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Preface

The Faculty of Engineering and Technology of the Universidad Auténoma del Carmen
(UNACAR), through the Educational Program of the Master's Degree in Materials and Energy
Engineering, organized the 5th Master's Student Colloguium, held from August 28 to 31, 2023. The
purpose of this event was to provide a space for the dissemination of research topics of the students of
the different master's and doctoral programs offered by UNACAR and other graduate programs in the
region. It is important to highlight that students from the Universidad Autdnoma de Campeche, the
Universidad Autonoma del Estado de Morelos, the Benemérita Universidad Autonoma de Puebla, the
Universidad Autonoma Metropolitana and the Centro de Investigacion Cientifica de Yucatan - Unidad
de Energia Renovable participated in the event. This Handbook "Engineering and Applied Sciences"
compiles the most relevant papers presented at the 5th Master's Student Colloquium 2023, and consists
of 10 chapters focused on the topics of materials, energy systems, environment, electrochemistry and
corrosion, as well as modeling and numerical simulation.
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Chapter 1 Effect of leading edge spherical tubercles on the aerodynamic
performance of a 2D wind turbine airfoil at low reynolds numbers using
computational fluid dynamics

Capitulo 1 Analisis numérico de la influencia de las protuberancias esféricas en la
eficiencia aerodinamica de un perfil 2D de turbina edlica a nimeros de reynolds
bajos

BENAVIDES-ZADOROZHNA, David Alexanderi*, BENAVIDES, Olena, SIERRA GRAJEDA, Juan
Manuel Tadeo, FIGUEROA-RAMIREZ, Sandra Jazmin

Universidad Auténoma del Carmen

ID 1%t Author: David Alexander, Benavides-Zadorozhna / ORC ID: 0000-0002-3240-1322, CVU
CONAHCYT ID: 1231482

ID 1% Co-author: Olena, Benavides / ORC ID: 0000-0002-8124-0326, CVU CONAHCYT ID: 339830

ID 2" Co-author: Juan Manuel Tadeo, Sierra-Grajeda / ORC ID: 0000-0002-0565-6450, CVU
CONAHCYT ID: 219284

ID 3 Co-author: Sandra Jazmin, Figueroa-Ramirez / ORC ID: 0000-0003-1368-1741, CVU
CONAHCYT ID: 164797

DOI: 10.35429/H.2023.6.1.8

D. Benavides, O. Benavides, J. Sierra and S. Figueroa
*120134@mail.unacar.mx

S. Vargas, S. Figueroa, C. Patifio and J. Sierra (AA. VV.) Engineering and Applied Sciences. Handbooks-TI-©OECORFAN-
Mexico, Mexico City, 2023



Abstract

The majority of wind power is currently produced on high wind speed sites by large wind turbine,
whereas small wind turbines often operate in light wind conditions. Small capacity wind turbines have
not received the same engineering attention as their large counterparts. This is partially due to a number
of unique problems that small wind turbines experience. The most relevant are: low operating Reynolds
number (Re<500,000) and high angles of attack. Several studies have suggested that flow control devices
such as the spherical tubercle could be used to increase lift before stall and generate more power in such
situations. The aim of this study is to determine the effect of tubercle amplitude on aerodynamic
performance of an airfoil at low-Re numbers (Re=300,000 & Re=400,000). Three amplitudes were
considered in this study: A1=0.005c, A>=0.01c, and A3=0.03c. A detailed 2D simulation study is carried
out using a calibrated Transition SST k- turbulence model to obtain aerodynamic coefficients and flow
characteristics. Results indicate that small tubercles perform better overall than larger tubercles. The
airfoil with the smallest tubercle outperforms the unmodified airfoil at both studied Reynolds numbers
at angles of attack 0° — 4°. The analysis of the aerodynamic coefficients indicates that the improvement
of the aerodynamic performance of the airfoils with tubercles is due to the reduction of the drag
coefficient. Pressure, intermittency and wall shear stress contours suggest that the overall drag reduction
is achieved through the decrease of friction drag.

Computational Fluid Dynamics, Spherical Tubercles, Airfoil Simulation
Resumen

En la actualidad, la mayor parte de la energia edlica se produce en emplazamientos con vientos fuertes
mediante grandes aerogeneradores, mientras que los pequefios suelen funcionar con vientos flojos. Los
aerogeneradores de pequefia potencia no han recibido la misma atencion técnica que sus homologos de
gran tamafio. Esto se debe en parte a una serie de problemas especificos que experimentan los
aerogeneradores pequefios. Los mas importantes son el bajo nimero de Reynolds operativo
(Re<500.000) y los elevados angulos de ataque. Varios estudios han sugerido que los dispositivos de
control de flujo, como el tubérculo esférico, podrian utilizarse para aumentar la sustentacion antes de la
entrada en pérdida y generar mas potencia en estas situaciones. El objetivo de este estudio es determinar
el efecto de la amplitud del tubérculo en el rendimiento aerodindmico de un perfil aerodinamico con
nimeros de Re bajos (Re=300.000 y Re=400.000). En este estudio se consideraron tres amplitudes:
A1=0,005c, A2=0,01c, y A3=0,03c. Se lleva a cabo un estudio detallado de simulacion 2D utilizando un
modelo de turbulencia k-o de Transition SST calibrado para obtener los coeficientes aerodinamicos y
las caracteristicas del flujo. Los resultados indican que los tubérculos pequefios presentan un mejor
comportamiento general que los tubérculos méas grandes. El perfil con el tubérculo mas pequefio supera
al perfil no modificado en los dos numeros de Reynolds estudiados para angulos de ataque de 0° - 4°. El
analisis de los coeficientes aerodinamicos indica que la mejora del rendimiento aerodindmico de los
perfiles con tubérculos se debe a la reduccion del coeficiente de resistencia. Los contornos de presion,
intermitencia y esfuerzo cortante de pared sugieren que la reduccién global de la resistencia aerodinamica
se consigue mediante la disminucion de la resistencia por friccion.

Dinamica de fluidos computacional, Tubérculos esféricos, Simulacion de perfiles aerodinamicos
Introduction

Flow control devices arise from the need to manipulate a flow field to achieve a specific design goal.
These devices are classified as passive if they require no additional power input and active if they require
additional power to operate. Passive flow control devices modify the geometric shape of the wing to
manipulate the pressure gradient. Tubercles are round protrusions on the leading edge that alter the flow
field around a wing. These are classified as passive flow control devices. In addition to tubercles, other
passive flow control devices such as leading edge extensions, pressure surface serrations, turbulent vortex
generators, flaps and flexible coatings have also been studied. In contrast, active control involves the use
of additional energy to operate devices such as actuators, which are often more complex and less
economically effective, but offer performance advantages over passive control methods (Hansen et al.,
2011).
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It has been suggested that tubercles in humpback whale fins function as lift-enhancing devices.
According to several researchers, the mechanism responsible for the improved aerodynamic performance
is attributed to the formation of vortices along the flow, which increases momentum exchange in the
boundary layer (Custodio, 2007; Johari et al., 2007; Miklosovik et al., 2004; Pedro and Kobayashi,
2008). This can lead to improvements in wing performance, such as maintaining flow stickiness for a
wider range of angles of attack, stall point delay and a higher maximum lift coefficient with minimal
drag penalties. Other mechanisms have been suggested, such as unequal separation properties (Fish and
Lauder, 2006, Johari et al., 2007; Pedro and Kobayashi, 2008; van Nierop et al., 2008), altered pressure
distribution over the wing surface (van Nierop et al., 2008) and vortex lift (Miklosovic and Murray,
2007). In addition, it has been suggested that the incorporation of tubercles could reduce noise.

Small wind turbines often operate in light wind conditions, where the turbine blade experiences
a low Reynolds number (Re <500,000) and therefore the boundary layer over much of the suction side
(top surface of the airfoil) is laminar and cannot overcome the strong adverse pressure gradient (Marty,
2014). Therefore, the boundary layer can separate and create a laminar separation bubble (LSB) where
the transition from laminar to turbulent flow is triggered (Marty, 2014). Once the transition to turbulence
is reached, the flow re-attaches to the surface, but in some scenarios, the separated flow may not be able
to re-attach to the surface and this may lead to an early stall (Karasu et al., 2018). Therefore, tubercles
could be used to increase lift before stall and generate more power in these situations. Measurements
have already been conducted on wind turbines with tubers and have indicated that there is a potential for
a substantial increase in electrical power production, leading to a higher annual energy production. The
background studies to the present one have quite substantial experimental requirements. To obtain more
accurate measurements of smaller scale and more sensitive flows, finer instrumentation needs to be added
and the complexity of the flow needs to be increased, which can lead to additional experimental errors.
Therefore, numerical experimental methods emerge as viable alternatives to experimentation. Numerical
simulations are more accessible, practical, systematic and reliable.

The objective of this study is to evaluate the performance of leading edge profiles with spherical
tubercles at low Reynolds numbers (Re = 300,000 and 400,000) using computational fluid dynamics.
Improvements in lift-to-drag ratios were achieved for small and medium-sized tubercles at the Reynolds
numbers studied. These findings support the fact that leading edge profiles with tubercles could have a
practical application in small wind turbines.

Methodology and Modelling

This section discusses the creation of the geometry, the domain configuration, and the transition and
turbulence model. An established and reliable airfoil within the wind energy industry is the DU93W210
airfoil (coordinates provided by (Tang, 2012)), which will have the nomenclature A0. The proposed
amplitudes for the spherical tubercles are defined in terms of the chord length, and their nomenclatures
are: A1 =0.005c, A2 = 0.01c and A3 = 0.03c where the chord length is 0.6135 m.

1. Domain design

A rectangular domain is created around the airfoil with a width equal to the airfoil width. The inlet and
outlet boundaries are kept at a distance of 10c (-x) and 12c (x) from the leading edge of the airfoil. The
domain extends 10c above and below the profile to avoid confinement effects. A triangular mesh is
generated around the airfoil with refinement zones around the airfoil and towards the flow out of the
airfoil tail. The inflation layer around the airfoil was created with the first cell height method, where the
desired y* value was set to 0.4 to capture the viscous underlayer. Additionally, the desired y* value is
kept the same for all angles of attack because the calculated y* value does not exceed the y* ~1 criterion.
The first cell height method uses the Reynolds number based on the characteristic scales of the geometry
to calculate the wall friction coefficient Cs. It is therefore important to define the characteristic scales of
the geometry, in this case it would be the chord length of the airfoil; L = 0,6135 m.

El The process for calculating and defining the value of y* is described in detail in the literature
(Leading Engineering Application Providers, 2013). The height of the first layer is set to 1,8335 x 10
m, and to keep the aspect ratio below 50, the airfoil is divided into 0.0009166 m elements. Thirty layers
of inflation were created around the airfoil. The mesh quality achieved through this process is almost the
same for all models.
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The parameters to be evaluated are: average skewness, aspect ratio and orthogonal quality for
each airfoil at an angle of attack of 0. According to the literature presented in Fluent (2009a), the mesh
quality is excellent. The number of elements is the order 2.5 — 2.6 x 10°, the number of nodes 1.27 —
1.35 x 10°, Ihe average obliquity quality is of the order of 8 x 1072, the aspect ratio quality is 1.42 and,
finally, the orthogonal quality is 0.95.

2. Modelling of transition phenomena and turbulence

Developed by Menter et al. (2006) and Langtry et al. (2006b, c) the Transition SST k - ® turbulence
model is used to model turbulent flows where a significant proportion of the boundary layer is laminar,
this is very important for aerodynamic applications at moderate Reynolds numbers Re (~ 105). In this
Reynolds number regime, a significant proportion of the boundary layer is laminar and has an effect on
the solution. Modelling the transition flows and the laminar flow region near the wall is of particular
importance for the wind energy industry, because wind turbine blades depend on the aerodynamic
performance of the airfoil surfaces. If the airfoil is optimised to operate at low Reynolds numbers, that
could lead to an increase in electrical power output, leading to a higher annual energy production (Mauro
et al., 2017). The Transition SST k - ® model was developed with these needs in mind. Previous work
has shown excellent accuracy of the four-equation Transition SST k-o turbulence model. The
formulation is based on the well-known k - @ SST turbulence model with two additional transport
equations. The first is the intermittency transport equation y (equation (1)), which is used to trigger the
transition process. The production term Py (eq. (2)) controls the length of the transition region, and the
dissipation term Dy dissipates the intermittency fluctuations, allowing the boundary layer to become
laminar again.

%+v-(pw)=v-<(u+;‘—;)vy>+Py—Dy (1)

Py,l = FlengthcalpS(YFonset)ca(1 - Cely) (2)
Rey

Fonset1 = erec (3)

The second is the transport equation for the transition momentum thickness Reynolds number
(Eq. (5)), this equation defines a transition Reynolds number based on the momentum thickness. The
formulation of the Transition SST k - o model is presented extensively in Langtry et al. (2006b, c¢) and
Langtry and Menter (2005), therefore, only a brief review of what is of particular interest for this work
is discussed here.

2eRe00) 4 v (pUReq,) = V- [(u + —t) Vﬁe,t] + Po; “

u
at oot
Po: = 0.03%(Reg — Reg)(1 — Fo ) (5)

Since the proposed transport equations do not model the physics of the transition, the source term
is included to enforce Rey, to take the empirical value of Regy,, (everywhere in the flow except the
boundary layer, because there the source is turned off ). Fy, is the same as the mixing function in the
turbulence model SST k — w. Where Fy , = 0 in the free stream and Fy . = 1 near the wall. The Reynolds
number based on the thrust thickness is a measure of the distance from the leading edge of the airfoil to
a certain point on the airfoil surface. Also, since the Reynolds number is a measure of distances, there
will be a Reynolds number at which the transition occurs and this is denoted by Reg;.

At a certain Reynolds number based on the thickness of the impulse from the leading edge,
fluctuations will start to occur, this quantity is given by Reg.. The suffix c is for the Reynolds number at
which turbulent fluctuations start (critical Reynolds number), and this is before the transition occurs. The
use of reliable empirical relationships (source terms) is needed to accurately calculate the local values of
Reg. Y Rey;. The fact that the turbulence model is based on empirical relationships makes it suitable for
the simulation of aerodynamic surfaces at low Reynolds numbers, if appropriate values are provided
(Langtry and Menter, 2005).
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Furthermore, scientific literature showed that, the use of transition turbulence models, at low
Reynolds numbers (Aftab and Ahmad, 2017; Benini and Ponza, 2010), is essential to obtain an adequate
CFD model of the airfoil and rotor airfoil aerodynamic behaviours. Moreover, a CFD study by Mauro et
al. (2017) demonstrates an exceptional agreement between experimental data and simulation results of
the calibrated Transition SST Kk - o turbulence model. The calibration of the local correlation parameters
Reg¢ Y Fiengen Was achieved through a micro-genetic algorithm. Correct calibration of these parameters
allows accurate prediction of stagnation and flow separation, as well as obtaining reliable lift and drag
coefficients that can be used in 2D CFD models. The authors claim that the calibrated local correlations
can be used for the simulation of other aerodynamic surfaces within the Reynolds number range 300,000
and 1 million. This, therefore, will give this work experimental support. Reg. Y Fiengen for a given
Reynolds number can be defined as (Mauro et al., 2017):

Reg. = 3.9592e71%Re3 — 9.598e °Re? + 6.884e *Re + 984.0408 (6)
Fiengtn = 1.7808e " 1°Re® — 2.1514e °Re? + 8.132¢ *Re — 91.2135 (7)

3. CFD solver setup

Commercial simulation software was used to perform a steady state analysis for angles of attack of 0e-
15¢ (in steps of 2°), considering the Transition SST k - ® model. The Transition SST k - ® model has
been well tested and designed for low Reynolds number aerodynamic applications. The Transition SST
k - ® model was chosen over the other turbulence models because of its ability to accurately predict
boundary layer velocity and boundary layer separation. Low Reynolds number models are also necessary
for accurate pressure drop or drag calculations. The Reynolds numbers studied in this work are 300,000
and 400,000. Therefore, the inlet velocity is set at 7 m/s and 9.5 m/s respectively. For all simulations, the
solver was set up as a steady-state, pressure-based, ACOPLED algorithm scheme with an absolute
velocity formulation. The fluid is defined as air with density equal to 1.225 kg/m? and, dynamic viscosity

u=17894 x 10~° % The turbulence intensity (T1 = 0.1%) and turbulent viscosity ratio (TVR = 10)
were defined across the velocity boundary.

