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Abstract — The objective of this systematic review is to analyze
the main scientific advances related to the use of cellulose extrac-
ted from agro-industrial residues for the formulation of biopo-
lymers. To this end, a systematic review of the scientific litera-
ture published between 2015 and 2024 was conducted using the
Dimensions database, considering studies associated with agro-
industrial residues, biomaterials, and biopolymer production
methods. The selected studies were evaluated through bibliome-
tric analysis and keyword co-occurrence tools, which enabled the
identification of research trends, scientific output, and predomi-
nant technological approaches.

The results indicate that agro-industrial residues constitute
an abundant and sustainable source of cellulose, whose valoriza-
tion promotes the circular economy and reduces environmental
impact. Various cellulose extraction methods were identified, in-
cluding alkaline treatment, acid treatment, bleaching, enzymatic
processes, and methods based on green solvents. The latter re-
presents one of the most recent trends and, compared to other
methods, yields cellulose with a high degree of purity; however, its
main drawback is the high production cost. In this context, acid
hydrolysis remains one of the most widely used methods despite
involving corrosive reagents.

Cellulose extracted from agro-industrial residues is used as a
raw material in the production of biopolymers. For the fabrica-
tion of biopolymer films, molding is the most commonly employed
technique. The main applications of biopolymers derived from
agro-industrial residues were identified in the food industry, par-
ticularly in food packaging and containers. Overall, the literature
demonstrates the growing scientific interest and technological po-
tential of these materials as sustainable alternatives to conventio-
nal polymers.
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Resumen — El objetivo de esta revision sistematica es analizar
los principales avances cientificos relacionados con el uso de ce-
lulosa extraida de residuos agroindustriales para la formulacién
de biopolimeros. Para ello, se realizé una revision sistematica de
la literatura cientifica publicada entre 2015 y 2024 utilizando la
base de datos Dimensions, considerando estudios asociados con
residuos agroindustriales, biomateriales y métodos de produccion
de biopolimeros. Los estudios seleccionados fueron evaluados me-
diante analisis bibliométrico y herramientas de co-ocurrencia de
palabras clave, lo que permitio identificar tendencias de investiga-
cién, produccion cientifica y enfoques tecnolégicos predominantes.

Los resultados indican que los residuos agroindustriales cons-
tituyen una fuente abundante y sostenible de celulosa, cuya va-
lorizacion promueve la economia circular y reduce el impacto
ambiental. Se identificaron varios métodos de extraccion de ce-
lulosa, incluyendo el tratamiento alcalino, el tratamiento acido,
el blanqueo, los procesos enzimaticos y los métodos basados en
solventes verdes. Estos dltimos representan una de las tendencias
mas recientes y, en comparacion con otros métodos, producen
celulosa con un alto grado de pureza; sin embargo, su principal
inconveniente es el elevado costo de produccion. En este contexto,
la hidrélisis acida sigue siendo uno de los métodos mas utilizados
a pesar de involucrar reactivos corrosivos.

La celulosa extraida de residuos agroindustriales se utiliza
como materia prima en la produccién de biopolimeros. Para la fa-
bricacion de peliculas de biopolimeros, el moldeo es la técnica mas
cominmente empleada. Las principales aplicaciones de los biopo-
limeros derivados de residuos agroindustriales se identificaron en
la industria alimentaria, particularmente en envases y recipientes
para alimentos. En general, la literatura demuestra el creciente
interés cientifico y el potencial tecnolégico de estos materiales
como alternativas sostenibles a los polimeros convencionales.

Palabras Clave: polisacaridos; biomasa; cascarilla de café; ba-
gazo de cafa.

I. INTRODUCTION

HE world population is increasing daily; consequently, food
production and distribution are rising to meet population
demand. The agro-industrial sector is responsible for processing
products from agriculture, livestock, fishing, and forestry acti-
vities. It is classified into the food sector, which refers to food
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production, and the non-food sector, responsible for processing
products such as wood, flowers, tobacco, fibers and dyes, among
others. Due to these processing activities, approximately 3.045
billion tons per year (t year-!) of agro-industrial waste are gene-
rated worldwide [ 1], making them potential sources of contami-
nation and risks to the environment and human health. There-
fore, alternatives for the utilization of agro-industrial waste are
being sought. It is observed that population growth is directly
proportional to the demand for plastics used in human activi-
ties. In 2019, the United Nations reported that approximately
300 million tons of plastic waste are produced globally each
year, of which only 14% is recycled. Petroleum-based plastic
materials are inexpensive polymers with good mechanical pro-
perties. However, their main disadvantage is that they are non-
biodegradable and cause pollution in water bodies, soil, and air
[2]. Globally, greenhouse gas emissions generated by food was-
te account for 8% of global emissions [3].

