
Bioplastic composite films from cellulose acetate and grape pomace for 
agricultural mulching: biodegradation and potential contribution to 
soil fertility

Nello Russo a,†, Mirko Cucina b,†, Maria Oliviero a,* , Lucio Pisano c, Piero Manna c,  
Eugenia Monaco c

a Institute of Polymers, Composites and Biomaterials, National Research Council, P.le E. Fermi, 1, 80055 Portici, Italy
b National Research Council of Italy, Institute for Agricultural and Forest Systems in the Mediterranean, Via della Madonna Alta 128, 06128, Perugia, Italy
c National Research Council of Italy, Institute for Agricultural and Forest Systems in the Mediterranean, P.le E. Fermi, 1, 80055 Portici, Italy

A R T I C L E  I N F O

Keywords:
Mulching film
Cellulose acetate
Grape pomace
Biodegradation
Soil

A B S T R A C T

The accumulation of plastic waste from conventional agricultural mulching necessitates the development of 
sustainable, biodegradable alternatives. However, many biopolymers lack the necessary balance between 
durability during the crop cycle and efficient biodegradation. This study addressed this gap by adopting a design- 
by-degradation approach for the development of bioplastic composites based on thermoplastic cellulose acetate 
(CA) and grape pomace (GP) (from 10 to 50 wt%). To validate the engineering relevance of the materials, a 
multiscale characterization was performed, integrating mechanical tensile tests and surface wettability analysis 
with chemical (FT-IR), thermal (TGA, DSC), and morphological (SEM) assessments before and after 120 days of 
incubation in synthetic and agricultural soils.

Results demonstrate that the 30 wt% GP formulation represents the technical optimum: it maintains me
chanical properties compatible with industrial requirements (Young’s modulus ~900 MPa, tensile strength ~11 
MPa, and elongation >10%), ensuring structural integrity during handling and service. Surface wettability 
analysis revealed that GP loading modulates initial hydrophilicity, facilitating microbial attachment, while a 
subsequent hydrophobic shift during degradation serves as a marker for plasticizer leaching and matrix deace
tylation. While cumulative biodegradation increased with GP content, the degradation mechanism primarily 
involved enzymatic deacetylation and partial backbone cleavage, ensuring a programmable mechanical failure. 
Furthermore, bioplastic residues positively enhanced soil enzymatic activity in the short-term period analyzed, 
suggesting a beneficial role in nutrient cycling. This integrated methodology supports the transformation of 
standard biodegradation monitoring into a functional engineering protocol for optimizing the lifespan and 
sustainability of agricultural mulch films.

1. Introduction

Plastics, particularly films, play a crucial role in modern agriculture, 
with soil mulching representing one of their most widespread applica
tions. Mulching films help regulate soil temperature, conserve moisture, 
and control weeds, thereby improving crop productivity [1]. However, 
the environmental impact of conventional plastic mulch films, especially 
their fragmentation and accumulation in soils, has raised increasing 
concern. Once incorporated into soil, plastic residues and microplastics 

can negatively affect soil structure, aeration, aggregate stability, and 
biochemical functioning [2,3]. In response to these concerns, biode
gradable mulch films based on bioplastics have been increasingly pro
posed as alternatives to conventional polyethylene (PE) and 
polypropylene (PP) materials. These innovative materials offer several 
advantages in terms of environmental sustainability; however, their 
presence and degradation products may still induce changes in soil 
systems depending on environmental, soil, and climatic conditions [4]. 
In recent years, a growing number of studies have investigated their 
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biodegradability and potential impacts on soil ecosystems [5–7]. 
Biodegradability is one of the most important features of these materials, 
as it avoids long-term plastic accumulation in soils and eliminates the 
need for costly removal and disposal after use [8]. The biodegradation 
process involves a combination of biochemical and physico-chemical 
transformations, including enzymatic hydrolysis and mineralization to 
CO₂, as well as photooxidation and disintegration. These processes are 
strongly influenced by environmental factors such as temperature, soil 
type, water availability, microbial diversity, and the chemical compo
sition of the bioplastic [9,10]. Overall, biodegradable plastics are ex
pected to degrade within months to a few years, which is significantly 
faster than conventional fossil-based plastics [11,10].

Among the different bioplastics used in agriculture, blends of PLA 
(polylactic acid), PBAT (polybutylene adipate-co-terephthalate), PBSA 
(polybutylene succinate-co-adipate), and cellulose acetate (CA) derived 
from renewable sources such as cornstarch and plant biomass are widely 
investigated [12,13]. CA represents a promising matrix for biodegrad
able mulch films because it combines characteristics of natural poly
saccharides and synthetic biopolyesters. Compared with other 
bioplastics such as PLA or PBAT, CA exhibits higher resistance to UV 
radiation and better thermal stability, ensuring the physical integrity of 
the mulch film during the crop cycle [14,15]. Derived from cellulose, the 
most abundant renewable polymer, CA also offers a high bio-based 
content [16,17]. Its functional properties, including gas permeability 
and moisture regulation, can be tuned by modifying the degree of sub
stitution (DS), defined as the defined as the number of acetyl groups 
introduced per glucose monomer [18,19].

Cellulose acetate is produced through partial acetylation of cellulose, 
replacing hydroxyl groups with acetyl groups [20]. Secondary CA, 
characterized by an acetyl content of 53–56%, is suitable for thermo
plastic processing. When the degree of substitution is ≤ 2.5, CA can 
undergo a synergistic biodegradation mechanism involving initial 
enzymatic deacetylation by esterases followed by cellulolytic degrada
tion of the polymer backbone [21,22,19]. Furthermore, blending CA 
with easily degradable organic fillers derived from agricultural residues 
may enhance its biodegradability and reduce the persistence of plastic 
residues in soil. In this context, grape pomace (GP) represents a prom
ising additive. As a major by-product of the wine industry, GP consists of 
skins, seeds, and stems and contains phenolic compounds, lipids, waxes, 
polysaccharides, and proteins [23]. Due to its large availability, GP 
valorization also has significant economic interest [24]. The incorpo
ration of GP into biodegradable polymer matrices such as PLA, poly 
(butylene succinate), chitosan, and alginate has already been explored 
[25,26]. However, to the best of our knowledge, its incorporation into 
thermoplastic CA-based films has not yet been investigated. The addi
tion of suitable plasticizers and organic fillers such as GP could allow the 
development of thermoplastic materials with adequate mechanical 
performance while promoting faster biodegradation in soil [27,28]. This 
effect is generally attributed to increased surface area, improved water 
absorption, and enhanced microbial colonization associated with the 
presence of organic fillers [29].

Despite the growing interest in biodegradable mulch films, impor
tant limitations remain. In particular, the development of thermoplastic 
CA mulch films incorporating GP has not yet been explored. Moreover, 
biodegradability is often assessed using standardized synthetic sub
strates (ISO 17556:2019), whereas studies conducted in real agricultural 
soils are still limited [9,30,31]. Synthetic substrates may overestimate 
biodegradation rates due to the high microbial activity typically asso
ciated with compost-rich media.

To address these gaps, this study adopted a design-by-degradation 
approach, where the engineering objective was to synchronize the 
functional lifespan of the material with the crop cycle. A multiscale 
characterization strategy was applied to CA–GP composites before and 
after soil incubation, including chemical (FT-IR), thermal (TGA, DSC), 
morphological (SEM), mechanical (tensile), and functional (wettability) 
analyses. By comparing degradation behavior in both synthetic and 

agricultural soils, the study aimed to optimize the formulation of the 
mulch film. Thus, the specific objectives were to (i) identify the most 
promising CA–GP composite formulation containing 10–50 wt% GP by 
evaluating its chemical, physical, and mechanical properties during 
biodegradation in different soils, and (ii) assess the preliminary effects of 
bioplastic residues on selected soil fertility indicators at the end of the 
incubation period.