This lower TI corresponds to that of a typical low-turbulence wind tunnel and implies a natural
or separation-induced transition mechanism, according to Langtry and Menter (2005) and Langtry et al.
(2006a). A least-squares cell-based scheme was used for the spatial discretisation of the gradient, while
second-order upwind schemes were used for the pressure, momentum and turbulence equations. In the
steady-state coupling solver, the Courant number allows control of the sub-iteration time step. In other
words, even if the steady-state solver is used, a transient sub-iteration is performed and the time scale of
the simulation can be adapted to the flow time scale. In attached flow conditions, the Courant number
was set to 25. At AoAs > 10° the instability generated by stall and vortices was noted. Under these
conditions, the Courant number must be reduced to adapt the time scale so that an accurate average of
the lift and drag coefficients can be obtained. A convergence criterion of O(-4) on all residuals of the
dependent variables is accepted as adequate for the present airfoil simulation. To provide the local
correlation parameters Fiengcn Y Regc, a user-defined function (UFD) in C language was written and
interpreted.

Results and discussion

The behaviour of spherical tuber leading edge profiles is consistent with previous results (Aftab and
Ahmad, 2017; Johari et al., 2007). As anticipated, small tubercles perform more efficiently in general
than tubercles with larger amplitudes. The Al airfoil showed a minor improvement in lift-to-drag ratio
from AoA 0°-4° at a Reynolds number of 300,000 (Graph 1a). However, past AoA 4°, the improvements
become less noticeable and at AoA 6°, the aerodynamic performance starts to deteriorate. Airfoil A3
showed the greatest improvement at an angle of attack of 0°, with a 12.86 % increase in lift-to-drag ratio;
beyond this angle of attack, the airfoil suffers a significant deterioration in aerodynamic performance.
The A2 airfoil shows no significant improvement in lift-to-drag ratio and instead experiences an overall
decrease in aerodynamic performance for all angles of attack. Note that the tubercles anticipate the peak
of the lift-to-drag ratio and do not retard the stall angle in this case. The maximum lift-to-drag ratio point
for the unmodified airfoil is at AoA 8¢, while for Al the maximum lift-to-drag ratio is at AoA 6¢, and for
A2 and A3 at AoA 4.
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This is in good agreement with Johari et al. (2007) and Miklosovik et al. (2004) TLE airfoils have
lower stall angles and lower maximum lift coefficients than their unmodified versions. The Al airfoil
data follow a pattern and suggest that the non-intrusive tubercles have a small reduction in lift coefficient,
but a significant decrease in drag. Similar conclusions can be drawn when analysing the lift-drag ratio
when Re = 400,000 (Graph 1b).

Analysis of the static pressure and intermittency contours revealed that the type of drag that has
the most significant impact in this case is pressure drag. Observe Fig. 2 (al) and (a2), as the fluid passes
over the surface of the airfoil sphere A3, it initially accelerates and therefore the pressure decreases in
the direction of flow. Beyond a certain point, the flow begins to decelerate and therefore the pressure in
the direction of flow increases; this pressure increase is called the adverse pressure gradient and has a
significant effect on the flow near the wall. The turbulence produced by the tubercle promotes momentum
exchange between the boundary layers and that is why the A3 airfoil achieves a 3.31% increase in the
lift coefficient at AoA 0°. As the angle of attack increases, the pressure and drag induced become more
noticeable in Fig. 2 (b1) and (b2). If the pressure increase is large enough, the flow will reverse direction
and, since it cannot travel backwards, due to the approaching fluid, it detaches from the surface, resulting
in flow separation (Houghton et al., 2017). This explains why the A3 airfoil experiences such a dramatic
increase in drag beyond AoA 0°. Note in Fig. 2 (a2) that the laminar flow layer remains attached to the
upper surface of the airfoil, while at an angle of attack of 8° Fig. 2 (b2), the vortices produce so much
turbulence that they manage to break through the laminar flow layer, resulting in flow separation.

Graph 1 Lift-drag coefficient a) Re=300,000 and b) Re=400,000

= B A e = 300 008y R P DA (Ra = 400.000)

: a (% : b
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The tubercle in the Al airfoil distributes the pressure forces in such a way that it thickens the
laminar boundary layer of AoA 0° - 8°. However, this becomes less noticeable as the angle of attack
increases. Due to the turbulence produced by the tubercle, the laminar flow layer is broken and the flow
becomes unstable.

Graph 2 Pressure and intermittency contours for profile A3 a) AoA 0° and b) AoA 8°.
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Conclusions

This paper investigated the aerodynamic performance of airfoils with spherical tubercles at the leading
edges by numerical analysis of three different amplitudes and comparison with the unmodified airfoil.
The Reynolds numbers studied in this work are Re = 3 x 10°and Re = 4 x 10°. The Transition SST
Kk - o turbulence model was used to model the turbulence due to its ability to accurately predict the flow
separation in the low Reynolds number regime, and the local correlation parameters Fie,4¢n and Rege,
were defined with the polynomial functions given by the work of Mauro et al. (2017). Smaller amplitude
tubercles perform better overall than larger ones, but their overall efficiency does not exceed the
unmodified aerodynamic surface area. The improved lift-to-drag ratio is attributed to reduced surface
frictional drag. Static pressure contours, wall shear stress and intermittency contours suggest that the
reduction in surface friction drag is caused by a more favourable pressure distribution around the airfoil.
The correct pressure distribution allows for a thicker laminar boundary layer, which in turn helps to
reduce wall frictional drag. Our work clearly has some limitations, as only a part of the full tubercle
effect was studied in this paper. Despite this, our work could be the basis for developing methods to
optimise tuber shape and size by providing accurate databases of aerodynamic coefficients of 2D
aerodynamic surfaces with spherical tuber leading edges.

Acknowledgements

The work described in this article was funded by the Universidad Autdnoma del Carmen. We are grateful
to CONACYT for providing the computational resources used to carry out this work through Project No.
254667 "Consolidation of the Southeast Renewable Energy Laboratory” LENERSE."

References

Aftab, S., Ahmad, K.A., 2017. CFD study on NACA 4415 airfoil implementing spherical and sinusoidal
Tubercle Leading Edge. PL0S One 12 (8), e0183456. http://dx.doi.org/10.1371/journal.pone.0183456

Benini, E., Ponza, R., Laminar to turbulent boundary layer transition investigation on a supercritical
airfoil using the y -0 Transitional Model 40th Fluid Dynamics Conference and Exhibit, 28 June-1 2010,
Chicago, Illinois, AIAA 2010-4289.

Custodio, D., 2007. The Effect of Humpback Whale-Like Leading Edge Protuberances on Hydrofoil
Performance (M.S. Thesis). Worcester Polytechnic Inst., Worcester, MA.

Fish, F.E., Battle, J.M., 1995. Hydrodynamic design of the humpback whale flipper. J. Morphol. 225,
51-60. http://dx.doi.org/10.1002/jmor.1052250105.

Fish, F.E., Lauder, G.V., 2006. Passive and interactive flow control by swimming fishes and mammals.
Annu. Rev. Fluid Mech. 38, 193-224.

Fluent, 2009a. ANSYS FLUENT 12.0 Theory Guide. ANSYS Inc., Section 6.2.2 Mesh Quality.

Hansen, K.L., Kelso, R.M., Dally, B.B., 2011. Performance variations of leadingedge tubercles for
distinct airfoil profiles. AIAA J. 49 (1), 185-194. http://dx.doi.org/10.2514/1.j050631.

Houghton, E.L., Carpenter, P.W., Collicott, Steven H., Valentine, Daniel T., 2017. Chapter 1 - Basic
concepts and definitions. In: Houghton, E.L., Carpenter, P.W., Collicott, Steven H., Valentine, Daniel T.
(Eds.), Aerodynamics for Engineering Students, seventh ed. Butterworth-Heinemann,
ISBN:9780081001943, pp. 1-86. http://dx.doi.org/10.1016/B978-0-08-100194-3.00001-8.

Johari, Hamid, Henoch, Charles, Custodio, Derrick, Levshin, Alexandra, 2007. Effects of leading-edge
protuberances on airfoil performance. AIAA J. 45, 2634-2642. http://dx.doi.org/10.2514/1.28497.

Karasu, 1., Ozden, M., Geng, M.S., 2018. Performance assessment of transition models for three-
dimensional flow over NACA4412 wings at low Reynolds numbers. ASME J. Fluids Eng. 140 (12),
121102. http://dx.doi.org/10.1115/1.4040228.



8

Langtry, Robin, Gola, Janusz, Menter, Florian, 2006a. Predicting 2D airfoil and 3D wind turbine rotor
performance using a transition model for general CFD codes. In: 44th AIAA Aerospace Sciences
Meeting and Exhibit. AIAA 2006-395.

Langtry, Robin, Menter, Florian, 2005. Transition modeling for general CFD applications in aeronautics.
In: AIAA 2005-522 43rd AIAA Aerospace Sciences Meeting and Exhibit.

Langtry, R.B., Menter, F.R., Likki, S.R., Suzen, Y.B., Huang, P.G., Volker, S., 2006b. A correlation-
based transition model using local variables — Part I: model formulation In: Vienna, ASME Paper No.
ASME-GT2004-53452.

Langtry, R.B., Menter, F.R., Likki, S.R., Suzen, Y.B., Huang, P.G., Volker, S., 2006c. A correlation-
based transition model using local variables — Part 1l: test cases and industrial applications. ASME J.
Turbomach. 128 (3), 423-434.

Leading Engineering Application Providers, 2013. Tips & Tricks: Estimating the first cell height for
correct Y+. Available at: https://www.computationalfluiddynamics.com.au/tips-tricks-cfd-estimate-
first-cellheight/.

Marty, J., 2014. Numerical investigations of separation-induced transition on high-lift low-pressure
turbine  using RANS and LES methods. Proc. Inst. Mech. Eng. A 39, ff.
http://dx.doi.org/10.1177/0957650914548741ff, ffhal01080267f.

Mauro, S., Lanzafame, R., Messina, M., et al., 2017. Transition turbulence model calibration for wind
turbine airfoil characterization through the use of a Micro-Genetic Algorithm. Int. J. Energy Environ.
Eng. 8, 359-374. http://dx.doi.org/10.1007/s40095-017-0248-2.

Miklosovic, D.S., Murray, M.M., 2007. Experimental evaluation of sinusoidal leading edges. J. Aircr.
44, 1404-1407.

Miklosovik, D.S., Murray, M.M., Howle, L.E., Fish, F.E., 2004. Leading edge tubercles delay stall on
humback whale flippers. Phys. Fluids 16 (5), L39-L42. http://dx.doi.org/10.1063/1.1688341.

Pedro, H.T.C., Kobayashi, M.H., 2008. Numerical study of stall delay on Humpback whale flippers. In:
Proceedings of 46th AIAA Aerospace Sciences Meeting and Exhibit, 7-10th January, Reno, Nevada.

Tang, Xinzi, 2012. Aerodynamic Design and Analysis of Small Horizontal Wind Turbine Blades (Ph.D.
thesis). University of Central Lancashire, UK, Available at:
http://clok.uclan.ac.uk/7127/1/Tang%20Xinzi%20Final%20eThesis%20%28Master%20Copy%?29.pdf.

van Nierop, Ernst, Alben, Silas, Brenner, Michael, 2008. How bumps on whale flippers delay stall: An
aerodynamic model. Phys. Rev. Lett. 100, 054502



Chapter 2 Modeling of a cascaded Raman fiber optic laser

Capitulo 2 Modelizacion de un laser Raman de fibra dptica en cascada

PAGES-PACHECO, Angeles YolandaTl, DE LA CRUZ-MAY, Leliol, MEJIA-BELTRAN, Efrain? and
FLORES-GIL, Aaront

tUniversidad Autonoma del Carmen, Facultad de Ingenieria, Campus I11, Avenida Central S/N, Esq. con
Fracc. Mundo Maya, C.P. 24115, Ciudad del Carmen, Campeche, México.

2Centro de Investigacion en Optica, Lomas del Bosque 115, Colonia Lomas del Campestre, C.P. 37150,
Leon, Guanajuato, México.

ID 1% Author: Angeles Yolanda, Pages-Pacheco / ORC ID: 0000-0003-4535-7161, CVU CONAHCYT
ID: 1005832

ID 1% Co-autor: Lelio, De la Cruz-May / ORC ID: 0000-0003-3918-0582, CVU CONAHCYT ID:
75160

ID 2" Co-author: Efrain, Mejia-Beltran / ORC ID: 0000-0001-8960-6604, CVU CONAHCYT ID:
20998

ID 3" Co-author: Aaron, Flores-Gil / ORC 1D: 0000-0002-2302-2056, CVU CONAHCYT ID: 121166

DOI: 10.35429/H.2023.6.9.18

A.Pages, L. De la Cruz, E. Mejia and A. Flores
*institucional 060803@mail.unacar.mx

S. Vargas, S. Figueroa, C. Patifio and J. Sierra (AA. VV.) Engineering and Applied Sciences. Handbooks-TI-©ECORFAN-
Mexico, Mexico City, 2023



10
Abstract

We present a simulation that predicts the phenomenon of Stimulated Raman Scattering (SRS) by
continuous wave (CW) laser in silica optical fibers for commercial use in telecommunications. Based on
differential equations that describe the generation of Stokes, we also propose a constant that adjusts to
the pumping depletion, which is related to Rayleigh backscattering. By introducing this constant into the
equations describing the Stokes generation, the results of the numerical simulations approximated the
experimental results by 97%.

Numerical modeling, fiber optic Raman laser, SRS, Rayleigh backscattering
Resumen

Presentamos una simulacion que predice el fendmeno de la dispersion Raman estimulada (SRS) por laser
de onda continua (CW) en fibras Opticas de silice para uso comercial en telecomunicaciones. Basandonos
en ecuaciones diferenciales que describen la generacién de Stokes, proponemos también una constante
que se ajusta al agotamiento de bombeo, la cual esta relacionada con la retrodispersion de Rayleigh. Al
introducir esta constante en las ecuaciones que describen la generacion de Stokes, los resultados de las
simulaciones numéricas se aproximaron en un 97% a los resultados experimentales.

Modelizacion numeérica, Laser Raman de fibra dptica, SRS, Retrodispersion de Rayleigh
Introduction

The Stokes cascade generation in silica optical fibers is a nonlinear process that is based on the Raman
process. This happens when radiation from a monochromatic optical light source of a specific wavelength
propagates along the optical fiber, where the greatest amount of power is transferred but a small amount
is scattered with a new wavelength (commonly 10°) (Agrawal, 2013). From this Raman scattering, the
stimulated Raman scattering (SRS) is generated, which can be understood as the amplification of one of
the wavelengths of the spontaneous Raman scattering (Blow & Wood, 1989) (in our study with a shift
of ~60nm). This SRS or Stokes, grows like a laser signal and manages to store enough energy to generate
spontaneous Raman scattering within the fiber, which with the increase in the power of the pump beam,
generates the second Stokes, this successive process generates a Cascading Raman laser.

Fiber Raman lasers in cascades allow efficient laser operation for almost any wavelength,
obtaining Stokes components that cover regions applicable to industry, medicine, military,
communications, laser spectroscopy and materials processing such as cutting, welding, ablation, among
others. (Supradeepa et al., 2017). Currently, the generation of a better wavelength shift has been achieved
through special fibers with dopants such as boron and germanium, which have a large number of
applications since they favor Raman scattering due to their generation of multiple Stokes lines, but They
are very difficult to implement, because they have little robustness, poor quality (stability) due to their
fragility and are excessively expensive (Mears et al., 1985). However, with the appropriate configuration
and the correct design it is possible to obtain acceptable results with the use of silica fibers commonly
used in telecommunications since they have an efficient Raman gain coefficient, reducing costs in their
applications.