An alternative to reduce the pollution caused by this waste
is the generation of biopolymers from these agro-industrial re-
sidues. Biopolymers have become an alternative to single-use
plastics. These materials are characterized by being biodegrada-
ble under appropriate conditions, with a decomposition period of
around 180 days. Because they are manufactured from renewable
resources, their production does not depend on fossil fuels [4].

This approach contributes to the circular bioeconomy model,
which aims to create a closed-loop system where waste is mini-
mized. The valorization of food waste not only reduces waste but
also contributes a matrix of cellulose, hemicellulose, and lignin,
in addition to enhancing environmental, economic, and social
sustainability [5]. In this context, this review seeks to evaluate the
major results, methods, and technologies involved in transforming
cellulose derived from agro-industrial waste into biopolymers.

A. Agro-industrial Waste as a Source of Cellulose

The United Nations Food and Agriculture Organization
(FAO) estimates that approximately one-third of the food pro-
duced for human consumption is lost, equivalent to 1.3 billion
tons per year. The agro-industry is responsible for the proces-
sing of fruits, vegetables, tubers, pods, seeds, roots, and lea-
ves; some of which are commercialized as flours, oils, nectars,
juices, wines, jams, among others, thereby generating signifi-
cant waste [6]. FAO [7] reports the global crop production of
sugarcane, agave and fibers, avocado, rice, bananas, coconut,
soybeans, cocoa, maize, mango, guavas, papaya, roots, tubers,
grapes, and coffee (Table I). Sugarcane and maize are the pri-
mary crops produced worldwide.

The agro-industry generates various types of waste, which
include crop residues, processing by-products, and waste from
the food and beverage industries (Table II) [8]. Agro-industrial
wastes are predominantly solid and organic in nature. Most
of these wastes are rich in lignocellulosic biomass, composed
primarily of pectin and ashes. The composition of cellulose,
hemicellulose, and lignin in agro-industrial wastes varies ac-
cording to the type of residue [9].

Globally, the crop with the highest production is sugarcane,
which generates waste such as bagasse, filter cake (cachaza),
and ash. In this context, it is reported that 37 to 42% of sugar-
cane bagasse is generated per ton processed [10], [11].
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TABLE 1
GLOBAL PRODUCTION BY CROP

Crop Production (tons per year)
Sugarcane 2,025,797,465.39
Agave and fibers 40,221.86
Avocado 10,466,560
Rice 799,999,504.87
Bananas 139,277,894.61
Coconut 64,675,221.98
Soybeans 371,173,609.31
Cocoa 5,600,100.42
Maize (Corn) 1,241,557,811.36

Mango and guavas 61,107,091.76

Papayas 14,232,583.07
Roots and tubers 9,630,951.90

Grapes 72,486,522

Coffee 11,064,205.47

Fuente: [7]

TABLE II
TYPES OF WASTE GENERATED BY THE AGRO-INDUSTRY

Agro-industry Sector Type of Waste

Crop Harvesting Plant remnants, leaves, stalks, and roots.

Processing By-products Pulps, peels/rinds, and seeds.

Fruit and vegetable waste,

Food Industry Waste and non-conforming products.

Beverage Production Waste ~ Sugarcane bagasse, grape pomace (orujo).

According to the literature, for every ton of stalks entering
the agro-industrial processing line, 250 kg of bagasse are ge-
nerated [11]. Bagasse has been used as animal feed, as a raw
material for the production of ethanol, fuel, cellulose, paper,
and compost [12]. The composition of bagasse is approxima-
tely 40% cellulose, 30% hemicellulose, and 20% lignin.

Another agro-industry that generates significant waste is the
coffee industry, which uses on average 9.5% of the fruit for be-
verage preparation, while the remaining 90.5% are by-products
such as pulp, mucilage, spent coffee grounds, and husks or par-
chment [12]. A similar case is cocoa, where only the bean, which
corresponds to about 10% of the fresh fruit’s weight, is commer-
cially utilized [6]. Melon processing agro-industries, within their
linear production of food items like juices, salads, and snacks,
generate between 8 and 20 million tons of waste annually. This
waste has a composition rich in cellulose, hemicellulose, and lig-
nin [13]. Table III shows the composition of various lignocellu-
losic wastes, which represent a sustainable and abundant source
of cellulose. Currently, this cellulose has been used as a basis
for the formulation of biopolymers [13], [14], [15], [16], [17],
[18], [19], [20]. It has been demonstrated that the utilization of
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this waste contributes to the circular economy and reduces the
environmental impact of agricultural waste [21].

