 were coated using an Automatic Film Ap-

plicator Compact AB3650 (TQC Sheen). This technique uses stainless

steel bars with spiral grooves to ensure a uniform coating thickness over

the entire surface of the sample; in this work, bars with a nominal thick-

ness of 100 µm were used. The application was carried out at a speed

of 20 mm/s, distributing 7 mL of film-forming solution on each sheet,

deposited with an automatic pipette before spreading. A total of four

coatings were prepared to cover the paper with different formulations

as listed in Table 2: PCL, starch, agar, and glycerol (SA), PCL (PCL), PCL

and cutin (PCLCU), and PCL, cutin, and glycerol (PCLCUGLY).

The coating solutions were obtained by dissolving 10 g of polycapro-

lactone in 100 mL of ethyl acetate at 80 °C in a water bath under continu-
ous magnetic stirring, using a reflux condenser to minimize solvent loss.

This procedure yielded the PCL base solution. Depending on the target

formulation, cutin and glycerol were subsequently incorporated into the

PCL solution. Cutin was added at a PCL: cutin weight ratio of 1:0.6 to

Table 2

Coatings formulation. (UCP: Uncoated Paper, SA: Starch-Agar, PCL: Polycapro-

lactone, CU: Cutin, GLY: Glycerol).

Samples PCL

%*

Starch

%**

Agar

%**

Cutin

%***

Glycerol %

***

Tween80%****

UCP 0 0 0 0 0 0

SA 10 10 1.5 0 1 2

PCL 10 0 0 0 0 0

PCLCU 10 0 0 60 0 0

PCLCUGLY 10 0 0 60 5 0

*(w/v ethyl acetate); **(w/v water); ***(w/w PCL dry weight); ****(w/v total

solution).

Fig. 1. Burial soil test.

produce the PCLCU samples, while glycerol was added at a PCL:glycerol

weight ratio of 1:0.05 to obtain the PCLCUGLY samples. The mixtures

were stirred for 40 min to ensure complete dispersion of all components

within the ethyl acetate.

Instead, for the starch and agar based coating, the coating solution

was prepared by combining an organic phase and an aqueous phase. The

organic phase was obtained by solubilizing 10%w/v PCL in ethyl acetate

under magnetic stirring and heating at 80 °C until complete dissolution
of the polymer, and glycerol was added at 1% w/w PCL. At the same

time, the aqueous phase was prepared by dispersing starch (10% w/v)

and agar (1.5% w/v) in distilled water, keeping the mixture under stir-

ring and heating until complete gelatinization and solubilization of the

components. Subsequently, the two phases were combined by adding 2%

w/v total solution of surfactant Tween80, necessary to promote emulsi-

fication between ethyl acetate and water, thus obtaining a homogeneous

suspension suitable for coating application.

2.3. Burial soil test

The burial test was conducted according to an adapted protocol based

on the ISO 846 (Method C) guidelines for soil burial testing by embed-

ding specimens in soils for a period of 28 days under controlled and

consistent conditions [24]. Pots measuring 600 × 190 × 100 mm (L ×W
× H) were filled with 2900 g of soil and 1 L of demineralized water. Pa-
per samples were cut into strips of 200 × 25 mm to allow partial burial.
Following the methodology described by Ahmed et al. [25], each strip

was folded in half and buried to 50% of its length, leaving the remain-

ing half exposed to air (Fig. 1). This approach enabled the recovery and

analysis of samples at multiple time points, with the exposed portion

of each strip marked with unique codes to identify the corresponding

sample type. For each coating type, three replicates were prepared,

including uncoated control samples (UCP). After embedding all speci-

mens, the pots were sealed with cling film to maintain a consistent soil

3
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moisture level. Environmental conditions within the pots were contin-

uously monitored using a data logger (Elitech Technology Inc., model

RC-51H), which recorded temperature and relative humidity in real time

with accuracies of ±0.5°C and ±3%, respectively. This ensured precise
control of the microenvironment to which the paper samples were ex-

posed throughout the burial period. Finally, the pots were placed in an

isolated chamber to minimize external influences and maintain stable

experimental conditions.

2.4. Experimental plan

Burial soil tests were performed considering two types of soil and

five different coated paper samples, including the uncoated sample. Also,

time was considered as the degradation was observed for a total period

of 28 days and property measurements were performed every 14 days.

These 3 variables (Time, Soil and Material) were considered with their

range or levels (Table 3) to build up the experimental plan based on a

fractional multi-level factorial design for a total of 20 RUN as listed in

Table 5. The Design Expert 13 code (Statease, USA) was employed to set

up the experimental plan and to analyze the data. The values considered

for each RUN and shown in Table 5 are the average of three replicates

of the same RUN. The following properties were measured as responses

after 14 and 28 days of burial: weight loss (WL), Young modulus (E),

tensile strength (σ), elongation at break (ɛ) and reflectance at three dif-
ferent wavelengths that correspond to the instrument's boundary range

and its mid-point.