2. Experimental section

2.1. Materials

2.1.1. Cellulose acetate
Pellets of plasticized cellulose acetate (CA), supplied by GIBAPLAST 

(Varese, Italy), were employed as the base matrix for the development of 
bioplastic composites. This commercial formulation, containing 
approximately 30 wt% plasticizer, was prepared using a cellulose ace
tate (degree of substitution (DS) = 2.5; 39.8 wt% acetyl content; Mn ~ 
50,000) blended with triacetin (TA; 99.5% purity; Mw ~ 218.2 g/mol) 
and acetyl triethyl citrate (ATEC; 99% purity; Mw ~ 276.28 g/mol).

2.1.2. Grape pomace
Grape pomace (GP), obtained from the drying of Aglianico grape 

bunches grown in Irpinia (Montemiletto, AV) and kindly provided by 
ISAFOM-CNR (Institute for Agriculture and Forestry Systems in the 
Mediterranean – National Research Council of Italy), was used as filler 
component. GP was dried in an oven at 60 ◦C for 72 h and then milled 
using a 1 mm sieve grinding machine (CGOLDENWALL, Italy) at 500 
rpm and sealed in zip lock paper bags until use. The main components of 
GP were water (50–70%), cellulose (10–20%), sugars (6–8%) fats 
(2–4%), organic acids (1–2%), tannins (1–2%) and minerals (1–2%) 
[32]. More details on content of cellulose, hemicellulose and lignin were 
reported in Table 1.

2.1.3. Bioplastic composites preparation
CA+GP bioplastic composites were prepared through a two-step 

process. The first step consists of melt blending the polymeric matrix 
CA with GP at different ratio (CA/GP = 90/10, 80/20, 70/30 and 50/50) 
by using an internal mixer (Rheomix® 600 Haake, Germany) controlled 
by a measuring drive (Haake Rheocord® 9000). The mixing chamber 
(volume of 50 cm3) was filled with 50 g total mass. The rotation speed 
and mixing time were 50 rpm and 10 min for all tests. The mixing 
temperature was 150 ◦C. Before melting blending, all the components 
were pre-dried at 70 ◦C for 24 h. In the second step a P300P hot press 
(Collin, Germany) was used to prepare films with thickness of 1 mm. 
Materials were heated at the same temperature of mixing, pressed at 50 
bar for 3 min and subsequently cooled to 30 ◦C under pressure. Pristine 
CA was subjected to the same procedure for proper comparison. The 
composition adopted for samples is reported in Table 2. The choice of 
melt mixing followed by compression moulding was intended to simu
late the thermomechanical stress of industrial processing while 

Table 1 
Properties of grape pomace (modified from [33]).

Parameter Value

pH 3.88 ± 0.02
EC (mS/cm) 4.2 ± 0.05
COD (mg O2/g)a 1397 ± 50
C (%)a 48 ± 0.01
N (%)a 1.42 ± 0.01
O (%)a 34.6 ± 0.03
H (%)a 6.15 ± 0.02
Lignin (%)a 50.6 ± 1.40
Cellulose (%)a 19 ± 0.31
Hemicellulose (%)a 8.2 ± 0.02

a In dry basis.
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maintaining the sample thickness required by international standards 
for reliable characterizations. This batch-scale approach is widely 
documented in literature as a standard protocol for the preliminary 
validation of new bioplastic formulations and the assessment of their 
specific degradation mechanisms [34,20].

2.2. Biodegradation tests

Biodegradation tests were carried out following standardized incu
bation protocols (ISO 17556:2019) to ensure reproducibility and enable 
mechanistic interpretation of the effects of biodegradation on bioplastic 
composites, allowing the identification of the best composite for po
tential agricultural applications (i.e., balancing biodegradation and 
persistence). The duration of the incubation period (i.e., 120 days) was 
defined according to standardized incubation protocols and in accor
dance with the duration of horticultural crop cycles, which are 
commonly cultivated using mulching films.

2.2.1. Soils preparation
CA+GP bioplastic composites incubation in soil was performed with 

two different soils, i.e. synthetic soil (SS) and agricultural soil (SA). SS 
was prepared by mixing river sand (70% dry weight, dw, washed with 
deionized water, VWR International, Milano, Italy), natural soil (16% 
dw), clay (10% dw) compost (4% dw), KH2PO4 (0.2 g kg− 1, Merck 
KGaA, Darmstadt, Germany), MgSO4 (0.1 g kg− 1, Merck KGaA, Darm
stadt, Germany), NaNO3 (0.4 g kg− 1, Merck KGaA, Darmstadt, Ger
many), CO(NH2)2 (0.2 g kg− 1, Merck KGaA, Darmstadt, Germany), and 
NH4Cl (0.4 g kg− 1, Merck KGaA, Darmstadt, Germany) (ISO 
17556:2019). SA was sampled (0–30 cm) from the same vineyard as the 
GP was produced, located in South Italy (Montemiletto, Campania re
gion, 14,923,494 E, 41,016,659 N) after removing grass and roots. Soils 
characteristics (Table 3) were determined as follows: soil pH in aqueous 
solution using a 1:2.5 soil/water ratio (pH-Meter Basic 20+, Crison In
struments, Barcelona, Spain), total organic C (TOC) and total N (TN) by 
using an elemental analyzer (MacroCUBE CNHS, Elementar Italia, 
Lomazzo, Italy), and texture and water holding capacity (WHC) by using 
the Andreasen pipette and the Keen-Raczkowski Box, respectively. 
Before incubation, both soils were air-dried and sieved through a 2 mm 
particle size mesh and then adjusted with deionized water to bring the 
moisture to 50% of WHC. Prior to the beginning of the incubation, both 
soils prepared as described were preincubated in the dark at 23 ◦C in 
closed vessels for 7 days to ensure proper acclimatization.

2.2.2. Incubation in soils
Soil incubation of CA+GP bioplastic composites was carried out in 

hermetically closed 500 mL glass jars, under aerobic conditions 
following the standard method ISO 17556:2019 (i.e. incubation in the 
dark and at a controlled temperature of 23 ◦C for 120 days.). Soils 
without bioplastic composite addition (i.e. CTRL), positive reference (i. 
e. microcrystalline cellulose, CELL, Merck KGaA, Darmstadt, Germany) 
and negative reference (i.e. polypropylene, PP, Merck KGaA, Darmstadt, 
Germany) were included in the experimental setup, which resulted in 2 
soils x (1 control + 2 references + 5 bioplastic composites) 8 thesis x 4 
replicates = 64 glass jars. Pristine CA, CA+GP bioplastic composites and 
PP were reduced to squares of 1 cm x 1 cm prior to the beginning of the 
incubation (ISO 17556:2019). Each jar was filled with 200 g dw of the 
soil mixed with the tested material (concentration of 1.25% w/w) (ISO 
17556:2019) and then closed. Soil moisture was maintained throughout 
the incubation period by weekly weighing the jars and adding deionized 
water to keep the weight of the jars constant.

During the incubation, soil respiration was monitored daily (in the 
first two weeks) and twice a week (starting from the third week) by 
measuring the CO2 evolved from bioplastic composites biodegradation 
[31]. Briefly, CO2 evolved was trapped in 2 M NaOH (2 mL) and titrated 
with 0.2 M HCl after precipitation of carbonates with 0.75 M BaCl2 
(phenolphthalein indicator). The results were expressed as % of bio
plastic biodegradation calculated as the cumulative amount of C evolved 
from each sample divided by the amount of C of tested material and then 
multiplied by 100. Blank measurements (i.e. CTRL) were subtracted 
from each sample. Kinetic parameters of bioplastic composite biodeg
radation in soil were finally evaluated by using a non-linear first-order 
degradation model according to literature [35,36] (Eq. (1)): 

B = B0 ×
[
1 − e(− k × t)] (1) 

Where B is the biodegradation at time t, B0 is the maximum 
biodegradation of the bioplastic, k (days− 1) is the kinetic constant, and t 
(days) is the time.