TABLE III
COMPOSITION OF AGRO-INDUSTRIAL WASTE

Composition (%)

Waste Reference
Cellulose Hemicellulose Lignin

Sugarcane Bagasse 40 20 30 [10], [11]
Coffee Husk 44.5 28.5 34 [22]
Melon Peel 55.03 36.21 1.76 [13]
Corn (Maize) 18 45 - [23]
Rice 44 22 - [23]
Wheat 35 22 - [23]
Banana Rachis 42.4 13.7 17.3 [24]
Garlic Stem 41 18 6.3 [25]
Grape Pomace 19.3 7.20 15.60 [18]

B. Environmental Impact of Agro-industrial Waste

Waste rich in lignocellulosic biomass exhibits a very low degra-
dation rate. When not utilized, it is often disposed of without any
regulation, primarily in vacant lots or green spaces [26], [27], [28].

The inadequate treatment and disposal of this biomass was-
te have a negative environmental impact, primarily generating
atmospheric pollution and greenhouse gases, soil degradation,
water pollution, and ecological problems [29]. Atmospheric
pollution and greenhouse gas emissions generated by the open-
air burning of agricultural waste release large quantities of
carbon dioxide, methane, and particulate matter, contributing
to climate change and public health issues [30]. According to
reports by the IPCC, 24% of global GHG emissions corres-
pond to direct agricultural activities and those derived from the
burning of residual biomass [31]. Another effect generated by
this waste is the reduction of nutrient availability in the soil
and an increase in the leaching of phenolic compounds, which
adversely affects water quality [32].

C. Valorization of Agro-Industrial Waste: Biopolymers

Due to their composition, agro-industrial wastes have high
potential to be utilized for generating value-added products [6],
[33]. Currently, one of the main applications is the production
of compost and bioenergy sources such as bioethanol, biodie-
sel, and biogas, as well as in the production of biopolymers
[34], [35], [36]. Biopolymers represent an alternative for re-
ducing the production of non-biodegradable, petroleum-based
polymers, as they are derived from renewable resources [37],
[38], [39]. Biopolymers are classified into three categories ba-
sed on their origin: a) Polymers derived from renewable resou-
rces, such as starch and cellulose; b) Biodegradable polymers,
produced from bio-derived monomers, such as vegetable oils
and lactic acid; c) Biopolymers synthesized by microorga-
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nisms, such as polyhydroxyalkanoates (PHA) [40]. Biopoly-
mers can be obtained using different techniques, depending on
the synthesis method, processing, and desired application. The
most common forms include films, fibers, hydrogels, nanocom-
posites, filaments, granules, and powders [41].

The polymers derived from renewable resources, such as
cellulose is formed by the linkage of B-glucose molecules via
B-1,4-O-glycosidic bonds; it has a linear structure where mul-
tiple hydrogen bonds are established between the OH groups
of the glucose chains, forming the compact fibers that cons-
titute the cell wall [42]. Cellulose possesses several notable
properties that make it suitable for use in various polymeric
compounds. These characteristics include its density, non-abra-
siveness, combustibility, non-toxicity, biodegradability, and
low cost [25], [43]. Although, it presents some disadvantages,
such as poor interfacial adhesion and high water absorption.
In this context, some authors state that these properties can
be improved through the chemical modification of cellulose
fibers. However, it is a biopolymer with high mechanical stren-
gth, biocompatibility, and biodegradability, making it a bioma-
terial with high potential for industrial applications, including
paper, textiles, and food additives [13], [44], [45]. This work
will focus on the utilization of cellulose extracted from agro-
industrial waste for the production of biopolymers.

D. Methods for Cellulose Extraction and Purification

Lignocellulosic biomass is primarily composed of cellulo-
se, a linear, crystalline, and water-insoluble polymer that forms
the primary structure; hemicellulose, an amorphous, branched,
and heterogeneous polymer that acts as a connector between
cellulose and lignin; and lignin, a complex, cross-linked phe-
nolic polymer that provides structural support. Consequently,
efficient cellulose extraction requires a biomass pretreatment to
remove hemicellulose and lignin [14].

Pretreatment can be performed through alkaline treatment
using a concentrated solution of sodium hydroxide or potas-
sium hydroxide at concentrations of 4-20% by weight and tem-
peratures ranging from 70°C to 160°C [19]. Another method
is bleaching, which aims for the complete removal of lignin
using various chemical combinations such as sodium chlorite,
hydrogen peroxide with sodium hydroxide, or hydrogen pero-
xide in acetic acid and water [46]. For instance, a pretreatment
for grape waste has been reported using a 5% hydrogen peroxi-
de solution (0.05 g/mL) at pH 11.5 (adjusted with NaOH) and
50°C for 8 hours, followed by cooling at room temperature for
15 hours. The bleaching effect is enhanced by an additional
8-hour bleaching step [18]. Furthermore, some cellulose ex-
traction techniques combine alkaline and bleaching treatments
with ultrasound applied to fibers, resulting in increased crys-
tallinity and improved cellulose stability. For example, in the
case of mango endocarp waste, an alkaline treatment with 2%
(w/v) sodium hydroxide at 80°C for two hours is applied, fo-
llowed by bleaching with a solution of hydrogen peroxide and
4% sodium hydroxide under agitation at 50°C for two hours.
Finally, the material undergoes acid hydrolysis in combination
with ultrasound [47]. Once the hemicellulose and lignin have
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been removed, a method for cellulose extraction is applied,
which can be achieved through three distinct approaches: acid
hydrolysis, enzymatic hydrolysis, and mechanical treatment,
with hydrolysis being one of the most common.