2.5. Characterization

2.5.1. Weight loss

Each week, three samples of each material were extracted from each

pot. The samples were then carefully cleaned with a brush and dried in

an oven at 80°C overnight. Once dry, the samples were weighed using
an analytical balance and reburied. The procedure was repeated weekly

for the entire duration of the experiment, which lasted four weeks.

This methodology allowed observation of a progressive reduction in the

weight of the individual strips of material throughout the experiment.

The following formula (1) was used to calculate the percentage weight

loss of the samples:

Weight loss % = ((initial weight - final weight)/initial weight)
× 100 (1)

where initial weight is the dry weight of the sample before the

biodegradability test, while final weight is the dry weight of the sample

after the test.

2.5.2. Mechanical properties

The tensile strength, elongation and Young’s modulus of the paper

samples were determined using a Zwick/Roell Z1.0 dynamometer (Ulm,

Germany) in accordance with ASTM D882 [26]. The test specimens were

rectangular in shape, measuring 200 × 50 mm, and were conditioned at
controlled temperature and humidity (25 °C and 45%RH), as required
by the reference standard, before the measurements were taken. The

test was conducted using a constant crosshead speed tensile testing ma-

chine equipped with grips capable of ensuring uniform clamping and

preventing slippage or premature damage to the sample near the grip-

Table 3

Input variables (UCP: Uncoated Paper, SA: Starch-Agar, PCL: Polycaprolactone,

CU: Cutin, GLY: Glycerol).

Input variables Type Range or Levels

Soil Categoric 2 (U = universal soil, A = acid soil)

Material Categoric 5 (UCP, SA, PCL, PCLCU, PCLCUGLY)

Time Numeric 14–28 days

ping areas. The experimental parameters adopted were as follows: Initial

Grip Separation: 125 mm; Rate of Grip Separation: 12.5 mm/min; Initial

Strain Rate: 0.1 mm/mm·min. The collected data were processed by the

TESTEXPERT®II (V3.31) software (Zwick/Roell, Ulm, Germany). All the

samples were analyzed before the burial soil test and then after 14 and

28 days the burial soil test.

2.5.3. Structural properties

To assess any chemical variation due to degradation, an FTIR spec-

trophotometer (Vertex 70 Bruker) equipped with aMid-BandMCT detec-

tor operating in the 8000–600 cm−1 wavelength range and employing a

Golden-Gate ATR sample holder (Heated-Diamond top plate) was used.

All measurements were performed twice on each sample, taking care to

analyze the coated side for all samples except, of course, UCP.

An environmental scanning electron microscope (Quanta-20 Fei

Company – Oxford Instruments) was used. Micrographs were taken

at 25 kV and magnifications from 100× to 2000× with backscattered
electrons.

2.5.4. Optical reflectance

Samples were scanned with a NeoSpectra scanner, which operates

within the NIR range of 1350–2500 nm. The scanner uses a single in-

dium gallium arsenide photodetector, and a halogen lamp as the light

source. The NeoSpectra measures the spectrum of reflected light in a

limited area of the material, namely a circle with a 6 mm diameter and

a spectral resolution of 8 or 16 cm−1. A calibrated Spectralon panel

(Labsphere) with > 99% reflectance is used as white reference. The

integration time for each spectrum was set at 2 s. Each scan produces

interferograms that NeoSpectra Collect, the software of the instrument,

converts into NIR spectra in the 1350–2500 nm domain through FFT

(fast Fourier transform). Savitzky–Golay (SG) filtering is used for spec-

tral processing, specifically to remove noise and smooth the spectra. The

relative Reflectance was assessed considering the starting material, with

the formula:

Rr = ((R28 days or 14days-R0days)/R0days) * 100 (2)

where Rr is the relative reflectance of the material, R28days and R14days
are the measured reflectance’s after 28 or 14 days of burial, and R0days is

the measured reflectance of the undegraded material.

2.6. ANOVA

ANOVA (Analysis of Variance) allows the evaluation of which factors

and interactions significantly influence the responses. ANOVA decom-

poses the total variability of the experimental data into contributions

from the model and from random error [27]. In this work, a p-value

(probability that all the variability comes from a random source) of less

than 0.05 indicates that the corresponding factor has a statistically sig-

nificant effect on the response. ANOVA also supports model validation

by quantifying howwell the fitted model explains the experimental data.

In this sense, the R² (coefficient of determination) measures the propor-

tion of the total variability in the response that is explained by the model,

while the adjusted R² (adj R²) expresses the same information corrected

for the number of experimental points used to build each model. The

predictive R² (pred R²) indicates the capability of a model to explain

response variability when applied to a new set of samples. An R² or

an adj R² value close to 1 indicates a strong explanatory power of the

experimental model. In the same way a pred R² close to 1 suggests a

good predictive power of the model and the possibility of employing the

mathematical model to generate forecasts [27].

When multiple responses are involved, as in the case of this research,

optimization becomes more complex and the desiderability function is

used to convert each response into a dimensionless scale ranging from 0

(completely undesirable) to 1 (fully desirable) [27]. Individual desirabil-

ities are then combined into an overall desiderability index employing

the goal and importance of each response as weights, also taking in ac-
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Table 4

Responses and desiderability function criteria.

