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Abstract

The additive manufacturing revolution focuses on the use of
intelligent technologies that enable the production of
personalized objects. This work presents the 3D printing of air-
drying moldable clay as a potential substrate for the support of
zinc oxide [ZnO] nanoparticles. The process began with the
printing of a 40 mm bucket of air-drying moldable clay; It was
left to dry for 24 hours. A nanostructured zinc oxide seed was
chemically synthesized and deposited by immersion on the clay
substrate, then a growth of nanostructures was carried out by the
hydrothermal method. The print showed definition in the layers,
but small defects due to excess water; After the hydrothermal
process, the exposed piece considerably reduced its size,
however, the clay material has good affinity with zinc oxide
nanostructures
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Resumen

La revolucion de la manufactura aditiva se centra en el uso de
tecnologias inteligentes que permitan la produccion de objetos
personalizados. Este trabajo presenta la impresion 3D de arcilla
moldeable de secado al aire como potencial sustrato para el soporte de
nanoparticulas de 6xido de zinc [ZnO]. Se inicia con la impresion de un
cubo de 40 mm de arcilla moldeable de secado al aire; con secado al aire
durante 24 horas. Se sintetizo quimicamente una semilla de 6xido de zinc
nanoestructurada que se deposité mediante inmersiones sobre el sustrato
arcilloso, posteriormente se llevd a cabo un crecimiento de
nanoestructuras por el método hidrotermal. La impresion mostré una
definicion en las capas con algunos defectos por el exceso de
agua; tras el proceso hidrotermal la pieza expuesta redujo
considerablemente su tamaiio, sin embargo, el material arcilloso
demostro afinidad con las nanoestructuras de 6xido de zinc.
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Introduction

The production and design of three-dimensional
objects has been revolutionized, in this sense,
within the framework of the transformation
towards industry 4.0, the integration of
intelligent digital technologies has emerged to
facilitate product development and reduce the
complexity of traditional processes. [Horst,
Duvoisin, & Vieira, 2019]

Derived from the stereolithography
process, in 1986 a new technology called
additive manufacturing or 3D printing emerged.
Technologies based on 3D manufacturing, for a
long time, were limited to large and medium-
sized companies by the manufacture of
prototypes, currently, their availability has
grown among the population, generating a wide
range of applications. [Han & Lee, 2020]

The process begins with the design of a
structural model using computer-aided design,
which is then prepared by laminating software to
convert it from the 3D model to the language of
the printer and thus create layer by layer the
physical part. [Horst et al., 2019]

The 3D model is divided into thin layers
generating impression paths that completely
cover the surface of the part for its construction,
for this various techniques are applied that
depend directly on the material used and the way
in which each layer merges with the others.
[Chen et al., 2022]. Some of the additive
manufacturing processes are:

- Direct Ink Writing [DIW]: uses the
process of continuous extrusion of inks
which pass through an air-controlled
nozzle, good rheological characteristics
are required from the ink formulation to
obtain good fluidity and stability after
deposition.

Pressurized air

Nozzle

Platform

Figure 1
Direct Ink Writing Process [DIW] Diagram]
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- Fused  deposition modeling:  this
technique makes use of extrusion by
heating thermoplastic filaments that
reach a semi-molten state to solidify on
the printing platform.

Filament

Extrusion nozzle

Platform
Material

Figure 2
Fused Deposition Modeling Process Diagram

3D printing is used for the production of
various products with different materials such as
plastics [PLA, Nylon, PETG, ABS], metals
[titanium, stainless steel], resins [photo
polymeric, epoxy], recently a variant of these
techniques has been applied which is the
manufacture of clay by extrusion, which begins
with the raw material stored in a container that
has a screw mechanism with a stepper motor.
[RAMOS; Zahri & Ibrahim]

Because of the similarity to the fused
deposition modeling [FDM] process, clay
printing is known as paste deposition modeling
[PDM], in which the clay is extruded at room
temperature and its solidification happens by
evaporation of the water content in it. [Ruscitti,
Tapia, & Rendtorff, 2020]

During the extrusion process, it is
essential to maintain a continuous supply of
material, taking into account the control of the
paths to improve the consistency of the layers.
Once the printing of the clay structure has been
completed, a drying and sintering process must
be carried out. [Zahri & Ibrahim]

Clay materials offer various applications
derived from their surface properties as they are
porous heterostructures with adsorption and
catalytic behaviors, so they can be used as
supports for nanostructures generating new
materials. [Akkari, Aranda, Rhaiem, Amara, &
Ruiz-Hitzky, 2016]

Hernandez-Hernandez, Celia Massiel, Melo-Maximo, Lizbeth, Melo-
Maximo, Dulce Viridiana and Vega-Morén, Roberto Carlos. [2025]. Surface
modification of ceramic substrates obtained by additive manufacturing for
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Interest in clay materials is increasing
due to the need to generate substrates that can be
subjected to efficient, competitive and low-cost
photocatalytic processes. Surface modification
through the incorporation of nanostructures such
as zinc oxide shows a good alternative. [Akkari
et al., 2016]. Chemical stability, wide radiation
absorption  range, high electrochemical
coefficient, and high photostability place zinc
oxide as a strong photocatalytic and functional
material in the degradation of contaminants.
[Zhu & Wang, 2025]

Methodology

The production of ceramic substrates by additive
manufacturing was developed in 3 stages:

Design, modelling and lamination of the
Structure

Using SolidWorks computer-aided design
software, a simple model was created.

Figure 3
CAD design of the part to be printed

As can be seen in Figure 3, a 40 mm cube
was implemented for printing with clay. Once
the design has had the corresponding
measurements, the file is laminated into a free
and open-source software for the general public,
Ultimaker Cura.

Figure 4
Laminating the part in the CURA software
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Figure 4 shows the generation of the
layers of the structure to be printed, in the same
software the printing parameters are adjusted
and they are saved in a "G-code" file for correct
reading in the 3D printer.

Preparation of the raw material

Air drying moldable clay was used as raw
material. Being a noble material for molding, it
was only amalgamated for approximately 5
minutes to generate a smooth and -easily
extruded paste.

The paste was entered into the printer
container trying to prevent bubbles from forming.

3D printing

Using a commercial 3D printer, simple
structures were made with previously prepared
air-drying moldable clay, figure 5. At the end of
printing, the part is left to dry for at least 24
hours.

Figure S
3D printing of the part in air-drying moldable clay.

The modification of the substrates was
carried out in two stages:

Zn0 Seed Synthesis and Deposition

The zinc oxide seed was obtained by a chemical
synthesis of sodium hydroxide and zinc acetate
dissolved in ethanol. The mixture is kept in a
bain-marie with agitation at a temperature of
60°C for 120 minutes in a covered container,
after this time it is removed and left to cool to
room temperature.
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The deposition of the seed to the ceramic
substrate was carried out by immersion, a small
section of the printed and dry structure was taken
to immerse it in the zinc oxide seed 10 times,
leaving three seconds between each one. When
finished, they are left to dry again for 24 hours
before going through the process of growing
zinc oxide nanostructures.

Growth of ZnO nanostructures

The aqueous growth solution was prepared using
zinc nitrate and hexamethylenetetramine 1:1.

The seed section is immersed in this
solution to perform the hydrothermal process
again by bathing at 90°C for 4 hours, Figure 6.

Figure 6
Hydrothermal Process.

Results

The 3D printing of the air-drying moldable clay
was promising with a good quality of layers
showing themselves defined, however, in the
upper part of the piece it was possible to observe
a decline of the layers possibly due to the weight
of the clay due to the water contained, figure 7.

Figure 7
3D printed clay piece
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The piece was characterized by 40x
stereoscopy, obtaining what is exhibited in
figure 8.

Edge Internal Base

Figure 8

Characterization by 40x stereoscopy. a] Photographs of
the walls of the piece, b] Photograph of the edge of the
piece, c] Photograph of the base of the piece.

The walls of the piece show the
impression layer upon layer of the clay, also in
some parts it is possible to find excess material,
especially in places where the printer makes the
changes of direction.

The edges showed to be homogeneous,
shiny by the component elements of the clay, the
inner base of the piece shows the formation of
layers side by side, not superimposed as in the
walls.

The main components of clay are
aluminum, silicon and oxygen, however, it may
contain other elements that directly impact its
properties, so an energy dispersion analysis was
performed.

Figure 9

Scanning electron microscopy and energy
dispersion analysis of air-drying moldable clay.
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As shown in Figure 9, air-drying
moldable clay contains the three main elements:
Si, Al and O, in addition to a prominent peak of
magnesium as well as calcium.

The scanning electron microscopy image
shows the surface of the clay, an irregular texture
with laminar microstructures and cavities is
observed, this can imply porosity making it a
potential candidate in absorption applications.

The nanostructure growth process
showed a change in size in the section used.

Before After

Figure 10
Comparison of size change before and after the
hydrothermal process.

As can be seen in Figure 10, the printed
piece of air-drying clay reduced its size
considerably when exposed to the growth
solution, this is due to the solubility of the clay
in water, so this type of material is not suitable
for the projected application.

Figure 11 shows the surface change that
the section of the printed part underwent after the
hydrothermal process.

0 2 4

ull Scale 336 cts Cursor: 4.250 keV (3 cts)

Figure 11

Scanning electron microscopy and energy
dispersion analysis of air-drying moldable clay
modified with zinc oxide nanostructures
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Triangular type 2D geometries are
observed homogeneously distributed along the
surface with an average length of 12 pym and a
thickness of 0.34 um. The energy dispersion
analysis on the 2D structures shows the presence
of zinc and oxygen that come from the synthesis
of zinc oxide nanostructures. The clay matrix has
good affinity with zinc oxide nanostructures, so
it is potentiated as a good photocatalytic material.

Conclusions

Additive manufacturing is a viable technique for
the production of ceramic substrates, however,
the use of air-drying moldable clay as a raw
material maintains limitations in the application
due to its high solubility in water

The material had an excess in water
content, so deformations were evidenced on the
piece by stereoscopy.

The characterization by scanning
electron  microscopy showed laminar
microstructures and cavities in the material, in
addition the energy dispersion spectroscopy
exhibits the elemental presence of silicon,
aluminum, oxygen, magnesium and calcium,
referring to the clayey material, after the surface
modification process reflects the presence of
zinc and oxygen derived from the synthesized
nanostructures.

Nanostructures were generated on the
clay surface in a homogeneous way and with
good affinity, so the clay material is postulated
as a good candidate to be used as a support.

Conflict of interest

The authors declare that they have no conflict of
interest. They have no known competing
financial interests or personal relationships that
would have appeared to influence the article
reported in this article.

Authors' contribution

Hernandez-Herndndez, Celia Massiel:
experimentation, characterization, analysis of
results, writing.

Melo-Maximo,  Lizbeth:  project advice,
conceptualization, analysis of results, writing.

Melo-Mdaximo, Dulce Viridiana: advice,
conceptualization, characterization, analysis of
results.

Hernandez-Hernandez, Celia Massiel, Melo-Maximo, Lizbeth, Melo-
Maximo, Dulce Viridiana and Vega-Morén, Roberto Carlos. [2025]. Surface
modification of ceramic substrates obtained by additive manufacturing for
possible use in photocatalytic applications. Journal of Chemical and Physical
Energy. 12[31]1-6: 11231106
https://doi.org/10.35429/JCPE.2025.12.31.1.1.6


https://doi.org/10.35429/JITC.2025.9.20.1.1.14

Journal of Chemical and Physical Energy

6
12[31]1-6: 11231106

Article

Vega-Moron, Roberto Carlos: project advice,
conceptualization, analysis of results, writing.

Financing

This research was carried out under the 2025
Call: Scientific research projects, technological
development  and  innovation,  entitled
"Production of ceramic substrates by additive
manufacturing, superficially modified to obtain
photocatalytic  properties"; MO00-PR-03-R02
Project [22624].

Thanks

We thank SECIHTI for the scholarship granted
to carry out the doctoral studies, the National
Technological Institute of Mexico and the
Technological Institute of Tlalnepantla for the
opportunity to carry out postgraduate studies and
for the permission to use the facilities of the
Synthesis and Characterization Laboratory.

Reference
Background

Horst, D., Duvoisin, C., & Vieira, R. [2019].
Additive Manufacturing at Industry 4.0: a
Review. International Journal of Engineering
and Technical Research, 8, 3-8.

Basic

Horst, D., Duvoisin, C., & Vieira, R. [2019].
Additive Manufacturing at Industry 4.0: a

Review. International Journal of Engineering
and Technical Research, 8, 3-8.

Chen, L., Zhou, S., Li, M., Mo, F., Yu, S., & Wei,
J. [2022]. Catalytic Materials by 3D Printing: A
Mini Review. Catalysts, 12, 1081.
doi:10.3390/catal12101081

Han, D., & Lee, H. [2020]. Recent advances in
multi-material additive manufacturing: methods

and applications. Current Opinion in Chemical
Engineering, 28, 158-166.

Support

Akkari, M., Aranda, P., Rhaiem, H. B., Amara,
A. B. H., & Ruiz-Hitzky, E. [2016]. ZnO/clay
nanoarchitectures: Synthesis, characterization
and evaluation as photocatalysts. Applied Clay
Science, 131, 131-139.

ISSN: 2410-3934.
RENIECYT: 1702902
ECORFAN® All rights reserved.

Chen, L., Zhou, S., Li, M., Mo, F., Yu, S., & Wei,
J. [2022]. Catalytic Materials by 3D Printing: A
Mini  Review.  Catalysts, 12,  1081.
doi:10.3390/catal 12101081

Han, D., & Lee, H. [2020]. Recent advances in
multi-material additive manufacturing: methods
and applications. Current Opinion in Chemical
Engineering, 28, 158-166.

Horst, D., Duvoisin, C., & Vieira, R. [2019].
Additive Manufacturing at Industry 4.0: a
Review. International Journal of Engineering
and Technical Research, 8, 3-8.

Ramos, s. H. Disefio y fabricacion de electrodos
y accesorios para electroestimulacion y
medicion de impedancia eléctrica en cultivos
celulares utilizando manufactura aditiva.