According to the literature [14], there are three important
factors to consider in the hydrolysis process: reaction time,
temperature, and acid concentration, as these influence the
properties of the obtained cellulose. Furthermore, another fac-
tor influencing cellulose yield is particle size. In this regard,
some authors indicate that cellulose at the nanometric particle
scale results in an increase in mechanical strength greater than
that of conventional materials, such as steel [48]. However, this
method presents several limitations, including high water con-
sumption and the generation of acidic wastewater.

Enzymatic hydrolysis is a process that uses specific enzymes to
degrade lignocellulosic components to obtain pure cellulose. One
of its advantages is that enzymes preferentially attack the amor-
phous regions of cellulose, preserving the crystalline regions; mo-
reover, it is a process that is less aggressive to the environment. In
contrast, a disadvantage of this technique is that it requires longer
processing times and is more costly [20]. Another environmenta-
lly friendly and efficient alternative for cellulose extraction is the
use of green solvents, which have low toxicity and are biodegrada-
ble, with glycerol, levulinic acid, and urea being the most common
[49]. When the use of green solvents is combined with intensifi-
cation techniques such as microwaves or ultrasound, the yield and
quality of the extracted cellulose increase [50].

Table IV summarizes the main cellulose extraction methods
from agro-industrial residues, highlighting their advantages
and limitations. Chemical treatments show high efficiency but
involve environmental risks and possible material degradation.
Mechanical and biological methods offer more sustainable al-
ternatives, although they require higher energy input, longer
processing times, or greater costs.

TABLE IV
CELLULOSE EXTRACTION METHODS: ADVANTAGES
AND DISADVANTAGES
Extraction .
methods Advantages Disadvantages
Generation of alkaline
. Low cost
Alkaline . . . . effluents
High efficiency in hemicellu- . . .
treatment Possible partial degradation
lose removal
of cellulose.
Acid High purification efficiency. Use of corrosive reagents.
Enables nanocellulose . .
treatment . Environmental risk.
production.
Improves cellulose purity and
Bleaching whiteness Degrade the polymer chain.
Increases crystallinity.
Mechanical Does not requ1‘re large amou- Low SftleCtIVlty without
methods nts of chemical reagents chemical pretreatment
Lower environmental impact ~ High energy consumption
Biological . e A
. Lower generation of toxic Longer processing time
(enzymatic) . . .
residues Higher production cost
methods
Green Production of high-purity Greater operational
solvents cellulose complexity Higher costs
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E. Transformation of Cellulose into Biopolymers

The transformation of cellulose into biopolymers invol-
ves physical, chemical, and biotechnological processes that
enable the production of advanced, eco-friendly materials with
applications in multiple sectors [51]. Different transformation
pathways exist for cellulose, where it can be used as a fiber, na-
nocellulose, or chemically derivatized (esters, ethers) to create
biopolymers and biocomposites. Another form of transforma-
tion is biotechnological, which utilizes bacteria and fungi to
produce bacterial cellulose [52]. Bacterial cellulose is a biopo-
lymer with characteristics similar to those of plant-based poly-
mers but differs in its degree of polymerization and hardness,
exhibiting more stable and resistant nanofibers with an ultra-
fine network structure, high crystallinity, tensile strength, elas-
ticity, and durability [53]. A disadvantage of bacterial cellulose
production is its high cost and low yield [54].

F. Characterization of Biopolymers

Characterization techniques for biopolymers are essential
for understanding their structural, physical, chemical, and
functional properties. The most commonly used spectroscopic
techniques include Fourier Transform Infrared (FTIR) spec-
troscopy, which identifies functional groups and analyzes the
chemical composition of biopolymers; UV-Vis spectroscopy,
useful for studying optical absorption and the presence of chro-
mophores; and Nuclear Magnetic Resonance (NMR) spectros-
copy, which provides information on molecular structure and
purity [55]. Furthermore, microscopic techniques are emplo-
yed, such as Scanning Electron Microscopy (SEM) to exami-
ne surface morphology and microstructure, and Transmission
Electron Microscopy (TEM) to observe the internal structure at
the nanometric level [56]. Additionally, diffraction and thermal
analysis techniques are used to evaluate the crystallinity, struc-
ture, and thermal stability of biopolymers [57].