Response Acronym Goal Importance

Weight loss (%) WL to maximize 5

Young’s Modulus (MPa) E to minimize 2

Tensile strength (MPa) σ to minimize 2

Elongation at break (%) ɛ to minimize 2

Reflectance at 2500 nm (%) R2500 to maximize 1

Reflectance at 2000 nm (%) R2000 to maximize 1

Reflectance at 1500 nm (%) R1500 to maximize 1

count the result of the ANOVA of each single factor (Table 4). In fact,

models with a lacking data fitting are associated with the lowest impor-

tance (1) [27]. These criteria have been applied also in the Goal and

Importance stated in Table 4, therefore highest importance has been at-

tributed to the most significant model, calculated from the ANOVA, and

vice versa.

3. Results

3.1. ANOVA and DoE modeling

A preliminary observation of Table 5 shows that different trends can

be detected between samples buried in the two soils. Weight loss (WL) is

clearly higher in universal soil at the end of the test (28 days), reaching

100% for all samples, while WL for samples buried in acidic soil remains

in the 18–66% range. A similar difference emerges at 14 days as WL in

universal soil ranges between 60% and 73%, but it does not exceed 55%

in acidic soil. The mechanical property values suggest that both soils

promote rapid degradation of all materials, as many samples degraded

to the point where no measurement was possible. This is true for all

samples buried in universal soil and also true for those buried in acidic

soil, suggesting that some materials degrade more slowly under acidic

conditions. It should be noted that, to confirm the validity of the approx-

imation which treats mechanical property values as zero when they are

not measured—an ANOVA analysis was conducted in parallel without in-

cludingmechanical properties, confirming the results presented below in

terms of the desiderability function and the optimal degradation point.

In fact, this approximation was taken into account in the desiderability

table (Table 4) by assigning a low importance to the mechanical proper-

ties. Obviously, there is a strict connection between sample degradation

in terms of mechanical properties loss and increased WL, as when a ma-

Table 5

Complete experimental plan (UCP: Uncoated Paper, SA: Starch-Agar, PCL: Polycaprolactone, CU: Cutin, GLY: Glycerol).

Input Variables Responses

Run A:Days B:Soil C:Materials WL (%) σ (MPa) ɛ (%) E (MPa) R2500 (%) R2000 (%) R1500 (%)

1 28 A PCLCUGLY 26 0.49 1.3 50.11 54.98 31.1 12.36

2 28 U UCP 100 0 0 0 11.11 -2.39 -0.07

3 14 A SA 15 1.12 0.91 60 -0.49 -3.15 -3.56

4 28 U PCLCUGLY 100 0 0 0 29.71 5.1 1.29

5 14 A PCL 12 0.51 1.24 100 -9.92 -7.35 -5.01

6 14 U PCL 60 0 0 0 21.23 7.85 3.53

7 14 A UCP 55 0 0 0 14.19 6.21 2.58

8 14 U SA 68 0 0 0 20.1 4.02 0.37

9 28 U PCL 100 0 0 0 27.08 6.54 2.52

10 14 U PCLCUGLY 60 0 0 0 28.92 9.86 3.98

11 28 A PCL 18 1.15 1.46 70.06 50.31 28.14 13.63

12 14 U UCP 73 0 0 0 22.99 9.93 5.99

13 28 A UCP 66 0 0 0 15.78 3.47 -1.4

14 14 A PCLCUGLY 11 1.16 0.87 132 19.35 10.97 4.62

15 28 U SA 100 0 0 0 30.37 4.61 -0.23

16 14 A PCLCU 15 0.145 1.6 50.3 5.53 0.7 -2.38

17 14 U PCLCU 65 0 0 0 32.89 13.72 6.43

18 28 A SA 45 0.65 2.1 58 43.39 20.59 5.96

19 28 U PCLCU 100 0 0 0 41.28 14.36 8.8

20 28 A PCLCU 24 0 0 0 62.29 31.4 11.99

terial is almost completely dissolved in soil, no mechanical property can

be evaluated further. Similarly, when evaluating the mechanical prop-

erties, it becomes clear that this trend is greatly pronounced, since in

universal soil—which has a pH close to basic it is not even possible to

assign a value to the mechanical properties because the samples are com-

pletely dissolved in the soil. Regarding relative reflectance, values at

14 days appear higher for samples buried in universal soil with respect

to acid soil, while the opposite trend is observed after 28 days. How-

ever, the number of input variables and their levels suggest the likely

presence of synergistic or competitive effects that cannot be identified

without proper statistical analysis. In addition, the hypothesized main

trends need formal validation through statistical analysis.

Table 6 provides a first assessment of the role of the input variables,

declared in Table 3 and described in paragraph 2.4, and their interac-

tions on the responses through ANOVA. All models are significant, as

the associated p-values are consistently below 0.05. The “significant in-

puts” column highlights Soil and Days, as well as their interaction, as the

inputs with the highest frequency of significance across all responses. In

addition, Soil is the only significant input for the models concerning me-

chanical properties, while the variable Materials and its interaction with

Soil are significant only for WL. R² and Adj R² are particularly high for

WL (0.97) and relatively low (0.31) for relative reflectance at 1500 nm

(RL1500), while the other responses show values slightly higher than

0.50. Table 6 shows that pred R² has a trend like adj R², although with

lower values. This means that, except for WL (pred R²= 0.93) the other

models can explain the variability within this experimental set but have

limited predictive power.