Ruscitti, A., Tapia, C., & Rendtorff, N. [2020].
A review on additive manufacturing of ceramic
materials based on extrusion processes of clay
pastes. Ceramica, 66[380], 354-366.

Zahri, Z., & Ibrahim, M. Thixotropy Evaluation
on 3D Printing of Clay.

Zhu, C., & Wang, X. [2025]. Nanomaterial ZnO
synthesis and its photocatalytic applications: A
review. Nanomaterials, 15[9], 682.

Hernandez-Hernandez, Celia Massiel, Melo-Maximo, Lizbeth, Melo-
Maximo, Dulce Viridiana and Vega-Morén, Roberto Carlos. [2025]. Surface
modification of ceramic substrates obtained by additive manufacturing for
possible use in photocatalytic applications. Journal of Chemical and Physical
Energy. 12[31]1-6: 11231106
https://doi.org/10.35429/JCPE.2025.12.31.1.1.6


https://doi.org/10.35429/JITC.2025.9.20.1.1.14
https://www.worldscientific.com/doi/abs/10.1142/S2424862219300011
https://www.worldscientific.com/doi/abs/10.1142/S2424862219300011
https://www.worldscientific.com/doi/abs/10.1142/S2424862219300011
https://www.worldscientific.com/doi/abs/10.1142/S2424862219300011
https://www.mdpi.com/2073-4344/12/10/1081
https://www.mdpi.com/2073-4344/12/10/1081
https://www.sciencedirect.com/science/article/abs/pii/S2211339820300204
https://www.sciencedirect.com/science/article/abs/pii/S2211339820300204
https://www.sciencedirect.com/science/article/abs/pii/S2211339820300204
https://www.sciencedirect.com/science/article/abs/pii/S0169131715302040
https://www.sciencedirect.com/science/article/abs/pii/S0169131715302040
https://www.sciencedirect.com/science/article/abs/pii/S0169131715302040
https://www.mdpi.com/2073-4344/12/10/1081
https://www.mdpi.com/2073-4344/12/10/1081
https://www.sciencedirect.com/science/article/abs/pii/S2211339820300204
https://www.sciencedirect.com/science/article/abs/pii/S2211339820300204
https://www.sciencedirect.com/science/article/abs/pii/S2211339820300204
https://www.worldscientific.com/doi/abs/10.1142/S2424862219300011
https://www.worldscientific.com/doi/abs/10.1142/S2424862219300011
https://red.uao.edu.co/entities/publication/e206fc01-db93-4a88-bf0e-931a646a8e44
https://red.uao.edu.co/entities/publication/e206fc01-db93-4a88-bf0e-931a646a8e44
https://red.uao.edu.co/entities/publication/e206fc01-db93-4a88-bf0e-931a646a8e44
https://red.uao.edu.co/entities/publication/e206fc01-db93-4a88-bf0e-931a646a8e44
https://www.scielo.br/j/ce/a/M4xfChvn84XC85pkv6LMLMm/?lang=en
https://www.scielo.br/j/ce/a/M4xfChvn84XC85pkv6LMLMm/?lang=en
https://www.scielo.br/j/ce/a/M4xfChvn84XC85pkv6LMLMm/?lang=en
https://ieomsociety.org/proceedings/singapore2025/461.pdf
https://ieomsociety.org/proceedings/singapore2025/461.pdf
https://www.mdpi.com/2079-4991/15/9/682
https://www.mdpi.com/2079-4991/15/9/682
https://www.mdpi.com/2079-4991/15/9/682

Journal of Chemical and Physical Energy

1
12[31]1-14: €21231114

Article

Effect of electrode configuration on physicochemical parameters during textile dye
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Abstract

The influence of electrode configuration on a plasma generation system
operating at atmospheric pressure for the degradation of the commercial
textile dye Dark Blue 628 in aqueous solution was investigated. The
initial dye concentration was 1600 mg/L, and 350 mL of the solution was
exposed to plasma treatments using four different -electrode
configurations [parallel point-to-point, opposing point-to-point, vertical
point-to-surface, and horizontal point-to-surface] for 100 minutes. The
plasma generation parameters were kept constant [S000 V, 50 mA]. Dye
degradation was assessed using UV/VIS spectrophotometry [absorbance
after plasma treatment and absorbance after plasma treatment and
filtration], as well as chemical oxygen demand [COD], pH, electrical
conductivity, total dissolved solids, and temperature. Dye degradation
occurred with all electrode configurations, but was more significant,
based on absorbance and COD values, for plasma treatments using
tungsten-aluminium combined electrodes.
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Resumen

Se analizo la configuracion de electrodos en un sistema de generacion de
plasma de aire a presion atmosférica para degradar el colorante azul
oscuro 628 en solucion acuosa. La concentracion inicial de la solucion fue
de 1600 mg/L y fue expuesta [350 ml] a tratamientos de plasma realizados
con cuatro configuraciones de electrodos diferentes [punta-punta paralelas,
punta-punta encontradas, punta-superficie vertical y punta-superficie
horizontal], con una duracion de exposicion de 100 minutos por tratamiento.
Los parametros de generacion del plasma fueron constantes [5000 V, 50 mA].
La degradacion del colorante se determindé mediante espectrofotometria
UV/VIS [absorbancia- tratamiento de plasma y absorbancia-tratamiento de
plasma y filtracion], asi como demanda quimica de oxigeno, pH,
conductividad eléctrica, solidos disueltos totales y temperatura. La
degradacion del colorante se manifiesta para todas las configuraciones de
electrodos. Es mayor [absorbancia y DQO] para los tratamientos de
plasma con electrodos combinados de tungsteno-aluminio.
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Introduction

The presence of persistent organic compounds
and synthetic dyes in wastewater poses a
significant environmental problem, as these
pollutants are toxic, reduce sunlight penetration,
and disrupt the ecological balance of water
bodies. Furthermore, conventional wastewater
treatment processes, such as coagulation-
flocculation, biological filtration, or activated
carbon adsorption, are often insufficient for the
complete removal of these compounds, which
frequently have complex aromatic structures and
high resistance to biodegradation.

To address this limitation, Advanced
Oxidation Processes [AOPs], including those
based on plasma discharges, have gained
increasing importance due to their ability to
generate reactive oxygen species [ROS] and
reactive nitrogen species [RNS], which can
mineralise pollutants into less toxic byproducts
such as CO2, H20, and N2z [Acharya et al., 2024].
Plasma is characterised by the presence of free
electrons, positive and negative ions, radicals,
and UV photons, which collectively promote
high-energy oxidation reactions [Liu et al., 2014;
Baeza, 2017].

Its application for wastewater treatment
has been extensively studied, demonstrating
high efficiency in degrading textile dyes such as
methylene blue, methyl orange, and Congo red,
even at low concentrations and in complex
matrices [Attri et al., 2016; Vo et al., 2025]. One
of the primary advantages of using plasma is that
it eliminates the need for chemical reagents,
thereby reducing the generation of secondary
sludge and lowering final disposal costs [Zhong
et al., 2018; Kusumandari et al., 2021].

Additionally, = non-thermal  plasma
systems operate at atmospheric pressure,
facilitating their integration into wastewater
treatment plants without requiring extreme
pressure or temperature conditions [Diamond et
al., 2019; Sutjitjoon et al., 2024].

In this context, research on electrode
configurations has gained particular interest, as
the geometry, material, and arrangement of the
electrodes directly influence the stability of the
discharge, current density, and energy efficiency
of the process [Zhao et al., 2020].
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Related studies have shown that
variations in electrode polarity, geometry, or
spacing can modify the spatial distribution of the
plasma, the breakdown voltage, and the
generation of reactive species, which in turn
affects the degradation rate of pollutants
[Nippatlapalli et al., 2020; Panov et al., 2021].
However, systematic comparisons of different
geometric  configurations under  similar
operating conditions are still limited, hindering
the optimal design of reactors for industrial
applications.

Considering the above, this research adds
value by comparatively evaluating the effect of
different electrode geometric configurations on
key physicochemical parameters [pH, electrical
conductivity, total dissolved solids, temperature,
chemical oxygen demand, and absorbance]
during the degradation of a commercial textile
dye using plasma in an air-water system. While
other studies have focused on optimising
individual operating conditions, such as the type
of gas, flow rate, or treatment time [Vo et al.,
2025; Aloui et al., 2024], this study integrates
the analysis of several electrode configurations,
allowing us to identify the arrangement that
maximises degradation efficiency with minimal
energy consumption and without compromising
discharge stability.

The characteristics of each evaluated
electrode configuration include wvariations in
geometry [parallel point-to-point, opposing
point-to-point, vertical point-to-surface,
horizontal point-to-surface] and material.

The aim is to correlate these variables
with the changes induced in the physicochemical
properties of the treated solution, which will help
elucidate the role of the electric field
distribution, electrode geometry, and material
[Panov et al., 2021; Li et al., 2021; Chanan et al.,
2018; Nurcahya et al., 2025; Uriarte., 2025].

In this context, the objective of this
research is to evaluate the effect of different
electrode geometries on the degradation
efficiency of the target textile dye.

For this purpose, a solution of the
commercial dark blue 628 textile dye was
prepared and exposed to air plasma generated
using each of the four different electrode
configurations.
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Methodology
Preparation of the test solution

A commercially available dark blue household
dye solution [code 628] was used, with an initial
concentration of 1600 mg/L and a working
concentration of 1600 mg/L. A total of 2800 mL
of this solution was prepared and stored at 14 °C
for later use. Each experiment required 350 mL
per replicate [two replicates were performed for
each electrode configuration]. The values
presented as results are the averages obtained
from the replicates for each configuration.

Experimental system and plasma treatment
of the solution.

The experimental system is similar to that used
in our previous studies [Alarcon et al., 2019;
Alarcon et al., 2022a; Alarcon et al., 2022b;
Alarcon et al., 2022¢]. A modification was made
to the electrode configuration. Figures 1, 2, 3,
and 4 illustrate the experimental system used to
expose the solution to air plasma, along with the
corresponding electrode configurations.

The device consists of a 1.0 L airtight
glass chamber, two electrodes [depending on the
configuration], a mercury thermometer, and a
high-voltage power supply. In this system, one
electrode is submerged in the liquid [the solution
to be treated], while the other remains in the gas
phase [in this case, air].

Box 1
ll 1 <4—— High
Mobile voltaje
—_—

electrode
[Phase]

== Thermometer

Study
solution

<€ Reaction

chamber

Figure 1
Experimental setup. Configuration 1. Parallel
point-to-point electrodes. Tungsten tips.

Source: Own elaboration
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Figure 2
Experimental setup. Configuration 2. Converging
point-to-point electrodes. Tungsten tips.

Source: Own elaboration
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Figure 3

Experimental setup. Configuration 3. Point-to-vertical

surface. Tungsten tip, aluminium surface [24.5 cm?].
Source: Own elaboration
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Figure 4
Experimental setup. Configuration 4. Point-to-

horizontal surface. Tungsten tip, aluminium surface
[19.6 cm?).
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The solution is exposed to air plasma by
placing 350 mL in the reaction chamber. One
electrode is fixed and submerged in the solution.
The other electrode is movable and positioned at
a distance of 2 to 5 mm from the surface. The
plasma is generated at this second electrode due
to the movement of the electrode.

During the treatment, the plasma
continuity is monitored.

The plasma treatment is generated using
a high-voltage power supply [Spellman SL600]
by adjusting the voltage and current values
[5,000 V, 50 mA]. These values were used for
each repetition of each electrode configuration
tested. The plasma treatment lasts a total of 100
minutes for each configuration.

Measurement of parameters of interest.

Once the plasma exposure begins using the
corresponding electrode configuration, the
parameters of interest are measured at regular
10-minute intervals.

For this, the plasma treatment is
temporarily interrupted, the temperature is
recorded using a mercury thermometer
immersed in the solution, and a sample is taken
for absorbance determination using a Hach DR
3900 spectrophotometer. Additionally, pH, total
dissolved solids [TDS], and electrical
conductivity are measured using a HydroMaster
HM-200 potentiometer. Once the measurements
were completed, exposure to the plasma was
resumed, repeating this procedure until a total
exposure time of 100 minutes was reached, at
which point the plasma treatment was
considered complete.

Twenty-four hours after the plasma
treatment, the solutions were filtered [ Whatman
filter paper, medium pore size], and absorbance
measurements were taken. Chemical oxygen
demand [COD] was determined using the Hach
method, with measurements taken at the
beginning and end of each treatment.

A Hach DRB 200 digester and a Hach
DR 3900 spectrophotometer were used,
employing vials designed for low concentrations
[1-40 mg/L]. All solutions were prepared using
analytical grade reagents.
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Results and Discussion

The physicochemical changes observed in the
aqueous solution of the commercial household
dye, Dark Blue 628, resulting from its exposure
to non-thermal plasma of fixed power generated
at atmospheric pressure with different electrode
configurations [Configuration 1, Configuration
2, Configuration 3, and Configuration 4] are
presented. The results were analysed considering
parameters such as absorbance, chemical oxygen
demand, pH, total dissolved solids, electrical
conductivity, and temperature.

In this experiment, tungsten and
aluminium electrodes were used. Tungsten is a
highly resistant material, whereas aluminium is
not. Tungsten has a high melting point [~3422
°C] and a low erosion rate, making it an ideal
electrode in atmospheric cold plasma reactors, as
it offers both thermal and electrical stability. In
contrast, aluminium degrades rapidly due to its
low melting point [~660 °C] and high surface
reactivity. In  atmospheric cold plasma
applications, aluminium electrodes tend to
degrade rapidly due to erosion by charged
particle flow and the formation of surface oxides,
which can introduce metal ions into the reaction
medium [Fridman, 2008].

The release of aluminium species leads to
the formation of flocs during the degradation of
contaminants, such as organic dyes. In aqueous
solutions, AI** ions can react with intermediate
products or byproducts of plasma-induced
oxidation, forming colloidal aggregates that
promote coagulation and flocculation processes
[Mensah et al., 2022].