Biopolymers exhibit a variety of physical, chemical, and me-
chanical properties that make them attractive for sustainable and
biomedical applications. Physical properties allow the determi-
nation of the material’s macroscopic behavior through characte-
ristics such as density, flexibility, transparency, thermal stabili-
ty, and permeability [58]. Chemical properties enable the study
of molecular composition and the possibility of modifying the
material for specific applications. Other highly relevant proper-
ties are mechanical ones, which define the biopolymer’s ability
to withstand forces, deform, and resist wear [59].

G. Applications of Cellulose-Derived Biopolymers

Cellulose-derived biopolymers are sustainable materials
with reported applications across various industrial and tech-
nological sectors. In the biomedical field, they are used as ma-
terials in tissue engineering, controlled drug release systems,
implants, and customized medical devices (3D printing) [60],
[61], [62]. In the environmental sector, they are applied in the
removal of heavy metals and contaminants from wastewater,
serving as bio sorbents and membranes for water purification,
among other applications [63], [43]. Within the food indus-
try, they are utilized in the form of biodegradable food films,



ENFOQUE UTE, VOL. 17, NO. 2, APRIL 2026, pp. 33-43, E-ISSN: 1390-6542

coatings, protective layers, and packaging [15], [16], [64]. In
agriculture, they are employed as hydrogels for the controlled
release of water and nutrients, and as films for crop protection
[65], [66]. These represent some of the reported applications
for cellulose-derived biopolymers, which are enabled by their
biodegradability, high mechanical strength, thermal stability,
and ease of chemical modification [67].

H. Environmental and Economic Impact

The use of biopolymers represents a sustainable alternative
to conventional polymers, with the potential to reduce environ-
mental impact and dependence on fossil fuels. However, their
environmental and economic impact varies depending on the
type of biopolymer, the raw materials used, and the production
processes. Life cycle analysis indicates that biopolymers gene-
rally have a lower carbon footprint and reduced consumption
of fossil resources, but they can present economic and envi-
ronmental challenges at specific stages of their life cycle [68].

It has been demonstrated that biopolymers such as polylac-
tic acid (PLA) can generate up to 50% fewer carbon emissions
compared to polyethylene terephthalate (PET). Furthermore,
their ability to decompose under specific conditions, such as
composting, reduces waste accumulation [69]. In contrast, the
production of biopolymers can lead to agricultural impacts
stemming from biomass cultivation, potentially causing eu-
trophication in water bodies and soil acidification [68], [69].
Another challenge facing biopolymer production is its higher
cost compared to conventional plastics, but economic viability
can be improved by utilizing waste materials as feedstock [70].

II. METHODOLOGY

A systematic search for scientific references published bet-
ween 2015 and 2024 was conducted using the Dimensions
database. The search criteria were: agro-industrial waste, bio-
materials, cellulose, and biopolymer production methods. This
search yielded 549 published articles.

Once the database was obtained, duplicate entries were re-
moved, leaving 505 articles. Subsequently, these articles were
screened based on their title, keywords, and abstract, in addi-
tion to assessing full-text availability. This process resulted in
a final selection of 156 articles directly related to the utilization
of cellulose extracted from agro-industrial waste (Fig. 1).

Using the reference manager Zotero, a bibliometric analy-
sis was performed, revealing the annual scientific production
and the leading countries with the highest number of published
articles. Based on this database and using the keywords from
each article as the unit of analysis, a co-occurrence map was
generated using the software VOSviewer, version 1.6.20.

A. Limitations of the Study

This systematic review has certain limitations that should
be acknowledged in order to reinforce scientific transparency.
The literature search was restricted to the Dimensions database
and to the period between 2015 and 2024; therefore, relevant
studies indexed in other databases or published outside this ti-
meframe may not have been included.
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Records identified from: Dimensions
(n=549)

/

Files identified through
database search.

Zotero 6 Duplicated records

(n=45)

.

Identification

Records examined according Dimensions | Records excluded

to document type (n=504) (n=49)
Records examined according Records excluded
— to title, keywords, and > (n=209)
— abstract (n=455)
B :
§ Article eligibility according Records excluded
g to the full text (n=246) (n=90)

A

Studies included in the
review (n=156)

Included

Fig. 1. PRISMA flowchart for screening and selection of studies.

Likewise, the bibliometric indicators employed—such as
the number of publications, keyword co-occurrence, and coun-
try productivity—allow the identification of trends in scientific
output but do not necessarily reflect research quality, technolo-
gical maturity, or the feasibility of industrial scaling. Moreover,
citation patterns may be influenced by database coverage and
language bias. Furthermore, the co-occurrence analysis de-
pends on the consistency of author-defined keywords, which
may affect the interpretation of thematic networks. In addition,
methodological heterogeneity among the analyzed studies—
particularly regarding extraction techniques, characterization
methods, and performance evaluation of biopolymers—Iimits
direct comparisons and hinders the possibility of conducting
integrative quantitative analyses.