All the significant models can be represented graphically through

the interaction plots (from Figs. 2–4) and in 3d contour plots (From

Fig. S5–S9) to assess not only each variability trend but also quantita-

tively their variation within specific confidence intervals (dashed lines

in the interaction plots). The interaction plots provide a clear visual rep-

resentation of how the effect of one factor on the response depends on

the level of another factor. When the lines in the interaction plot are

approximately parallel, this indicates that there is little or no interac-

tion between the factors (Fig. 2b-e and Fig. 3). Conversely, non-parallel

or crossing lines suggest the presence of a significant interaction effect

(Fig. 2a and Fig. 4). In such cases, the influence of one factor cannot be

interpreted independently of the other. The magnitude of the interac-

tion can be qualitatively assessed by the distance and slope differences

between the lines. Strong deviations from parallelism indicate that the

combined effect of the factors is relevant to the response. These visual
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Table 6

ANOVA (see Table 4 for acronyms description).

Response Significant inputs p-value R2 Adj R2 Pred R2

WL Days, Soil, Materials,

Days-Soil,

Soil-Materials

< 0.0001 0.98 0.97 0.93

σ Soil 0.0002 0.54 0.51 0.43

ɛ Soil 0.0002 0.54 0.51 0.43

E Soil 0.0002 0.54 0.51 0.43

R2500 Days, Soil,

Days-Soil

0.0012 0.62 0.55 0.41

R2000 Days, Soil,

Days-Soil

0.0027 0.58 0.50 0.34

R1500 Days, Soil,

Days-Soil

0.0290 0.42 0.31 0.10

observations are consistent with the ANOVA results, where significant

interaction terms are associated with low p-values. Regarding the dif-

ferent coating formulations, it is remarkable that only WL is affected

and that samples using SA, PCLCU and PCLCUGLY show the lowest WL

values (always in acid soil) as shown in Fig. 2. This result suggests a

favorable mechanism for soil degradation of these coating materials.

Analyzing the relative reflectance values at 2500, 2000, and

1500 nm, it is possible to observe distinct patterns depending on the

Soil and Days (Fig. 4). Although it is not possible to identify the specific

material degrading within a soil, as Materials is not significant for these

responses, it is evident that all materials buried in universal soil exhibit

stable relative reflectance throughout the entire test period, whereas

samples in acidic soil show an increasing trend. Considering the results

of the previous responses (WL and mechanical properties) this suggests

that higher relative reflectance corresponds to a greater degree of

degradation when materials are buried in acid soil. Thereafter, it can

be concluded that optical spectroscopy could capture the degradation

trend only for acid soil. In addition, R2000 (Fig. 4b) allows clear

discrimination between the two soil types, as samples degraded in acid

soil display higher relative reflectance, also considering the standard

error of the trend (dashed lines), compared to those degraded in

universal soil.

As described in paragraph 2.6 the desiderability function was calcu-

lated and results are shown in Fig. 5, with the aim of comparing the be-

havior of uncoated paper (Fig. 5a) and coated paper samples (Fig. 5b).In

this context, it should be reiterated that Table 4 was generated in part

based on the results of the ANOVA; therefore, models with low statisti-

cal significance (R1500, R2000 and R2500) were taken into account but

given little weight. As shown in Fig. 5, the coating application enhances

the difference in sample behavior between universal and acid soil, as

the universal soil strongly increases desiderability and, consequently,

degradation. These results suggest that the universal soil acts as a better

environment for the degradation of coating as well. Conversely, desir-

able time appear to be influenced only slightly the coating application,

and the possible highest desiderability could be reached after 20 days

for universal soil and after 22 days for acid soil for any coated sample,

considering the results of the calculated model.

3.2. ESEM analysis

The ESEM analysis shows the quality of the coatings obtained for

the different samples before (Fig. 6a) and after (Fig. 6b and Fig. 6c)

the degradation test. Regarding the samples before the test, all coated

samples exhibit a clear difference from UCP, which shows the typical

porous structure composed of paper fibers. Among the coated samples,

PCLCUGLY has the most uniform coating with no detectable defects. This

confirms the positive role of glycerol in improving coating performance,

as the use of cutin without glycerol results in some defects related to

coating thickness (PCLCU) [28]. Similar defects are observed in PCL,

although paper fibers are always coated. The only sample that shows

partially uncoated fibers is SA, indicating that, despite the addition of

agar to the mixture, the starch-based coating still presents defects, as

previously reported by Lo Faro et al. [29].