2.3. Characterization techniques

The morphological, thermal and chemical properties of the CA+GP 
based samples before and after biodegradation tests were studied using 
different characterization techniques, herein presented.

2.3.1. Elemental analysis and hydrophilicity
Elemental analysis of CA+GP based samples, as well as CELL and PP, 

was conducted through an elemental analyser (MacroCUBE CNHS, 
Elementar Italia, Lomazzo, Italy) to determine TOC and TN. C/N ratio 
was then calculated. Hydrophilicity of bioplastics and PP was deter
mined by measuring the Water Uptake Capacity (WUC), as suggested by 
Papa et al. [31]. Briefly, about 0.1 g of sample was placed into a glass 
100 mL flask filled with deionized water at 23 ◦C. After immersion for 24 
h the samples were collected and gently treated with filter paper to 
remove all surface water. Then the wet samples were reweighed to 
determine the amount of water absorbed and WUC was calculated as in 
Papa et al. [31].

2.3.2. Scanning electron microscopy (SEM)
SEM Quanta 200 FEG (FEI, The Netherlands) was used to qualita

tively check the surface morphology of the samples before and after 
degradation. Before placing the samples in the vacuum chamber, they 
were coated with a thin layer (about 10 nm thick) of an Au-Pd alloy by 
means of a sputter coating system (Emitech K575, Quorum Technologies 
LTD, UK). The images were captured using an acceleration voltage of 5 
kV at a working distance of 6–9 mm.

2.3.3. Thermogravimetric analysis (TGA)
A thermogravimetric balance, TGA Q500 (TA Instruments, USA), 

Table 2 
Composition of CA/GP composites (wt%).

Bioplastic Composites CA (%) GP (%)

CA 100 0
CA + 10% GP 90 10
CA + 20% GP 80 20
CA + 30% GP 70 30
CA + 50% GP 50 50

Table 3 
Main characteristics of synthetic and agricultural soil.

Parameter Unit Synthetic soil Agricultural soil

Sand % 70 42.5
Loam % 14 19.7
Clay % 16 37.8
Texture - Sandy loam Clayey loam
Water holding capacity % 14 25.6
pH pH unit 6.6 8
Total organic C % 2.3 1.1
Total N % 0.2 0.2
C/N - 11.5 5.5

Data are expressed on dry weigh basis.
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was used to analyze the thermal degradation behavior of the test sam
ples between 30 ◦C and 800 ◦C at a heating rate of 10 ◦C/min in a ni
trogen atmosphere.

2.3.4. Differential scanning colorimetry (DSC)
A DSC Discovery differential scanning calorimeter (TA Instruments, 

USA) was employed to determine the change in glass transition tem
perature (Tg) after the biodegradation process. The samples were 
weighed and analyzed under a nitrogen atmosphere at a heating rate of 
10 ◦C/ min from - 50 to 200 ◦C.

2.3.5. Fourier transform infrared spectroscopy (FT-IR)
FT-IR analyses were performed using a Nicolet apparatus (Thermo 

Scientific, Italy) at ambient temperature. The samples were analysed in 
ATR spectra mode from 4000 to 600 cm− 1 with a wavenumber resolu
tion of 4 cm− 1 for 64 scans.

2.3.6. Tensile tests
Tensile tests were performed at room temperature according to 

ASTM standard D882–12 by using a CMT 4304 Sans Testing Machine 
(SANS, Shenzhen, China) equipped with a 2.5 kN load cell. From stress 
vs elongation curve, the Young’s modulus, stress and elongation at break 
were calculated. More specifically, the stress and strain at break were 
calculated at the last point of the stress-strain curve before failure, 
whereas the Young Modulus was evaluated based on the first linear 
region. For each sample, results were expressed as the average and 
standard deviation (SD) of five independent measurements.

2.3.7. Wettability analysis
The surface wettability of CA+GP composite films before and after 

biodegradation was evaluated by contact angle measurements of 
deionized water (WCA) by sessile drop method using an OCA 20 
(Dataphysics, Filderstadt, Germany) goniometer, and data were 
collected with SCA 202 software (version 3.4.3 build 76). Equilibrium 
(static) contact angles were measured for 1 μL droplet volumes. Mea
surements were made in 10 different locations for each condition, and 
the average value was reported with the standard deviation.

2.4. Effects of bioplastic composites residues on agricultural soil quality

The effects of the residues of bioplastic composites on soil quality 
parameters were evaluated on the agricultural soil samples at 120 d (i.e. 
end of the experiments). To link bioplastic degradation with potential 
impacts on soil functioning, selected parameters were chosen to repre
sent complementary indicators of soil quality, including chemical 
fertility (pH, total organic C, organic matter, total N, C/N ratio, and 
cation exchange capacity), microbial activity (soil respiration, microbial 
biomass C, metabolic quotient, and enzymatic activity), and physical 
properties (water holding capacity) relevant to agricultural perfor
mance. Chemical parameters were analyzed to evaluate changes in 
nutrient availability and carbon dynamics resulting from bioplastic 
residue incorporation, whilst biochemical indicators were measured to 
assess microbial responses and organic matter turnover associated with 
biodegradation processes. Finally physical indicators were included 
because polymer residues may influence soil structure and moisture 
retention. Together, these parameters provide an integrated assessment 
of how biodegradable mulching materials may affect soil fertility and 
ecosystem functioning, in line with the objectives of evaluating both 
biodegradation behavior and potential agronomic impacts. The selected 
parameters have been analyzed on air-dried soil samples, after proper 
homogenization (i.e. milling and sieving at 2 mm). CTRL, CELL, GP, and 
PP soil samples have also been included in the evaluation.

Soils characteristics were determined as follows and employing the 
methods described in Cucina et al. [37]. Soil pH was measured in 
aqueous solution using a 1:2.5 soil/water ratio (pH-Meter Basic 20+, 
Crison Instruments, Barcelona, Spain). TOC and TN were determined by 

using an elemental analyser (MacroCUBE CNHS, Elementar Italia, 
Lomazzo, Italy), and then organic matter and C/N ratio were calculated 
by multiplying TOC x 1.72 and dividing TOC/TN, respectively. Soil 
water holding capacity (WHC) was analyzed by the Keen-Raczkowski 
Box method, and cation exchange capacity (CEC) was determined by 
the magnesium sulphate method. Respiration rate and microbial 
biomass C were determined following the titration method reported in 
Section 2.2.2 and according to the fumigation-incubation method, 
respectively. Metabolic quotient was then calculated as the ratio be
tween respiration rate and microbial biomass C. Finally, total enzymatic 
activity was determined according to the fluoresceine diacetate hydro
lysis method.

2.5. Statistics

All data represent the arithmetic mean of four replicates, except 
where different reported in methods’ description. Mean and standard 
deviation values were calculated using the Microsoft Excel Software. 
Determination of significant differences among the parameters analyzed 
over time at a level of significance of P < 0.05 was carried out by 
analysis of variance (ANOVA) and Tukey’s test, after verifying the 
normality and the homoscedasticity of the data by graphical analysis of 
residuals (Microsoft Excel Solver 2013). Linear regression analysis was 
carried out to determine significant correlations between selected pa
rameters at a level of significance of P < 0.05 (Microsoft Excel Solver 
2013). Apparent kinetic constant (k) was calculated by adjusting 
experimental data (B, t) and using non-linear regression (Microsoft Excel 
Software).