III. RESULTS AND DISCUSSION

Scientific production related to the utilization of cellulose
extracted from agro-industrial waste for obtaining biopolymers
showed a considerable increase starting in 2021 within the pe-
riod from 2015 to 2024. This trend may be associated with
efforts to meet the Sustainable Development Goals (SDGs),
driving the search for alternatives to petroleum-derived mate-
rials. This has stimulated increased research into biodegrada-
ble polymers, particularly those produced from agro-industrial
waste (Fig. 2).

A total of 156 articles addressing the utilization of cellulo-
se extracted from agro-industrial waste for the formulation of
biopolymers were identified. The analysis revealed that Brazil,
Italy, and Spain stand out with the highest number of scienti-
fic publications, accounting for 18.6%, 9.0%, and 7.7% of the
total, respectively, between 2015 and 2024. Despite the signi-
ficant scientific contributions from these countries, Brazil is
notable as a representative of emerging economies. In Latin
America, Mexico ranks fourth, contributing 6.4% of the scien-
tific production on this topic. This trend is likely related to the
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significant agricultural potential of both Latin American coun-
tries as major producers of coffee and sugarcane (Table V), and
the ongoing search for alternatives focused on the valorization
of waste generated by the agroindustry.

2

Number of publications

20132016201 201 82019202202 1202220232024
Years

Fig. 2. Scientific production per year from 2015 to 2024 on the utilization of
cellulose extracted from agro-industrial waste for biopolymer production.

TABLE V
SCIENTIFIC OUTPUT BY COUNTRY

Country Continent Published articles (%)
Brazil America 18.6
Italy 9.0
Europe
Spain 7.7
Mexico America 6.4

In the keyword co-occurrence network, the term “bacterial
cellulose” is prominent, around which other secondary terms
such as cellulose, biopolymers, agro-industrial waste, and bio-
materials are linked (Fig. 3).

A. Properties vs. Applications

Agro-industrial waste represents an alternative for genera-
ting polymers that can degrade in a shorter period compared
to conventional ones. It was identified that the utilization of
this waste is highly diverse, with notable applications including
compost, biodiesel, biogas, and biopolymers. Various authors
have proposed formulations for biopolymers using cellulo-
se extracted from residues such as sugarcane bagasse, mango
and papaya peels, cocoa shells, grape pomace, and avocado
seeds and peels, among others. However, it is crucial to con-
sider factors like particle size and the use of plasticizers, as
they enhance the mechanical strength of the biopolymer. For
instance, cellulose at the nanometric particle scale results in in-
creased mechanical strength [48]. Plasticizers improve material
flexibility by reducing intermolecular forces [71]. Mechanical,
rheological, and thermal properties can be enhanced by adding
plasticizers such as polyvinyl alcohol, glycerol, carboxylic
acids, sorbitol, xylitol, mannitol, corn syrup, propylene glycol,
ethylene glycol, polyethylene glycol, triethyl citrate, triacetin,
formamides, urea, acetamide, glucose, polyaminoacids, lipids,
sorbates, and phosphates [72], [73]. Glycerol is the most widely
used plasticizer in the production of biodegradable films due to
its high availability, low cost, compatibility with a wide range
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of materials, and its ability to impart good elasticity to films
without significantly reducing their tensile strength [74].

In contrast, an increase in plasticizer concentration reduces
intermolecular forces, resulting in greater flexibility but redu-
ced strength of the materials. At low glycerol concentrations,
the tensile strength of the films is higher [75].

Some authors report the use of other plasticizers, such as
glucose, which can improve the mechanical properties of the
biopolymer. For instance, elongation can be increased by up to
51.4% [15].

Formulating a biopolymer using both starch and cellulose
enhances tensile strength and Young’s modulus. According
to the literature, a starch-based biopolymer with a cellulose
concentration between 5% and 15% exhibits improved tensi-
le strength, Young’s modulus, and reduced water vapor per-
meability [76]. In most applications, polysaccharides such as
cellulose, hemicellulose, starch, pectin, alginate, chitosan, and
fibers are used as raw materials to develop biodegradable films
and coatings in the food industry. This is because their orde-
red network of hydrogen bonds makes them more effective at
blocking oxygen. However, they are less effective as a barrier
against water [44].

The use of agro-industrial waste as a source of cellulose
for obtaining biopolymers reduces the generation and use of
synthetic plastics, helping to mitigate environmental pollution.
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Fig. 3. Keyword co-occurrence network related to the utilization of cellulose
extracted from agro-industrial wastes.

However, challenges remain in the study of mechanical pro-
perties, such as strength, and water vapor barrier properties,
which limits certain applications. Therefore, the study of bio-
polymers still presents an area of opportunity for improving
their mechanical and water vapor barrier properties.

B. Biopolymer Formulation

The formulation of biopolymers from cellulose, starch, and
polylactic acid involves variations in their production proces-
ses, which modify their mechanical and thermal properties
(Table VI).