Figs. 6b and 6c show the surface of the samples 28 days after burial

in universal and acidic soil, respectively. Since the samples buried in

universal soil exhibited complete degradation, the images were taken

from the portions that remained immediately above the soil, right at

the beginning of the degraded sample area. Nevertheless, observing the

part located near the degraded sample area still allows some consider-

ations regarding the degradation process. First, the two soils affect the

coatings differently. Samples buried in universal soil (Fig. 6b) show coat-

ings characterized by several cracks and detachments in multiple areas,

with the only exception of PCLCUGLY, whose coating is almost intact but

presents distributed superficial cavities. This result is consistent with the

fact that the starting coating structure of PCLCUGLY is the most homo-

geneous and, as a consequence, less affected by degradation, as defects

in the starting material structure may also influence the mechanism of

degradation. Acidic soil (Fig. 6c) leads to more varied results, as PCLCU

coating shows some cracks, whereas PCLCUGLY and PCL show no ap-

parent signs of coating degradation. In PCL, it is possible to distinguish

the structure of the paper fibers under the coating, similarly to the cor-

responding sample in Fig. 6a. SA, instead, shows complete degradation

of the coating, resulting in a surface similar to UCP, made only of dam-

aged paper fibers. These results are also consistent with the fact that

the most homogenous coating (PCLCUGLY) leads to the least degraded

materials, and conversely. In addition, it is worth noting that no paper

fibers are detectable in the universal soil samples (Fig. 6b) under the

detached coatings. Finally, some structures detected during the ESEM

analysis (Fig. S1) suggest the presence of fungi and bacteria on the de-

graded materials, suggesting that biodegradation was at least partially

carried out by such organisms.

3.3. FTIR analysis

Fig. 7 shows representative spectra of the undegraded materials.

Since there are no significant differences among the coated materials,

a representative spectrum for the average coated sample is reported in

the figure, only the SA spectrum is reported here. In fact, each FTIR spec-

trum reflects mainly the PCL one, as it is the main component of each

formulation [30,31]. However, clear differences are observed between

the spectra of the coatedmaterials and UCP. UCP is the onlymaterial that

exhibits a broad peak with a maximum in the 3329–3291 cm⁻¹ range,

attributed to water molecules directly linked through hydrogen bonds

to the OH groups of cellulose and hemicellulose, and a low-intensity

peak at 2899 cm⁻¹ corresponding to C–H bond vibrations. In addition, the

broad peak at 1027 cm⁻¹ originates from C–OH bond vibrations, while

deformation of the C–H bond generates the peak at 660 cm⁻¹ [32].

The undegraded coated sample (Fig. 7) exhibits several peaks that

are not present in UCP, such as those at 2943 and 2865 cm⁻¹, generated

respectively by the asymmetric and symmetric stretching of CH₂ groups.

The peaks around 1471, 1366, and 731 cm⁻¹ are also produced by CH₂,

specifically from deformation modes. The strong peak at 1721 cm⁻¹ cor-

responds to stretching of the C≐O in ester or carbonyl groups. The peaks
at 1163 and 1107 cm⁻¹ are attributable to symmetric and asymmetric

stretching of C–O–C bonds. The peaks around 1419 and 961 cm⁻¹ orig-

inate from deformation of O–H in carboxyl groups, while the peaks at

1046 and 1240 cm⁻¹ are associated with stretching of C–O–C and O–H

bonds in polysaccharides [33–35].

Degradation of the materials causes some changes in the FTIR, but

no specific differences were found between spectra of samples degraded

in universal and acidic soil, suggesting that the same mechanism sup-

ports the biocoatings degradation independently from the soil, but with

different kinetics. Due to this homogeneity, only spectra degraded in

acidic soil are shown in Fig. 7, but the other spectra are reported in the

Supplementary data as Fig. S3 and Fig. S4. These spectral modifications

provide a qualitative understanding of the chemical mechanisms driv-
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Fig. 2. Interaction plot for the response WL, where RED indicates the result for Universal soil and GREEN indicates the Acid soil a) UCP b) SA c) PCL d) PCLCU e)

PCLCUGLY.
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Fig. 3. Interaction plot for the responses of the mechanical properties: a) σ b) ε c) E.

ing the degradation process, focused primarily on the cellulose core. In

the UCP spectrum, the peak at 2899 cm⁻¹ disappears and is replaced by

two peaks at 2922 and 2854 cm⁻¹, both originating from CH₂ groups.

This shift directly reflects the enzymatic hydrolysis of crystalline cel-

lulose by soil microorganisms [36]; the first peak is often associated

with asymmetric stretching of –CH₂ groups due to an increase in less or-

dered cellulose regions (amorphous cellulose) and low-molecular-weight

fragments resulting from chain scission [36]. The second peak is due to

symmetric stretching of –CH₂ as chains gain conformational freedom,

driven by hydrogen bonding disruption and oxidation that introduces

new polar groups nearby.

A second variation in the UCP spectrum is the appearance of peaks

at 1639 cm⁻¹ and 1547–1551 cm⁻¹. The former is attributed to changes

of the H–O–H bond angle, while the origin of the latter can be at-

tributed to Amide II vibration, associated with microbial proteins and

enzymatic residues. While these bands inevitably include contributions

from the organic matter and microbial biomass absorbed from the sur-

rounding soil matrix, their appearance represents a direct chemical

footprint of suggesting biological colonization during paper biodegra-

dation [37–39]. All degraded coated materials show a new broad peak

at 3276–3282 cm⁻¹, attributed to water bound to the material. The peak

at 1547–1551 cm⁻¹ can be attributed to Amide II vibration as for UCP.