Research on the optimization of the Raman laser with silica fiber is very successful and there are
analytical equations that describe the phenomenon of energy transfer between the Stokes components
and the pump (Islam, 2004), however, a total energy transfer is not achieved. pumping to the first Stokes,
but there is a remainder which we call pumping exhaustion. There is still a lack of studies on the effect
of pump depletion that cannot be converted into Stokes waves. In various simulations (Vatnik et al.,
2011, 2012) the energy transfer during the Stokes generation generates a power depletion as indicated
(Agrawal, 2013), which does not agree with the published experimental results.

Nowadays, theoretical and experimental studies demonstrate that active media typically exhibit
optical phenomena that can significantly affect cascade Raman generation. One of them is Rayleigh
backscattering which occurs when a fraction of the light that is scattered is back reflected back to the
beginning of the fiber within the optical waveguide (Turitsyn et al., 2014).
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This can occur in any optical fiber and in all wave bands, having a strong compression effect on
the laser linewidth that results in a decrease, broadening and shift of the wavelength in the spectrum of
the coupled power after from undergoing Rayleigh backscattering (Zhu et al., 2014). Therefore, an
adequate study is necessary in the analysis of the set of equations that appropriately predicts the Stokes
generation and offers us the possibility of optimizing the laser performance by making fairly good
predictions about the energy use of the Raman effect in conventional fibers to manufacture lasers.

In this study, we perform a numerical simulation based on experimental results obtained on
commercial silica fibers used in telecommunications. Applying differential equations that predict the
generation of Stokes considering the proposal of a constant that limits the power transfer that intervenes
between the pumping and the appearance of the Stokes, which is related to Rayleigh backscatter,
achieving agreement with the experimental data.

Numerical model

So far, only a few articles have been dedicated to the theoretical description of the properties of fiber
Raman lasers. Most of these works present results from numerical modeling of spectral behavior. The
simplest model describes the evolution of pump power and signal power along a fiber, z, and can be
modeled by coupled equations, respectively. The classical non-cascade SRS process with CW pumping
is expressed through the differential equations of Equation (1) (AuYeung & Yariv, 1979; Peng et al.,
2019):

dPI;r P 9rpr
= —apPf —— P (P& + P&
dz ap UsAeff p (Ps + Fs)
dps+ 9Rrs
= —a. Py +=—pF (P} 1
p asPs + A7 s (Pp) 1)
dPs 9Rs
— =qa.P; ——P; (P
dz Usks or s ( P)

Where Pp, P and Pg represent the pumping and Stokes powers, respectively (superscripts +
and — indicate forward and backward propagation);a, and ag are the fiber attenuations for the pump
wave and Stokes wave, respectively; ggrp and grs are the Raman gain coefficients for pumping and
Stokes, respectively; A represents the effective Stokes area in the fiber and z refers to the position along
the axis of the optical fiber.

However, these equations are not sufficient to detail the correct relationship of the SRS, so it is
necessary to consider the cascade effect of the Stokes by adding to the previous formulas elements that
will develop the energy exchange that occurs between the pumping and the Stokes. An improvement in
the approximation of the differential equations would be as follows for 3 Stokes (Ecuacion (2)) (Chen et
al., 2020):

dPIj- As1 Grp
= —qp P —— P — P& + P
dz aplp s Aeffp( P aRp)( S1 51)
dPs+1 YRs1 grs1 As2 _
d = —a51P5+1 +— PSl(PP aRp) —A_ (Ps1 aRsl)(PS+2 + Pg;)
Z Aeffp Aeffsl S1
dPs; IRs1 Jrs1 A
= P — =——P;(P+ P¢ P + P
1y ¥sifs1 Aoy 51( P aRp) +Aeffsl 151( 51 — Ars1) (Psy + Pgy)
dP5+2 9Rs2 _ Jrsz A _
d = —a52P5+2 Psz( + Py — ags1) — —A_ (Psz aRsZ)(PS-; + Pg3) (2)
Z Aeffsl Aeffsz S2
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dPs, _ 9rs2 . _ _ Jrs2 Asz ,__ _
dz = a5y Ps; — A—Psz(Ps+1 + P5; — ags1) + A—A_(PSZ - aRsZ)(PSg + Pg3)
effsi effs2/tS2
dPSE 9Rs3 _
P = —ag3Pg; +A—Ps+3(Ps+z+Psz_“Rsz)
Z effs2
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In this case, the elements were Incorporated Pg;, Py, P&, Psy, Pds, Psz which correspond to the
forward and backward propagation for each of the Stokes; 1p, 151, 452, 143 represents the wavelengths at
which pumping and Stokes occur; and it was necessary to add the parameter agy, agsy ags; Which
represents a factor that limits the energy conversion from the pumping power to the first Stokes, and
from this to the next and so on. This Rayleigh backscattering factor is observed experimentally with the
shift in the wavelength of the spectrum of the residual power of the pumping, affecting the energy
conversion of the residual power by restricting it and preventing it from being completely exhausted
during the growth of the first Stokes, it is possible to obtain this value through the experimental results
and is unique for each optical fiber with an approximate value of e~

For the purpose of modeling the SRS, we must consider that increasing the pump power at the
entrance of the optical fiber causes the pump beam to generate Raman scattering along the optical fiber,
and generally, a great conversion of pump wave to Stokes waves. During this process there are three
waves propagating within the fiber: a pump wave that propagates in the forward direction of the beam,
which in turn generates a Stokes wave that propagates forward (in the same direction as the beam wave).
pump) to the end of the optical fiber and a Stokes wave that propagates backwards, dispersing in the
opposite direction to the pump wave due to the influence of the reflectivity at the end of the fiber.

Applying the set of equations (2), a simulation was developed in the Matlab software considering
boundary conditions necessary to describe the propagation Pz (0) = Py, P§(0) = RPs (0) and Ps (L) =
RPS (L); where R represents the reflectivity of the power at the end of the optical fiber. The analysis
process was divided into two stages based on the boundary conditions: the first analyzes the forward
propagation of the pump beam from 0 to L and the second analyzes the behavior of the backward
propagation from L to 0.

Forward Propagation

This simulation proposes an analysis applying silica fibers commonly used in telecommunications such
as the 1060XP fiber and the LEAF to apply it in the design of fiber optic Raman lasers, for this we take
into account the length of the optical fiber, the value of the pump power and the parameters provided by
the manufacturer such as numerical aperture (NA), core radius (), fiber attenuation (at), considering the
pumping wavelength and emission of the first and second Stokes (1064nm, 1115nm and 1175nm). From
these values and taking the value of the Raman gain previously proposed (de la Cruz-May et al., 2013),
the simulation stipulates as a starting point the injection of a fictitious photon at z=0 using the following
relationship: P = hvB, ¢, where h is Planck's constant, v is the frequency represented by the following
relationship v = ¢/ for which c is the speed of light and A is the wavelength; and B, s is the bandwidth
of the effective gain given by Equation (3).

AVR [TtanAeffn 1/2

Berr ==~ GnP(z=0) B(3)

Because AVy, is the full width of the Raman gain and has a value of 13.2 THz, «,, would be the fiber
attenuation, g, is the Raman gain coefficient and A, is the effective area. Taking into consideration
the characteristics and technical parameters provided by the manufacturer of the optical fibers. In the
forward SRS we consider initial parameters choosing the backward Stokes waves as zero for the moment.
Which are described in Equation 4:
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Py = i; where i is a power interval
P1 :h*vl*Beffl

P,=0

P =h*Uz*Beff2 (4)
P,=0

P5=h*U3*Beff3

Ps=0

In this case P;, P; and Ps correspond to the residual pumping power, Stokes 1 and Stokes 2,
respectively. These values will serve as a starting point for solving the proposed differential equations,
evaluating them in an interval from 0 to L (L refers to the length of the optical fiber).

Back propagation

The next stage in the simulation is to contemplate the propagation of the retroreflected Stokes waves
through their path in the fiber from L to 0. Therefore, for this stage new initial values were considered,
incorporating the results obtained in Equations (4). and considering the influence of reflectivity during
propagation. These are detailed as follows,

pr = P;(L)

Plf = Ps+1(L)

P1p = R P§i(L)

Py = PH(L) (5)
P, =R PsE(L)

P3r = P&5(L)

P;, =R P;é(L)

Where P, is the value of the pump power at the end of the optical fiber, Pyf, P,r and Py
correspond to the power at the output of the optical fiber of the first, second and third Stokes with forward
propagation respectively obtained with equations (4 ) and P, P,, and Ps;, represents the power at the
end of the optical fiber of the first, second and third Stokes with backward propagation respectively. Due
to the experimental setup, the reflectivity value is ~4% for all cases where the Stokes wave is
retroreflected. Each of these parameters will be analyzed again in the differential equations (2),
considering an evaluation of L to 0 as a reference to the fact that all calculations will begin at the end of
the optical fiber.

For example, the following figure shows the evolution of the pumping and Stokes powers along
the fiber considering the 4% reflectivity, obtained in simulation for a single Stokes in the 12060XP fiber.
In Figure 1, it can be seen that the pumping power gradually decreases until it reaches a limit and stops
giving up energy, remaining until the exit end of the fiber. When the energy exchange with pumping
occurs, Stokes 1 increases slowly until it reaches a maximum energy level and begins to decrease; This
process occurs during the forward advancement of power along the distance L in the optical fiber.

However, when analyzing the behavior of the propagation from L to O we can observe that the
lines that correspond to the backward Stokes have a greater power compared to the forward propagation,
this is the same for any of the Stokes that corresponds to what is indicated by the theory and reported by
other authors (AuYeung & Yariv, 1979; Vatnik et al., 2012). In the case of forward Stokes power, it
reaches a maximum energy and subsequently decreases until it is exhausted, while backward Stokes
power increases exponentially.
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Figure 1 Pump and Stokes propagation within a 1 Km 1060XP fiber with a power of 8W
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Analysis of results

To evaluate the reliability of the data obtained through the simulation, a comparison was made with the
experimental results, considering the same technical conditions and the same coupled powers. The results
show the evolution of the pumping and Stokes powers along the fiber considering the reflectivity,
obtained in simulation.

The simulation provided the data generated by equations (2), managing to obtain the propagation
values that were unified as follows Residual power = P,", Prime Stokes Power (Py; = Pg; + Pg) and
Second Stokes Power (P, = P3, + P;,;) to obtain the final powers at the output of the optical fiber and
replicate the Stokes generation.

To corroborate the efficiency of the simulation, two types of silica fibers used in
telecommunications were considered: 1060XP and LEAF, both with experimental results already
published in (de la Cruz May et al., 2023), each with different lengths. As can be seen in Figure 2, each
of them was subjected to a special configuration, the LEAF fiber was analyzed under the free running
configuration and the 1060XP fiber in a configuration applying Bragg gratings with the aim of speeding
up Stokes' generation. Comparing the simulation with these experimental results under specific
conditions will allow us to see the scope of the simulation.

Figure 2 Experimental configuration of the study fibers: (A) 9.6 km of LEAF fiber in a free-running
configuration, (B) 1 km of 1060XP fiber in a configuration with Bragg gratings
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Based on the experimental data published on the 1060XP fiber obtained by (de la Cruz May et
al., 2023; Juérez-Hernandez et al., 2016) using a coupled power of 8 W it is possible to obtain 2 Stokes
as seen in the Graph 1. When comparing with the simulation result, a 92% agreement was achieved in
the Stokes generation, but the spectra obtained with the simulation present a small gap with respect to
the coupled power. When analyzing pumping depletion, the constant that we introduced in the differential
equations (2) was close to 80% in the closest section between the experimental line. However, the
simulation for the 1060XP fiber was not able to fully reproduce the experimental results, due to the
incorporation of Bragg gratings in the optical fiber, which for the development of the experiment is
advantageous due to the faster obtaining of the Stokes generation; however, it causes a delay in pump
depletion which could also be due to the limited length of the study fiber which turns out to be very short.

Graphic 1 Comparison of the experimental results with the simulation of the 1060XP fiber (Dashed
line: simulation and Solid line: published experimental results) (de la Cruz May et al., 2023): Black
line corresponds to the pumping power, red to the foreground Stokes and blue to second Stokes
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In the case study of the LEAF fiber based on the results published in (de la Cruz May et al., 2023;
Juarez-Hernandez et al., 2016), a free running configuration was used with a length even longer than in
the 1060XP fiber, the comparison with the experimental data and the simulation results contemplates a
coupled power of 4 W that allows the generation of the first and second Stokes as can be seen in Graph
2.
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Graphic 2 Comparison of the experimental results with the simulation of the LEAF fiber (Dashed line:

simulation result and Solid line: published experimental results) (de la Cruz May et al., 2023): Black line
corresponds to the pumping power, red to the first Stokes and blue to the second Stokes
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With these results, we managed to reproduce the experimental results of Stokes generation for
the first and second Stokes. However, there is still a gap with respect to pumping power. The results of
the pumping depletion simulation in this study achieved a 99% coincidence in the closest section of the
experimental line and the simulation line, considering that the experimental configuration improves the
stability of the results and being a fiber of greater length it was possible to observe that not only the
transfer of pumping power is restricted but that the exchange of power from the first to the Second Stokes
is also affected by Rayleigh backscatter. Therefore, the incorporation of the proposed factor in equations
(2) managed to adequately replicate the depletion for pumping and for the successive transfer between
the Stokes.

Conclusions

We have presented a simulation that models a fiber optic Raman laser describing the SRS phenomenon,
considering the interactions between the pump power with the propagation of Stokes waves towards the
end of the optical fiber and the Stokes wave that is retroreflected at the beginning of the fiber. Considering
already existing differential equations for the generation of the SRS in cascade for 3 Stokes, a parameter
not contemplated in other publications was proposed and incorporated that is related to the influence of
Rayleigh backscatter that prevents the pumping power and the Stokes from being exhausted. completely
by ceding power to successive Stokes. By comparing the already published experimental results of the
1060XP and LEAF fiber with the results obtained through simulation, trying to replicate the SRS with
the appropriate behavior of the power when transferring to the Stokes, it was possible to predict the
generation of Stokes in 97% considering both fibers of different lengths, results that will be useful for
future analyzes in the design of Raman lasers applying optical fibers for use in telecommunications.
Furthermore, by incorporating the proposed parameter into our differential equations, the correct power
depletion could be achieved by modeling the published experimental results with good precision,
obtaining almost 100% agreement for the LEAF fiber in a free-travel configuration; although the same
results could not be achieved for the 1060XP fiber by applying gratings, so it is necessary to continue
working to correctly predict the SRS phenomenon for any type of silica fiber. Finally, this set of
differential equations can be used to optimize the laser power, offering similar and more realistic results
with respect to those obtained experimentally.
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Abstract

In the present investigation, the leaf extract of Coccoloba Uvifera (CU) is obtained with the help of the
ethanol solvent through the maceration process; It is implemented as a green corrosion inhibitor for 1018
steel in acid and saline solutions. The percentage of corrosion efficiency was evaluated by the weight
loss method, which was carried out in two media: 1 M HCI and 3.5% NacCl at times of 27 and 258 h at
room temperature. The results indicate that CU can act as an efficient corrosion inhibitor, the maximum
inhibition efficiency was achieved at the concentration of 600 ppm after 27 h of immersion in both media
(1 M HCI and 3.5% NaCl). The formation of the protective film retards the invasion of aggressive ions
and inhibits the corrosion of carbon steel in acidic and saline environments.