In the development of edible wraps based on sugarcane ba-
gasse cellulose [15], the sugarcane bagasse was chemically mo-
dified by acid hydrolysis to obtain microcrystalline cellulose
for the formulation of biofilms using glucose, glycerol, and a
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fatty acid. The wraps were produced using the casting method,
a process where the solution is poured into plastic molds and
the solvent is evaporated.

Biopolymers have been developed from cocoa cellulose and
sugarcane bagasse fiber by varying the composition of cellulose
and fiber, glycerol, distilled water, and sorbitol. It was observed
that decreasing the cellulose concentration reduces the moisture
percentage of the film. Regarding water vapor permeability, the
formulation with 75% cellulose and 25% fiber showed the lowest
permeability [16]. It has been demonstrated that films based on
grape pomace cellulose nanocrystals can be reinforced by adding
starch, distilled water, and glycerol. This allowed films with a
composition between 5% and 15% cellulose nanocrystals to
achieve better tensile strength and Young’s modulus [76].

The combination of starch and cellulose present in avocado
peel and seed [18] has been used in the formulation of biopo-
lymers with starch, 30% NaOH, cellulose, glycerin, and poly-
vinyl acetate (PVA). The film with the best mechanical pro-
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perties had a concentration of 2 g of glycerol and 6 g of PVA,
demonstrating a tensile strength of 1.53 MPa, an elongation
of 21.25%, and an elastic modulus of 10.04 MPa. In the de-
velopment of a biopolymer based on papaya and mango peel,
starch, glycerol, acetic acid, and distilled water, the polymer
based on papaya peel showed greater hardness, a melting point
of 400 °C, and higher mechanical strength [77]. Other authors
explore the formulation of bionanocomposites by adding re-
inforcing materials using starch and cellulose nanofibers as a
base. The biopolymer formulation used cassava starch, carob
gum, distilled water, glycerol, and cassava cellulose nanofibers
at different concentrations. The developed biopolymer showed
good tensile strength; however, the addition of 2.5% cellulose
nanofibers significantly reduced this tensile strength [17].

The identified parameters involved in the matrix of reinfor-
ced polymers are related to fiber pretreatment, the percentage
of the filler to be used, the dispersion of the fibers within the
matrix, and the fiber length [78].

TABLE VI
FORMULATION OF CELLULOSE-BASED BIOPOLYMERS
OBTAINED FROM AGRO-INDUSTRIAL WASTE

Raw Material Polymer Additives/ Processing Key Application References
(Source) Base Plasticizers Method Properties pp
Microcrystalline . . . . .
Sugarcane bagasse cellulose Glucose, glycerol, fatty acid Casting Edible film formation Food packaging [14]
Cocoa shell, sugar-  Cellulose, fiber Glycerol, sorbitol, distilled . . Low water vapor permeabi- Biodegradable
. Solution casting . [15]
cane fiber composite water lity (75% cellulose) films
Cellulose nano- . . Improved tensile strength .
1
Grape pomace crystals + starch Glycerol, distilled water Casting (5-15% CNC) Food packaging [17]
Starch-cellulose Tensile: 1.53 MPa, Elonga-
Avocado peel/seed blend Glycerol, PVA, 30% NaOH Casting tion: 21.25% Biopolymer films [31]
Elastic modulus:10.04 MPa
Papaya/Mango Starch-cellulose Glycerol, acetic acid, distilled Thermal processing Melting point: 400°C, high Food packaging (75]
peel water hardness
Cassava residues  Starch, cellulose Carob eum. elveerol Solution castin Variable tensile strength Bionano-composites [16]
and carob tree nanofibers gum, gly € (fiber-dependent) P )
Lignocellulosic . Lignin - . Reduced elasticity but 3D printing
biomass PLA composite (20-40%) 3D printing (215°C) improved layer adhesion filaments (791

Note: CNC = Cellulose Nanocrystals; PVA = Polyvinyl Acetate; PLA = Polylactic Acid

Another important parameter considered in the formulation
of biopolymers based on lignocellulosic biomass is the pro-
cessing temperature, as their main components degrade at spe-
cific ranges. Amorphous cellulose and hemicellulose degrade
between 200°C and 250°C, microcrystalline cellulose between
240°C and 360°C, and lignin between 360°C and 540°C [79],
[80]. This parameter can affect the tensile strength and stiff-
ness of the resulting biopolymer. Furthermore, temperature can
modify organoleptic characteristics, such as odor and color;
although a property that favors the use of cellulose is its high
thermal resistance.