Finally, the peak in the 1627–1638 cm⁻¹ range originates from stretch-

ing of C≐C double bonds and is linked to the presence of phenolic acids,
commonly associated to the presence of fungi or humic substances [34],

in accordance with what was suggested in by the ESEM analysis in

paragraph 3.2. Therefore, rather than a standalone quantitative tool for

material mass loss, which was independently assessed via weight loss

measurements, FTIR here serves as a powerful qualitative indicator of

the polymer-microbe-soil surface interactions [40].

4. Discussion

Weight loss is one of the most frequently used methods for evaluat-

ing the biodegradation of polymers due to its simplicity and immediacy

in quantifying the changes undergone by a material over time using a
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Fig. 4. Interaction plot for the responses of the spectroscopy measurement where RED indicates the result for Universal soil and GREEN indicates the Acid soil: a)

R2500 b) R2000c) R1500.

simple analytical balance. This technique has the advantage of being ap-

plicable both in the field and in the laboratory, but there is no guarantee

that all fragments (especially those not visible to the naked eye) will

be included in the analysis because they may be lost during the sample

cleaning process. Since weight loss measurements are difficult to extrap-

olate, it is preferable to supplement this approach with other analytical

methods, such as respirometry or FTIR methods. The weight loss of the

polymer alone does not guarantee its absorption by microorganisms, as

demonstrated, for example, by respirometry analysis. It is therefore im-

portant to perform multiple verification methods on the same sample to

obtain a more complete picture of its biodegradation [15].

In Fig. 8, the percentage weight loss of the uncoated control pa-

per samples (UCP) and those coated with the different formulations is

shown. The analysis of weight variation over time highlights how both

soil type and coating composition strongly influence the degradation

kinetics of the coated paper samples. As illustrated in Fig. 8, UCP is

the most susceptible material in both soils, as expected since no coating

is applied. In universal soil UCP and the other samples showed rapid

degradation that was complete (100%) within approximately twenty

days, consistent with the calculated 41desiderabilityfunction, whereas in

acidic soil the process resulted in a weight loss for UCP equal to 71% af-

ter 28 days. These results align with recent literature demonstrating that

pH is a critical factor influencing microbial community stability and the

efficiency of lignocellulose degradation, with soil acidification known

to strongly hinder the decomposition process [41]. Interestingly, despite

the initial protective barrier expected from the coatings, the simultane-

ous 100% weight loss achieved by both UCP and coated formulations

within 20 days suggests an aggressive microbial attack in universal soil.

In such optimal environments, microorganisms rapidly induce micro-

fissures and pores in the coating layer; once this barrier is breached,

the highly hydrophilic underlying cellulose fibers become exposed, lead-

ing to an accelerated, autocatalytic degradation process that equals the

kinetics of the uncoated control [42].

ESEM analysis highlights these dynamics, since the structure of UCP

sample buried in acidic soil (Fig. 6c) clearly shows the paper fibers with

limited damage compared with the undegraded material (Fig. 6a), while

the sample buried in universal soil shows no recognizable structure of

any fiber (Fig. 6b). This confirms the inhibitory effect of low-pH environ-

ments on microbial activity [43,44], a phenomenon well-documented

in previous studies where unfavorable acidic conditions were shown to

reduce or inhibit the activity of degrading microorganisms, ultimately

slowing down the degradation of cellulosic materials [45]

The polymeric coatings exhibited a clear barrier effect. PCL showed

the highest resistance under both conditions, particularly in acidic soil,

9
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Fig. 5. Desiderability function for Uncoated (a) and Coated sample (average on all the investigated materials) (b); RED indicates the Universal soil and GREEN the

acid soil.

where final weight loss was equal to 27% at the end of the test. This ob-

servation is consistent with studies reporting the limited hydrolyzability

of PCL at extreme pH values and its preferential degradation under neu-

tral or slightly alkaline conditions [46,47]. This is also confirmed by

ESEM images, which show that PCL coating is virtually undegraded in

the acidic environment (Fig. 6c), but exhibits some defects and cracks

after burial in universal soil (Fig. 6b).

In PCLCU, the incorporation of cutin alone into PCL slightly increased

susceptibility compared with PCL in acidic soil (WL = 33%, Fig. 8), also

leading to the formation of cracks in the coating (Fig. 6c). This likely

happened because cutin, although hydrophobic, contains ester linkages

that are susceptible to microbial enzymatic attack [48]. Conversely, the

addition of glycerol (PCLCUGLY) reduced degradation compared with

PCLCU, despite glycerol plasticizing effect, which increases coating per-

meability. ESEM analysis confirms different dynamics between PCLCU

and PCLCUGLY in the two soils. In fact, PCLCU shows a partially in-

tact coating both in universal and acidic soils (Figs. 6b, 6c), while in

universal soil PCLCUGLY shows a degraded coating characterized by

circular structures maybe due to biological activity (Fig. 6b). On the op-

posite side, PCLCUGLY samples show almost no defects after 28 days in

acidic soil (Fig. 6c). These observations suggest that cutin may promote

greater microbial susceptibility. Moreover, both in acidic and universal

soils PCLCUGLY samples show weight loss greater than PCL and lower

than PCLCU, as shown in Fig. 8. This again suggests that addition of cutin

enhances the coating degradation, while addition of glycerol hinders it.