3. Results and discussion

3.1. Bioplastics biodegradation in soil

3.1.1. Biodegradation in synthetic and agricultural soils
Results of bioplastics incubation in the two soils, i.e. synthetic and 

agricultural, are reported in Fig. 1. In SS, CELL was quickly biodegraded 
and the amount of C mineralized was higher than the 70% after only 
three weeks, proving that the synthetic substrate was properly prepared 
and able to test bioplastics biodegradation according to ISO 17556:2019 
(Fig. 1A). Conversely, PP did not biodegrade during the incubation 
period, according to literature [38]. Cumulative biodegradation (%C) at 
120 days for the bioplastics in SS decreased following the order: 61.8 ±
2.9% (CA+50%GP) > 55.1 ± 1.4% (CA+30%GP) > 37.4 ± 0.7% 
(CA+20%GP) > 33.5 ± 2% (CA) ≈ 33.2 ± 1% (CA+10%GP), showing 
significant differences among the tested materials (P < 0.05) with the 
exception of CA+10%GP, whose biodegradation was not different from 
pristine CA.

In SA, CELL biodegradation was slower and reached about 30% at 
the end of the incubation period (Fig. 1B). This is in accordance with 
literature, where CELL residence time in temperate soils is reported to 
range from about three to eighteen months [10]. PP did not show sig
nificant biodegradation in SA. Cumulative biodegradation (%C) of bio
plastics in SA after 120 days showed the same trend as the one observed 
in SS, but lower values were measured: 34.8 ± 1.1% (CA+50%GP) >
31.9 ± 1.2% (CA+30%GP) > 21.8 ± 0.7% (CA+20%GP) > 18.2 ± 2.4% 
(CA) ≈ 17.5 ± 0.8% (CA+10%GP). Again, significant differences in 
biodegradation were observed for the tested materials (P < 0.05) apart 
from CA+10%GP, whose biodegradation was not different from pristine 
CA. Although statistically significant differences in biodegradation were 
observed among some materials, particularly at higher grape pomace 
contents, the magnitude of these differences was in certain cases rela
tively modest, especially for lower GP additions (e.g., CA vs CA+10% 
GP). Therefore, the results should primarily be interpreted in terms of 
overall trends rather than large performance differences between for
mulations. Literature reports contrasting results for CA and other bio
plastics biodegradation in soil, and it was mainly explained because of 
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the variability in (i) bioplastics composition, (ii) environmental condi
tions (i.e. season, temperature, light exposition, precipitations), (iii) soil 
physico-chemical characteristic (i.e. moisture, texture, pH), and (iv) soil 
microbial community composition and activity [9,39]. For CA, it was 
proposed that biodegradation in soil may be the result of deacetylation 
and cleave of CA chains operated by different enzymes, highlighting the 
importance of a well-diversified microbial community to promote the 
degradation rate [39]. Indeed, biodegradation by cellulases can be 
inhibited by the acetyl-groups that offer protection against microbial 
attack, making the degree of substitution (DS) of CA a key parameter 

determining its biodegradation in soil [10]. Consequently, CA biodeg
radation in soil ranged from 5–10% to 100% in different studies con
ducted with CA characterized by different DS [40,41,30]. The results 
obtained in this study after 120 days of incubation of pristine CA in soil 
(i.e. about 33% and 18% of biodegradation in SS and SA, respectively) 
may thus be considered in accordance with literature. The higher values 
of biodegradation measured in SS with respect to SA might be the results 
of different concurring factors, being the soil microbial community 
composition and the water retention in soils the most important. SS was 
composed of 4% w/w of compost, which might have enriched the 

Fig. 1. Biodegradation of CELL, PP, CA and CA+GP samples in (A) SS and (B) SA. Error bars represent the standard deviation of the mean (n = 4)..
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synthetic substrate of microorganisms able to promote CA biodegrada
tion through the enzymatic reactions above described. It is indeed re
ported that compost-sourced microorganisms can biodegrade CA 
quickly due to the production of esterases and cellulases [39]. Also, the 
water content and its availability in soil have a key role in bioplastics 
biodegradation [9]. In SA, CA biodegradation might have been slowed 
down due to the abundance of clays, which are characterized by a higher 
specific surface and water retention capacity with respect to sands 
(Table 3) [42].

3.1.2. Kinetic of biodegradation
From a kinetic perspective (Table 4), incorporating GP in CA pro

moted the biodegradation kinetic in all the GP concentrations tested in 
SA. Conversely, only blending 50% w/w of GP into CA increased 
biodegradation kinetic in SS (i.e. k increased from 0.055 to 0.071 day− 1 

from pristine CA to CA+50%GP). It may be hypothesized that in SA the 
effect of GP on biodegradation kinetic was more evident with respect to 
SS due to the slower biodegradation. Although the incorporation of 
grape pomace enhanced biodegradation kinetics and increased cumu
lative mineralization compared with pristine CA, the overall extent of 
mineralization in agricultural soil remained moderate after 120 days. 
This indicates that a substantial fraction of the material may persist in 
soil over the short-term, suggesting that GP incorporation accelerates 
initial degradation processes rather than ensuring rapid or complete 
residue removal. However, mineralization measured as CO₂ evolution 
represents only one pathway of carbon transformation in soil systems 
and does not fully describe the environmental fate of biodegradable 
polymer carbon. Recent work has highlighted that biodegradation in 
soils involves both respiratory carbon loss and microbial assimilation, 
with a substantial fraction of substrate carbon potentially incorporated 
into microbial biomass and soil organic matter pools [43,44]. Conse
quently, incomplete mineralization does not necessarily indicate envi
ronmental persistence, as non-mineralized carbon may be retained 
within biologically stabilized soil fractions. This perspective suggests 
that biodegradation should be interpreted within a broader carbon fate 
framework rather than solely as cumulative CO₂ production.

Although the incubation experiments were conducted under 
controlled laboratory conditions following standardized procedures, 
these conditions do not fully reproduce the complexity and variability of 
field environments where mulching films are applied. In agricultural 
settings, biodegradation rates may be strongly influenced by seasonal 
temperature fluctuations, wet–dry cycles, solar radiation exposure, soil 
heterogeneity, and spatial and temporal variability in microbial com
munity composition and activity. Additional factors such as mechanical 
stress, plant–root interactions, and agricultural practices (e.g., tillage 
and irrigation) may further affect the fragmentation and degradation 
behavior of bioplastics [9]. The constant temperature, controlled 
moisture, and absence of environmental disturbances adopted in this 
study were intended to ensure reproducibility and allow comparison 
between materials and soil types; however, such conditions may either 
accelerate or limit degradation relative to field conditions. Therefore, 
the biodegradation rates reported here should be interpreted as 

indicative of intrinsic material behavior under standardized conditions 
rather than as direct predictions of field performance. Future studies 
should include long-term field trials and experiments under fluctuating 
environmental conditions to validate the environmental fate of CA–GP 
composites in real agricultural systems.

3.1.3. Effects of GP incorporation on CA biodegradation in soil
Interestingly, a positive effect of GP on CA soil biodegradation was 

observed in both studied soils. A significant positive correlation (P <
0.001) was indeed found between the cumulative biodegradation (%C) 
at 120 days and the amount of GP in the bioplastics (% w/w) in SS (y =
2.3x – 34.6, r = 0.9423, n = 18) and in SA (y = 1.4x – 38.6, r = 0.9340, n 
= 18). This was in accordance with literature, where the positive effects 
of easy-biodegradable additives to CA biodegradation were reported. 
For instance, the incorporation of polyethylene glycol prepared from 
Parthenium hysterophorus to CA enhanced the soil biodegradation of CA 
of about 30% in a 45-day incubation experiment (CA+50% w/w of 
polyethylene glycol) [30].