This phenomenon can contribute to the
physical removal of pollutants from the
environment, acting synergistically  with
chemical  degradation. =~ However, using
aluminium as an electrode carries the risk of
uncontrolled degradation and may affect the
reproducibility and efficiency of the treatment.
On the other hand, using inert electrodes such as
tungsten ensures greater stability, although it
does not contribute any coagulating species to
the system [Fridman, 2008].

Aluminium electrodes can dissolve
during plasma treatments, forming coagulating
species [Ali et al., 2013]. When aluminium
electrodes are wused, the electrochemical
reactions occurring in the solution are as follows
[Sahu, 2019]:
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Al = AP [aq] T 3€ [1]
2H20p1) + 2¢” = Hapg) #20Haq) [2]
2Hpaq) + 2¢ = Hapg) [3]
AP + H,0 - AI[OH]> + H* [4]
AI[OH]*"+ H,0 - AI[OH],*+H" [5]
AI[OHL" + H20 — AI[OH]s+ H' [6]
AI[OH]; + H20 - AI[OH] 4+ H* [7]

On the other hand, since the plasma is
generated with air, mainly composed of nitrogen
and oxygen [Jiménez, 2001], the primary
chemical reactions that likely have the most
significant influence on the experiments and
degrade the contaminants are [Safenraider,
2020]:

H.O+e->OH +H [8]

O,+e - 20 [9]

0,+0-0;3 [10]
Ny +e —» N+N [11]
O+ N2> NO +N° [12]
NO"+ O" - NO» [13]
N'+02,—- NO+0 [14]
NO'+N" -»> N+ 0O [15]

These species migrate to the liquid phase,
where they become stabilised in the water
[Lukes et al., 2014; Cadorin et al., 2015], giving
rise to the following secondary species that also
contribute to the degradation.

H,O + e —» H, 0" + 2¢ [16]
H,O" + H,O— H30" + OH’ [17]
OH" + OH' = H202 [18]
205 + H202 - 30, + HO' [19]
O3 + HO2" -» 0" + HO™ + O2 [20]
2NO’+ O; = 2NO; [21]

2NO; + 2H" & NO" + NO; + [22]
H>O

2NO2 + H,O 2 2NOs3 + NO2 +  [23]
2H"

NO; + H,0, +H30" -» ONOOH [24]
+ 2H,O

ONOOH = NO,+ HO’ [25]
ONOOH — HNOs [26]
ONOOH + H,O = ONOO + [27]
H;0"

Absorbance

Absorbance measurements were taken at a
wavelength of A = 707 nm. At this wavelength,
absorbance decreased continuously as the
exposure time increased for the different
electrode configurations.
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Figure 5 shows the absorbance behaviour
of the solution as a function of exposure time and
electrode configuration.

27 \=_ \T
\\ \ ‘\‘\ /*_’—*
2.4 l\\‘ 5.‘\A ’\
~_'_~ y

821 b ~:~"‘~..—.‘.§ ‘l

£ “\" . LA ‘o
2 e .

218 )i\"l\v~.

— —@- — Configuration 1 .

— —m~ — Configuration 2 N

= —4&— — Configuration 3 \ ’
— & — Configuration 4

[

0 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 100 110
Time [min]
Figure 5
Variation of the absorbance of the aqueous dye solution
after exposure to atmospheric pressure air plasma as a

function of exposure time and electrode configuration.
Source: Own elaboration

Analysis of the temporal evolution of the
absorbance of the dye exposed to atmospheric
pressure air plasma shows a general decrease in
all the evaluated -electrode configurations,
confirming the effectiveness of the treatment in
degrading the chromophore compound.
However, significant differences were observed
in the rate and magnitude of decolouration
depending on the electrode geometry.

Configuration 1, consisting of two
parallel tungsten tips, exhibited the smallest
absorbance change, remaining above 1.9 after
100 minutes of exposure. This result indicates
significantly lower degradation efficiency
compared to the other configurations, likely due
to the limited contact area and less effective
electric field distribution in the solution.

Configuration 2, characterised by the use
of two opposing tungsten tips, showed a gradual
and sustained decrease in absorbance, reaching
values close to 1.75 at the end of the treatment
period.

Although its efficiency was lower than
that of configurations 3 and 4, the stability of the
discharge generated between the tips seems to
ensure a continuous supply of reactive species to
the system, thus promoting constant dye
degradation.
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Configuration 3, consisting of a tungsten
tip and a vertically submerged aluminium
electrode, exhibited a rapid decrease in
absorbance during the first 20 minutes, followed
by a period of relative stability between 40 and
70 minutes, with a slight transient increase
before dropping sharply after 80 minutes. This
non-linear behaviour could be associated with
the formation of intermediate products that
absorb in the same spectral region, which are
subsequently oxidised, leading to the final
decrease in absorbance. In this configuration, the
absorbance decreased to a value of 1.592 at the
end of the treatment.

Configuration 4, composed of a tungsten
tip and a horizontally submerged circular
aluminium electrode, presented the highest
efficiency in absorbance reduction, reaching
values close to 1.25 in approximately 100
minutes. This behaviour suggests that the larger
active surface area of the submerged electrode,
along with the more homogeneous distribution
of the electric field, favours the generation and
transport of reactive species into the solution,
thus accelerating the breakdown of the
chromophore bonds.

Overall, the results allow us to establish
an order of efficiency for dye decolouration,
following the sequence: configuration 4 >
configuration 3 > configuration 2 >
configuration 1. These findings confirm that the
electrode geometry plays a key role in the
plasma-liquid interaction, modulating both the
energy density of the discharge and the flux of
oxidising species into the medium.

In particular, configurations that
maximise the contact area between the plasma
and the solution, as well as the uniformity of the
electric field, promote a faster and more efficient
dye degradation kinetics.

On the other hand, for configurations 3
and 4, where a tungsten electrode was used in
combination with an aluminium electrode [the
latter immersed in the treated solution], the
formation of a sediment was observed after
plasma treatment. This phenomenon can be
attributed to corrosion and oxidation processes
of the aluminium, which led to the release of
species such as metal oxides and hydroxides
capable  of  inducing  flocculation-like
mechanisms.
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These solid products not only promoted
the coagulation and subsequent precipitation of
dye fragments or their degradation byproducts
but also contributed to an additional reduction in
absorbance after filtration, as shown in Figure 6.

2.736

EPlasma treatment

OPlasma treatment and filtration

1.935
e 1.756

1.592

1.251

Absorbance

Initial solution Configuration Configuration Configuration Configuration
1 2 3 4

Figure 6

Comparison of the final absorbance values of the
plasma-treated solution versus the plasma-treated and
filtered solution, both as a function of the respective
electrode configuration.

Source: Own elaboration

These values suggest that the presence of
aluminium in the electrodes introduces a dual
effect: on one hand, it promotes the generation
of reactive species in the plasma; and on the
other hand, it contributes compounds capable of
participating in heterogeneous separation
processes, improving the overall decolourisation
efficiency through a combination of oxidation
and physicochemical removal.

Figures 5 and 6 illustrate the variation in
absorbance of the initial dye solution before and
after exposure to plasma, as well as the
additional effect of filtration in each of the
analysed configurations. The initial absorbance,
which was 2.736, decreased significantly after
plasma treatment in all configurations,
demonstrating the effectiveness of the process in
degrading the dye. The degree of decolourisation
depended directly on the type of configuration
used, indicating that both the geometry and the
material of the electrodes play a crucial role in
generating reactive species and in the
degradation processes.

In particular, configurations 3 and 4
achieved the highest decolourisation efficiencies,
with final absorbances of 0.046 and 0.063,
respectively, which corresponds to a removal of
more than 95% of the dye present.
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These results suggest that these
configurations promoted a greater generation of
reactive oxygen and nitrogen species [RONS],
facilitating the breaking of chromophore bonds
and the fragmentation of the dye molecules.

The absorbance values after filtration of
the plasma-treated solution revealed an
additional reduction in absorbance in all the
configurations evaluated. This effect was
particularly noticeable in configurations 1 and 3,
where the absorbance decreased from 1.935 to
0.523 [1.412] and from 1.592 to 0.046 [1.546],
respectively. This behaviour suggests that a
significant portion of the remaining dye, as well
as its degradation byproducts, was associated
with suspended particles or sediments generated
during the process. Direct observation of
sediments in configurations 3 and 4 supports this
interpretation.

It suggests the possible occurrence of
corrosion or partial dissolution of the aluminium
electrodes, followed by the precipitation of
metal oxides or hydroxides. These solid
compounds could have contributed to dye
removal through mechanisms such as adsorption
or coprecipitation. In this sense, filtration not
only removes solid particles that can influence
the apparent absorbance of the solution, but also
allows a more accurate estimation of the truly
soluble fraction of the residues remaining after
treatment.

Taken together, these observations
demonstrate that the achieved decolourisation is
not solely due to a homogeneous process in the
liquid phase, but also involves heterogeneous
mechanisms related to the interaction between
the dye [or its fragments] and the products
derived from electrode corrosion. Therefore, the
evaluation of the effectiveness of plasma
treatment must comprehensively consider both
the oxidising action of reactive species and the
physical processes of solid phase separation.

Chemical Oxygen Demand

Figure 7 shows the chemical oxygen demand
[COD] values of the solution under study before
plasma treatment, as well as the final values after
plasma treatment, depending on the different
electrode configurations.
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Figure 7

Comparison of the final chemical oxygen demand
[COD] values of the plasma-treated solution, depending
on the electrode configuration, compared to the
untreated solution.

Source: Own elaboration

The COD results obtained for the dye
solution treated with atmospheric pressure air
plasma clearly show the influence of the
electrode material used in each configuration, as
well as the configuration itself. The initial
solution had a COD of 532 mg/L, which
increased to 584 mg/L after treatment with
configuration 1 [parallel tungsten-tungsten
electrodes], suggesting the formation of partially
oxidised organic byproducts that increase the
total organic load, possibly due to incomplete
dye oxidation and the absence of additional
removal mechanisms.

In configuration 2 [opposed tungsten-
tungsten electrodes], a slight decrease in COD to
480 mg/L was observed, indicating a moderate
improvement in oxidative efficiency, although it
did not achieve substantial degradation. On the
other hand, configurations 3 and 4 [tungsten-
aluminium plate electrodes] showed significant
reductions in COD, with final values of 228 and
232 mg/L, respectively, representing a decrease
of more than 56% compared to the initial value.

This behavior suggests that the use of
aluminum as an electrode significantly promotes
dye degradation, not only due to the increased
generation of reactive oxygen and nitrogen
species [RONS], but also by the possible
contribution of corrosion products from the
aluminum, such as metal oxides and hydroxides,
which could have contributed to the removal of
organic matter through adsorption or
coprecipitation mechanisms [Sahu, 2019].
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The reduction in chemical oxygen
demand [COD] observed in the dye solution
treated with atmospheric pressure air plasma can
be attributed to the intense oxidative activity
generated during the treatment, combined with
the influence of the electrode material,
particularly the aluminium foil wused in
configurations 3 and 4. Plasmas generated in the
presence of air produce a wide range of reactive
oxygen species [ROS] such as ozone [Os],
hydrogen peroxide [H20:], atomic oxygen [O¢],
superoxide radicals [O2¢"], HOz*, and especially
hydroxyl radicals [OH¢], considered some of the
most potent oxidising agents [Mouele et al.,
2021].

These species can attack the chemical
bonds of complex organic compounds present in
the solution, either directly or indirectly,
promoting their breakdown and subsequent
mineralisation  into simpler  inorganic
compounds such as CO: and H:0, which
translates into an effective decrease in COD.

Furthermore, the use of aluminium
electrodes in configurations 3 and 4 provides an
additional mechanism that enhances this
reduction. Under plasma conditions, aluminium
can undergo electrochemical corrosion,
releasing Al** ions into the medium, which form
metal oxides and hydroxides. These compounds
not only participate in the neutralisation of acidic
species generated by the plasma, but can also act
as adsorbents or coagulants, facilitating the
capture and removal of degraded organic
fragments. In this way, not only is advanced
oxidation promoted by ROS, but also
heterogeneous physical separation processes
occur, further contributing to the reduction of the
organic load measured by COD.

This combined effect was clearly
demonstrated in the experimental results: while
the configurations with tungsten electrodes
[configurations 1 and 2] showed little or no
decrease in COD, and even an increase [possibly
due to the generation of partially oxidised
organic byproducts], configurations 3 and 4,
with aluminum, achieved reductions of over
56%, reflecting more complete mineralisation of
the dye. In summary, the significant reduction in
COD can be attributed to the synergistic effect
of the direct action of the oxidising species
generated by the plasma, and the chemical
interaction of aluminium, which promotes both
the decomposition of pollutants and their
physical removal from the system.
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pH.

The changes in the pH values of the test solution
over time, as a function of plasma exposure time
and the electrode configuration used, are shown
in Figure 8.
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Figure 8

Modification of the pH of the test solution as a function
of plasma exposure time and electrode configuration of
the experimental system.

Source: Own elaboration

During atmospheric pressure air plasma
treatment, the pH behaviour of the dye solution
showed a characteristic trend: an initial decrease
followed by a gradual increase, whose
magnitude and duration depended directly on the
type and material of the electrodes used in each
configuration. In all configurations, the initial
pH was approximately 8.0; however, a reduction
was observed within the first 30-50 minutes,
with varying values between configurations,
ranging from a minimum of 7.1 to 7.5.