The accelerating effect of cutin can be attributed to its structural nature

as a plant biopolyester. Its incorporation disrupts the semi-crystalline

network of PCL, providing a more amorphous and accessible target

for soil-dwelling microorganisms that secrete specialized esterases and

cutinases, which are highly efficient in co-degrading PCL matrices [49].

Particularly noteworthy is the weight loss dynamic of SA samples

(Fig. 8), which exhibited pronounced degradation in both soil types:

complete disappearance within twenty days in universal soil, and sig-

nificantly lower resistance in acidic soil compared to PCL-only samples

(PCL). This trend reflects the well-known susceptibility of starch and

other natural polysaccharides to enzymatic and microbial degradation

[50,51], indicating that the incorporation of hydrophilic components

into coatings accelerates biodeterioration processes even under less fa-

vorable conditions. This result is also confirmed by FTIR analysis de-

scribed in paragraph 3.3 and by morphological analysis that shows com-

plete degradation in universal soil (Fig. 6b) and high degradation in

acidic soil (Fig. 6c) for PCL samples. Furthermore, also the microscope

analysis confirms this mechanism, as the observation through electron

microscopy (Fig. S1) detected different structures in several degraded

samples that we believe could be reasonably identified as fungal sack-

shaped and citriform spores, and bacteria [52–54]. In addition, also color

change moving to a yellowish color with green-dark random spots after

degradation could indicate the presence of microbial activity (Fig. 9 and

Fig. S2).

From a biodegradation standpoint, the "optimal" performance of the

developed coatings cannot be defined by a single static parameter, but

rather emerges from a precise synergy between the material's chemi-

cal formulation and the specific environmental conditions of disposal.

Overall, the results clearly demonstrate that the optimal conditions for

accelerating degradation kinetics are met in nutrient-rich, neutral soil,

which provides the ideal environment to maximize microbial metabolic

activity. Conversely, environmental acidity acts as a significant limiting

factor, restricting microbial proliferation and consequently decelerating

the bio-assimilation process, in strong agreement with the findings of

Pandey et al. [55].

In parallel, the tactical choice of the coating components allows for

the fine-tuning of these optimal properties based on the target applica-

tion. The use of a hydrophobic synthetic matrix like PCL, or the inclusion

of specific hydrophilic plasticizers, shifts the system toward extended

material persistence and prolonged structural stability. On the other

hand, the incorporation of natural biopolymers (such as starch, agar, or

cutin) breaks this persistence, accelerating the loss of structural integrity

of the paper core. Therefore, the "optimal coating property" is inherently

tunable: a blend rich in natural components performs optimally for rapid

end-of-life disintegration in neutral soils, whereas a higher synthetic-to-

natural ratio ensures optimal performance when extended shelf-life or

stability in acidic environments is required.

Regarding the mechanical tests performed on the samples before

burial and after 14 and 28 days of soil exposure, it was not possible

to carry out tensile tests on the samples buried in universal soil. Their

degradation had already reached a very high level after just two weeks,

making the tests unfeasible. Therefore, only the results obtained from

the different types of paper subjected to the soil burial test in acidic soil
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Fig. 6. ESEM images of the uncoated and coated paper samples a) not degraded, b) after 28 days of burial test in universal soil and c) after 28 days of burial test in

acidic soil.
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Fig. 7. Selected FTIR spectra of uncoated and coated samples before and at the end of the degradation test.

Fig. 8. Weight loss (%) of samples during the 28 days of the burial test in universal (U) and acidic (A) soils (UCP: Uncoated Paper, SA: Starch-Agar, PCL:

Polycaprolactone, CU: Cutin, GLY: Glycerol).

will be analyzed below.

The tensile strength analysis (Table 7) revealed significant

differences among the tested samples. At T0, the uncoated paper

(UCP) exhibited the highest tensile strength (72.22 ± 4.95 MPa),
whereas paper coated with PCL (PCL) retained relatively high

values (63.90 ± 2.61 MPa). Samples containing cutin (PCLCU and
PCLCUGLY) displayed intermediate tensile strength (47.53 ± 4.46 and
50.57 ± 2.09 MPa, respectively), while the SA samples, coated with the
PCL/agar/starch mixture, showed the lowest values (31.11 ± 0.27 MPa).
Conversely, elongation at break at T0 was highest for the SA samples,

with an approximate 25% increase compared to UCP. PCL-coated

samples also exceeded the elongation of UCP, whereas samples

containing cutin (PCLCU and PCLCUGLY) exhibited slightly lower

elongation values. Regarding the Young’s modulus, uncoated paper

(UCP) demonstrated the expected high stiffness and low deformability,

with values of 9353 ± 337 MPa. Coating with PCL led to a decrease
in stiffness, which was further accentuated in samples incorporating

cutin (PCLCU and PCLCUGLY). The chemical nature of cutin, composed

primarily of lipid esters [56], has been shown to induce heterogeneous

microstructures with discontinuities in the polymer network [55,56],

resulting in reduced tensile strength and Young’s modulus, along with

increased flexibility of the coating. The lowest modulus values were

12
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Fig. 9. Qualitative comparison between the samples after 28 days of burial in the two soil types.