The positive effect of GP incorporation in CA bioplastics might be 
attributed to changes in the chemical and physical properties of the 
materials. First, incorporating GP in CA resulted in changes to the C/N 
ratio of the bioplastics, which decreased from 209 (CA) to 50.1 
(CA+50%GP) (Table 5). Even though it remained much higher than 
microbial biomass C/N (about 5–10), the more balanced C/N ratio 
observed with increasing GP concentration may have favored the mi
crobial biodegradation of bioplastics, as confirmed by the significant 
negative correlation (P < 0.05) found between the cumulative biodeg
radation (%C) at 120 days and the C/N ratio of bioplastics in SS (y =
− 3.1x + 242, r = 0.6444, n = 18) and in SA (y = − 5.4x + 242, r =
0.6968, n = 18). Taking all this into consideration, decreasing the C/N 
ratio of the bioplastic composite, i.e., using a filler with higher N con
tent, could be a useful strategy to promote composite biodegradation 
and reduce the risk of soil N immobilization, which is commonly re
ported in field experiments due to the unbalanced C/N ratio of soils 
treated with plastics and bioplastics [45].

Apart from the C/N ratio, hydrophilicity of bioplastics (i.e. as esti
mated by WUC, Table 5) was found to be a major driver of bioplastics 
biodegradation in soil and this was expected since most of the enzymatic 
reactions involved in bioplastics biodegradation are water-mediated 
[9]. WUC of bioplastics was related to the amount of GP incorporated 
in CA mainly because of the hydrophilic characteristics of the carbo
hydrates and fibers constituting GP [23]. WUC was found to be posi
tively correlated (P < 0.001) with the cumulative biodegradation of 
bioplastics in soil (y = 0.48x − 13.2, r = 0.9267, n = 18, SS; y = 0.81x – 
11.8, r = 0.9370, n = 18, SA), showing a more significant effect on 
bioplastics biodegradation with respect to the C/N ratio of the bio
plastics. This was in accordance with Papa et al. [31] who showed that 
hydrophilicity of aged PLA and starch-based bioplastic was the main 
driver of their biodegradation for 120-day incubation in a synthetic soil.

Table 4 
First-order kinetic parameters of CA and CA+GP samples biodegradation in SS 
and SA.

Synthetic soil Agricultural soil

Sample Bo
a Kb R2 Bo k R2

CA 34 0.055 0.9752 18 0.019 0.9654
CA+10%GP 34 0.058 0.9778 18 0.027 0.9638
CA+20%GP 37 0.055 0.9678 22 0.025 0.9611
CA+30%GP 55 0.055 0.9686 32 0.023 0.9649
CA+50%GP 62 0.071 0.9781 35 0.025 0.9778

a Maximum biodegradation (%C).
b Kinetic constant of biodegradation (days− 1).

Table 5 
Total organic C, total N, C/N and wettability of CELL, PP, CA and CA+GP 
samples.

Sample Total organic C (%) Total N (%) C/N WUCa (%)

CELL 43.4 ± 0.9b 0.02 ± 0.04 2170 n.d.c

PP 84 ± 0.8 3.8 ± 1.1 22.1 0.18 ± 0.22
CA 50.3 ± 0.5 0.24 ± 0.15 209 4.2 ± 0.9
CA+10%GP 50 ± 0.1 0.43 ± 0.19 116 7.8 ± 0.2
CA+20%GP 51.5 ± 1 0.74 ± 0 69.6 11.2 ± 0.7
CA+30%GP 51.3 ± 1 0.61 ± 0.02 84.1 14.2 ± 0.9
CA+50%GP 50.1 ± 0.3 1 ± 0 50.1 18.2 ± 1.3

Data are expressed on dry weigh basis;.
a Water uptake capacity (ISO 62:2008);.
b Mean value ± Standard Deviation, n = 4.
c Not determined.
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3.2. Morphological, thermal and chemical modifications induced by 
biodegradation

3.2.1. SEM analysis
SEM analysis (Fig. 2) revealed a fundamental divergence in the 

degradation behaviour of pristine CA compared to the CA+50%GP 
composite. Initially, the smooth, homogeneous surface of the pristine 
matrix contrasted with the inherently rough topography of the com
posite (Fig. 2a), where the presence of the filler increased the effective 
surface area and provided preferential sites for microbial colonization. 
After 120 days of incubation, pristine CA exhibited only superficial 
erosion, whereas the CA+50%GP samples underwent pronounced 
structural deterioration. In SS, the composite showed extensive exfoli
ation, deep cavities, and macro-fractures (Fig. 2b). These morphological 
alterations were consistent with the high mineralization degree (61.8 ±
2.9%) and the rapid degradation kinetics (k = 0.071 day⁻¹) reported in 
Table 4. Although the SA environment was significantly less aggressive 

than SS, the CA+50%GP composite still demonstrated a markedly 
greater extent of degradation compared to pristine CA (Fig. 2c). This 
disparity confirmed that, even under less favourable microbial condi
tions, the incorporation of GP acted as a key driver for initiating surface 
erosion and accelerating structural decay. Overall, while the GP filler 
was crucial for triggering and enhancing the biodegradation of the CA 
matrix [46], the cracking observed at 50% loading [20] highlighted a 
critical trade-off: while the filler effectively accelerated microbial 
breakdown, it simultaneously compromised structural integrity by 
inducing severe embrittlement. Consequently, while the 50% GP 
formulation ensures rapid end-of-life breakdown, its premature loss of 
physical cohesion suggests that lower filler loadings might be more 
suitable for maintaining the functional integrity required during the 
active phase of mulching.

3.2.2. TGA and DSC insights
The thermal degradation profiles and associated parameters for 

Fig. 2. SEM images at 500μm of CA and CA + 50% GP samples: (a) before biodegradation; (b) post 120 days of incubation in SS; (c) post 120 days of incubation 
in SA.
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pristine CA and its composites are presented in Fig. 3 and Table 6.
Prior to incubation, all samples exhibited a three-stage weight loss: 

the first two stages were attributed to the evaporation of TA and ATEC 
plasticizers, while the third corresponded to the thermal pyrolysis of the 
cellulose acetate backbone [47]. Notably, the evaporation temperatures 
for TA and ATEC exceeded their respective pure boiling points (190 ◦C 
and 230 ◦C), suggesting restricted molecular diffusion and strong in
teractions within the CA matrix [48–50]. The incorporation of GP 
slightly increased the initial moisture content due to its hydrophilic 
nature [23] and lowered both the onset degradation temperature (TI) 
and the temperature of maximum degradation rate (Tmax), indicating a 
catalytic effect of the filler on matrix decomposition [26].

Post-incubation analysis revealed profound structural alterations, 
most notably the complete disappearance of the mass loss steps associ
ated with TA and ATEC in composites containing >10 wt.%. This 
confirmed extensive plasticizer leaching during soil exposure, directly 
explaining the observed embrittlement. While pristine CA exhibited a 
downward shift in both TI and Tmax, consistent with network weak
ening, the bioplastic composites showed a different behaviour: a 
decrease in TI accompanied by an increase in Tmax. This suggested that 
plasticizer removal results in a polymer framework that was less stable 
at the degradation onset but more resistant at the maximum decompo
sition stage due to increased rigidity.

The glass transition behaviour (Tg), analyzed by DSC (Fig. 4), further 
supported this structural evolution. Initially, GP restricted chain 
mobility, shifting Tg to higher temperatures [34,26]. Although biodeg
radation commonly lowers Tg through molecular weight reduction [51], 
an increase in Tg was observed after incubation in both SS and SA. For 
composites containing >20 wt.% GP, Tg became undetectable within 
the explored thermal range. This behaviour indicated that leaching and 
progressive deacetylation occurred simultaneously, promoting 
enhanced intermolecular hydrogen bonding and partial restoration of 
the cellulose supramolecular architecture [20]. This restructuring, more 
pronounced in the aggressive SS environment, confirms that the mate
rial undergoes a fundamental chemical transition that facilitates its 
eventual assimilation by the soil microbiota.