Acero 1018, Coccoloba uvifera, Inhibition efficiency, Extracts, Weight loss
Resumen

En la presente investigacion, se obtiene el extracto de la hoja de Coccoloba Uvifera (CU), con ayuda del
solvente de etanol por medio del proceso de maceracion; se implementa como inhibidor verde de
corrosion para el acero 1018 en soluciones &cidas y salinas. El porcentaje de eficiencia de corrosion fue
evaluado por el método de pérdida de peso, el cual se realizé en dos medios: 1 M HCI y 3.5% NaCl en
los tiempos de 27 y 258 h a temperatura ambiente. Los resultados indican que CU puede actuar como un
eficiente inhibidor de corrosion, la maxima eficiencia de inhibicion se alcanz6 en la concentracion de
600 ppm después de 27 h de inmersién en ambos medios (1 M HCI y 3.5% NaCl). La formacién de la
pelicula protectora retarda la invasion de iones agresivos e inhibir la corrosion del acero al carbono en
medios &cidos y salinos.

Acero 1018, Coccoloba uvifera, Eficiencia de inhibicion, Extractos, Pérdida de peso
1. Introduccion

90% of the pipelines, furnaces and distillation towers that make up the structural area of the oil and gas
industry, are constituted by 1018 steel (Li Pubo, 2023)which is singularized by its low maintenance and
acquisition costs (Haddadi Seyyed Arash, 2019). In our environment these buildings are fickle to suffer
the effect of corrosion; being an impacting factor in the industrial area. Corrosion is a phenomenon that
damages the internal or external conformation of metals; it occurs due to electrochemical interaction that
is generated in the environment naturally or artificially (Chaubey Namrata, 2021). The impact it has on
steel leads to the degradation of the quality of the metal and the safety of structures (Salleh Siti Zuliana,
2021). Corrosion currently causes economic losses in the industrial area, damaging safety measures,
environment and health. Therefore, it is necessary to implement alternatives or anti-corrosion treatments
for metal that is exposed to this type of media.

Inhibitors have become known as one of the methods for the coating of metals to prevent
corrosion and are classified into inorganic and organic (Zhou Zongyi, 2023); among the characteristics
of inorganic inhibitors is known the high potential for inhibition in corrosive media and its composition,
derived from chemicals, which generate environmental impact, health and the high cost of acquisition
that maintain, prompting the search for another method that is more feasible (Zhang Yanli, 2022).

On the other hand, in recent years researchers have focused on implementing organic or green
corrosion inhibitors, derived from plant extracts that are a complete mixture of various organic
compounds (flavonoids, alkaloids, catechins, terpenoids, and coenzymes) that adhere and protect the
metal from the effect of corrosion; In addition, they are biodegradable and have a lower acquisition cost
(Oyewole Olamide, 2022) In the Gulf of Mexico there is a wide biodiversity of flora, mainly the
Coccoloba Uvifera plant is identified, which is colloguially known as sea grape, this species has been
used as food, ornamental and part of its stem as fuel; it is also a plant that can be found at any time of the
year, facilitating its acquisition.. For this reason, in the present work, Coccoloba Uvifera (CU) extract,
which is produced by the maceration process and used as a green corrosion inhibitor on 1018 steel in two
media: 1 M HCl and 3.5% NacCl, is studied. The corrosion inhibition efficiency is evaluated by the weight
loss technique in different exposure periods at 27 and 258 hours at room temperature.
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2.  Methodology to develop
2.1. Obtaining the extract from leaves

The leaves of Coccoloba Uvifera plant were collected in Playa Norte, Ciudad del Carmen, Campeche,
cleaned with tap water, distilled water and left to dry. Then, they are cut into small fractions and placed
in the oven at 70 °C for 4 days; later they are crushed in a mill and sieved with mesh No. 60. The extract
is obtained by the maceration method; using 25 g of leaf powder and as a solvent (ethanol), it is left in
agitation for 72 hours. The extract is placed in the rotary evaporator at 40 rpm and 60 °C. Finally, the
extract is concentrated in the oven at 50°C for 3 days. The stock solution is prepared from the dried
extract, ethanol and distilled water. Figure 1.1 shows the process for obtaining the extract from
Coccoloba Uvifera leaves.

Figure 1.1 Process for obtaining Coccoloba Uvifera leaf extract
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Source of Consultation: Own Elaboration.

2.2. Specimen preparation

From a cylindrical bar of AISI 1018 steel (diameter 1 inch) the specimens are obtained, which are cut to
a height of 2 cm. They are then drilled with a 1/32 drill bit, this space will allow the wire to pass through,
for the development of the weight loss technique. Finally, the specimens are polished with silicon carbide
sandpaper numbered 60-600 and cleaned with distilled water and acetone. The specimens are stored in
a desiccator so that they do not oxidize in the environment.

2.3. Weight loss method

Considering the ASTM G1 standard, weight loss is performed. The corrosion rate of the specimens was
determined using 1 M HCI and 3.5% NaCl as corrosive medium and different concentrations of the
inhibitor (200, 400, 600, 800 and 1000 ppm). The immersion time was 27 hours and 258 hours at room
temperature. The test was performed in triplicate.

The corrosion rate is obtained by means of the following equation:

AW
DAT

Velocidad de corrosion (m) = 1)
ano
Where: K= constant 8.761104, AW= initial weight-final weight (g), A= the exposure area (cm2),

D= density of the material (g/cm3) and T= the exposure time (h).



22

To calculate the inhibitor efficiency:

%Eficiencia del inhibidor = %_th x 100 (2

orr

In which Vcorr corresponds to the corrosion rate of the specimen in acid and saline media, i.e. without
inhibitor (blank) and Vinh refers to the corrosion rate of the specimen when inhibitor is present

Figure 1.2 1018 steel specimens subjected to weight loss analysis

Source Of Consultation: Own Elaboration

3. Results and discussions
3.1. Evaluation of the extract using the weight loss technique

Table 1.1 shows the comparison of the corrosion rate results (mm/year) obtained on 1018 steel using
different concentrations of the inhibitor in 1 M HCI and immersion times. In both times, it is observed
that as the inhibitor concentration increases, the corrosion rate decreases; it is important to note that this
behavior is observed up to a concentration of 600 ppm, at higher concentrations the rate increases due to
the fact that corrosion is promoted on the material. It is also observed that the longer the exposure time,
the higher the corrosion rate

Table 1.1 Corrosion rate values obtained on 1018 steel at different concentrations of the inhibitor in 1 M HCI medium at
different exposure times

Concentration (ppm) Corrosion rate (mm/year)

27 horas 258 horas
0 1.49 1.26
200 0.76 0.96
400 0.42 0.67
600 0.09 0.43
800 0.28 0.58
1000 0.54 0.64

Source of Consultation: Own elaboration

Graph 1.1 shows the percentages of inhibition efficiency for 1 M HCI reveals that the percentage
of efficiency for the time of 27 hours increases proportionally until reaching the concentration of 600
ppm where it obtains 93%, then it tends to decay until concluding with a percentage similar to that of the
concentration of 400 ppm. On the other hand, for the exposure period of 258 h, it is perceived that the
displacement takes place proportionally; being the concentration of 600 ppm the one that acquires a
percentage of 67% of inhibition and begins to decrease.
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Graph 1.1 Inhibitor efficiency values obtained on 1018 steel with different inhibitor concentrations in 1 M HCI
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On the other hand, Table 1.2 shows the results obtained in the 3.5% NaCl medium. A similar
behavior to the previous case is observed, where the 600 ppm concentration shows low corrosion rate
values. Comparing the results in both exposure times, lower values are observed at longer exposure times.
This behavior is due to the interaction of the saline medium with the inhibitor.

Table 1.2 Corrosion rate values obtained on 1018 steel at different concentrations of the inhibitor in 3.5% NaCl medium at
different exposure times

Cinh (ppm) Corrosion rate (mm/year)
27 hours 258 hours

0 3.37 0.20

200 2.11 0.17

400 1.77 0.13

600 0.60 0.07

800 1.31 0.11

1000 1.99 0.12

Source of Consultation: Own elaboration

Graph 1.2 shows the inhibition efficiency percentages of steel 1018 in 3.5% NaCl. The behavior
is very similar to the acid medium; however, in the chloride medium, slightly lower efficiencies are
obtained, but the current inhibitor lasts longer, presenting values around 60% for 258 hours of exposure.
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Graph 1.2 Inhibitor efficiency values obtained on 1018 steel with different inhibitor concentrations in 3.5% NaCl
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In order to compare the results obtained in this study with the literature, Table 1.3 shows the
inhibitor, material and the percentage of inhibition efficiencies of green extracts. It is observed that the
results of the Coccoloba Uvifera extract present similar percentages to the reported extracts; therefore, it
can be deduced that the ECU works as a good corrosion inhibitor for both study media.

Table 1.3 Comparison of the efficiency percentages of extracts from green inhibitors using different metals and corrosive
media obtained by the weight loss technique

Inhibitor Type of metal Inhibition efficiency percentage (%)
Medium: HCI
Coccoloba Uvifera Steel 1018 27h 258 h
93.6% 67.0%
Eleusine Indica Iron 91.3%
(Vashishth Priya, 2022)

Ligularia Fischeri (Prabakaran Mayakrishnan, 2016) Mild steel 92%
Mentha Pulegium (Khadraoui A., 2016) Carbon steel 81%
Medium: NaCl
Coccoloba Uvifera Steel 1018 27h 258 h

82.0% 66.0%
Catharanthus Roseus (Palaniappan N, 2019) Mild steel 84.0%
Hojas de Anabasis aretioides (Berrani Assia, 2018) Mild steel 86.0%
Raiz de Anabasis (Berrani Assia, 2018) Mild steel 87.0%

Source of Consultation: Own Elaboration

4. Conclusions

According to the results obtained from the evaluation of the efficiency of the Coccoloba Uvifera extract
by weight loss in the 1 M HCI and 3.5% NaCl media at exposure times of 27 and 258 h (at room
temperature). In the acid medium, the concentration of 600 ppm presented at 27 hours of exposure an
inhibition efficiency of 93%, consequently, a lower corrosion rate. At times greater than 258 hours, the
efficiency was around 67%. In the saline medium, it is also observed that the 600 ppm concentration acts
at a shorter exposure time; for the case of 27 hours, an inhibition efficiency of 88% is obtained and the
corrosion rate of 0.60, for the case of 258 hours, an efficiency of 66% is observed; for this exposure
cycle, the corrosion rate decreases. Comparing both media, it was observed that the inhibitor in chloride
medium acts for a longer exposure time.
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In general, it was observed that the concentration of 600 ppm is the one with the highest
percentage of inhibition efficiency and minimum corrosion values in the evaluation of weight loss for
these media. Likewise, it was determined that the inhibitor acts better in shorter exposure times, referring
to the 27 h that were being worked, it is deduced that this is due to the fact that the evaluation was
performed at laboratory level.
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Chapter 4 Development of chemometric models to predict physical and chemical
properties in biodiesel-diesel mixtures
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Abstract

Renewable energies are necessary to cushion the warming of the earth; biodiesel can be used as a
substitute for diesel, with the advantage that it is friendly to the environment. At present, the analyzes
carried out on biodiesel by conventional methods are expensive and harmful to the environment.
Therefore, the objective of this work is to build calibration models to predict properties of biodiesel and
biodiesel-diesel mixtures based on Raman spectroscopy. The physical and chemical properties of
biodiesel and blends were determined in accordance with ASTM D 6751 and EN 14214 standards, which
were: free acidity index, flash point, density, specific gravity at 29.5 °C, °API density, weight specific,
kinematic viscosity at 40°C and freezing point. For the construction of the models, the MATLAB
numerical software was used together with its artificial neural network computational package. Model
training was performed with 70% of the data, while the remaining 30% were used for testing and
validation. The statistical criteria used for the accuracy of the chemometric models were the root mean
square error (RMSE), mean absolute percentage error (MAPE) and the correlation coefficient (R?). The
results of the correlation coefficients between the real and predicted values obtained for each
chemometric model were higher than 0.99%. The predictive capacity of the chemometric models was
evaluated using the t-student test of paired data, where the t-student (tc) confidence values of each model
were within the range of external validation (tv= * 2.11). The results of the t-student demonstrate the
predictive reliability of the models to determine the values of the physical and chemical properties carried
out by the conventional methods indicated in the ASTM D6751 and EN 14214 standards.

Biodiesel, Diesel-biodiesel mixtures, Physicochemical properties, Raman spectroscopy and
chemometric models

Resumen

Las energias renovables son necesarias para amortiguar el calentamiento de la tierra; el biodiesel puede
emplearse como sustituto del diésel, con la ventaja que es amigable con el medio ambiente. En la
actualidad los analisis realizados al biodiesel por métodos convencionales son costosos y perjudiciales
con el medio ambiente. Por esto, el objetivo de este trabajo es construir modelos de calibracion para
predecir propiedades de biodiesel y mezclas de biodiesel-diésel fundamentado en la espectroscopia
Raman. Las propiedades fisicas y quimicas del biodiesel y mezclas se determinaron conforme a las
normas ASTM D 6751 y EN 14214, las cuales fueron: el indice de acidez libre, punto de inflamacion,
densidad, gravedad especifica a 29.5 °C, densidad °API, peso especifico, viscosidad cinematica a 40°C
y punto de congelacién. Para la construccién de los modelos se utiliz6 el software numérico MATLAB
en conjunto de su paquete computacional de red neuronal artificial. El entrenamiento de los modelos se
realiz6 con el 70 % de los datos, mientras que el 30 % restante se destinaron para las pruebas y validacion.
Los criterios estadisticos utilizados para la precision de los modelos quimiométricos fueron el error
cuadratico medio (RMSE), error de porcentaje absoluto medio (MAPE) y el coeficiente de correlacion
(R?). Los resultados de los coeficientes de correlacion entre los valores reales y predichos obtenidos para
cada modelo quimiométrico fueron superiores al 0.99%. La capacidad de prediccion de los modelos
quimiométricos fue evaluada mediante la prueba t-student de datos apareados, donde los valores de
confianza t-student (tc) de cada modelo estuvieron dentro del rango de validacion externa (tv= + 2.11).
Los resultados del t-student demuestran la confiabilidad de prediccion de los modelos para determinar
los valores de las propiedades fisicas y quimicas realizadas por los métodos convencionales indicados en
las normas ASTM D6751 y EN 14214,

Biodiesel, Mezclas diésel-biodiesel, Propiedades fisicoquimicas espectroscopia Raman y Modelos
quimiométricos

1. Introduction

Currently, the main driver for the development of research on alternative energy sources is the urgent
need to mitigate global warming and its consequences for living beings. For this, CO2 reduction is
fundamental, since high concentrations of this greenhouse gas (GHG) are the main consequence of global
warming [1]. However, the technologies that emit this type of gas are still economically unfeasible to
eliminate. The power generation sector has a significant potential to reduce CO2 emissions, as it is
responsible for almost 37.5 % of CO2 emissions worldwide [1].
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A vital role can be played by renewable energy resources in reducing CO2 emissions. According
to EI-Sharkawy et al. [2] it is mentioned that if the share of renewable energy increases by 39 % by 2050
in combination with electricity generation, CO2 emissions can be reduced by up to 50 %. Currently, most
of the world's energy demand is met by fossil fuels such as oil, coal and natural gas. Among the most
consumed petroleum derivatives is diesel, which is widely used in transportation, agriculture,
construction and power generation. However, the rapid rate of depletion of fossil oil, as well as
environmental degradation due to vehicular and industrial pollution that directly affects the stable global
ecosystem, has led to the search for new solutions to replace conventional diesel. Among the most viable
alternatives to replace petrodiesel is biodiesel, which is a renewable fuel, biodegradable, non-toxic, does
not alter the carbon cycle, has high lubricity and its characteristics are very similar to those of
conventional diesel. This biofuel is a mixture of long-chain fatty acid esters (C14-C20), which is
manufactured by the transesterification reaction of vegetable oils or animal fats with an alcohol in the
presence of a catalyst. Also, its sulfur content is lower than the standard limit of conventional diesel, this
being one of its main advantages, both for environmental care and for the life of combustion engines [3]
[4]. Something very favorable is its miscibility with diesel, which allows blends of these two fuels in any
proportion. Biomixes also emit less GHG when burned compared to conventional diesel [5]. Because of
this, biodiesel production increased by 700% between 2005 and 2015 [6], reaching a global production
of 48.3 billion liters in 2019 and demand in 2022 reached a record 170 billion liters, surpassing the levels
observed in 2019 before the Covid-19 pandemic [7] [8].