This initial pH decrease can be attributed
to three fundamental processes induced by the
plasma: [i] the ionisation and dissociation of
water caused by the local temperature increase
generated during the discharge, [ii] the
formation of acidic species such as HNOs and
HNO: by the interaction of molecules present in
the air [Nz, O2, and CO:] with energetic electrons
and radicals generated in the plasma, and [iii] the
generation of free electrons that, when
interacting with water molecules, induce
dissociation and recombination reactions, such
as the formation of OHe and He radicals, which
can subsequently recombine to generate
hydrogen peroxide [H20:] [Park et al., 2005;
Burlica et al., 2006; Seinfeld et al., 2006; Burlica
et al., 2008; Safenraider et al., 2020; Jiang et al.,
2014; Sarangapani et al., 2016; Mouele et al.,
2021].
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In the presence of CO: and through
interaction with H20, species such as H2COs,
HCOs, and Hs;O" are also formed, which
contribute to the acidification of the medium.
However, after 60 minutes, a gradual increase in
pH was observed, more evident in
configurations 3 and 4, which reached values of
up to 8.0 and 8.4, respectively, at the end of the
treatment.

This upward trend in pH is directly
related to the use of aluminium sheets as
cathodes in these configurations. Under the
influence of the plasma, aluminium can undergo
corrosion reactions and partial dissolution,
releasing Al** ions into the solution.

These ions form aluminium oxides and
hydroxides [AI[OH]s], basic compounds that
tend to neutralise the previously formed acids
and increase the alkalinity of the solution [Ali et
al., 2013; Sahu, 2019; Huang & Keller, 2024].

This neutralisation reaction explains why
the configurations with aluminium electrodes
not only reverse the initial pH drop, but also raise
it above the initial wvalue. In contrast,
configurations 1 and 2, which utilise only
tungsten  tips [parallel and  opposing,
respectively], exhibited more stable behaviour
and less pH variation at the end of the treatment,
indicating a reduced chemical interaction
between the electrode material and the solution.

The pH behaviour during plasma
treatment reflects a dynamic interplay between
acidifying processes [the formation of acidic
species through the interaction of plasma with
air and water] and alkalising processes mediated
by the release of metal compounds from the
aluminium, which act as buffering agents,
stabilising or even increasing the pH. Therefore,
the choice of electrode material not only
influences the generation of reactive species but
also the chemical evolution of the treated
medium.

Total Dissolved Solids and Electrical
Conductivity.

Figures 9 and 10 show the graphs of total
dissolved solids and electrical conductivity of
the solution, respectively. Both show similar
behaviour given the relationship between these
variables.
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In general, a gradual increase in the
values of each of these variables is observed as a
function of exposure time, with the rate of
increase  depending on the electrode
configuration used.
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Figure 9
Change in the total dissolved solids values of the dye
solution under study as a function of plasma treatment
time and electrode configuration.

Source: Own elaboration
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Figure 10
Change in the electrical conductivity values of the dye
solution under study as a function of plasma treatment
time and electrode configuration.

Source: Own elaboration

In particular, during the plasma treatment
time, a distinct behaviour of total dissolved
solids [TDS] and electrical conductivity is
observed, depending on the electrode
configuration. In configurations 1 and 2, which
use tungsten electrodes, TDS show a progressive
and sustained increase, reaching maximum
values of 3800 and 3700 mg/L, respectively, at
the end of the treatment, indicating the
accumulation of soluble species generated by the
plasma.
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This trend is also observed in electrical
conductivity, which shows a similar increase,
reaching values of 4930 and 4820 pS/cm,
respectively.

These values indicate a higher ionic
concentration in the solution, likely due to the
absence of significant precipitation reactions. On
the other hand, configurations 3 and 4, which
include aluminium electrodes, show different
behaviour. Initially, the TDS increases slightly,
but after 60 minutes, it stabilises or decreases,
with final values of 3600 and 3570 mg/L,
respectively.

This increment may be due to the
dissolution of aluminium in the medium and the
subsequent formation of aluminium hydroxides
[AI[OH]s], which precipitate and reduce the
concentration of dissolved solids in the solution,
according to the following reactions:

AB* + 30H - AI[OH]3[s]
AI[OH]; + OH" - [AI[OH]]

The formation of solid Al[OH]3 and its
possible transformation into the aluminate ion
[AlIJOH]4]— can decrease the concentration of
free ions, thus limiting the increase in electrical
conductivity. In these configurations, the
conductivity exhibits minor fluctuations and a
lower increase, with maximum values of 4840
uS/cm for configuration 3 and 4850 uS/cm for
configuration 4. The values at the end of the
plasma treatment were 4720 and 4660 uS/cm,
respectively, lower than the values for the other
two electrode configurations.

The anterior reflects the neutralising and

precipitating effect of the aluminium compounds.

Overall, these results indicate that the nature of
the electrode material directly influences the
chemical evolution of the solution under plasma
conditions, modulating both the concentration of
dissolved solids and the electrical conductivity
through dissolution and precipitation processes.

Temperature

A significant difference is observed in the
temperature values reached by the solution over
the plasma exposure time and as a function of the
electrode configuration. The four configurations
exhibit very similar behaviour, but with varying
values.
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Configurations 1 and 3 show similar
values between themselves, but lower than the
values of configurations 2 and 4.
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Figure 11

Change in the temperature of the test solution as a
function of plasma treatment time and electrode
configuration.

Source: Own elaboration

All four configurations start with the
same initial temperature [31 °C], but they
quickly diverge as time progresses.

Configurations 2 and 4, which have
opposing electrode arrangements, exhibit greater
energy interaction, resulting in  higher
temperatures that reach maximums of 66 °C and
62 °C, respectively, at the end of the treatment.
In contrast, configurations 1 and 3 exhibit more
moderate temperature increases, with final
temperatures of 56 °C and 57 °C, respectively.

This thermal behaviour may be related to
the geometry of the electric field, the nature of
the electrode material, and its ability to conduct
current or promote exothermic reactions. The
sustained temperature increase intensifies the
chemical reactions induced by the plasma, which
contributes to the changes observed in
absorbance, COD, pH, total dissolved solids
[TDS], and electrical conductivity [EC].

For example, in configurations 2 and 4,
where the temperature reaches its highest values
most rapidly, a maximum pH value is also
observed, suggesting a greater generation of
ionic species in solution, which is favoured by
the higher thermal energy.
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On the other hand, in configurations 3
and 4, where the temperature also rises, but the
electrodes contain aluminium, the temperature
increase contributes to the partial dissolution of
the metal in the solution, followed by the
formation and subsequent precipitation of
aluminium hydroxides, a phenomenon that
moderates both the increase in TDS and EC.
Likewise, the temperature increase promotes the
hydrolysis of Al**, which is consistent with the
pH increase observed in these configurations.
These results demonstrate that temperature is a
crucial factor that modulates the kinetics and
extent of plasma-induced reactions, directly or
indirectly affecting all the physicochemical
properties evaluated in the solution.

Conclusion

This study demonstrates the effectiveness of
atmospheric  pressure non-thermal plasma
treatment in degrading the commercial, dark
blue 628 dye in aqueous solution. Four electrode
configurations with different geometries and
materials [tungsten and aluminium] were
evaluated, showing that both the electrode
arrangement and material significantly influence
the oxidation and removal processes of the
contaminant. A decrease in dye absorbance was
observed in all configurations, with the highest
efficiency observed in configurations 3 and 4,
which used a submerged aluminium electrode.

In these configurations, decolourisation
exceeded 95%, accompanied by a significant
reduction in chemical oxygen demand [COD],
attributed to the synergistic effect of reactive
plasma species and coagulation/flocculation
processes induced by aluminium compounds,
such as AI[OH]s. Parameters such as pH, total
dissolved solids [TDS], and electrical
conductivity [EC] showed different behaviours
depending on the configuration. In the presence
of aluminium, the pH increased due to the
formation of basic species. At the same time,
TDS and EC tended to stabilise or decrease due
to the precipitation of metal hydroxides.

Temperature also played a crucial role,
reaching higher values in configurations with
greater electrical discharge, which favoured both
the generation of reactive species and the
dissolution of aluminium.
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These  results  demonstrate  that
configurations with mixed electrodes [tungsten-
aluminium]| and geometries that maximise
plasma-liquid interaction lead to higher dye
degradation efficiency. These findings highlight
the potential of atmospheric plasma as a water
treatment technology, especially when the
electrode materials and arrangement are
optimised.
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AOP Advanced oxidation processes

COD Chemical oxygen demand
pH Potential of hydrogen

uv Ultraviolet
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TDS Total dissolved solids

EC Electrical conductivity
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Abstract

This research aims to design a quince [Cydonia oblonga] drying
process in a tray dryer, with the aim of determining optimal
drying points, thus adding value to the region's fruits. Fick and
Page mathematical models were applied to determine the optimal
time and temperature for quince [Cydonia oblonga] drying. The
drying process was evaluated at different temperatures [40, 50,
60, and 70°C] as a function of time. Optimal drying temperature
parameters were also identified, considering the following
variables: thickness, diameter, drying time, and humidity. Based
on experimental tests and statistical analysis, it was observed that
optimal operating conditions exist for tray drying and also for the
preservation and proper consumption of quince. Currently, there
is little research on quince [Cydonia oblonga] drying in Mexico,
since different types of drying have been carried out in Argentina
and Peru, such as osmosis dehydration and solar drying.
Keywords: Drying, shelf life, temperature, quince.

Drying, Shelf Life, Temperature, Quince.

Area: Strengthening the scientific community

Resumen

La presente investigacion consiste en disefiar un proceso de secado
de membrillo /Cydonia Oblonga] en un secador de charolas, con la
finalidad de determinar los puntos 6ptimos de secado dando un valor
agregado a los frutos de la region. Se aplicaron modelos matematicos
Fick y Page para determinar el tiempo y la temperatura optima de
secado membrillo [Cydonia oblonga] para evaluar el proceso de
secado a diferentes temperaturas 40, 50 ,60 y 70°C en funcion del
tiempo, asi mismo se Identificaron los parametros de temperatura
optima de secado considerando las siguientes variables: grosor,
diametro, tiempo de secado y humedad de acuerdo a las pruebas
experimentales y al andlisis estadistico se observo que existen
condiciones 6ptimas de operacion para el secado por charolas y asi
mismo para la conservacién y consumo adecuado del membrillo.
Actualmente en México existe poca investigacion sobre secado de
membrillo [Cydonia oblonga] ya que en Argentina y Pert se han
realizado diferentes tipos de secado como el Deshidratado por
Osmosis y el secado solar.

Secado, Vida Util, Temperatura, Membrillo.
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Introduction

Food preservation is as old as human history and
played a major role in the transformation of man
from hunter-gatherer [nomadic man] to farmer.

Water is an important component that
contributes to the structure and texture of food;
its interaction with other components determines
the relative stability during storage. An
important reason for removing moisture from
food is that it results in a significant loss of
weight and, in many cases, volume, which is an
advantage from the point of view of handling,
storage and transport.

Dehydration or drying of food is one of
the most commonly used unit operations in food
preservation. It was already used in prehistoric
times by our ancestors, as it allowed them to
obtain food products with a longer shelf life.

Over time, the demand for food has
grown with the increase in population, and this
growing need has led to the drying preservation
industry becoming increasingly important in the
food sector. The development of the drying
industry has been linked to the demand for food
to meet the needs of soldiers in wars throughout
the world. Dehydration is particularly useful for
military purposes, as it reduces the weight and
size of food. Advances made in the military field
have been transferred to the drying industry in
general, leading to greater and better progress in
the food drying industry.

Drying is one of the most widely used
commercial processes in the preservation of
agricultural products, without them losing their
organoleptic and nutritional properties. The
process of drying food consists of removing part
of its free water until it reaches a level where it
can be consumed and/or stored at room
temperature.

Methodology

The methodology used for this research was
carried out in eight phases: selection of raw
material, cutting, osmotic  pretreatment,
adjustment of samples according to slice size,
drying on trays, measurement of samples,
packaging, and storage. Each of the phases is
shown and described below. The selection of
raw materials is a fundamental part of the study.

ISSN: 2410-3934.
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ECORFAN® All rights reserved.

As a first step in obtaining quality control
of the process, it is important to carry out a
physical characterisation, which consists of
evaluating the dimensions and colour of the fruit
to determine its ripeness. According to the
quince [Cydonia oblonga], it is bright golden
yellow when ripe, pear-shaped, 7 to 12 cm long
and 6 to 9 cm wide; its flesh is hard and very
aromatic.

Unripe fruits are green, with dense light
grey hairs, which are lost before ripening. The
fruit is harvested in optimal conditions at 75%
ripeness, using a penetrometer, which is a
relatively inexpensive and small tool that allows
for easy measurements in the field. For the
product to have a good presentation, it is
necessary to select fruit of a standard size,
approximately 9 cm long.

Cut. - The selected quinces were washed,
cut and seeded using a food-grade stainless steel
knife and a plastic cutting board to avoid cross-
contamination. The fruit was cut into slices of
different sizes using a vernier, which is an
instrument for measuring lengths that allows
readings in millimetres.

- Sample 1= Slice size 0.3 mm
- Sample 2 = Slice size 0.4 mm
- Sample 3 = Slice size 0.5 mm

Osmotic pretreatment: This consists of
immersing the slices in a 1% [W/V] citric acid
solution for 15 minutes in a food-grade stainless
steel bowl to prevent enzymatic browning of the
fruit, in accordance with Mexican Official
Standard NOM-218-SSA1-2011, Products and
services. Non-alcoholic flavoured beverages,
their frozen products, concentrated products for
their preparation, and beverages with added
caffeine. Specifications and health provisions.
Test methods.

Sample preparation: Each of the samples
of different sizes were placed on trays to be
subjected to the tray dryer at the following
temperatures: 40°C, 50°C, 60°C and 70°C. Tray
drying. A tray dryer was used, in which the 0.3
mm, 0.4 mm and 0.5 mm quince slices were
dehydrated by hot air at temperatures of 40°C,
50°C, 60°C and 70°C. To carry out the drying
process, once the operating temperature had
been reached, the quince slices were introduced.
During the drying process, samples were taken
every 60 minutes until the end of each run.
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Measurement of samples: The samples
were measured every 60 minutes by weighing
them to determine the drying rate and the
percentage of moisture loss until the final
product was obtained.