3.2.3. FT-IR analysis
The chemical modifications induced by microbial degradation on the 

surface of test samples were investigated by ATR FT-IR. Fig. 5a, b and c 
show ATR spectra of pristine CA and all bioplastic composites before and 
after 120 days of incubation in SS and SA, respectively. In Fig. 5a the 
ATR spectrum of GP is also reported as a reference. For pristine CA 
before degradation, the peak at 3485 cm− 1 can be attributed to the O–H 
bond stretching of unacetylated cellulose and the peak at 2952 cm− 1 is 
for C–H stretching of methyl groups (–CH3). The characteristic peak at 
1734 cm− 1 is assigned for carbonyl stretch of the acetate function and 
the peak at 1642 cm− 1 is correlated to H–O-H bending of absorbed 
water. Peaks at 1435 cm− 1, 1371 cm− 1, 1215 cm− 1, 1030 cm− 1 and 904 
cm− 1 can be ascribed to CH2 bending, C–H bending vibration of CH3 in 

the acetyl group, C–O stretching of acetyl group, C–O–C stretching of 
cellulose backbone and C–O-C stretching at β–(1 → 4) glycosidic link
age, respectively [52]. The contribution of plasticizers (TA and ATEC) 
was also considered, as they share functional groups with cellulose ac
etate. Changes in peak intensity and position were evaluated relative to 
pure CA. No significant changes in the peaks were observed after the 
addition of GP, likely due to its uniform distribution in the matrix and 
overlap of GP bands with CA peaks [53]. After 120 days of incubation in 
SS and SA, the spectra of pristine CA showed only minor variations. A 
decrease in absorbance at 1734, 1371, 1215, 1030 and 904 cm− 1, along 
with the broadening and shift and of the hydroxyl band at 3485 cm− 1, 
indicated plasticizers loss, partial deacetylation and some degradation of 
cellulose backbone [20]. In contrast, CA+GP samples exhibited pro
nounced spectral changes after 120 days in both soils. The band at 1734 
cm− 1 decreased markedly and became undetectable at higher GP con
tents, reflecting complete plasticizers loss and extensive deacetylation. 
The hydroxyl band at 3485 cm–1 increased in intensity, while the peak at 
904 cm− 1 decreased and eventually disappeared with increasing GP, 
indicating significant backbone degradation. Additionally, all spectra 
displayed an increased absorbance at 1642 cm− 1, associated with water 
uptake during degradation, and the appearance of a peak at 1550 cm− 1, 
indicative of proteinaceous compounds most likely produced by bacte
rial activity [54]. The absence of an invariant peak in both spectra 
prevented a reliable semi-quantitative evaluation via normalization or 
internal standard methods. Indeed, the concurrent leaching of plasti
cizers and the extensive deacetylation of the polymer backbone, as 
evidenced by the drastic reduction or disappearance of peaks at 1734 
and 904 cm⁻¹ and corroborated by TGA results showing complete plas
ticizer loss for GP content exceeding 10 wt% (Table 6), altered all po
tential reference bands. Consequently, the analysis was restricted to 

Fig. 3. TGA profiles of pristine CA and composites CA-GP (a) before and after 120 days of incubation in (b) SS and (c) SA, respectively.

Table 6 
TGA and DSC results of pristine CA and composites CA+GP before and after 120 
days of incubation in SS and SA, respectively.

Sample TTA TATEC TI Tmax Tg
(◦C) (◦C) (◦C) (◦C) (◦C)

GP - - 205 270 -
CA 220 285 319 365 112
CA +10% GP 221 274 293 342 117
CA +20% GP 241 272 291 333 119
CA +30% GP 249 271 291 322 121
CA +50% GP 240 271 290 313 130
CA_SS - 282 298 348 139
CA +10% GP_SS - 274 287 344 190
CA +20% GP_SS - - 290 342 ND
CA +30% GP_SS - - 288 345 ND
CA +50% GP_SS - - 280 342 ND
CA_SA - 292 318 364 134
CA +10% GP_SA - 270 283 350 181
CA +20% GP_SA - - 290 359 ND
CA +30% GP_SA - - 290 353 ND
CA +50% GP_SA - - 289 359 ND
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qualitative observations of the spectral variations to avoid the intro
duction of quantitative artefacts. These spectra changes confirm that 
both deacetylation and degradation were enhanced by SS and by the 
presence of GP, in agreement with previous literature [55,39]. In 
addition, the spectroscopic variations confirm that the filler loading 
directly modulates the intensity of these chemical modifications, gov
erning the structural transition of the matrix during soil exposure. The 
degradation mechanism involves an initial deacetylation step, 
concomitant with plasticizer leaching, followed by chain scission of the 
“regenerated” cellulose backbone, ultimately leading to material 
embrittlement and the formation of sugars as final degradation products 
[19].

3.2.4. Mechanical properties
The incorporation of GP induced a concurrent decline in stiffness, 

strength, and ductility (Table 7). Specifically, the Young’s modulus and 
stress at break decreased to 900 MPa and 10.9 MPa respectively at 30 wt 
% of GP, while the elongation at break dropped to 14%. These trends are 
attributed to the filler particles acting as structural discontinuities and 
stress concentrators that interrupt the polymer network, simultaneously 

reducing the resistance to elastic deformation and restricting the 
mobility of the polymer chains [56]. Despite this overall downward 
trend, the composites CA+GP maintain a performance profile compat
ible with agricultural requirements. The Young’s modulus and tensile 
strength values meet the standard requirements for agricultural films 
(200–1000 MPa for stiffness and 10–14 MPa for strength). This ensures 
that the material is robust enough to withstand mechanical installation 
and environmental stress without deforming or breaking [57,58]. 
Similarly, although the filler-induced embrittlement is evident, the 
elongation at break for the 30% GP formulation stays above the critical 
safety threshold of 10%, which is essential to prevent tearing and brittle 
failure during field handling [57]. The system reaches a critical insta
bility at 50 wt% GP loading, where the insufficient matrix volume fails 
to encapsulate the filler, leading to film fragmentation [59]. After 120 
days of soil incubation in SS and SA, the combined effect of plasticizer 
leaching, enzymatic deacetylation, and partial backbone biodegradation 
led to a severe embrittlement of the composites. This loss of molecular 
flexibility rendered the samples too fragile for post-degradation me
chanical characterization. Ultimately, a filler content (10–30 wt%) 
successfully modulates the material's life-cycle by ensuring necessary 
tenacity during service while enabling a controlled mechanical failure 
once applied to the soil [60].

3.2.5. Surface wettability
Surface wettability (Fig. 6) serves as a decisive functional parameter 

for agricultural mulch films, as it regulates the material's interaction 
with irrigation water and soil moisture, thereby governing the overall 
biodegradation kinetics. At the onset of the study (Day 0), the pristine 
CA film exhibited a static water contact angle (θ) of approximately 70◦

The introduction of 10 wt% GP significantly enhanced surface hydro
philicity, with θ dropping to 49◦ (Figs. 6a and b); this shift is primarily 
attributed to the exposure of polar hydroxyl groups inherent to the 

Fig. 4. DSC curves of pristine CA and composites CA-GP (a) before and after 120 days of incubation in (b) SS and (c) SA, respectively.

Fig. 5. FTIR spectra of pristine CA and composites CA-GP (a) before and after 120 days of incubation in (b) SS and (c) SA, respectively.

Table 7 
Mechanical properties of pristine CA and composites CA+GP before incubation.