The commercialization and use of biodiesel depend on its physicochemical properties, which are
determined by specification limits depending on the type of regulation in the region being used. For
example, standards have been established in the United States (ASTM D6751), Europe (EN 14214),
Brazil, South Africa, Australia and other parts of the world. Both ASTM D6751 and EN 14214 efficiently
detail biodiesel specifications, and these standards are commonly used as a reference or basis for other
standards and their analyses. However, the conventional methods used to determine the physicochemical
properties of biodiesel are slow and expensive, some are not accessible in some facilities, are
environmentally destructive, and can cause human injury.

Therefore, this work is focused on determining in a different way the physicochemical properties of
biodiesel, in a simple, non-destructive way and with a high level of accuracy. Consequently, chemometric
models will be developed through artificial intelligence based on Raman spectroscopy, which have the
priority of predicting properties such as: free acidity index, copper strip corrosion at 40 °C and 100 °C,
sulfated ash content, flash point, density, specific gravity at 29.5 °C, density °API, specific weight,
kinematic viscosity at 40°C and freezing point, complying with the established standards of ASTM D
6751 and EN 14214,

2. Materials and Methods
2.1 Materials

The materials used in this study were methanol (99.9% purity), phenolphthalein and sodium hydroxide
(98.3%). The raw materials were chicken fat and pork fat. Chicken fat and skin were purchased from a
chicken stand at a price of $5.00 MX per kilogram (kg) and washed thoroughly with tap water to remove
debris such as blood, viscera, and bones. It was then cut into small pieces to be melted in a container at
a temperature of 110°C for 5 hours (h); the solid components of the lipid fraction of the fat (glycerides)
were then separated in a fine mesh strainer. On the other hand, the pork fat used for the preparation of
biodiesel was acquired through a butcher's shop at a price of $40.00 MX per kg. Then, it was heated in a
DIDADEC TECHNOLOGIE model CDF/010 tray dryer at 50 °C to reduce its viscosity.

For the transesterification of both biodiesels, an automated batch reactor, Didatec model RQ-DT-
135/EL, was used. Animal fats (chicken fat and pork fat) were used as raw material, methanol was used
as solvent and a sodium hydroxide (NaOH) catalyst, which were homogenized, forming sodium
methoxide (CH30-Na+). The presence of a catalyst is necessary to increase the reaction rate and yield
of the transesterification process. In the industry the main catalysts used are alkaline catalysts (NaOH
and KOH), thanks to the fact that they have very good solubility in methanol and their price is quite low
in the market [9]. The reaction conditions were: 4 hours of duration, at a temperature of 56 °C and an
agitation speed of 450 rpm. The chemical reaction of transesterification is shown in Figure 2.1.
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Figure 2.1 Chemical reaction of biodiesel transesterification
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Source: (S. Rezania et al., 2019)

When the time of the reaction was finished, the mixture was extracted in 2 test tubes of 1000 ml
and 2000 ml; leaving it to rest for 12 h; after which, and after settling the mixture, it was possible to
differentiate the fatty acid methyl ester from the glycerin. Next, the fatty acid methyl ester and the
glycerin were separated in different containers. Then, the fatty acid methyl ester was washed with
distilled water using a 1000 ml separatory funnel to remove the remaining glycerol residues in the
mixture. Two filtration methods were used to eliminate suspended solids; the first was gravimetric
filtration with 11 um Whatman paper and then with Purolite rigth 10 ion exchange resin. As mentioned
above, biodiesel is a biofuel that is completely miscible with conventional diesel and its mixtures in any
of its proportions have the possibility of improving the qualities of the fuel. The proportions used to
prepare the diesel-biodiesel blends were: D-10, D-20, D-40, D-50, D-60, D-80, D-90. The nomenclature
of the blends represents the percentage by mass of diesel and the remainder is the percentage by mass of
biodiesel; for example, D-10 is defined as 10 percent diesel and 90 percent biodiesel. These blends were
performed on an Ohasus brand digital pelletizing balance, with an uncertainty of + 0.2 g.

2.2 Physicochemical andlisis

The physicochemical properties of the diesel-biodiesel samples were determined in accordance with
established standards and methods (ASTM D6751 and EN14214). The properties determined for the
blends were: free acid number, copper strip corrosion at 40 °C and 100 °C, sulfated ash contents, flash
point, density, specific gravity at 29.5 °C, density °API, specific weight, viscosity and freezing point. A
detailed description of the procedure for obtaining each physicochemical property will be given below.

2.2.1 Free acid number

The acidity index was determined using method EN 14104 of Standard EN14214, which uses an
alcoholic solution as titrant and phenolphthalein as color indicator. A method very similar to the one
mentioned is the simple green visual method, which is the one used in this work to obtain the values of
the acid number. The acid number is defined as the amount of milligrams of KOH or NaOH (mg)
necessary to neutralize the free fatty acids present in one gram of oil or fat and is a measure of the degree
of hydrolysis of a fat [10].

2.2.2 Flash point

The flash point is determined from the ASTM D-92 method, which is similar to the ASTM D-93 method
of ASTM D6751. This method called "Cleveland open cup”, defines the flash and ignition temperatures
of all petroleum products, except those fuels that have an open cup flash temperature below 79°C and
below 400°C. Approximately 70 ml of test sample is placed in a test vessel. The temperature of the vessel
is rapidly increased by means of a burner and then the flame is controlled to generate a slower temperature
rise steadily as the flash point is approached [11].
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2.2.3 Density, specific gravity, APl density and specific weight

These properties are determined using the ASTM D 1298 method of ASTM 6751. The method describes
how to perform the analyses of density, specific gravity, APl density and specific gravity. At present,
density meters are reliable and efficient equipment to obtain the analyses described above. For this
reason, the Anton Paar DMA 4100M density meter was used to analyze these properties.

2.2.4 Kinematic viscosity at 40 °C

The kinematic viscosity was specified according to ASTM D 445 of ASTM D 6751. Kinematic viscosity
can be measured based on the time measurement of a known volume of sample flowing under gravity,
passing through a calibrated glass capillary tube (viscometer) at ambient conditions [12]. Also, kinematic
viscosity is related to dynamic viscosity through density. Having the value of the dynamic viscosity, the
kinematic viscosity of a fluid can be calculated, observe the following Equation (Eq.1):

v=" (1)

where:

v: Kinematic viscosity
w: dynamic viscosity
p: density

The results of the kinematic viscosity analysis for each mixture were obtained from Eq. 1, where
the dynamic viscosity is analyzed with the Anton Paar Physica MCR 101 rheometer and the density with
the Anton Paar DMA 4100M density meter.

2.2.5 Freezing point

The freezing point is determined using the ASTM D 97 method of the ASTM D 6751 standard, for which
a wide-mouth container is taken and ice and salt are placed inside. Then, test tubes with biodiesel and
diesel-biodiesel blends are placed in the container. When the formation of solids (ice) begins in the
biodiesel and the blends inside the tubes, the temperature is measured and this will be the freezing point
value of that fuel [13].

2.3 Raman Spectroscopy

Raman spectroscopy is an analytical technique in the near-infrared range, based on the phenomenon of
inelastic molecular vibration/rotation that causes frequency changes due to energy exchange with matter
through the collision of molecules [14]. Samples of diesel-biodiesel blends were analyzed in
quintuplicate using a QE65000 Raman spectrometer (Ocean Optics, Edinburgh, UK) equipped with a
symmetrical cross Czerny-Turner optical bench, 101 mm focal length, an RPB 785 fiber optic test and a
Hamamatsu S7031-1006 detector with a spectral range between 780 and 940 nm. The spectrometer was
operated with SPECTRA SUIT software (version 2.0.162, Ocean Optics, Edinburgh, UK) to establish
the interface between the computer and the Raman equipment. To perform the analysis of the samples,
30 mL of each mixture was deposited in an amber glass vial and subsequently a laser beam was applied
at 785 nm with a power of 20 mW for 10 s. All Raman spectra were collected in the range of -81 to 2104
cm-1 at 25 °C. Data between 0-99 cm-1 and 1902-2104 cm-1 were omitted because they had higher
spectral noise. Therefore, the spectral data between 100 and 1901 cm-1 were used.

2.4 Development of chemometric models,

For the development of the chemometric models, an experimental database was created, where the
absorbances of the Raman spectra of the blends of both biodiesels (matrix X) and the results of the
physicochemical properties (vector Y) were used. Microsoft Excel 2013 (Microsoft, Redmond, WA,
USA) was used to create the matrices. Matrix X consisted with a composition of 850 wavelength values
and 18 samples between of the diesel-biodiesel blends (15 300 absorbance samples) and matrix Y had
for each physicochemical property one column and 18 samples in the rows. Subsequently, the X matrix
was exported to Quasar v1.7.0 software to initially pre-process the data for a better fit.
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The dimensionality of the data was then reduced using principal component analysis (PCA). The
first step of the pretreatment was to minimize noise and spectral errors of the chemometric models,
developed by mathematical and statistical treatments: auto-scaling and centering. Also, a first order
derivative and the standard variable normalizations (SNV) and minimum-maximum (min-max) were
used to achieve a greater correction of the spectrum; thus, obtaining an X-matrix transformation of 740
wavelength values and 18 samples. In the PCA, 740 wavelengths were reduced to 8 CP components with
an explained variance of 97 %. For the construction, training and evaluation of the chemometric models,
MATLAB numerical software was used in conjunction with its artificial neural network (ANN) Toolbox
computational package (Demuth and Beale, 2021). For the predictability of the developed models, ANN
employed back-propagation learning, with the Levenberg-Marquardt supervision algorithm, which has
proven to be one of the most prominent in weight and bias optimization [12]. The model was trained with
70 % of the data (12 samples) and 30 % of the remaining data (6 samples) was used for model testing
and validation. The indicators or statistical criteria used for the accuracy of the chemometric models were
the root mean square error (RMSE), mean absolute percentage error (MAPE) and the correlation
coefficient (R2); and the paired data T-student's test was used to evaluate the reliability of the
chemometric models. Figure 2.2 shows the schematic diagram of the development of the chemometric
models.

Figure 2.2 Schematic diagram of the process of development and evaluation of chemometric models
for the estimation of physicochemical properties
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3. Analysis and results
3.1 Interpretation of Raman Spectra
3.1.1 Raman spectra of chicken diesel-biodiesel blends of chicken fat.

Figure 3.1 shows that the Raman spectra obtained on the chicken fat diesel-biodiesel samples have
spectral bands covering the following ranges: 260-542, 550-685, 685-711, 950-1100, 1180-1325, 1363-

1447 and 1460-1750 cm-1:

The region between 260-542 cm-1 is related to the stretching and bending vibrations of C-O, C-
C-0O and C-C-C that form the molecular structure of fatty acid methyl ester [15].

The spectral region between 685-711 cm-1 is assigned to the stretching vibrations of C-O and C-
C-0, and to the bending vibrations of O-C-O. On the other hand, the band between 711-950 cm-1 is a
product of the C-C and C-H stretching vibrations present in the fatty acid methyl ester [16].

The region present between 950-1100 cm-1 is attributed to the bending vibrations of the C-H and
C-O-H bonds of the fatty acid methyl ester [17].

The spectral region between 1180-1325 presents 2 peaks, these correspond to the stretching
vibrations of the C-O, C-O-C bonds and the bending C-H and O-C-H vibrations [18].

The peak between 1363-1447 is due to the bending and oscillation vibrations of the C-H and O-
H functional groups [18].

Figure 3.1 Absorbance bands present in chicken diesel-biodiesel blends
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Finally, the region between 1460-1750 are concerning the symmetric angular deformation of
CH3, CeH, C=0 axial deformation of aliphatics, saturated esters and asymmetric angular deformation in

the CH2 plane, respectively [8].
3.1.1 Spectrum of pork fat diesel-biodiesel blends

Figure 3.2 corresponds to the Raman spectra of the pork fat diesel-biodiesel samples, these have spectral
bands covering the ranges 750-900, 925-1140, 1186-1300, 1350-1460 and 1525-1740.

The region between 750 - 900 cm-1 is attributed to the C-C and CH stretching vibrations present
in the fatty acid methyl ester [19].
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Figure 3.2 Absorbance bands present in diesel-biodiesel blends of swine
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The region between 925-1140 cm-1 these correspond to deformation vibrations in C-H and
methylene (CH2) bonds, as well as COH bending vibrations identified in the bands 940-1074, bending
vibrations of C-H and C-O-H bonds of esters, and to bending vibrations of C-N bonds of amino acids
and proteins [17][18][20].

The spectral region between 1186-1300 cm-1corresponds to C-H and O-C-H vibrations, while
the spectral bands 1350-1460 cm-lare due to bending and oscillation vibrations of C-H and O-H
functional groups [18].

Finally, the spectral region between 1525-1740 cm-1 are due to the bending vibrations of the O-
H functional group [21].

3.2 Physicochemical properties of chicken and pork fat biodiesels

The results of the conventional analyses of the physicochemical properties for the diesel-biodiesel blends
are shown in Tables 3.1 and 3.2.

Table 3.1 Propiedades fisicoquimica del biodiesel de grasa de pollo y sus mezclas diésel-biodiesel

Mixtures | Acid number Flash point (°C) | Density Specific API Specific | Viscosity  Freezing
(mgKOH) (kg/m3) gravity density gravity (mm2/s)  point (°C)
29.5°C 15°C
B —100 0,340 162 878.0 0.8720 881.0 0.8800 3.35 4
D —10 0.310 144 871.5 0.8657 875.1 0.8731 3.27 1
D — 20 0.280 132 865.0 0.8591 868.6 0.8665 2.69 -3
D —40 0.250 108 851.8 0.8459 855.5 0.8534 2.67 -5
D —50 0.200 100 846.0 0.8399 849.6 0.8475 2.38 -6
D — 60 0.170 96 843.9 0.8379 847.6 0.8454 2.37 -7
D — 80 0.140 90 829.0 0.8228 832.8 0.8305 1.70 -10
D —90 0.060 84 823.5 0.8172 827.2 0.8250 1.68 -12
D — 100 0.056 78 816.9 0.8110 820.7 0.8180 1.54 -14

Source: Own Elaboration
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Table 3.2 Physicochemical properties of pork fat biodiesel and its diesel-biodiesel blends

Mixtures  Acid number Flash point (°C)  Density Specific API Specific Viscosity Freezing
(mgKOH) (kg/m3) gravity density gravity (mma2/s) point (°C)
29.5°C 15°C
B —100 0,310 160 870.0 0.8640 874.0 0.8720 3.67 11
D —10 0.250 142 868.6 0.8625 872.3 0.8702 3.49 8
D —20 0.220 124 862.2 0.8561 865.8 0.8637 3.19 6
D —40 0.200 108 850.3 0.8441 854.0 0.8518 2.70 3
D — 50 0.170 100 843.1 0.8370 846.9 0.8447 2.42 1
D — 60 0.140 96 838.7 0.8326 842.5 0.8403 2.35 -2
D — 80 0.110 91 828.2 0.8220 832.0 0.8297 1.86 -7
D -90 0.080 82 821.2 0.8151 825.0 0.8227 1.76 -10
D —100 0.056 78 816.9 0.8110 820.7 0.8180 1.54 -14

Source: Own Elaboration
3.3 Chemometric models
3.3.1 Free Acid Number (InAc)

The InAc indicates the percentage (%) of free fatty acids in the biodiesel; this parameter corresponds to
the amount of mg of KOH necessary for the neutralization of free fatty acids in one gram of fat [22]. It
IS very important to determine this property in the biofuel, since a high value of InAc can cause severe
corrosion in internal combustion engine fuel systems [28]. The InAc obtained in chicken biodiesel (BP)
and pig biodiesel (BC) were 0.34 mg KOH/g and 0.31 mg KOH/g respectively, these values are
acceptable within the EN 14214 standard and were similar to [16]. For its part, the InAc of the BP had
agreement with [23] [24][25], while the BC to [26] [27][28] [29][30][31].