Table 7

Mechanical properties measured on samples undegraded (T0) and buried in

acidic soil for 14 days (T14) and for 28 days (T28). Samples buried in univer-

sal soil were too degraded to allow measurement of any mechanical property.

(UCP: Uncoated Paper, SA: Starch-Agar, PCL: Polycaprolactone, CU: Cutin, GLY:

Glycerol).

Tensile Strength Elongation at the

Break

Young's

Modulus

MPa % MPa

T0 T14 T28 T0 T14 T28 T0 T14 T28

UCP average 72.22 / / 1.41 / / 9354 / /

ds 4.95 / / 0.10 / / 337 / /

PCL average 63.90 0.73 1.17 1.58 1.42 1.48 7375 102 71

ds 2.61 0.31 0.22 0.06 0.25 0.15 241 68 2

PCLCU average 47.53 1.25 / 1.28 1.74 / 6721 56 /

ds 4.46 0.49 / 0.07 0.35 / 51 18 /

PCLCUGLY average 50.57 1.42 0.52 1.32 1.20 1.43 6848 90 52

ds 2.09 0.36 0.43 0.14 0.46 0.21 99 11 20

SA average 31.11 0.86 0.69 1.88 1.60 1.98 3004 64 57

ds 0.27 0.37 0.09 0.03 0.90 0.62 314 5 20

observed in SA samples coated with the PCL/agar/starch mixture,

in which the polysaccharides were dissolved in water. The presence

of water likely contributed to the decrease in Young’s modulus, as

numerous studies have demonstrated that water absorption in cellulosic

substrates facilitates lubrication of cellulose–cellulose interactions and

weakens hydrogen bonding, thereby reducing the overall rigidity of the

paper [57–60].

A different trend was observed for tensile strength in samples mea-

sured at T14 and T28 (14 and 28 days post-burial). Values decreased

sharply, often falling below 1 MPa regardless of sample type or time, in-

dicating progressive structural degradation of all coated paper samples.

A similar drastic decline was observed in Young’s modulus, with values

in many cases dropping well below 100 MPa. In contrast, elongation at

break remained largely unaffected over the same period.

The degradation results obtained for the biocoated paper highlight

the importance of accurately quantifying degradation variables such as

degradation rate, half-life, and environmental sensitivity. These parame-

ters provide essential information on how long the coating can maintain

its barrier and mechanical functions during use while ensuring efficient

degradation at the end of its life cycle. Accurate degradation modeling

reduces uncertainty and minimizes the need for over-engineering, which

can otherwise increase material consumption by 10–20% [61].

Reliable degradation data also support optimized packaging design

and waste management. Even modest reductions in material usage can

have substantial economic and environmental benefits; for example, an

8% reduction in packaging weight has been estimated to eliminate ap-

proximately 1.6 million tons of material annually and generate savings

exceeding USD 3 billion [62].

Furthermore, realistic degradation data improve life cycle assess-

ment accuracy and end-of-life management strategies, with composting

scenarios potentially avoiding up to 5.6 million tons of CO₂-equivalent

emissions per year compared with landfill disposal [63]. Therefore, the

degradation behavior observed for the biocoating not only demonstrates

its biodegradability but also provides quantitative evidence supporting

more sustainable and cost-effective paper-based packaging systems. 5.

Conclusion

In this study on the biodegradation of biopolymer-coated paper, the

factors influencing the rate of decomposition were analyzed. The results

show that degradation is mainly dependent on the exposure environ-

ment and conditions. It was found that universal soil, having a neutral

pH, probably promotes microbial activity, leading to rapid and complete

degradation of the material in about twenty days. In contrast, acidic soil

significantly slows down the process, keeping degradation below 70%

even after almost a month. The type of coating biopolymer was also

found to influence the overall degradation rate. Among the materials

tested, PCL and glycerol offered the greatest resistance to degradation.

Conversely, the addition of cutin reduced overall resistance, accelerat-

ing the loss of structural integrity in the paper. Mechanical tensile tests

and FTIR analysis confirm these results revealing a significant decline

in properties in all samples exposed to acidic soil, except for elongation

at break in samples with PCL, while samples in neutral pH soil decom-

posed before testing could be performed. NIR optical reflectance, tested

as a potential low-cost degradation-tracking tool, should be considered

as merely and limited preliminary observation, as only acidic-soil degra-

dation appears to correlate meaningfully with NIR reflectance. Future

developments arising from this study may involve research into new

polymers that integrate the advantages of the materials characterized

here, tailored tests useful to determine color alterations in coated ma-

terials, as well as specific analyses aimed at assessing microbial activity

and identifying the fungi or bacteria that develop on paper samples.
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