Bioplastic 
Composites

Young’s 
modulus 
(MPa)

Stress at break 
(MPa)

Elogation at break 
(%)

CA 1108 ±
59

15.8 ± 1.4 20 ± 3.1

CA + 10% GP 1049 ±
23

13.7 ± 1.9 18 ± 1.0

CA + 20% GP 978 ± 18 12.5 ± 2.0 16 ± 1.8
CA + 30% GP 900 ± 31 10.9 ± 0.9 14 ± 2.1
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lignocellulosic structure of the GP [61,56]. However, as filler content 
increased further (20–50 wt%), the contact angle stabilized between 60◦

and 64◦, suggesting that the increased surface micro-roughness at higher 
concentrations begins to partially offset the hydrophilic contribution of 
the GP particles, a phenomenon characteristic of biocomposites with 
heterogeneous surface morphologies [59]. The long-term evolution of 
these surfaces over 120 days of soil incubation revealed a significant 
"hydrophobic shift." Contrary to the typical expectation that degradation 
increases hydrophilicity through surface oxidation, the contact angles in 
this study rose across almost all formulations, with the magnitude of this 
change being distinctly modulated by the soil type. In the SS, the hy
drophobic shift was most pronounced, particularly for the CA+50%GP 
sample which reached a peak of nearly 87◦ (Fig. 6a). This trend indicates 
that the intense microbial activity in the SS quickly consumes the most 
bioavailable components, leaving behind a highly irregular and crys
talline surface residue. Conversely, the SA promoted a more gradual 
evolution; while the pristine CA rose to 84◦, the composites with 10% 
and 20% GP maintained lower angles than their SS counterparts 
(Fig. 6b), suggesting that the SA medium facilitates a more controlled 
and slower surface erosion. Across both environments, this overall in
crease in θ serves as a macroscopic marker for the underlying degra
dation mechanism driven by the leaching of hydrophilic plasticizers and 
the preferential microbial consumption of the amorphous regions within 
the CA matrix [19,60]. As these bioavailable components are depleted, 
the surface becomes enriched with chemically stable crystalline residues 
and develops a degraded, micro-rough morphology that effectively 
hinders water spreading [57,62]. Synthesizing these observations, the 
30 wt% GP formulation emerges as the technical optimum for agricul
tural applications. While the 50 wt% loading shows high initial reac
tivity, its sharp hydrophobic shift in SS environments signals a rapid loss 
of structural integrity and excessive brittleness [59]. The 30 wt% 
loading, however, provides the most balanced performance by ensuring 
a sufficiently hydrophilic surface at the start (θ~ 61◦) to facilitate early 
microbial attachment, while maintaining a stable wettability profile that 
preserves mechanical performance for a full crop cycle [57]. Conse
quently, this formulation enables a "programmable" degradation profile, 
ensuring the film remains functional during service before transitioning 
into an accessible carbon source for soil microorganisms once its pri
mary task is complete.

3.3. Preliminary evaluation of the effects of bioplastic composites residues 
on soil fertility

The preliminary evaluation of the effects of bioplastics composites 
residues on soil fertility indicators was carried out on agricultural soil 

samples at 120 days of incubation. The same evaluations on the syn
thetic soil samples were considered not relevant. To facilitate interpre
tation of soil responses, the results are discussed by distinguishing 
between short-term effects associated with the incorporation of biode
gradable materials and longer-term effects related to material persis
tence in soil. Short-term responses mainly include changes in microbial 
activity, respiration, and labile organic matter dynamics resulting from 
the rapid utilization of easily degradable substrates. In contrast, longer- 
term effects are associated with the persistence of residual polymer 
fractions and their gradual mineralization, which may influence soil 
organic matter dynamics and fertility over extended periods. This 
distinction is particularly relevant under controlled incubation condi
tions, where the experimental timeframe captures early biodegradation 
stages rather than the complete environmental fate of the materials. 
After 120 days of incubation, significant differences in soil fertility pa
rameters were observed among treatments for SA samples (Table 8). Soil 
pH remained near neutral across treatments, although pristine CA and 
its composites with GP slightly increased pH values compared to the 
control (CTRL), reaching up to 7.6 in CA+30%GP. Cellulose biodegra
dation in soil can increase soil pH because microbial decomposition 
consumes protons, releases ammonium-N, and reduces the effect of 
acidic cations. These processes may collectively shift soil conditions 
toward alkalinity. TOC was strongly affected by the treatments, and 
these changes may reflect both short-term substrate inputs and the 
persistence of less degradable material fractions. CA-amended soils 
exhibited the highest TOC (1.89%), significantly higher than CTRL 
(1.33%) and PP (1.35%), while GP alone did not significantly increase 
TOC, probably because of its quick mineralization in soil (Fig. 1, 
Table 4). Interestingly, when GP was incorporated into CA, TOC values 
remained elevated, especially at 10 and 20% GP addition (1.79% and 
1.84%, respectively), before decreasing at higher GP proportions. This 
suggests that the presence of undegraded CA residues may provide a 
persistent carbon pool contributing to soil C stocks. Confirming this 
latter hypothesis, the extent of biodegradation of bioplastics in the soil at 
120 days was found to be negatively correlated to the TOC (y =
− 0.01x+2, r = 0.8743, n = 18, P < 0.05). Similarly, organic matter 
content was significantly higher in CA-amended soils, indicating a sus
tained input of recalcitrant organic substrates. TN content showed no 
significant differences among treatments, with values ranging from 0.14 
to 0.21%. The limited variation suggests minimal short-term impact 
within the experimental timeframe. Consequently, C/N ratios varied, 
with CELL and CA treatments displaying significantly higher values 
(>11) compared to CTRL and GP. Such increases reflect the addition of 
carbon-rich, nitrogen-poor substrates, which could influence microbial 
demand for available N [63].

Fig. 6. Water Contact Angle before and after 120 days of incubation in (a) SS and (b) SA, respectively.
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Cation exchange capacity (CEC) was slightly but significantly 
enhanced in PP- and CA-amended soils (up to 39 meq 100 g⁻¹), 
compared to CTRL (32 meq 100 g⁻¹). This suggests that organic inputs 
from polymers, also synthetic, and pomace may have contributed 
additional exchange sites, potentially improving soil nutrient retention. 
These results were in contrast with findings of Celletti et al. [64], who 
observed that the addition of starch-based bioplastics reduced the CEC 
of the soil employed. Nevertheless, in the study of Celletti et al. [64], the 
soil employed was a cultivation substrate and the results should be thus 
carefully compared, highlighting the need for testing bioplastics in real 
soils. Similarly, WHC was notably higher in CA and CA+GP treatments 
(up to 50%), highlighting the capacity of these residues to increase soil 
moisture retention. Such effects are ecologically relevant, as improved 
WHC can enhance resilience to drought stress.

With respect to biochemical fertility indicators, microbial respiration 
rates were significantly elevated in soils amended with CELL (15.7 mg 
C–CO₂ kg⁻¹ d⁻¹) and CA+GP mixtures (from 11.6 to 13 mg C–CO₂ kg⁻¹ 
d⁻¹), compared to CTRL (6.1 mg C–CO₂ kg⁻¹ d⁻¹). These findings indi
cate that bioplastic residues can stimulate microbial catabolic activity in 
the short-term, possibly by providing semi-recalcitrant carbon sources. 
Indeed, the labile organic components have likely been mineralized 
during incubation. PP, in contrast, did not enhance microbial respira
tion, confirming its recalcitrant and biologically inert nature. MBC also 
responded positively to the presence of bioplastics residues, with the 
highest values observed for CA+20%GP (1678 mgC kg⁻¹), nearly 60% 
higher than CTRL (1056 mg C kg⁻¹). Remarkably, soils containing 
undegraded CA residues consistently supported higher MBC than the 
positive control CELL, suggesting that CA provides a C pool capable of 
sustaining microbial growth. Conversely, PP significantly reduced mi
crobial biomass (843 mg C kg⁻¹), indicating a negative impact on mi
crobial growth and activity. This highlights a stark difference between 
inert, petroleum-based plastics and partially degradable bioplastics, 
with the former potentially exerting detrimental effects on microbial 
functioning. These results are in accordance with Mazzon et al. [45] who 
reported significant effects of 1% w/w biodegradable starch-based bio
plastic mulching film on the growth of soil microbial biomass, as well as 
increased carbon mineralization. Metabolic quotient, expressing the 
ratio between the respiration rate and the amount of microbial biomass, 
represents a useful proxy of the microbial activity and stress, i.e. an 
increased metabolic quotient is often associated with environmental 