Table 1 below shows the measurements
of the samples with the final weights over a
period of 420 minutes, as well as the final
percentage of moisture or mass transfer for each
of the samples in their different thicknesses.
Figure 1 shows a comparison of the percentage
of moisture over the same period of time and
shows the trend for each of the three samples,
highlighting that the thinner the sample, the
shorter the drying time because there is greater
moisture loss.

Table 1
Table of sample measurement results

Pesos % de Humedad
ML M2 M3 M1 Mo M
Temperatura | Grosor (m) 0.005 0.004] 0.003 0.005 0.004 0.0
°C t(min) Pesos finales Porcentaje Final del producto
40 0.0080 0.0070 0.0065 36% 35% K
50 o 0.0090 0.0072 0.0055 38% 36% 3
60 0.0045 0.0030 0.0018 20% 17% 1

70 0.0035 0.0025 0.0018 14% 11% 1

The transport of water from the solid or
liquid phase to the gas phase constitutes a
phenomenon of mass transfer, and since there is
a phase change of the transferred compound
[water] and sometimes also significant thermal
gradients, a significant phenomenon of heat
transfer occurs simultaneously.

The main characteristic, as far as
transport phenomena are concerned, will
therefore be that the properties being transported
[heat and matter] will do so under steady-state
conditions in the gas, but under unsteady-state
conditions in the case of the solid.

Results

In drying processes, data is usually expressed as
the variation in the weight of the product being
dried over time [Figure 1]. Although sometimes
drying data can be expressed in terms of drying
rat [Ibarz, 2008] e.

ISSN: 2410-3934.
RENIECYT: 1702902
ECORFAN® All rights reserved.

Peso del producto
Z)

Tiempo (h}

Figure 1
Variation in product weight during a drying
process. [Fito, Andrés, & Barat, 2020]

In this research, a tray dryer was used as
it is the most appropriate for defining its
operating conditions: drying air conditions
[speed, temperature and relative humidity], air
circulation in relation to food circulation [if not
already defined by the type of dryer] and the
possibility of recirculating the drying air.

In this case, the drying speed depends
solely and exclusively on the speed at which the
air reaching the product is able to remove the
water it contains. Figure 11 shows that the
operating variables of the drying process must be
taken into account.

The optimal operating conditions for tray
drying of quince [Cydonia oblonga] were also
determined: a drying temperature of 70 °C, a
drying time of 7 hours and a sample thickness of
3 mm.

The results obtained for the temperatures
and thickness are shown below. Table 2. Drying
kinetics at 70 °C shows the optimal operating
conditions for tray drying of quince [Cydonia
oblonga]: a drying temperature of 70 °C, a
drying time of 7 hours and a sample thickness of
3 mm.

Table 2
Drying kinetics at 70°C

M1 2 [ [ M2 M3 M1 2 3
Grosor (m] 0005 oo0al o008 0005 o000 0,003 0.005 0.004 0.003
0= peso en gr Page = Xwo Fick (Vel= m/s
0 00250 | 002 0017 1000 1000 | 1000 [ 0 o
60 00160 | 0.013 001 0640 | 0501 0588 | 0003744] 0.00468] 0.00624
120 0.0120 0.0095 0.007 0.480 0.432 0.412 0.007488, 0.00936 0.01248}
180 00090 | 0008 | 00055 | 0360 | o03sa | 0824 | 0011232 00140 001872
00065 | 00045 | 00035 | 0260 | 0205 | 0206 | o.01a076] 001872 0.0246]
300 0.0045 0.003 0.003 0.180 0.136 0.176 0.01872 0.0234, 0.0312]
360 00043 | 00020 | o002 | 0472 | 043 | 0418 | 0.020a64[ 002808 003744
420 00035 | 00025 | 00018 0026208 0.03276] _0.04368
X-barra= 0.010 0.008 0.006 0.404 0.372 0.366 0.013 0.016 0.022|
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According to the data obtained
throughout the drying evaluation process and by
applying Page and Fick's mathematical models,
graph 1 shows an interpretation of weight loss in
percentage terms, and graph 2 shows the drying
rate as a function of time.

Drying kinetics of quince [Cydonia

Oblonga]]
. 1.000
> 0.800 \ —e—M1=0.005
s 0.600
2 0400 —0—M2=0.004
[}
2 0.200 pe NP
g —o—M3=0.
2 0000 3=0.003
0 200 400 600
tiempo [min]
Figure 2
Drying kinetics at 70°C

Drying speed of quince [Cydonia

Oblonga]
1.500
3
< 1.000 & —e— M1=0.005
9 \
% 0500 | M2=0.004
(&)
8 0.000 = M3=0.003
0 0.05
Velocidad de secado [m/s”2]
Figure 2
Drying speed at 70° C

The results shown in the graphs and
tables indicate that the effective diffusion
coefficient calculated using Fick's model varies
with ambient air temperature and relative
humidity.

This factor is very important in
determining the drying rate and, therefore, the
efficiency of the process.
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Abstract

The oil industry uses carbon steel in extraction and drilling equipment,
transportation pipelines, and hydrocarbon storage tanks. Extracted oil and gas
contains congenital water, which, due to it is characteristics, is an electrolyte
capable of accelerating corrosion, seriously impacting the oil industry. The
behavior of carbon steel with and without surface defects exposed to
congenital water was studied using electrochemical techniques such as Linear
Polarization Resistance [LPR], Potentiodynamic Polarization [PC] Curves,
and Electrochemical Impedance Spectroscopy [EIS] on different days of
exposure. According to the results, carbon steel without defects exhibits
activation corrosion as exposure time progresses, forming corrosion products
that adhere to and provide protection on the metal surface, while carbon steel
with surface defects forms corrosion products with minimal protection.
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Resumen

La industria petrolera utiliza el acero al carbono en equipos de extraccion,
perforacion, tuberias para transporte y tanques de almacenamiento de hidrocarburos.
El petroleo y gas extraido contiene agua congénita que debido a sus caracteristicas
es un electrolito capaz de acelerar la corrosion dejando graves afectaciones a la
industria petrolera. Se estudio el comportamiento del acero al carbono con defecto
y sin defecto de superficie expuesto en agua congénita a través de técnicas
electroquimicas de Resistencia a la Polarizacion Lineal, Curvas de Polarizacion
Potenciodinamicas y Espectroscopia de Impedancia Electroquimica a diferentes
dias de exposicion. De acuerdo a los resultados el acero al carbono sin defecto
presenta corrosion por activacion conforme transcurre el tiempo de exposicion
formando productos de corrosion que se adhieren y otorgan proteccion sobre la
superficie del metal, mientras que, cuando tiene defecto de superficie forma
productos de corrosion con minima proteccion.
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Introduction

When common steel is exposed to tropical,
saline or industrial environments, its internal
composition is affected by contaminants such as
humidity, temperature, chlorides, sulphates or
airborne particles [Gallardo, et al., 2023].

Congenital or formation water is salt
water found within rock, associated with the
presence of hydrocarbons. It contains dissolved
salts, such as calcium and sodium chlorides,
sodium carbonates, potassium chlorides,
calcium or barium sulphates, among others; it
may even contain some metals. The
concentration of these components can have
negative impacts on the environment and cause
corrosion when not handled and disposed of
properly [Schlumberger, 2016].

The characteristics and  physical
properties of congenital water vary considerably
depending on the geographical location of the
well, the geological formation with which the
water has been in contact for thousands of years,
and the type of hydrocarbon being produced, as
well as the chemical composition of the oil and
gas phases in the reservoir and the chemicals
added during the process [NOM-143 -Semarnat,
2004].

These properties and volume may even
vary throughout the life cycle of the reservoir
[Gonzales, 2025].

Corrosion can be defined as the chemical
or electrochemical reaction of a metal or alloy
with its surrounding environment, resulting in
the deterioration of its properties. It can also be
defined from a more chemical point of view as
the transition of a metal from its solid form to its
ionic or combined form with the transfer of
electrons to a non-metal such as oxygen or
sulphur, In other words, through corrosion, the
combined form is returned, forming oxides,
sulphides, and hydroxides [Gallardo, et al.,
2023].

The use and application of metallic
materials in economic and industrial sectors
involves direct and indirect costs associated with
corrosion. It is often the case that, if preventive
maintenance is not applied to metallic structures,
they will suffer generalised and/or localised
corrosion involving pollutants such as chlorides
and sulphates, which are substances found in
water.
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Therefore, it is vitally important to carry
out research projects to propose solutions to
these problems in order to prevent the
deterioration of industrial structures or
equipment materials [Popoola, et al, 2013].

The objective of this work is to evaluate
the corrosion of carbon steel when in contact
with congenital water as an electrolyte, using
electrochemical techniques.

The contribution focuses on the scientific
field and the oil sector to provide research on
carbon steel used in the oil industry that is in
continuous contact with hydrocarbons with
significant concentrations of congenital water,
including for the disposal of congenital water
used in the separation of oil and crude oil, with
comprehensive and relevant results.

These sectors use carbon steel in their
essential activities, where it is impossible to
eliminate congenital water, leading to serious
corrosion damage. It is essential that the studies
be conducted from a realistic point of view
where variables such as the rate of corrosion as
a function of exposure time to the electrolyte can
be quantified in order to assess the deterioration
of carbon steel, making it easier to establish the
logistics for prevention and control strategies,
since the results obtained can be used to apply
ideal protection to the metal [Elgaddafi, 2020].

Methodology

The carbon steel used is that used in the oil
industry for the transport of oil, gas and other
fluids. The rectangular samples measure 10 cm
x 8 cm, with and without cross-shaped surface
defects. The electrolyte used to form the
electrochemical cell corresponds to samples of
congenital water from the Campo San Andrés
‘Congenital Water Transfer Plant,” which is rich
in chlorides and sulphates that accelerate
corrosion in metal infrastructure [NOM-143-
Semarnat, 2004]. The electrochemical tests were
performed with a Biologic potentiostat linked to
a computer with EC-Lab software installed to
receive the data collected from the tests
performed within this same system, Figure 1. To
perform the electrochemical techniques, an
electrochemical cell with a three-electrode
system was used; a reference electrode
[silver/silver chloride Ag/AgCl], an auxiliary
electrode [graphite rod] and a working electrode
[carbon steel].
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Similarly, congenital water was used as
the electrolyte, representing the aggressive
medium in real conditions [Lopez Leon, 2008].

The first electrochemical test performed
is the Linear Polarisation Resistance [Rp] test,
according to ASTM G59-97 with a system
amplitude signal of + 30 mV, using a scan rate
of 0.1667 mV/sec. This is a low-field non-
destructive technique, since a low signal is
needed to obtain better results without damaging
the material, which is why it is performed first
[Liu, et al., 20025].

The second technique used was
Electrochemical Impedance Spectroscopy [EIS],
which establishes that the ideal disturbance or
amplitude signal for this study system will be +
10 mV, with a frequency of 0.01 - 10,000 Hz
[Lugo et al., 2023].

The last test was Potentiodynamic
Polarisation Curves, a direct current technique
where the surface of the material being evaluated
is affected. For this technique, a signal of + 250
mV is applied, with a sweep speed of 0.166 mV/s,
and is applied until the end, since the use of high
disturbances in electrical signals makes it a
destructive test [ASMT, G5-94 2011].

Figure 1

Electrochemical cell and EC Lab potentiostat.
Source: Own elaboration

Results

Table 1 presents the results from electrochemical
tests on carbon steel, showing the corrosion
potential [Ecorr], polarisation resistance [LPR],
current density [icorr] and corrosion rate [ Vcorr].
Together, they reveal the behaviour of each of
the plates analysed in congenital water [Mubarak
et al., 2023].
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Table 1

Results for carbon steel without defects and
with surface defects exposed to congenital
water for different exposure times.

t, Days LPR, icorr, Ecorr, V Vcorr,
Q.cm? mA/cm’ mm/afio

Without defect

0 1.79 2.85 E-03 0.97 0.03

8 0.26 1.95 E-02 0.17 0.22

16 1.05 4.85 E-03 0.61 0.05

24 7.21 7.11 E-04 4.05 0.00

32 2.30 2.22 E-03 1.38 0.02

41 425 1.20 E-03 2.34 0.01

With defect

0 0.94 5.44 E-03 0.53 0.06

8 0.12 4.02 E-02 0.07 0.46

16 1.22 4.19 E-03 0.71 0.04

24 1.34 3.80 E-03 0.79 0.04

32 1.23 4.15 E-03 0.74 0.04

41 1.51 3.39 E-03 0.92 0.03

Source: Own elaboration

Figure 2 shows how carbon steel behaves
when exposed to congenital water. It can be seen
that on days 0 and 8 of exposure, the
electrochemical system under study experienced
greater corrosion due to the activation control or
charge transfer of electrons migrating from the
metal substrate to the electrolyte, compared to
the last few days.

As time passed, we reached the last days
[24, 32, and 41], where we can see the presence
of a film of corrosion products that tend to
adhere to the surface of the substrate in order to
passivate the reaction and give it greater
resistance to the electrochemical corrosion that
takes place in the experiment [Ortiz Pérez, 2025].
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-540 & Day 0
-550 4

-560 4
-570 S f‘“ Day 16
-580 &
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Figure 2
Results from the Rp technique for defect-free

carbon steel at different exposure times.
Source: Own elaboration
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Figure 3 shows the behaviour of carbon
steel with defects in contact with congenital
water. The diagram shows that on day 0 of
exposure, corrosion occurs due to activation or
charge transfer because the steel is forming
corrosion products.

After 4 days of exposure, there is an
overpotential of corrosion compared to the other
days, due to activation control at the metal-
electrolyte interface. From day 16 onwards until
day 41, greater corrosion resistance is observed
as the corrosion products are deposited on the
metal surface over time, giving it a self-
protective effect [Liu, et al., 20025].
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Figure 3

Results from the Rp technique for carbon steel

with defects at different exposure times.
Source: Own elaboration.

The results obtained using EIE in Bode
for carbon steel without surface defects [Figure
4, on day 0 and day 8, show a time constant in
the high and intermediate frequency range,
which visualises the process of corrosion
product formation due to charge transfer
corrosion; at low frequencies, there is diffusion
of electroactive species.