To determine the chemometric models for each of the physicochemical properties, an analysis
was made to know, with which; number of neurons would have a better fit. Five measurements were
taken for each of the following neurons (n) 2, 4, 6, 8, 10 and 12, then the best of these was chosen, the
selected measurements were compared and the one with the best prediction was determined. In the case
of InAc the best prediction regression model was with 10n (see Table 3.3), its training (tr), validation
(vl) and test (ts) statistical criteria were: R2tr=1.0000; R2vI=0.9937; R2ts=0.9975; MAPEtr=0.4194;
MAPEvVI=5.1968; MAPEts=2.2981; RMSEtr=0.0006; RMSEvI=0.0046 RMSEts=0.0040. The
correlation coefficients between the actual and predicted values obtained in the 10n regression model,
are observed in Figure 3.3, their results are: tr=0.99988, vI=0.99254, ts=0.99997 and yield (R)=0.99927.
These results are superior to [32], [33] and similar to [34]

Table 3.3 Statistical criteria for chemometric models for InAc

Neurons R2tr R2vl R%s = MAPEtr MAPEvI MAPEts RMSEtr = RMSEvl RMSEts
2 0.9946| 0.9073| 0.9633 4.9419 6.7808 6.9857 0.0069 0.0139 0.0166
4 0.9969| 0.9300| 0.9651 2.4173 3.7752 3.7997 0.0054 0.0093 0.0089
6 1.0000| 0.9984| 0.9878 0.0692 2.0431 5.6964 0.0001 0.0034 0.0089
8 0.9920| 0.9949| 0.9681 2.4082 1.6780 3.7489 0.0084 0.0041 0.0144
10 1.0000| 0.9937| 0.9975 0.4194 5.1968 2.2981 0.0006 0.0046 0.0040
12 1.0000| 0.9923| 0.9958 0.0066 2.8385 3.8166 0.0000 0.0061 0.0056

Source: Own Elaboration
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Figure 3.3 Free acidity regression model, results of correlation coefficients: a) Training b) Validation
c) Testing d) Performance
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3.3.2 Flash Point (PI)

One of the advantages of biodiesel over conventional diesel is that its IP is higher, which provides greater
safety for handling, transportation and storage, thus reducing the risk of fire [23], [35]. According to
Kirubakara et al. [23] mentions that after finishing the transesterification process, methanol should be
removed from the final mixture to increase the flash point temperature. The results of the PI analysis for
BP and BC were 162 °C and 160 °C, respectively, which are within the permissible parameters of ASTM
D 6751. The BP result was similar to [25], while for BC it was similar to [36], [37]. In the case of PI the
best fit model was with 4n (see Table 3.4), showing the following statistical indicators: R2tr=0.9999;
R2vI=0.9994; R2ts=0.9876; MAPEtr=0.1013; MAPEvI=0.4491; MAPEts=0.7159; RMSEtr=0.2083;
RMSEvVI=0.6223; RMSEts=1.2099. Figure 3.4 shows the regression model obtained with 4n, where the
correlation coefficients between the actual and predicted values were: Ent=0.99988, Val=0.99254,
Pb=0.99997 and R=0.99927 respectively. The model results are superior to [18][32][4][4][38][33].

Table 3.4 Statistical criteria for chemometric models for the Pl

Neuronas Rtr R2vl Rts MAPEtr MAPEvlI MAPEts RMSEtr RMSEvl = RMSEts
2 0.9925 0.9956 0.9991 0.9946 0.5082 0.1864 2.1871 1.0343 0.3216
4 0.9999 0.9994 0.9876 0.1013 0.4491 0.7159 0.2083 0.6223 1.2099
6 0.9991 0.9970 0.9904 0.5382 0.6243 2.0388 0.8509 0.6759 2.2110
8 0.9992 0.9987 0.9953 0.6587 0.5638 1.2461 0.7888 0.6996 1.5200
10 0.9994 0.9728 0.9875 0.5187 2.6246 2.3487 0.6065 4.3206 3.0875
12 0.9999 0.9976 0.9940 0.1366 0.9302 0.8835 0.3281 1.0011 1.2195

Source: Own Elaboration
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Figure 3.6 IP regression model, results of correlation coefficients: a) Training b) Validation c) Test d)
Performance
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3.3.3 Density, specific gravity 29.5 °C (GE 29.5), API density (D API) and specific gravity (PE)

Density is a ratio expressed as mass per unit volume; it depends on the state of aggregation in which the
substance is found and its temperature. Measuring density gives an idea of the mass content of the
substance, being directly related to the energy of the fuel; the higher this value is, the better the
profitability [39]. The density of biodiesel varies according to the nature of the raw material and
influences the atomization efficiency [23]. The obtained values of specific gravity at 29.5 °C (GE 29.5),
API density at 15°C (D API) and specific gravity (PE) are directly related to density. The density for BP
and BC were 878 kg/m3 and 870 kg/m3 respectively, complying with EN 14214 standards and were
similar to each other at [40][41].

Individually the density result of BP was similar to [35][42][39][23][43][44][45][46][47], while
BC had agreement with [48][49][50][30]. The best fit chemometric model for density also, was with 4n
(see Table 3.5), showing the following statistical criteria: R2tr=0.9985; R2vI=0.9721; R2ts=0.9972;
MAPEtr=0.0512; MAPEVI=0.2060; MAPEts=0.1026; RMSEtr=0.7348; RMSEvI=1.9425;
RMSEts=0.9753. Figure 3.5 shows the regression model obtained with 4n, where the correlation
coefficients between the actual and predicted values were: Ent=0.99987, Val=0.99991, Pb=1 and
R=0.99981. The values obtained in the model are higher than [18][32][32][51][38][33].

Table 3.5 Statistical criteria for density chemometric models.

Neuronas R%tr R2vl R%ts MAPEtr MAPEvlI MAPEts | RMSEtr RMSEvl | RMSEts
2 0.9998| 0.9998 0.9799 0.0268 0.0245 0.2610 0.3111 0.2315 2.4225
4 0.9985 0.9721 0.9972 0.0512 0.2060 0.1026 0.7348 1.9425 0.9753
6 0.9997 0.9934 0.9934 0.0293 0.1358 0.1550 0.3172 1.2116 1.5827
8 1.0000| 0.9989 0.9714 0.0052 0.0662 0.2736 0.0562 0.6683 3.1331
10 0.9849 0.9341 0.9982 0.1963 0.3293 0.0863 2.2421 3.0298 0.8133
12 0.9999 0.9580 0.9951 0.0113 0.3012 0.1557 0.1456 4.0157 1.4155

Source: Own Elaboration
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Figure 3.5 Density regression model, results of correlation coefficients: a) Training b) Validation c)
Testing d) Performance
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The GE 29.5 results for BP and BC were 0.872 and 0.864, respectively. The chemometric model
with the best fit was the 6n, reporting the following statistical criteria: R2tr=0.9997; R2vI=0.9988;
R2ts=0.9943; MAPEtr=0.0245; MAPEVI=0.0550; MAPEts=0.1248; RMSEtr=0.0003; RMSEVI=0.0005;
RMSEts=0.0012, see Table 3.6. The regression model obtained is shown in Figure 3.6, which shows the
results of the correlation coefficients between the actual and predicted values of GE 29.5: Ent=0.99992,
Val=0.99941, Pb=0.99930 and R=0.99963.

Table 3.6 Statistical criteria for chemometric models for GE 29.5 °C

Neuronas R2vl R%ts MAPEtr MAPEvlI MAPEts | RMSEtr RMSEvl | RMSEts
2 0.9933| 0.9965 0.9959 0.1030 0.1036 0.1123 0.0014 0.0009 0.0014
4 0.9998 0.9595 0.9522 0.0216 0.2234 0.1867 0.0003 0.0020 0.0024
6 0.9997 0.9988 0.9943 0.0245 0.0550 0.1248 0.0003 0.0005 0.0012
8 0.9999 0.9980 0.9504 0.0119 0.0932 0.6056 0.0001 0.0009 0.0055
10 0.9987 0.9986 0.9919 0.0466 0.0715 0.1828 0.0006 0.0007 0.0023
12 0.9964 0.9499 0.9911 0.0983 0.2807 0.1456 0.0012 0.0026 0.0017

Source: Own Elaboration
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Figure 3.6 Regression model of GE 29.5, results of the correlation coefficients: a) Training b)
Validation c) Testing d) Performance
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The results of the analyses for D API for BP and BC were 881 °API and 874 °API respectively;
the highest statistical criterion of the chemometric models was with 12n, with a fit of: R2tr=0.9997;
R2vI=0.9964; R2ts=0.9994, MAPEtr=0.0238; MAPEvI=0.0587; MAPEts=0.0377; RMSEtr=0.3321,
RMSEvI=0.6048; RMSEts=0.3361 (see Table 3.7). Figure 3.7 represents the regression model obtained
for 12n, showing the results of the correlation coefficients between the actual and predicted values:
Ent=0.99987, Val=0.99991, Pb=1 and R=0.99981.

Table 3.7 Statistical criteria of the chemometric models for D-API

Neuronas Rtr R2vl R%ts MAPEtr MAPEvlI MAPEts RMSEtr RMSEvl = RMSEts
2 1.0000 0.8523 0.9742 0.0046 0.2096 0.3322 0.0550 1.7900 3.0628
4 0.9858 0.9984 0.9603 0.0866 0.0662 0.1541 2.4164 0.6686 1.7198
6 1.0000 0.9901 0.9956 0.0001 0.0847 0.1286 0.0009 0.7845 1.5948
8 1.0000 0.9648 0.9992 0.0055 0.5066 0.0600 0.0538 5.0751 0.5385
10 1.0000 0.9956 0.9836 0.0042 0.1368 0.1414 0.0558 1.2156 1.6253
12 0.9997 0.9964 0.9994 0.0238 0.0587 0.0377 0.3321 0.6048 0.3361

Source: Own Elaboration
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Figure 3.7 D-API regression model, results of correlation coefficients: a) Training b) Validation c)
Testing d) Performance
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The PE for BP and BC was 0.880 and 0.872 respectively; the chemometric model that showed
the best statistical criteria was the 10n, with the following values: R2tr=0.9997; R2vI=0.9994;
R2ts=0.9986, MAPEtr=0.0224; MAPEVI=0.0548; MAPEts=0.0773; RMSEtr=0.0003; RMSEvI=0.0005;
RMSEts=0.0008 (see Table 3.8). The 10n regression model is depicted in Figure 3.8, where the
correlation coefficients between the actual and predicted values are defined: Ent=0.99987, Val=0.99977,
Pb=0.99943 and R=0.99973

Table 3.8 Statistical criteria of the chemometric models for PE.

Neuronas Rtr R2vl R%ts MAPEtr MAPEvlI MAPEts RMSEtr RMSEvlI RMSEts
2 0.9997 0.9821 0.9842 0.0311 0.1413 0.2671 0.0003 0.0013 0.0027
4 1.0000 0.9929 0.9867 0.0037 0.1157 0.2489 0.0000 0.0013 0.0023
6 0.9987 0.9813 0.9821 0.0662 0.1438 0.2618 0.0007 0.0017 0.0029
8 0.9979 0.9983 0.9658 0.0775 0.0408 0.4593 0.0009 0.0005 0.0045
10 0.9997 0.9994 0.9986 0.0224 0.0548 0.0773 0.0003 0.0005 0.0008
12 1.0000 0.9979 0.9877 0.0084 0.0904 0.1461 0.0001 0.0009 0.0015

Source: Own Elaboration
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Figure 3.8 PE regression model, results of correlation coefficients: a) Training b) Validation c) Testing
d) Performance

Training: R=0.99987 Validation: R=0.99977
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3.3.4 Kinematic Viscosity at 40°C (VCa40°C)

The kinematic viscosity is one of the most important properties, since it affects the atomization of the
fuel in the combustion chamber and, with it implies the formation of carbon residues in the engine [39].
The viscosity of biodiesel is mainly influenced by the experimental conditions and the magnitude of the
transesterification reaction. Therefore, it is the main reason why fats and oils are transesterified to
biodiesel, since this process significantly reduces this property [23]. The VCa40°C of both biodiesel met
the parameters of ASTM D 6751 and their values were 3.35 mm2/s and 3.67 mm2/s for both BP and BD.
The VCa40°C result for BP was similar to [24][44][23], while for BC it was [29][31]. For VCa40°C the
best fitting chemometric model was with 10n, which showed the following statistical prediction criteria:
R2tr=0.9997; R2vI=0.9639; R2ts=0.9991, MAPEtr=0.2598; MAPEVI=3.2887; MAPEts=1.0709;
RMSEtr=0.0109; RMSEvI=0.0635; RMSEts=0.0250 (see Table 3.9). Figure 3.9 shows the 10n
regression model, numerically explaining the actual and predicted values of the correlation coefficients:
Ent=0.99988, Val=0.99254, Pb=0.99997 and R=0.99927. The model values are higher than [18] [32]
[32] [52] [51] [51] [3] [27] and similar to [53].

Table 3.9 Statistical criteria of chemometric models for VCa40°C.

Neuronas Rtr R2vl Rts MAPEtr MAPEvlI MAPEts RMSEtr RMSEvl RMSEts
2 0.9997 0.9989 0.9947 0.3259 0.9939 1.4828 0.0128 0.0232 0.0450
4 0.9985 0.9962 0.9972 0.8441 1.5894 1.3159 0.0244 0.0414 0.0428
6 0.9995 0.9825 0.9521 0.5016 1.3561 2.9474 0.0169 0.0423 0.0900
8 0.9994| 0.9989 0.9915 0.4864 0.5917 2.5321 0.0161 0.0144 0.0538
10 0.9997 0.9639 0.9991 0.2598 3.2887 1.0709 0.0109 0.0635 0.0250
12 0.9993| 0.9832 0.9983 0.4604 1.3628 1.5344 0.0160 0.0518 0.0400

Source: Own Elaboration
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Figure 3.9 Regression model of VVCa40°C, results of the correlation coefficients: a) Training b)
Validation c) Testing d) Performance
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3.3.5 Punto de congelacién (PC)

The PC is the temperature at which a substance in a liquid state becomes a solid state [54]. At this point,
the biofuel becomes semi-solid and loses the ability to flow freely. The impurities present without
purification are the main cause that raise the pour point [23]. The PC for BP and BC were 4 °C and 11
°C, showing results of temperatures that are not favorable for the winter season [55]. The BP result agreed
with [41][37] [46] while BC was similar to [36], [56].

The chemometric model that showed the highest accuracy for CP was de10n, with the statistical
indicators:  R2tr=0.9999; R2vI=0.9985; R2ts=0.9989, MAPEtr=-0.2702; MAPEvI=2.3893,;
MAPEts=0.5172; RMSEtr=0.0630; RMSEvI=0.2439; RMSEts=0.2131 (see Table 3.10). Figure 3.10
shows the correlation coefficients between the actual and predicted values of the regression model for
10n, showing the following results: Ent=0.99998, Val=0.99979, Pb=0.99996 and R=0.99986. The results
of the PC model exceed [32][53].