stress for the microbial community [65]. In this study, no significant 
variations on this parameter have been observed among treatments, 
suggesting minimal short-term impact of bioplastics residues within the 
experimental timeframe. Finally, total enzymatic activity, estimated by 
the fluoresceine hydrolysis assay, was increased in CA+GP mixtures (up 
to 247 mg fluorescein kg⁻¹ h⁻¹), significantly exceeding CTRL and PP. 
This points to a positive effect of the bioplastics residues in enhancing 
soil enzymatic activity, which may accelerate organic matter turnover 
and nutrient cycling, and it is in accordance with recent findings by Song 
et al. [66], who reported that PLA and PHA enhanced soil nutrient 
cycling and enzyme activity in an incubation experiment employing 
cultivated soil.

Overall, these results demonstrate that the presence of CA+GP bio
plastics residues can significantly enhance the soil fertility indicators 
selected after 120 days of incubation. Notably, some positive effects 
appear to be linked to the persistence of undegraded CA residues, which 
may function as a semi-recalcitrant C pool contributing to microbial 
community functioning and soil physical improvements (i.e. CEC, 
WHC). The observed soil responses reflected short-term microbial and 
biochemical effects under controlled conditions, while longer-term im
pacts related to material persistence require further investigation under 
extended incubation or field conditions.

4. Conclusions

This study demonstrates that the development of sustainable mulch 
films relies on a strategic balance between material durability and 
environmental integration. By adopting a design-by-degradation 
approach, we have shown that Cellulose Acetate (CA) and grape pomace 
(GP) composites can be engineered to synchronize their functional 
lifespan with the agricultural cycle, providing a reliable alternative to 
conventional plastics. The experimental results identified the CA+30% 
GP formulation as the technical optimum for field applications. At this 
loading, the composite ensures a necessary mechanical tenacity (10.9 
MPa) and a stable surface wettability, meeting the industrial re
quirements for mechanical installation and effective soil protection. 
Higher filler concentrations (50 wt%), despite accelerating biodegra
dation, lead to a critical loss of material continuity and excessive brit
tleness, making them unsuitable for the physical stresses of the mulching 
process. The integration of FT-IR and thermal data confirms that the 

Table 8 
Effects of the biodegradable mulching films residues on the main fertility parameters of the agricultural soil (120 days) (Mean value ± SD, n = 4).

Parameter Unit CTRL CELL GP PP CA CA+10% 
GP

CA+20% 
GP

CA+30% 
GP

CA+50% 
GP

pH - 6.9 ± 0.1a 7 ± 0.1a 7 ± 0.1a 6.9 ± 0.1a 7.3 ± 0.1b 7.4 ± 0b 7.4 ± 0b 7.6 ± 0.2b 7.5 ± 0b
Total organic C % 1.33 ±

0.19a
1.63 ±
0.03b

1.4 ±
0.15a

1.35 ±
0.04a

1.89 ±
0.12c

1.84 ±
0.08c

1.79 ±
0.03c

1.78 ± 0.2c 1.64 ±
0.02b

Organic matter % 2.3 ± 0a 2.8 ± 0.1b 2.4 ± 0.1a 2.3 ± 0.2a 3.3 ± 0c 3 0.2 ±
0.1c

3.1 ± 0.2c 3.1 ± 0c 2.8 ± 0.1b

Total N % 0.17 ±
0.03

0.14 ±
0.03

0.21 ±
0.03

0.17±
0.01

0.16 ±
0.02

0.16 ± 0.02 0.15 ±
0.03

0.18 ± 0.02 0.17 ± 0.17

C/N - 7.8 ± 0.5a 11.6 ±
1.9b

6.7 ± 0.6a 7.9 ± 0.6a 11.8 ±
1.2b

11.5 ± 0.4b 9.9 ± 0.8b 9.9 ± 0.8b 9.6 ± 0.3b

Cation exchange 
capacity

meq 100 g− 1 32 ± 2a 31 ± 3a 33 ± 3a 39 ± 3b 38 ± 1b 38 ± 1b 39 ± 1b 37 ± 1b 37 ± 1b

Water holding 
capacity

% 41 ± 1a 41 ± 1a 38 ± 3a 40 ± 1a 48 ± 0b 47 ± 1b 51 ± 3b 50 ± 2b 49 ± 3b

Respiration rate mgC-CO2 kg− 1 D− 1 6.1 ± 0.2a 15.7 ±
0.8c

11.3 ±
0.3b

6.3 ± 0.2a 11.8 ±
0.5b

11.6 ± 0b 12.8 ±
0.6b

13 ± 1b 12.9 ± 0.4b

Microbial biomass 
C

mgC kg− 1 1056 ±
29b

1280 ±
110c

1487 ±
94c

843 ± 51a 1416 ±
100c

1498 ± 87c 1678 ±
28d

1452 ± 45c 1305 ± 55c

Metabolic quotient mgC-CO2 mgC− 1 D− 1 0.006 ±
0.003

0.012 ±
0.004

0.008 ±
0.002

0.007 ±
0.002

0.008 ±
0.001

0.008 ±
0.003

0.008 ± 0 0.009 ±
0.002

0.009 ±
0.002

Total enzymatic 
activity

mgFluoresceine kg− 1 

h− 1
161 ± 10a 202 ± 18b 235 ± 9b 158 ± 3a 222 ± 21a 247 ± 12b 228 ± 8b 219 ± 21b 219 ± 5b

Data are expressed on dry mass. Different letters in a row indicate significant differences among treatment at P < 0.05.
CTRL: control, CELL: cellulose, GP: grape pomace, PP: polypropylene, CA: cellulose acetate, CA+10%GP: cellulose acetate + 10% grape pomace, CA+20%GP: cellulose 
acetate + 20% grape pomace, CA+30%GP: cellulose acetate + 30% grape pomace, CA+50%GP: cellulose acetate + 50% grape pomace.
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material undergoes a "programmable" failure mechanism. The process 
begins with plasticizer leaching and enzymatic deacetylation, which act 
as triggers for the subsequent mechanical collapse of the cellulose 
backbone. This sequential degradation ensures that the film remains 
intact during the service life before transitioning into a beneficial soil 
input. Agronomically, the residues do not act as pollutants; instead, they 
significantly enhance soil health by increasing total organic carbon 
(+42%) and stimulating microbial enzymatic activity in the short-term 
frame analyzed. In conclusion, the CA+30%GP bioplastic composite 
system represents a mature, circular solution for modern agriculture. By 
balancing the accelerated decay induced by the filler with the structural 
integrity required for the application, this work offers a scalable model 
for producing bio-based materials that may improve soil fertility while 
adhering to rigorous engineering standards.
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[36] J. Porras-Saavedra, E. Palacios-González, T. Tovar-Benítez, H. Contreras-Lavida, E. 
P. Houbron, M. Canul-Chan, Development, soil biodegradation, and kinetics 
evaluation of starch-based bioplastic from Sechium edule and Phaseoulus vulgaris, 
Waste Biomass Valoriz. 16 (2025) 1353–1367, https://doi.org/10.1007/s12649- 
024-02734-7.

[37] M. Cucina, L. Massaccesi, M. Garfí, V. Saponaro, A. Muñoz Muñoz, H. Escalante, 
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