On days 16 to 41, an increase in charge
transfer corrosion can be observed as a result of
the decrease in the phase angle at medium
frequency. However, at low frequency,
Warburg-type impedance or diffusion control
can be observed, which means that the corrosion
products formed at the interface intervene in the
diffusion of electroactive species that promote
corrosion.

A capacitive interface forms a film of
products capable of protecting the metal surface
[Lugo et al., 2023].
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EIE in Bode-Phase angle for defect-free

carbon steel at different exposure times.
Source: own elaboration.

In Figure 5 of the Bode diagram, on day
0 and day 8, two time constants are shown in the
high and intermediate frequency range, which
visualise the process of corrosion product
formation and charge transfer, respectively.

On days 16, 24, 32 and 41, a time
constant attributed to the charge transfer process
can be observed. Additionally, it can be
observed that, during these four exposure times,
the phase angle shifted to low frequencies,
attributing this behaviour to generalised
corrosion.

There is a resistive interface, which is
considered to be the transition of iron from a
solid state to an ionic state, i.e. it corrodes. On
days 24, 32 and 41, there is a shift from a
resistive interface to a capacitive interface,
indicating that the corrosion products are
semiconductors and therefore form a compact
film that can protect the steel surface [Gallardo,
et al., 2023].

Phase angle, degrees

0.01 0.1 1 10 100 1000 10000
Frequency, Hz

Figure 5
EIE in Bode-Phase angle for carbon steel with
defects at different exposure times.

Source: Own elaboration.
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Figure 6 shows the polarisation curve
when carbon steel has no defects. In the anodic
branch, the oxidation reaction controlled by a
charge transfer or metal dissolution process can
be seen, but at the end of the curve, the anodic
slope increases considerably, indicating that the
film of corrosion products is deposited on the
surface of the carbon steel, while in the cathodic
branch there is a rapid kinetics for oxygen
reduction [Mubarak et al., 2023].

0
-0.1
-0.2
-0.3
-0.4
-0.5

Potential vs Ag/AgCl, V

-0.6
-0.7

-0.8
-5 -4 -3 -2 -1 0 1

Current density A/cm?
Figure 6
CP for carbon steel without defects exposed to
congenital water at the end of its exposure to
congenital water.

Source: Own elaboration.

When steel has surface defects, Figure 7,
the oxidation reaction is controlled by a charge
transfer process with rapid dissolution kinetics
compared to when the sample has no defects. In
the anodic region, a chemical reaction can be
observed that keeps the corrosion density
constant, verifiable by the Tafel slope, indicating
that a layer of corrosion products is adsorbed on
the surface of the carbon steel, partially isolating
the metal surface from the electrolyte.

Meanwhile, in the cathodic branch, the
current density is attributed to the process of
reduction and diffusion of oxygen from the
electrolyte to the substrate surface. The
polarisation curves do not correspond solely to
charge transfer, so this behaviour suggests a
contribution from the mass transfer process in
the anodic reaction. Figures 6 and 7 show a
mixed control [ASMT, G59-97, 2010].
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Source: Own elaboration.

Figure 8 shows the initial physical
conditions for defect-free and defective carbon
steel before exposure to congenital water to
assess its behaviour in the face of corrosion
[Gonzalez, 2025].

Figure 8

Carbon steel with and without surface defects
before exposure to congenital water.
Source: Own elaboration.

Figure 9 shows carbon steel without
defects after the application of electrochemical
techniques. Corrosion products are observed on
the surface in contact with water as an electrolyte,
specifically iron oxide films on the contact
surface. When carbon steel has a cross-shaped
defect at the end of the application, iron
corrosion products can be observed adhering to
the contact surface between the metal and the
electrolyte. Iron oxides and hydroxides form due
to the corrosive characteristics of congenital
water, a phenomenon known as generalised
corrosion due to its uniform appearance of
corrosion across the entire surface.

These products have rapid formation
kinetics and a high solubility product constant,
so they generally detach from the surface.
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However, they can sometimes remain
adhered, as observed in this case, and slightly
reduce the corrosion rate due to their self-
protective effect [Lugo et al., 2023].

Box 10
|l

v

Flawless and flawed carbon steel after 41 days
of exposure to the electrolyte.
Source: Own elaboration.

Conclusions

This study evaluates the corrosive effect of
carbon steel exposed to congenital water
accompanying hydrocarbons during extraction,
causing damage to the metal infrastructure of the
oil industry.

The corrosion rate of carbon steel
obtained using the Rp technique in the early days
is due to activation corrosion, which decreases
over time due to the formation of corrosion
products at the interface. Carbon steel has a
capacitive interface that transitions to a resistive
interface as a result of iron dissolution.

Using the EIE technique, it was observed
that the response of carbon steel corresponds to
a resistive interface, i.e., it corrodes easily since
the congenital water corresponds to a brine with
a concentration of salts that favour uniform
corrosion, with rapid anodic reaction kinetics
with mixed control. This means that the steel
corrodes, especially when it has surface defects,
causing a serious problem, mainly for the oil
sector, which uses it in its activities. Although it
is not a material that is resistant to congenital
water, its use cannot be abandoned, and the most
appropriate evaluation, prevention and control
strategies must be employed.

In this situation, it is recommended to
continue applying corrosion inhibitors for
internal environments, coatings for external
corrosion and cathodic protection for both.
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In addition, materials such as galvanised
materials that show generalised corrosion should
be tested in order to offer materials with slower
corrosion rates in the presence of excess salts,
chlorides and organic acids, which are
fundamental components of congenital water
[Renpu, et al., 2011].
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Abstract

Determining the efficiency of the simple distillation process for
bioethanol production from fruit peels involves evaluating key
parameters such as yield, final product purity, and energy consumption.
The process efficiency varies depending on factors like fruit type,
fermentation conditions, and distillation methodology. Advances in
fermentation and distillation technologies can significantly enhance both
the yield and purity of the resulting bioethanol.
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Resumen

Determinar la eficiencia del proceso de destilacion simple para producir
bioetanol a partir de cascaras de fruta implica evaluar parametros clave
como el rendimiento, la pureza del producto final y el consumo de
energia. La eficiencia del proceso varia seglin factores como el tipo de
fruta, las condiciones de fermentacion y la metodologia de destilacion.
Los avances en las tecnologias de fermentacion y destilacion pueden
mejorar significativamente tanto el rendimiento como la pureza del
bioetanol obtenido.
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Introduction

Biofuels are liquid or gaseous fuels derived from
biomass, which consists of organic matter from
plant or animal sources. As a renewable
alternative to fossil fuels, they can reduce
greenhouse gas emissions and decrease reliance
on non-renewable energy sources.

Types of Biofuels

1. Bioethanol: Produced through the
fermentation of sugars and starches in
crops such as sugarcane, corn, and sugar
beet. Primarily used as a gasoline
additive or substitute.

2. Biodiesel: Derived from vegetable oils
(e.g., soybean, palm, sunflower) or
animal fats. Functions as a diesel
replacement in internal combustion
engines.

3. Biogas: Generated via anaerobic
digestion of organic waste (e.g., manure,
agricultural residues, food waste).
Composed mainly of methane, it is used
for electricity or heat generation.

Advantages of Biofuels

- Renewability: Sourced from biomass, a
sustainable energy feedstock.

- Emission Reduction: = Combustion
typically releases fewer greenhouse
gases than fossil fuels, though lifecycle
impacts vary by biofuel type.

- Energy Diversification: Reduces fossil
fuel dependence and enhances energy
security.

- Rural Development: Creates
agricultural opportunities and stimulates
local economies.

Challenges

- Food vs. Fuel Debate: Competition for
arable land and resources may threaten
food security.

- Environmental  Concerns:  Some
feedstocks contribute to deforestation,
water scarcity, or excessive fertilizer use.

- Variable  Efficiency: Production
efficiency depends on feedstock and
processing methods.

- Infrastructure Limitations: Requires
specialized systems for production,
distribution, and storage.
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Current Status and Outlook

Global biofuel production is expanding due to
climate policies and environmental awareness.
However, biofuels still constitute a minor share
of transportation energy. Second-generation
biofuels—those derived from non-food biomass
(e.g., agricultural residues, algae)—hold
significant promise for sustainable scalability.

Justification for the Study

The need for this study arises from the following
context. Ethanol (ethyl alcohol), a volatile and
flammable liquid produced through the
fermentation of plant biomass, serves as a
critical solvent and co-solvent in chemical
industries. Currently, sugarcane is the primary
feedstock for ethanol production. However, its
limited availability poses a significant challenge:
only 70 liters of ethanol are produced per ton
of sugarcane, highlighting the urgency for
sustainable alternatives. To reduce reliance on
sugarcane, exploring alternative feedstocks for
bioethanol production is essential.

This study focuses on fruit peels as a
viable alternative for biofuel generation. The
research aims to investigate, design, and
implement innovative biofuel solutions tailored
to regional contexts, with the broader goal of
promoting environmental sustainability. By
diversifying feedstock sources, this work seeks
to mitigate resource exploitation while
advancing global biofuel technologies.

Study Objectives

This research aims to valorize organic waste
materials - commonly discarded as useless - by
converting them into bioethanol through
fermentation and simple distillation processes.
The study will apply fundamental chemical
principles, focusing specifically on simple
distillation techniques to separate components
from fruit peel waste (orange, banana, pineapple,
and their combinations).

Current industrial practices utilize
primary organic resources for bioethanol
production. In contrast, our approach seeks to
exclusively employ waste materials collected
from restaurants and households, thereby
avoiding competition with food-grade resources
while promoting circular economy principles.
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The study has three primary objectives:
1. To determine the production efficiency

of bioethanol derived from various fruit
peels via simple distillation

2. To optimize laboratory-scale processes
for maximum yield
3. To assess the potential for scaling up

production to industrial volumes

This investigation will provide crucial
data for developing sustainable bioethanol
production methods that utilize waste streams
rather than dedicated agricultural resources.

Application Background

Bioethanol is a chemical product derived from
sugar fermentation in plant materials including
cereals, sugar beets, sugarcane, and
lignocellulosic biomass. These sugars exist in
combined forms such as sucrose, starch,
hemicellulose, and cellulose (Moheno de la Cruz
M., n.d.). Ethyl alcohol (ethanol) is a colorless,
flammable liquid with lower density than water,
widely used in alcoholic beverage production
and as a fuel additive.

Notable research initiatives demonstrate
the potential of waste-to-bioethanol conversion:

1. University of Guanajuato Project:

- Utilized pineapple peel waste to prevent
competition with food crops
- Process methodology:

a) Cellulose extraction from pineapple bagasse
b) Acid hydrolysis of cellulose to glucose
¢) pH neutralization to 5.0

d) Batch fermentation using Saccharomyces
cerevisiae at 30°C with turbine agitation

2. National University of Colombia
Study (Monsalve et al., 2006):

- Produced ethanol from banana peels and
cassava starch

- Employed sulfuric acid hydrolysis

- Tested dual fermentation with
Saccharomyces cerevisiae and
Zymomonas mobilis

- Achieved ethanol concentrations
approaching 8%
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3. Orange Peel Potential [Rincon et al.,
2005]:
- Peels constitute 45-60% of fruit weight
- Demonstrated suitability for spark-
ignition engine applications
- Lignocellulosic conversion involves:
* Size reduction
* Delignification
* Acid hydrolysis
* Fermentation
* Distillation [Teubner et al., 1999]

This waste valorization approach offers
promising  market  opportunities  while
addressing food-vs-fuel concerns through
sustainable biomass utilization.

Methodology and Experimental Procedures

The bioethanol production process will follow
these sequential steps:

1. Feedstock Preparation:

- Acquisition of organic waste materials:
orange peels (Citrus X sinensis), banana
peels (Musa spp.), and pineapple peels
(Ananas comosus)

2. Thermal Pretreatment:

- Cook selected peels in a sealed stainless
steel vessel

- Conduct triplicate experimental trials
under controlled conditions:

. Bring deionized water to boiling point
[100°C at 1 atm]

o Maintain boiling conditions for 20
minutes [£30 sec]

o Terminate heating and allow 5-minute
equilibration period

3. Mechanical Processing:

- Homogenize cooked peels using a
laboratory-grade  blender  [1000W,
20,000 rpm]

- Process until achieving uniform paste
consistency [particle size <2mm]
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4. Fermentation Protocol:

- Transfer 500g aliquots of paste to sterile
fermentation vessels

- Inoculate with Saccharomyces cerevisiae
[ATCC 204508] at 5% w/w

- Maintain anaerobic conditions at 28+1°C
for 8-10 days

5. Liquid-Solid Separation:

- Filter fermented mash through sterile
cheesecloth [400pum mesh]

- Collect filtrate as fermentation broth [pH
4.5-5.0]

6. Distillation Process:

- Employ simple distillation apparatus
[Liebig condenser, 70°C bath]

- Collect ethanol fraction between 78-
82°C

7. Waste Valorization:
Dry residual solids at 60°C for 24h

Process into poultry feed supplement [40%
crude protein]

Flowchart of the Bioethanol Production Process by Simple

Distillation =D cam»
Once the raw m.
material is . The mixture
weighed. it is Ju(ndﬁp- 4
transferred to liguefaction
WEIGHED 'br:cnu' for LIQUEFIED  fermencation .
The raw S minutes  Theraw  for an 8-day “:."'"“:: X
material is material is period. - 5
selecred, liquefied to ,m.m‘ e
weighed. and h“m“ “he =
cut iato cose from o .ﬂllhl“' o
uniform mixture ¢
base ’m:mu:
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' cater from
water
(Bioethanol))
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Figure 1

Flowchart of the Bioethanol Production Process by Simple
Distillation
Author's own work
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Figure 2
Fruit peels: pineapple, orange, banana, and
pineapple, respectively

[Author's own work]

Figure 3
Fermentation of the pre-treated feedstock

following thermal processing and homogenization

[Author's own work]

Figure 4

Laboratory-scale simple distillation process
[Author's own work]
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Box 5
Table 1
Summary data table
MP [ml] of [er] [ml] of [gr] T ph
bioethanol de fermented of °
obtained MP filtrate residue C
Pineapple 255 1550 1050 941 75 4
Orange 740 3000 3864 1585 80 4
Banana 648 1111 1830 1830 80 4
Combined 380 1114 930 1231 79 4

Box 6

VOLUME OF
BIOETHANOL (ML)
OBTAINED

800 ) )
600 740 B 1

400

»
0 | | | .