Table 3.10 Statistical criteria for chemometric models for PC

Neuronas  R2tr R2vI Rts MAPEtr MAPEvl MAPEts RMSEtr RMSEvlI |RMSEts

2 0.9833 0.9985 0.9949 -1.7303 29711 -0.0051 0.7811 0.4158 0.3549
4 0.9979 0.9633 0.9748 6.6122 -17.877 -11.541 0.2924 1.0418 1.6706
6 0.9997 0.9971 0.9955 2.6554 -3.6504 -10.311 0.1250 0.4824 0.4660
8 0.9974 0.9993 0.9867 -1.5480 2.2415 5.8914 0.3541 0.2202 0.7317
10 0.9999 0.9985 0.9989 -0.2702 2.3893 0.5172 0.0630 0.2439 0.2131
12 0.9990| 0.9974 0.9907 -0.7183 14.9598 20.9216 0.2201 0.3564 0.5797

Source: Own Elaboration
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Figure 3.10 PC regression model, results of correlation coefficients: a) Training b) Validation c)
Testing d) Performance
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3.3.6. Student’s t-test on paired data

T-student's test is one of the most popular statistical techniques used to test whether the mean difference
between two groups is statistically significant [57]. This test was used to evaluate the precision reliability
of the results predicted by chemometric models and the results of physicochemical properties by
conventional methods. T-student's distribution used the tailed test with a 95% confidence interval and
with an external validation value of the T student's test (tv)= £ 2.11. Table 3.11 shows the confidence
values of the T student's test (tc) for the physicochemical properties compared to the tv.

Table 3.11 T-student's paired data t-test results for physicochemical properties

Property tv tc -tv > tc > tv
Free acid number +2.11 1.40 | Complied with
Flash point +2.11 0.60 | Complied with
Density +2.11 0.30 | Complied with
Specific gravity 29.5 °C +2.11 -0.92 | Complied with
API density +2.11 -1.10 | Complied with
Specific gravity +2.11 0.30 | Complied with
Kinematic viscosity +2.11 0.42 | Complied with
Freezing point +2.11 -0.42 | Complied with

Source: Own Elaboration

In the definition of this test, we found that the tc results for all physicochemical properties are
within the confidence interval of +2.11, which is that there are no significant differences between the
experimental data obtained by ASTM D6751 and EN 14214 and those predicted by the chemometric
models. Therefore, with the paired data T-student's test it is demonstrated that the chemometric models
have a predictive capacity to determine the values of the physicochemical properties as reliable as the
analyses performed by conventional methods indicated by ASTM D6751 and EN 14214.
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Conclusions
From the results obtained in this work, the following conclusions can be drawn:

The values of the physical and chemical properties of the diesel-biodiesel blends (D-10, D-20, D-
40, D-50, D-60, D-80 and D-90) were within the range of values established in the ASTM D 6751 and
EN 14214 standards.

The chemometric models built by means of neural networks from Raman spectroscopy
information, allowed predicting: density, specific weight, APl density, flash point, freezing point,
kinematic viscosity of diesel/biodiesel blends with a precision and certainty similar to the standard
methods established in the American and European norms.

The chemometric models obtained in this work allow determining: density, specific gravity, API
density, flash point, freezing point, kinematic viscosity of diesel/biodiesel blends, requiring less working
time. In addition, by not using reagents, they are more environmentally friendly.

The paired data T-student test was another useful statistical tool to determine the predictive ability

of the chemometric models. The T-student confidence values (tc) for each model were within the range
of external validation (tv=+ 2.11),
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Abstract

The behavior of the discoloration of the pigment Permalon Rhodamine B 400% red in a liquid medium
(120 mg/L) derived from exposure to a non-thermal air plasma at atmospheric pressure was quantified
experimentally. Observed changes in dilution were measured as a function of plasma generation
electrical power (40.0 W, 60.0 W, 80.0 W, and 100.0 W), as well as exposure time (150 minutes per
power). Solution-generated effects were monitored by UV/VIS spectrophotometry measurements
(absorbance; A = 533 nm), pH, and temperature change. The absorbance of the solution increased at the
beginning of the treatments to decrease after a particular time (15 minutes). The maximum effect was
observed at 100.0 W (maximum power used) at minute 150; it decreased by about 2% (maximum
decrease at higher power), pH by 43%, and temperature increased from 27 to 58 °C. The results showed
that the change in the discoloration of the pigment in a liquid medium directly depends on the working
electrical power of the plasma and the exposure time to the treatment of the solution.

Absorbance, pH, Non-thermal plasma, Water treatment
Resumen

Se cuantifico experimentalmente el comportamiento de la decoloracion del pigmento Permalon
Rhodamine B 400% red en medio liquido (120 mg/L) derivado de la exposicion ante un plasma no
térmico de aire a presion atmosférica. Se midieron los cambios observados en la dilucion como funcion
de la potencia eléctrica de generacion del plasma (40.0 W, 60.0 W, 80.0 W y 100.0 W), asi como del
tiempo de exposicion (150 minutos por potencia). Los efectos generados en la solucion se monitorearon
mediante medidas de espectrofotometria UV / VIS (absorbancia; A = 533 nm), pH y cambio de
temperatura. La absorbancia de la solucién incremento al inicio de los tratamientos para después de cierto
tiempo (15 minutos) disminuir. El maximo efecto se observo a 100.0 W (méxima potencia utilizada) al
minuto 150, disminuyo cerca de un 2 % (maximo decremento a mayor potencia), el pH un 43 % y la
temperatura incrementd de 27 a 58 °C. Los resultados mostraron que el cambio en la decoloracion del
pigmento en medio liquido depende directamente de la potencia eléctrica de trabajo del plasma y del
tiempo de exposicion al tratamiento de la solucion.

Absorbancia, pH, Plasma no térmico, Tratamiento de aguas

1. Introduction

At present, the deterioration of water quality together with the problems of depletion of water supplies
are one of the many problems faced by modern society in obtaining and using uncontaminated water. In
particular, this situation is aggravated by the fact that wastewater is not fully restored in terms of pollution
and thus becomes yet another source of contaminants of various kinds; such as microorganisms, bacteria,
pesticides, lubricants, synthetic fertilizers, as well as synthetic dyes (Sharma et al., 2022; Goscianska et
al., 2015; Yagub et al., 2014; Zhao et al., 2013).

Specifically, synthetic dyes have an increasing percentage of use within the cosmetics, paper,
textile, food and fur industries among several others, so their use generates an increase in the volume of
wastewater from these industries (Varjani et al., 2020). It is known that the presence of certain
concentrations of dyes in water bodies interferes with the biological cycles within them, as it destroys
the original ecosystem due to its toxicity and lack of degradability, which represents a serious problem
for the health of people, but mainly for aquatic life (Forgacs et al., 2004).

In particular, Rhodamine B dye is one of the dyes that is used in multiple industries and therefore
is made with high frequency. It is used in the textile industry, in the manufacture of pens, paints, dyes,
explosives, carbon sheets, stamp inks and even in the manufacture of cookies (Hamdaoui, 2011; Imam
and Babamale, 2020).

It should be noted that Rhodamine B is one of the most toxic dyes present in textile wastewater
due to its high stability and non-biodegradability. Likewise, its high staining capacity is a characteristic
that makes it harmful in bodies of water, as it prevents the passage of light and inhibits the bioprocesses
of aquatic plants and microorganisms that cohabit there (Sharma et al., 2022).
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On the other hand, Rhodamine B has shown fluorescence emission bands under certain
conditions, and in its pure state forms highly fluorescent H-aggregates in glycerol, ethylene glycol,
methanol and butanol under ambient conditions. The pH-dependent absorption and emission spectra for
a fixed concentration of Rhodamine B in the solvents reveal a red shift in the respective absorption and
emission maxima (Radiul et al., 2022). This last characteristic is an important factor to consider in the
treatments used to decrease the absorbance of Rhodamine B.

From this perspective, the objective of the present experimental study is to observe the effect on
the change in absorbance of a solution of Permalon Rhodamine B 400% network in liquid medium, as
well as the pH and temperature after exposure for a specific time to an air plasma of different electrical
power at atmospheric pressure.

It is known that air plasmas at atmospheric pressure have the ability to generate various molecules
(e.g., ozone or H20y), as well as multiple species (charged particles) that when reacting with water
produce -OH radicals, OH+ ion, atomic hydrogen and atomic oxygen radicals, which can contribute to
the degradation of the compounds in it discharged (Panda and Mathews, 2014).

Knowing and understanding the behavior of the change in absorbance or decrease in the
coloration of the solution of interest through this research, gives a guideline to establish a methodology
that contributes to the treatment of industrial wastewater with similar characteristics, using an air plasma
at atmospheric pressure.

The methodology section presents the chemical characteristics of the dye under study, as well as
the techniques chosen to determine the variables of interest according to the experimental device used.
The results section shows the graphs of absorbance, pH and temperature change of the solution obtained
after the experimentation; from which the most relevant observations are presented in the conclusions
section.

2. Experimental Methodology
Rhodmin B Pigment

Rhodamine B pigment (Cl 45170) was used without any purification, physical or chemical changes. Its
formula and molecular weight are C2sH31CIN2O3 and 479.01 g/mol respectively. All experiments were
started with a dye stock solution of 120 mg/L (Rhodamine B in distilled water). Such concentration value
was considered in response of the resolution of absorbance measurements obtained by the
spectrophotometer used. Higher concentration did not allow clarity at the absorbance maximum. The
chemical structure of the pigment is shown in Fig. 2.1.

Figure 2.1 Chemical structure of Rhodamine B

Source of Reference: Own Image
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Experimental System

The experimental system is similar to the one used in our previous works (Alarcén et al., 2019; Alarcén
et al., 2022a; Alarcon et al 2022b; Alarcon et al 2022c). A schematic of this is shown in Figure 2.2. It is
basically composed of the following parts: hermetically sealed glass chamber with a capacity of 1.0 L,
two tungsten electrodes, a mercury thermometer, and a high voltage source. In this device, one electrode
is always immersed in the solution of interest, while the other one is adjusted at a distance of about 2 mm
so that the plasma is generated. In particular, the plasma is formed at the interface of the air contained
inside the reaction chamber and the solution of interest, as shown in the schematic. The thermometer is
always immersed in the solution and can measure the temperature at all times.

Figure 2.2 Schematic of the experimental setup
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Source of Reference: Own Image

To subject the solution to plasma treatments, the following process is performed: 500 ml of the
solution at a concentration of 120 mg/L are deposited in the reaction chamber of the experimental device
used, the plasma generation parameters (voltage and current) are set on the high voltage source
(SPELLMAN SL600), the moving electrode is adjusted and then the non-thermal plasma is generated.
In particular, four plasma treatments of different electrical powers were considered at an initial
temperature of 27 °C; the final temperature depends on the plasma power. Table 2.1 shows the parameters
used for each treatment. Four replicates were performed for each treatment. The results presented are the
average value of the measurements taken.

Table 1.1 Parameters considered for this experiment

Treatment | Exposure time (minutes) Concentration (mg/L) = Electrical power (W)

Tl 150 120 40
T2 150 120 60
T3 150 120 80
T4 150 120 100

Parameters considered for the performance of the experiments. Volume of solution used: 500 ml.
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Sampling and measurement of parameters of interest

The process of sampling and measurement of the parameters considered was carried out every 15 minutes
once the exposure of the solution to the treatment had begun. For this, the plasma generation is stopped,
the temperature reading is taken (thermometer of the experimental system) and a sample is extracted to
measure the absorbance and pH (Hach DR 3900 spectrophotometer and HI 9813-6N potentiometer,
respectively). Once the necessary measurements have been taken, the sample solution is added to the
reaction chamber and the treatment is resumed. This process is repeated until the experiment has lasted
150 minutes.

3. Results and Discussion

Given the fluorescence characteristics of the Permalon Rhodamine B 400% network dye under certain
conditions, in this study the changes of the absorbance value were measured when a solution of this dye
is exposed to an air plasma of different electrical power at atmospheric pressure, as well as the change
of the pH value and the temperature of the solution.

Absorbance

The absorbance values of the solution of interest show a particular behavior very different from that of
other dyes under the same conditions and treatments. Graph 3.1 illustrates such behavior as a function of
exposure time to air plasma treatments at atmospheric pressure and for different values of plasma
generation power.

Graph 3.1 Change in absorbance.
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It is observed that the absorbance for the first fifteen minutes of treatment increases its value with
respect to the initial value (3.409). Such behavior is presented for the four plasma treatments and shows
an increasing dependence on the electrical power used (40, 60, 80, and 100 W), that is, the higher the
plasma generation power, the greater the increase in the absorbance value (3.413, 3.416, 3.418 and 3.421)
respectively.

On the other hand, for the 40 W electrical power treatment, the absorbance continued to increase
(not so for the other treatments) until reaching a value of 3.438, corresponding to the exposure time of
60 minutes. After this time, the absorbance decreases to a value of 3.407.
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That the increase in absorbance for the first fifteen minutes of exposure for all plasma treatments
is proportional to the plasma generation power and that the increase in absorbance value is maintained
for 60 minutes for plasma generated at the lowest power (40 W), may have a response in the characteristic
fluorescence of the Rhodamine B dye.

In a recent experimental study (Radiul et al., 2023), a previously undetected Rhodamine B
fluorescence emission band was found, which is located between the spectral wavelength of 675 nm to
717 nm for the following solvents at ambient conditions: glycerol, ethylene glycol, methanol and butanol.
Such a band is suggested, could be associated with the H-aggregates (H-dimer) of Rhodamine B and is
confirmed by a blue-shifted band at 515 nm in the absorption spectra of Rhodamine B, in all solvents. In
the present case, the absorbance maximum was presented at A = 533 nm; which can be explained in terms
of the working concentration (120 mg/L) (Radiul et al., 2022). On the other hand, the formation of
fluorescent H-aggregates was further corroborated by the variation of absorption and fluorescence peak
intensity dependent on the experimental working concentration and pH. In particular, pH-dependent
absorption and emission spectra for a fixed concentration of Rhodamine B in solvents reveal a red shift
in the respective absorption and emission maxima (Radiul et al., 2023).

For the other treatments (60, 80 and 100 W), the absorbance generally showed a decreasing
behavior, reaching values of 3.369, 3.349 and 3.343 respectively at 150 minutes of plasma exposure. The
largest decrease was observed for the 100 W treatment, decreasing a value of 0.066, equivalent to almost
2 %. It is noteworthy that the decrease in the absorbance value of the solution at 150 minutes of exposure
to plasma is related to the power of plasma generation, the higher the power of plasma generation, the
greater the discoloration.

pH.

The solution changes pH (decreases) as it is exposed to the plasma. The rate of decrease is associated
with the plasma generation power and with the exposure time. The higher the plasma generation power,
the faster the pH values decrease, the longer the exposure time to the plasma, the higher the acidity of
the solution. Graph 3.2 shows this behavior.

In all the experiments, a rapid decrease in pH can be observed during the first 15 minutes, after
which the decrease is slow and gradual until reaching the minimum value reached.

The pH values observed after 150 minutes of treatment changed from 5.3 to 3.0 (equivalent to 43
%) for all treatments, only that some treatments reached it in less time than others. Similar results
regarding the behavior were obtained for other dyes exposed to plasmas under similar conditions
(Alarcon et al., 2019; Alarcon et al., 2022a; Alarcon et al 2022b; Alarcon et al 2022c).

The decrease in pH is attributed to the chemical reactions that occur during the application of the
plasma. On the one hand and considering the configuration of the experimental system, there is the
generation of hydronium ions, obtained from the interaction of CO,, water and plasma, and the
subsequent reactions. Reactions (1) - (3).

CO2 (ac) + H20 = H2CO3 (ag) (1)
H2CO3 (ac) + H20 - HCO3 ™ + H30O* (2)
HCOs™ (a¢) + H20 = CO3?% + H30* 3)

On the other hand, in the reactor chamber and due to the generation of compounds such as HNOs,
HNO., among other products that can be formed in moist air plasmas, there is a change in the pH of the
solution (Fahmy et al., 2018; Shimizu et al., 2020; Alarcén et al., 2022a; Safenraider et al., 2020).
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Graph 3.2 pH change of the solution as a function of exposure time and plasma generation power
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It should be considered that the change in pH of the solution after being exposed to the plasma is
a consequence of the treatment, however; it also contributes to the change in the absorbance value and
the wavelength at which it is determined (Radiul et al., 2023).

Temperature

Graph 3.3 shows the behavior of the temperature change of the solution as a function of exposure time
and plasma generation power. It is observed that as the exposure time increases, the temperature value
also increases. A similar behavior is shown for all plasma generation powers (40, 60, 80 and 100 W), in
particular; the temperature changes from an initial value of 27 °C to 43, 47, 52 and 58 °C respectively.