Furthermore, the formulation of biocomposites reinforced
with lignocellulosic biomass in a PLA matrix has been reported
to improve material properties. In this context, filaments based
on biocomposites containing 20% and 40% lignin with PLA

as the polymeric matrix have been developed. The result was a
more brittle biocomposite with lower resistance to deformation
before fracture, showing a 25% to 32% decrease in its elas-
tic modulus compared to pure PLA [81]. However, when the
printing temperature was increased to 215°C, the biocomposite
exhibited enhanced mechanical properties, which is associated
with improved adhesion between the 3D-printed layers.

One of the most relevant factors in obtaining biopolymers
is the type and quantity of plasticizer used. It is observed that
plasticizers like glycerol and sorbitol significantly influence the
material’s flexibility and strength. Nevertheless, an excess of plas-
ticizer can affect the structural stability, reducing tensile strength.

On the other hand, the casting method was identified as the
most commonly used technique for producing biopolymers,
enabling the formation of films. Key factors here are the drying
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temperature and time, which directly influence the strength and
uniformity of the formed films. Reinforcing materials through
the formulation of biocomposites using materials such as na-
nocellulose, lignin, and PLA demonstrates significant improve-
ments in mechanical strength. However, most applications for
these biopolymers remain in the food packaging industry. An
area of opportunity still exists in the study of cellulose-based
filaments for application in 3D printing.

Although acid hydrolysis is widely reported as the predomi-
nant method for cellulose extraction due to its efficiency and
the high degree of purity it yields [18], [44], [48], the reviewed
studies exhibit marked heterogeneity in experimental condi-
tions (including acid concentration, temperature, reaction time,
and type of biomass residue) which makes direct comparisons
of yield and structural quality difficult [24], [34], [45]. In many
cases, high crystallinity levels are reported without discussing
the environmental impact associated with the use of corrosive
reagents or the costs related to effluent neutralization, thereby
limiting a comprehensive assessment of sustainability.

Furthermore, although enzymatic methods are frequently des-
cribed as more environmentally friendly alternatives [27], [30],
several studies fail to include comparative productivity analyses
or economic feasibility evaluations at the industrial scale [26],
[31], making it unclear whether their lower environmental impact
offsets their longer processing times. Similarly, the use of green
solvents, particularly deep eutectic solvents [47], is presented as a
promising alternative; however, the literature still lacks systematic
analyses comparing their technical performance, energy consump-
tion, and costs with those of conventional methods, revealing a gap
between experimental innovation and industrial applicability.

In biopolymer formulation, significant methodological in-
consistencies are also observed. While some studies focus pri-
marily on mechanical and thermal properties [55], [74], others
prioritize environmental indicators such as carbon footprint
and life cycle assessment [66], [67], without establishing com-
mon comparative frameworks. Moreover, variability in plasti-
cizer selection, reinforcement ratios, and processing techniques
[36], [41], [52] leads to results that are difficult to extrapolate.
This lack of standardization limits the possibility of conduc-
ting integrative analyses and highlights the need for comparati-
ve protocols capable of simultaneously evaluating mechanical
performance, environmental impact, and economic feasibility.

V. CONCLUSION

The development of biopolymers from renewable sources
has proven to be a viable and sustainable alternative for crea-
ting materials with diverse applications. However, current ce-
llulose extraction methods still present certain disadvantages,
including high water consumption, generation of acidic was-
tewater, lengthy processing times, and high production costs.
Furthermore, the production of cellulose-based biopolymers
highlights the critical importance of raw material selection,
particle size, type and quantity of plasticizer, and material rein-
forcement, as these factors significantly influence the mechani-
cal and thermal properties of the formulated biopolymers.

The primary techniques identified for biopolymer produc-
tion are casting, extrusion, and compression molding, with cas-
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ting being the most commonly used method for creating films
from polymer solutions. The main applications of biopolymers
derived from agro-industrial waste were identified in the food
industry, particularly for food packaging. According to life
cycle analysis, biopolymers are notable for generating a lower
carbon footprint and reduced consumption of fossil resources;
however, economic and environmental challenges persist in
certain stages of their life cycle.

There is a need to generate knowledge focused primarily on
the extraction and manufacturing stages of biopolymers, aiming
to utilize agro-industrial waste through sustainable, large-scale
processes that reduce production costs. Future research should
therefore prioritize the transition from laboratory-scale studies
to pilot and industrial-scale validation of cellulose extraction
and biopolymer production processes. In particular, scale-up
strategies must address process optimization, energy efficien-
cy, solvent recovery, and waste management to ensure technical
feasibility under real production conditions. Additionally, com-
prehensive and standardized life cycle assessment (LCA) stu-
dies are required to evaluate environmental performance across
the entire value chain, from raw material sourcing to end-of-life
scenarios. The integration of techno-economic analyses will
also be essential to assess cost competitiveness, investment re-
quirements, and market viability compared to those of conven-
tional petroleum-based polymers. Addressing these aspects will
be crucial to bridging the gap between academic research and
industrial implementation, thereby strengthening the sustaina-
ble potential of agro-industrial waste-derived biopolymers.
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