Pineapple Orange Banana Combined

Figure 5
Volume of Bioethanol [ml] Obtained
[Author's own work]

Box 7

Summary of Results
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Figure 6
General Results

[Author's own work]
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Results Analysis

To determine the efficiency of bioethanol
production, several formulas and models can be
employed, incorporating factors such as
conversion yield, energy consumption, and the
purity of the ethanol produced [Pereira, R. D., et
al. 2018], [Liu, K. 2011].

Ethanol yield per sugar consumed as:

. Ethanol produced
Yield = P (&)

* 100 [1]

Sugar consumed [g]

255 (9)
1550 [g]

Yield Pineapple = * 100 = 16.45 %

740(g)
3000 [g]

Yield Orange = * 100 = 24.66 %

Yield Banana = 648 (g9) * 100 = 58.32 %
1111[g]

Yield Combined = 3229 4 100 = 34.11 %
1114[g]

Ethanol purity was calculated as:

Pure ethanol [g]

N
Purlty( /O) Total distillate [g] *100 [2]
Purity Pineapple = % * 100 = 24.28 %

Y FIneapPie = 1050[g] '

Purity Orange = M * 100 = 19.15 %

Yy UTanee = 3864g] '

Purity Banana = % * 100 = 35.40 %

y 1830[g] '

: : 380 [g]
Purity Combined = * 100 = 40.86 %

930[g]

Yield vs Purity

100.00
0.00
0 1 2 3 4 5
——Y —e—P
Figure 7
Yield vs Purity

[Author's own work]
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Figure 8

Activation testing of the produced bioethanol
[Author's own work]

: b

—

Figure

Post-fermentation residues of the sample
[Author's own work]

The relationship between purity and
yield in bioethanol production presents a
technical and economic balance that varies
depending on the technologies used.

In this research and experimentation
work, a simple distillation process was used,
consisting of four key stages, where each phase
influences the purity and final yield of the
obtained bioetanol.

1. Physical Pretreatment
2. Hydrolysis

3. Fermentation

4. Simple Distillation

Where the following variables were
controlled: sample size [fruit peel], temperature,
and cooking time during pretreatment; time, acid
concentration used for hydrolysis; temperature,
pH, time, and yeast application in fermentation;
as well as temperature, time, and recovered
bioethanol volume during distillation.
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Conclusions

1. The data indicate that there is no direct
correlation between purity and yield, but
rather they depend on operational

conditions.

2. Redistillation: Increases purity up to
85%.

3. Double distillation is crucial to achieve

concentrations suitable for fuel use.

4. Saccharomyces cerevisiae is the most
commonly used yeast due to its high
efficiency in sugar-to-ethanol
conversion. However, in this research
and experimentation, it was not a
determining factor for the efficiency or
purity of the obtained bioethanol

5. This study confirms that organic
waste—specifically pineapple, banana,
papaya, and orange peels—can be
effectively converted into bioethanol via
cooking, liquefaction, fermentation, and
distillation. The research successfully
validated both the proposed feedstock
combinations and the processing
approach.

6. Beyond  generating an alternative,
renewable biofuel with potential to offset
fossil fuel use, this process transforms
waste materials into valuable resources,

aligning ~ with  circular ~ economy
principles.
7. Post-fermentation and filtration residues

were  dehydrated, pulverized, and
repurposed as livestock feed. Further
research is required to quantify their
nutritional contribution to animal diets.
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Abstract

The Kent mango [Mangifera indica], a mango variety particularly
notable for its sweetness, is one of the most consumed on the market.
Kent mangoes account for 22% of Mexico's total production; the
majority of this fruit remains uneconomically unused, making food
dehydration one of the most appropriate processes to take advantage
of'this loss. The objective of this study is to determine the kinetics of
this mango variety and to examine the effect of temperature on its
different characteristics and properties. The mango was cut into
strips, and color, texture, mass, density, and initial and final moisture
content were evaluated. The hot air dehydration time was 9 hours,
decreasing moisture content to 15.6% at a constant temperature of
60°C.

Dehydrated Mango using a hot air dryer for snacks

Objectives Methodology Contribution

Dehydrated mango, hot air, dehydration kinetics

Resumen

El Mango Kent [Mangifera Indica], variedad de mango, que destaca
particularmente por su dulzura, de las mas consumidas en el mercado. El
mango Kent constituye el 22% de la produccion total de México, la
mayor parte de este fruto queda sin aprovechamiento econémico, es por
eso por lo que el deshidratado de alimentos es uno de los procesos mas
adecuados para aprovechar esta merma. El objetivo de este trabajo es
obtener la cinética de esta variedad de mango, asi como ver el efecto de
la temperatura en sus diferentes caracteristicas y propiedades. El mango
fue cortado en tiras, evaluando color, textura, masa, densidad, asi como
humedad inicial y final. El tiempo de deshidratado mediante aire caliente,
fue de 9 horas, disminuyendo la Humedad hasta el 15.6 % a una
temperatura constante de 60°C.
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Contibucién
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Introduction

Mango [Mangifera indica L.] [Figure 1] is
among the 10 most produced fruits worldwide,
with an output of approximately 61 million
metric tons [FAO, 2024]. Exports in tons
through 2023, with an estimate through 2024,
can be seen in Table 1.

Table 1
Mango exports [Ton]

2018-2022 2023 2024

Asia 958 588 1041284 1179458
Africa 180 403 266 998 299 801
Central America 495 616 528 416 511 346
and the Caribbean

South America 523 042 494 365 429313
Oceania 6329 2453 3477
World 2203273 2 402 064 2474532

Source: FAO, 2025. Principales Frutas Tropicales.
Andalisis del mercado. Resultados preliminares 2024.
Roma.

India stands out with the largest mango
harvest among nearly 100 producing nations,
contributing 44.5% of global production.
Mexico is one of the leading producers
worldwide, with a 4.2% share, ranking fifth
worldwide. In 2023, Mexico produced 2.3 tons,
5.7% more than in 2022 [SIAP, 2024]. Table 2
shows the main national mango producers.

Table 2
Top 10 in Production Volume Main Entities in Mexico
Rank | Federative Region Volume Variation
Entity [Tons] %
2022-2023
1 | Sinaloa Northwest 157,119 26.8
2 | Guerrero Center 415,689 1.1
3 | Nayarit Northwest 329,624 -2.7
4 | Chiapas South- 272,174 -0.5
southeast
5 | Oaxaca South- 214,915 -0.5
southeast
6 | Michoacan Center-west 200,119 4.6
7 | Jalisco Center-west 129,992 1.6
8 | Veracruz South- 104,888 5.8
southeast
9 | Colima Center-west 62,705 49
10 | Tamaulipas | Northeast 13,184 8.5
Rest of the 39,573 32
country
National Total 2,299,983 5.7

Source: Panorama Agroalimentario 2018-2014

In the state of Sinaloa, mango plays a
crucial role in the economy of Escuinapa and
Rosario, with a total of 25,000 hectares of mango
planted in both municipalities. These include
varieties such as Ataulfo, Tommy, Kent, Keit,
and Handen, with Kent being the most
productive, accounting for 80% of the plots.
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Post-harvest conservation is one of the
greatest challenges for producers, since only
50% of their production is destined for food
industries and 30-40% for local markets.

The rest is considered waste or loss, as it
cannot be marketed after it slightly changes its
consistency of ripeness [Ramirez Méndez et al.,
2010; Rebeca et al., 2024].

> h 4
€ |

Figure 1
Fresh Kent Mango
Source [Reyes Gutiérrez Importaciones]

This fruit is high in fiber and a source of
vitamins A, E, and C, folic acid, iron, calcium,
and zinc, not to mention the large amount of
sugar it provides. It is usually eaten fresh,
traditionally with a condiment such as chili or
chamoy [Ramirez Méndez et al., 2010].

Food dehydration is one of the most
commonly used methods for food preservation.
It consists of removing the highest percentage of
water from the food to be preserved. Due to the
minimal water activity, microorganisms cannot
proliferate and most of the chemical reactions
that can alter the fruit are stopped [Martinez et
al., 2013]. The technique used for dehydrating
the Kent Mango was by means of hot air flow.
This consists of passing a stream of hot air
through the dryer sheets, removing the desired
amount of water through evaporation. Drying at
high temperatures can affect the sensory
properties of the product, as well as its
nutritional value. Although high temperatures
can accelerate the dehydration process, the loss
of quality is not compensated by the reduction in
time, which is why this variable must be taken
into account in kinetic studies [Mugodo &
Workneh, 2021] [Moreno et al., 2009].

The kinetics of hot air drying depend on
the geometry and thickness of the product, as
well as the properties of the drying air stream
[relative humidity, temperature, speed and air
flow, etc.], so it is recommended to use
temperatures between 40-80°C, with air speeds
of 2.0 £ 0.2 m / s [Garcia Pereira et al., 2013].
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Hot air drying becomes one of the most
used techniques at an industrial level for the
processing of different fruits, as it is a method
that can be controlled manually, from its
temperature to its air speed, it becomes
advantageous compared to solar dehydration,
which is dependent on both the ambient
humidity and the solar radiation of the area
where the dehydration process is intended to be
carried out [Hernandez Jiménez et al., 2018].

Drying kinetics represent the dependence
of product moisture and evaporation intensity on
time. This is affected by the type of dehydration,
as well as the humidity or size of the equipment.
Rincon [2025] presented in his research the
conceptual design and computational modeling
of a solar dryer, which integrates different
renewable energy sources available in the region
to perform continuous drying of mangoes,
independent of the environmental conditions of
the region.

For the evaluation of the model, five
possible scenarios in the region are considered,
which include a standard day, the hottest day,
and the coldest day of the year, with which the
computational model 1is evaluated. The
minimum drying temperature is 50 °C. The
renewable energy integration system allows or
restricts the heat provided by the different
subsystems to guarantee this minimum
temperature. The Kent Mango dehydration
process using hot air flow maximizes economic
utilization and reduces production loss, while
maintaining acceptable sensory characteristics
[Antonio Giraldo et al., n.d.]. However, drying
temperature plays an important role in altering
the physicochemical and microbiological
properties, so it is necessary to establish a
balance between product quality and process
efficiency.

Methodology

The mango was washed and prepared to prevent
contamination during the drying process. 1 mm
thick slices measuring 5-7 cm long were cut.
Each part of the mango [stone, peel, and pulp]
was weighed to obtain the percentage of fruit
composition. The initial moisture content was
analyzed using a thermobalance. Subsequently,
colorimetric measurements were taken every 30
minutes throughout the drying process using a
CR-140 colorimeter. Figure 2.
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Figure 2

Kent Mango Dehydration Process.

For the hot air flow drying process, an
electric dryer with a rear fan was used to
facilitate air circulation and achieve uniform
drying. It was made of 201 stainless steel and
had a nominal power of 400W. The temperature
in the dehydrator was set at 60°C.

During the dehydration process, the
mango samples were weighed every 30 minutes
during the first three hours of the process. In
addition, the density and Brix degrees of the last
sample tray were measured. This latter value was
not taken into account in the drying kinetics due
to sample loss throughout the process.

To measure density, a 100 ml capacity
measuring cylinder was used. It was filled to 60
ml, and different mango samples were dropped
into the dehydrator [every 30 minutes]. Before
this, the samples were weighed on an analytical
balance, and the weight was recorded, so that the
density could be determined by the difference in
volume. Equation 1.

p=" [1]
Where:

p = density

m = mass

v = volume

Results

The mango had an initial moisture content of 77.1%,
rising to a final moisture content of 15.3%, and the
samples showed a noticeable change in texture.
Moisture content was determined over time. The
total dehydration time was 7 hours, and the
dehydrator was operated at a constant temperature of
60°C. Figure 3.
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Figure 3
Kent mango at the end of the drying process.

There were four trays in the dryer [M1,
M2, M3, and M4]. The last tray was not
considered in the kinetics determination because
it suffered additional weight losses due to
sampling for density, Brix, and color
degradation. Figure 4.

250
— 200
R=
£ 150
= —o—MI
2 100 o
= 50
M3

0

% Moisture

Figure 4

Perdida de humedad conforme al tiempo de secado.

Drying began to show linear behavior
when measurements were stopped, meaning it
stabilized and became constant. The most
significant weight losses of the mango occurred
during the first four measurements.

To assess the dependence between time
and moisture content, M1 was used, with R2
values of 0.9915 and a polynomial relationship
given by y = -0.186x2 - 13.023x + 199.35. This
allows us to evaluate the time and moisture
content of interest, taking into account the
variety and thickness of the sample. Figure 5.
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Figure 5

Polynomial fitting and error of the drying process in
MI.

The initial color parameters of the fresh
Kent Mango were 51.61 L, 11.86 a, and 43.62 b,
where L is the luminosity level and a and b are
the chromaticity parameters. According to the
initial colorimetry, it is a dark orange. Figure 6.

Figure 6
Initial colorimetry of the Kent Mango.

Regarding color degradation, there was
an inconsistency between the first sample and
the second, which was attributed to the fact that
the latter sample was at a different maturity level
than the others. Sample C3 was similar to sample
C1, with parameters of 50.51 in L, 11.35 in a,
and 47.71 in b. Figure 7.

ool ol el

Figure 7

Degradacion de color en las 4 primeras horas de secado.

According to the values obtained, the
final color difference between the initial and
final samples was AL 5.92, indicating a loss of
luminosity, making the mango darker. The Aa
was -6.68 and the Ab was 2.04, indicating a
tendency toward duller reds and oranges. The
Brix degrees increased considerably, which is
common in a dehydrated product, as the sugars
concentrate due to the loss of water.
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Brix degrees were taken every 30
minutes; however, only seven samples were
obtained because the digital Brix reader could
not take measurements later. At the same time,
the density of different samples was measured to
obtain a correlation between density and Brix
degrees. Table 3.0

Table 3
Density and Brix Degrees of the Kent Mango.

Density [g/cm?] Brix
1.112 19.2
1.064 19.8
1.05 26.2
1.022 32.7
1.02 37.8

The decrease in density can be attributed
to the loss of water in the Mango, which is less
and tends to approach the density of water.
However, with a presence of 11.06% final
moisture, it will remain denser than water,
regardless of the dehydration process.

® y=3216.5x2-"7041.3x +3871.7
= 30 6. R2=0.9489
> L N
E 20 PP ITT ®
A 10
0
1 1.05 1.1 1.15
Density [g/cm3]
Figure 8§

Dependence of Brix degrees on density.

As in kinetics, to assess the brix as a
dependence on density, a polynomial fit is taken,
with an R? of 0.9489 and an expression of y =
3216.5 x*-7041.3 x+3871.7, Figure 8.

Conclusions

The final moisture percentage in the dehydrated
was 15.6%, decreasing 61.5% in 9 hours of
drying. In terms of kinetics, there was a constant
decrease in weight in the first 4 hours.

The final texture compared to the initial
one presented a notable change, in addition to
having a rubbery texture, it looked clearly more
opaque, a result of the loss of luminosity in the
color.
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Regarding the correlation between
density and Brix degrees, it can be deduced that
the lower the density in dehydration, the higher
the Brix concentration.

Abbreviations

a = CIELAB Component red-green axis

b = CIELAB Component yellow-blue axis
L = CIELAB Brightness

m = mass

V = volume

p = density
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Abstract

This study compares the properties of nanocellulose derived
from agro-industrial residues of pineapple [4nanas comosus] and
mango [Mangifera indica)]. Through alkaline pretreatment and
acid hydrolysis, cellulose nanofibers were isolated and
characterized via XRD, TGA, and SEM. The results revealed
superior thermal stability and crystallinity in pineapple-derived
nanocellulose, while mango-derived samples showed greater
fragmentation and surface roughness. These findings suggest
differentiated applications, with pineapple nanocellulose better
suited for high-temperature and structural uses.

Graphical Abstract — Pineapple vs. Mango Nanocellulose
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mas adecuada para entornos de alta temperatura y usos estructurales.
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Introduction

As part of the initiatives promoted by the
Academic  Division of  Environmental
Technology, the active involvement of students
and faculty has been encouraged in the design of
innovative processes with a sustainable
approach. These efforts aim to enhance the
utilization of agro-industrial residues through
clean techniques, thus contributing to
technological development that aligns with
environmental protection Jaffar et al. [2022].

Cellulose, the main structural component
of plant fibers, constitutes approximately one-
third of plant biomass and can naturally
regenerate through photosynthesis [Datta et al.,
2024].

In Mexico, around 30 million tons of
solid waste are generated annually, a significant
portion of which originates from agricultural and
agro-industrial activities [Deewan et al., 2025].
By-products such as pineapple leaves and mango
peels represent an abundant yet underutilized
source of lignocellulosic biomass. These fibers
consist of cellulose microfibrils embedded in a
matrix of lignin and hemicellulose [Zabala et al. ,
2025], whose crystalline segments provide
outstanding mechanical properties [Montesinos,
2025], with an elastic modulus that can reach up
to 150 GPa [Ratry & Siddique, 2024]
Nanocellulose extracted from these residues has
sparked growing interest due to its biomedical,
environmental, and composite = material
applications [Govindarasu et al. 2025]. Through
chemical and mechanical methods, it is possible
to isolate nanofibers with specific properties,
opening the door to more efficient, selective, and
sustainable processes [Altynov et al., 2025;
Deewan et al., 2025].

Methodology

Synthesis

Nanocellulose was obtained from agro-industrial
residues of pineapple [Ananas comosus] and
mango [Mangifera indica] [Tiwari y Sanjog
2025]. The samples, composed of peels and
residual fibers, were collected, washed with
distilled water, mechanically crushed, and dried
in a convection oven at 60 °C for 18 hours.
Subsequently [Mufioz, 2025], they underwent an
alkaline pretreatment with 5% [w/v] NaOH to
remove non-cellulosic impurities such as lignin
and hemicellulose [Figure 1].
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Figure 1
Alkaline pretreatment with NaOH

Source: Own elaboration

The purified cellulose was subjected to
acid hydrolysis using 60% [w/w] H2SOs at 45 °C
for 15, 60, and 90 minutes under constant stirring.
This process promoted the cleavage of
glycosidic bonds, enabling the release of
cellulose nanofibers [Figure 2]. The resulting
suspension was neutralized by centrifugation
and washing with distilled water until reaching
neutral pH, followed by final drying at 60 °C for
8 hours.

Figure 2
Cellulose subjected to acid hydrolysis

Source: Own elaboration

Characterization
X-ray Diffraction [ XRD]

Structural identification and analysis of the
resulting compounds were performed using
powder X-ray diffraction [XRD], employing
CuKou radiation with a wavelength of 1.5406 A.
The diffractogram was recorded in coupled
mode [TwoTheta/Theta], enabling precise
angular exploration within the 10° to 90° 20
range—suitable for detecting both organic and
inorganic compounds present in the sample.
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Thermogravimetric Analysis [TGA]

Thermal characterization was carried out using
thermogravimetric analysis. Thermal stability of
the materials was measured with a Perkin Elmer
Pyris instrument at a heating rate of 20 °C/min,
starting from 50 °C and reaching 700 °C under a
nitrogen atmosphere.

Scanning Electron Microscopy [SEM]

Surface morphology of the sample was
examined using scanning electron microscopy
[SEM] with a JEOL JSM-5600 instrument.
Images were acquired at an acceleration voltage
of 20 kV and a magnification of 1000%, optimal
conditions for resolving fibrous or particulate
structures without compromising the integrity of
sensitive materials.

Results

XRD

From the XRD spectra, the following results
were obtained:

The crystallinity degree for the “Mango”
sample is 35%, while for the “Pineapple” sample
it is 32%.

Figure 3 shows that the crystalline
portion of the obtained samples corresponds to
Cellulose I, based on comparison with the data
reported by French [2014], although it is not
possible to clearly distinguish whether it is the a
or 3 form.

Mango

Pina

Cellulocela : / N
=t & R

Cellulocelp %} '

Figure 3
Comparison of the XRD spectra of the crystalline

portion of the Mango and Pineapple cellulose samples
with the simulated XRD spectra reported by French
[2014].

Source: Own elaboration
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Crystal average size

From the information of the XRD spectrums, the
Scherrer formula, Eq. 1 was used to determine
the average crystallite size of the samples.

KA
" B cos@

[1]

where D, K, A, B and 0 are the average crystallite
size, constant equal to 0.9, Wavelength of X-ray
source A = 1.5406 A, angular line full width at
half maximum intensity in radians [which is the
difference in integral profile width between a
standard and the unknown sample] and Bragg’s
angle in radians, respectively. The peak used
was the principal.

The values obtained for the Average
Crystallite Size were 5 nm and 4 nm for “Mango”
and “Pifia” respectively, so the crystalline
portion of the samples obtained are
nanocrystalline, a classification of
nanostructured materials according to (Koch,
1999).

TGA

Thermogravimetric analysis [TGA] is a crucial
technique for investigating the thermal stability
of plant-derived nanomaterials, providing
insights into their composition and degradation
behavior under rising temperatures.

This study compares the thermal
performance of nanocellulose derived from
agro-industrial residues of pineapple [Ananas
comosus] and mango [Mangifera indica], using
mass loss curves [TG] and their thermal
derivative [DTG] to characterize significant
structural differences.

Mass Loss [TG]

Both samples began thermal degradation near
250 °C, indicating a common decomposition
threshold. As shown in Figure 3, the
nanocellulose from mango exhibited a faster and
more pronounced mass loss, with a steep slope,
whereas the pineapple-derived sample displayed
a more gradual degradation, retaining more mass
at higher temperatures [>500 °C]. This suggests
greater thermal stability and the possible
presence of stable carbonaceous components.
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Figure 4

Thermograms of nanocellulose from mango and
pineapple

Source: Own elaboration
Derivative of Mass Loss [DTG]

The maximum degradation rate for mango was
recorded near 350 °C, while that for pineapple
occurred around 340 °C. The mango curve was
more abrupt, with a narrower peak, indicating
more violent degradation. In contrast, the
pineapple sample showed a broader and
smoother peak, associated with a more
controlled decomposition [Figure 4]. These
results  suggest that  pineapple-derived
nanocellulose exhibits higher crystallinity and a
lower hemicellulose content, features that confer
superior thermal resistance.

Mango
Pineapple

dm/dT (%/°C)

3

T T T T
250 300 350 400 450
Temperature, °C

Figure 5

Derivative of mass loss of nanocellulose from mango
and pineapple

Source: Own elaboration

Nanocellulose derived from pineapple
residues exhibits superior thermal resistance and
more stable degradation behavior compared to
that obtained from mango. This performance
suggests it may be better suited for applications
involving thermal processing, composite
materials, or barrier functions.
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While mango-derived nanocellulose
remains viable, its faster degradation may limit
its use in high-temperature applications.

SEM

The image obtained via scanning electron
microscopy [SEM] reveals the characteristic
morphology of nanocellulose extracted from
agro-industrial mango [Mangifera indica]
residues. At a magnification of 1000%, elongated
fibrils with rough surfaces and partially
separated structures are observed, resulting from
the acid hydrolysis process using 60% H2SOa.
This texture indicates effective removal of lignin
and hemicellulose, exposing the cellulose
microfibrils.

The observed surface roughness and
fibrillar heterogeneity suggest good interaction
potential with polymeric matrices, which could
be advantageous for applications in composite
materials or biodegradable films [Figure 5]. The
acquisition of the image at 20 kV provides
adequate contrast without compromising the
integrity of the plant fibers.

Compared to nanocellulose derived from
pineapple residues, these fibrils exhibit a greater
tendency toward fragmentation and a less
homogeneous distribution, which aligns with the
results obtained from thermograms [TG/DTG],
where a more abrupt thermal degradation was
evidenced. These findings reflect differences in
crystallinity and structural composition—key
aspects for  defining applicability in
environments requiring thermal stability.

JEOL JSM-5600 20kV 1.000x 10 pm

Figure 6

SEM micrograph of mango-derived nanocellulose
Source: Own elaboration
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The micrograph obtained via scanning
electron microscopy [SEM], captured at 50,000%
magnification and 20kV, reveals a highly
defined fibrous network in the nanocellulose
extracted from Ananas comosus [pineapple]
residues. The observed structures display varied
orientations and homogeneous sizes, suggesting
efficient fibrillar distribution following the acid
hydrolysis process.

The high resolution of the image, with a
2 um scale bar, enables the identification of
elongated and closely packed fibrils [Figure 6],
indicative of a high degree of purification and
removal of amorphous components such as
lignin and hemicellulose. This compact pattern
is associated with elevated crystallinity,
corroborating the results obtained from the DTG
analysis, which evidenced controlled and
resistant thermal degradation.

The observed morphology also suggests
excellent potential for applications in
biocomposites, barrier films, and structural
reinforcements, owing to the fibrillar integrity
and low morphological dispersion. Overall, this
sample stands out for its stability and structural
properties, making it suitable for demanding
environments.

2 hm

JEOL JSM-5600 20 kV 50,000x

Figure 7
SEM micrograph of pineapple -derived nanocellulose
Source: Own elaboration

Comparative Analysis of Nanocellulose
Morphology

The comparison between SEM micrographs of
nanocellulose derived from Mangifera indica
and Ananas comosus reveals significant
structural differences that highlight the influence
of botanical origin on material properties
[Carvajal Johnson ,2025].
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Mango-derived nanocellulose exhibits
elongated fibrils with pronounced surface
roughness and heterogeneous distribution,
indicating a  greater tendency toward
fragmentation. This morphology suggests lower
crystallinity and potential residual hemicellulose
content, consistent with the more abrupt thermal
degradation observed in DTG analyses.

In contrast, pineapple-derived
nanocellulose presents a compact and
homogeneous network of dimensionally
consistent, oriented fibrils—resulting from more
efficient hydrolysis and deeper purification. This
structure reflects high crystallinity and low
morphological dispersion, translating into
superior thermal resistance and greater structural
stability, as evidenced by the more controlled
degradation observed in TG/DTG curves.

Taken together, these observations
underscore the differentiated potential of each
type of nanocellulose for specific applications:
while the pineapple variant emerges as an ideal
candidate for environments requiring thermal
and structural stability, the mango variant could
be leveraged in contexts favoring surface
interaction or accelerated biodegradability
[Alzate Arbelaez, 2025].

Conclusions

Nanocellulose was successfully isolated from
agro-industrial residues of pineapple [Ananas
comosus] and mango [Mangifera indica
through alkaline pretreatment and acid
hydrolysis, confirming the viability of these
residues as sustainable biomaterial sources.
XRD analysis revealed Cellulose I structure in
both samples, with crystallinity degrees of 32%
for pineapple and 35% for mango; however, the
smaller crystallite size in pineapple [4 nm)]
suggests greater fragmentation and surface
accessibility.

TGA results indicated that pineapple
nanocellulose exhibits superior thermal stability,
with controlled degradation and mass retention
above 500 °C, favoring its use in structural or
high-temperature applications. SEM
micrographs showed distinct morphologies:
mango nanocellulose had rougher, more
heterogeneous fibrils, while pineapple displayed
a compact, homogeneous fibrillar network,
consistent with its higher crystallinity and
thermal resilience.
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Collectively, these findings suggest that
pineapple-derived nanocellulose is more suitable
for thermally demanding and structural
applications, whereas mango-derived
nanocellulose may be better suited for contexts
emphasizing surface interaction or enhanced
biodegradability.
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