Given the volumes of solution treated and the plasma generation powers, the rate of temperature
change is different for each treatment. As the energy provided to the system increases, the rate of
temperature rise increases as well. It is noteworthy that the temperature rise is not linear; it could be
associated with a degree 2 polynomial behavior.

In particular, the temperature increase of the solution presents mainly two physical processes, the
first one of heating of the solution with little evaporation and the second one of heating and at the same
time greater evaporation (Alarcon et al., 2022a).

It has been observed that increasing temperature does not necessarily generate changes in the
discoloration of a dye solution (Alarcén et al., 2022b), however, it is necessary to perform the
experiments for the solution of interest in the considered temperature range.
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Graph 3.3 Solution temperature change behavior
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5. Conclusions

The discoloration behavior of the Permalon Rhodamine B 400% network pigment in liquid medium was
quantified after its exposure to a non-thermal plasma of different electrical power (40, 60, 80 and 100
W) at atmospheric pressure and with a duration of 150 minutes per treatment. The change in pH and
temperature values was also determined.

The absorbance of the solution showed for all the treatments, a singular behavior of increase for
the first 15 minutes of exposure to the plasma, this; due to the fluorescence characteristics of Rhodamine
B. The minimum absorbance value reached for the solution was almost 2 %; it rises and then decreases.
The higher the plasma generation power, the greater the decrease in the absorbance value and pH. The
higher the temperature increase.

An air plasma with the characteristics of the one used in the present investigation, stimulates and
enhances the fluorescence characteristics of the Rhodamine B.

Research suggestion

The present investigation showed an increase in absorbance of the solution of interest in the first 15
minutes of treatment (first measurement) and then a decrease (second measurement). It is considered to
take measurements of absorbance and other variables at shorter intervals (1 minute), to analyze the
behavior in a more detailed way and to determine the fluorescence.

The implementation of the same experiments at intervals of 20 minutes is also considered, with a
longer exposure time (300 minutes) to know if the absorbance continues to decrease.
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Chapter 6 Analysis of Flow Direction Effects in a Single-Channel Serpentine
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Abstract

Proton Exchange Membrane (PEM) fuel cells represent a promising clean energy technology that
converts hydrogen and oxygen into electricity with water as the sole byproduct. This work presents a
comprehensive analysis of the impact of flow direction, specifically parallel flow and counter-flow
configurations, on the performance of a single-channel serpentine geometry. The serpentine flow field
pattern is widely utilized for its advantages in enhancing mass transport and reducing pressure drop. This
study integrates computational fluid dynamics (CFD) simulations using an open-source toolbox based
on C++ to investigate the influence of flow direction on the liquid water saturation distribution within
the cell. The analysis of liquid water accumulation is essential, as it directly affects the overall
performance and durability of the PEM fuel cell. Saturation contour maps are obtained at 0.52 V for each
geometry. The results show that water saturation tends to accumulate at the edges of the electrode-
membrane assembly, and the counter-parallel flow exhibits the major saturation distribution.

PEM fuel cell, OpenFOAM, CFD, Water saturation, Mass transport
Resumen

Las celdas de combustible de membrana de intercambio de protonico (PEM) representan una
prometedora tecnologia de energia limpia que convierte el hidrogeno y el oxigeno en electricidad con
agua como Unico subproducto. Este trabajo presenta un analisis del impacto de la direccion del flujo,
especificamente las configuraciones de flujo paralelo y contraflujo, en el rendimiento de una geometria
de serpentin de un canal. La geometria tipo serpentin es ampliamente utilizada por sus ventajas para
mejorar el transporte de masa y reducir la caida de presion. En este estudio, se integran simulaciones de
dindmica de fluidos computacional (CFD) utilizando un codigo abierto basado en C ++ para investigar
la influencia de la direccion del flujo en la distribucion de saturacion de agua liquida dentro de la celda.
El andlisis de la acumulacion de agua liquida es esencial, ya que afecta directamente al rendimiento
general y la durabilidad de la celda. Los mapas de contorno de saturacion se obtienen a 0.52 V para cada
geometria. Los resultados muestran que la saturacion de agua tiende a acumularse en los bordes del
conjunto electrodo-membrana, y el flujo contraparalelo exhibe la mayor distribucion de saturacion.

Celda tipo PEM, OpenFOAM, CFD, Saturacién de agua, Transporte de masa
1. Introduction

Proton Exchange Membrane (PEM) fuel cells are a promising alternative as a clean energy technology,
offering a pathway to sustainable power generation for various applications [1]. A PEM fuel cell is an
electrochemical device that converts chemical energy directly into electrical energy through
electrochemical reactions. The flow channels ensure optimal reactant distribution, efficient mass
transport, and overall cell performance among these components. These flow channel designs consider
flow directions and geometry, with flow and counter-flow configurations emerging as vital elements in
serpentine channel designs[2]. Due to their simplicity and effectiveness, serpentine flow channels are of
interest in PEM fuel cell design. In a serpentine flow channel, reactant gases traverse a winding path
along the electrode surfaces, enhancing interaction between the gases and the catalyst layers. This
geometry optimizes the utilization of catalyst sites while promoting efficient water management [3]. The
reactant gases typically flow through these channels either in the same direction (co-flow) or opposite
directions (counter-flow) to the serpentine path[4]. Understanding the implications of these flow
configurations is crucial for maximizing fuel cell performance. In this work, three different fuel cell
configurations are analyzed to observe the behavior of the polarization curves in a single-channel
serpentine flow path with co-flow and counter-flow directions using OpenFOAM (Open Field Operation
and Manipulation), an open-source toolbox based on C++, to solve a 3D multiphase non-isothermal
model [5] with three different configurations of single-channel serpentine geometry and flow directions.

2. Methodology

A 3D representation of the computational domain of the numerical model is shown in Fig. 1. The domain
consists of the main components of a PEM fuel cell: bipolar plates (BP), gas flow channels (GFC), gas
diffusion layers (GDL), catalyst layers (CL), and the protonic membrane for both the anode and cathode;
where the red line represents the location where the electrochemical reaction occurs.
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Figure 1 Computational domain and its components
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Table 1 shows the governing equations and source terms. Modeling the flow through the fuel cell
components used the Navier-Stokes equations and considered isotropic porous media. For the continuity

equation (Eq. 1), pg is the fluid density, (_fg the velocity vector, S; is the mass source term due to phase
change, where, in Eq. 2, C, is the condensation rate, € the porosity, s the water saturation, x;,, the water
vapor mass fraction, p,,, Wwater saturation pressure, R the ideal gas constant, My,, stands for the
molecular weight of water. In the momentum equation (Eq. 3) pg, g, and Sy, represent the pressure
gradient, dynamic viscosity, and momentum source term, respectively. S, is the Darcy resistance in the
porous media, where K is the permeability of the gas phase. In the species transport equation (Eq. 5) y;

and D;f T are the species i mass fraction and the effective diffusion coefficient of each gas, respectively.
In the liquid water transport equation (Eq. 9), the terms D, stands for the diffusivity of liquid water where
p1, k; and w; represents the fluid density, thermal conductivity, and dynamic viscosity of liquid water,
respectively, and p. is the capillary pressure. For the energy equation (EQ. 6) ppmix, Cp,,,.» Kmix, T, Stands
the fluid density of the gas mixture, the specific heat capacity of the gas mixture, the thermal conductivity
of the gas mixture, and temperature, respectively. S£¢%¢ and SE€ are the energy source terms due to the
heat released by the electrochemical reactions and water phase change, where 8,54 IS the membrane
electrode assembly thickness, n,.; are the activation losses, n is the number of electrons, F is the Faraday
constant, and hy,, is the latent heat.

Table 1 Governing equations

Description \ Equation
Continuity equation V- (pgifg) =-S5 )
Mass source term due to phase change e(1 — s)(XwyPy — Psar) (2
S =—C RT Mpy,o
Momentum equation V- (pgl_fgl—fg) =—Vp, + V- (ugVﬁg) + Sy, (3)
Darcy source term 5= u,U, 4)
Kg
Specie transport equation V- (pgﬁgYi) = (17 . pngeff V)’i) (5)
Energy equation V - (Pmix Cpp U T) = V - (kmix VT) + S5 + SEC (6)
Energy source term due to the heat released by the | _, ... 1 TVS )
electrochemical reactions Sg = S ("ucf N )
MEA nF
Source term due to water phase change SEC = Sihmyy 8
Liquid water transport equation V- (pD,Vs)—V- (pgﬁgs) =S5 9
Diffusivity of liquid water p, = Pikiope (10)
l_ Hy 0s

Table 2 summarizes the initial conditions for the steady-state simulation. Here, Dirichlet
boundary conditions are applied at the fluid inlets for velocity, temperature, and mass fractions of both
the anode and the cathode gas flow channels. Neumann boundary conditions are applied at the fluid
outlets for mass fractions, temperature and saturation, with their gradients set to zero in the flow direction.
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Table 2. Boundary and initial values

Component Momentum Energy Species transport \ Liquid water transport
Anode inlet Uryer = 9m/s T =333K Yu, = 0.727 s =
VPair =0 Yu,0 = 0.273

Anode outlet Dair = 506,625 Pa VT =0 Vyy, =0 Vs =0
V¥h,0 =0

Cathode Ugr =9m/s T =333K Yo, = 0.225 s=0

inlet Voger =0 Yi,0 = 0.024
yn, = 0.751

Cathode outlet Dair = 506,625 Pa VI =0 Vyo, =0 Vs=0
YVih,0=10
VyNZ = 0

Walls U=0 T =333K Vy =0 Vs=0

Figure 2 shows the different flow configurations to obtain the polarization curves with an open-
source toolbox based on icoFoam, an OpenFOAM application that solves the incompressible laminar
Navier-Stokes equations using the PISO algorithm and discretizes the equations based on the finite
volume method. The Preconditioned bi-Conjugate Gradient (PBiCG) method was used to find
convergence in the energy equation, and Preconditioned bi-Conjugate Gradient Stabilized (PBiCGStab)
for other variables (continuity, momentum, species transport, energy, and liquid water transport). For all
variables, the convergence criterion was a residual of 1x107°.

Figure 2 Flow configurations for the different geometries of the single-channel serpentine flow paths
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Results

Figure 3 shows the polarization curves where cell B exhibits the major current density, then cell A, and
finally cell C. However, cell C performs a maximum current density at 0.52 V, where the calculation
stops for this configuration. Therefore, the contour maps of the current density at the interface CL-
membrane at the cathode side in Figure 4 are obtained at 0.52 V. It is noticed that even when cell B
exhibits the greatest current density, the best distribution belongs to cell A. In other words, the best
performance is shown by cell A, specifically in this study, where the difference between the current
density of A and B is 0.53 %.
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Figure 3 Polarization curves of the different flow configurations
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Figure 4 shows the distribution of the current density for the three flow configurations at 0.52 V,
where it can be seen that cell B has a minor exploited active area. This is due to the delay of the reactant
gases that need time to meet and associate the electrons and proton to form water at the cathode side.
Therefore, cell A exhibits a better distribution with a parallel flow path between the anode and the
cathode, even when the current density is lower. Cell C finds it challenging to reach the maximum point
of the experimental data due to the limits of the model and the attempt to simulate complex geometries
with the same work conditions.

Cell A's co-flow configuration offers a uniform distribution and guarantees a consistent inflow of
reactant gases across the entirety of the electrode surface. This uniform distribution cultivates balanced
electrochemical reactions, maximizing the use of catalyst sites and augmenting cell performance. With
both reactant gases following the same trajectory, the risk of reactant depletion close to the outlet is
minimized.

On the other hand, in cell B, the counter-flow can foster the uneven distribution of reactants along
electrode surfaces. Concentrations of reactants may taper off near the outlet, potentially causing localized
inefficiencies and compromising overall performance. The counter-flow setup impacts mass transport
dynamics. The motion of reactant gases against one another influences the rate of mass transport,
potentially influencing the pace of electrochemical reactions and, consequently, the overall cell
performance. Managing water becomes intricate under counter-flow conditions, as water vapor
movement from cathode to anode occurs against the flow direction. This can lead to water accumulation
at the cathode, affecting proton conductivity and potentially causing flooding, as shown in Figure 5. The
distribution of the liquid water saturation in cell B is major through the active area of the electrode-
membrane assembly.
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Figure 5 Saturation distribution at the interface CL-membrane at the cathode side at 0.52 V
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Figure 4 Current density at the interface CL-membrane at the cathode side at 0.52 V.
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Figure 6 shows the temperature distribution where cell B exhibits an uneven temperature
distribution adverse to the performance of the fuel cell. The electrochemical reactions might be more
pronounced in the areas with higher temperatures, leading to accelerated degradation of the membrane
and catalysts. This could result in increased resistive losses and lowered overall efficiency. The uneven
temperature distribution might also indicate a cooling or thermal management issue within the fuel cell
system. Addressing this abnormality is crucial to avoid long-term damage and maximize the cell's
performance.

Figure 6 Temperature distribution at the interface CL-membrane at the cathode side at 0.52 V.
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Figure 7 displays the distribution of the ionic conductivity where cell B experience a lower
distribution at the zone where the cathode outlet meets the inlet of the anode side and consists of the
uneven distribution of the current density and temperature in Figure 1 and 2, respectively. The
electrochemical reactions within the cell are well-balanced, and the membrane conductivity is optimal.
The overall efficiency is commendable, with minimal voltage losses due to resistive, activation, and mass
transport losses. The temperature distribution across the cell is uniform, indicating effective cooling
mechanisms and thermal management.
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Figure 7 lonic conductivity distribution at the interface CL-membrane at the cathode side at 0.52 V
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Conclusions

The interaction of co-flow and counter-flow configurations within serpentine channels significantly
influences the performance of PEM fuel cells. Co-flow optimizes reactant distribution, staving off
reactant depletion and encouraging even reactions. Meanwhile, counter-flow introduces the complexities
of reactant distribution, mass transport, and water management. The selection of the most suitable flow
configuration hinges on the specific requirements of the fuel cell, operational conditions, and the need to
harmonize diverse performance aspects.
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Chapter 7 Feasibility study of alloy AlsoMg20% weight, heat-treated as energy
material
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Abstract

The purpose of this research is to evaluate the effect of the aging heat treatment and the electrochemical
behavior of the alloy (AlsoMg20% weight), for energy purposes through corrosion processes. Hydrogen
generation sources currently have a high cost, and their large-scale implementation has been of great
interest in research. Aluminum and its alloys have great potential as energetic materials due to their low
cost, performance, and availability. The Aluminum-Magnesium alloy AlsoMg20% weight was obtained
by casting and subsequently subjected to an aging heat treatment that favored microstructural
heterogeneity and the precipitation of the B intermetallic phase (AlsMgz). This AlsoMg20% weight alloy
was characterized by optical microscopy, scanning electron microscopy and X-ray diffraction. The
electrochemical behavior of the AlgoMg20% weight alloy was also characterized by Open Circuit
Potential (PCA), Potentiodynamic Polarization Curves (CPP) and Electrochemical Impedance
Spectroscopy (EIE). The results indicated a change in the microstructural morphology of the polygonal
type and the presence of cracks at the grain boundaries, as well as the presence of the o Al (Mg) phase
and a B (AlzMg) intermetallic secondary phase, with a higher precipitation in the grain boundaries, both
with a cubic crystallographic system. Through the PCA, corrosion current density (lcorr), anodic and
cathodic Tafel slopes (B and a). They showed that both samples are susceptible to embrittlement
corrosion, with the rate of corrosion being more accentuated in the sample after AlgoMg20-6TT350°C.

Corrosion, Intermetallic, Cracking, Embrittlement

Resumen

El proposito de esta investigacion es evaluar el efecto del tratamiento térmico de envejecido y el
comportamiento electroquimico de la aleacion (AlsoMg20% peso), para fines energéticos mediante
procesos de corrosion. Las fuentes de generacidn de hidrégeno en la actualidad tienen un alto costo y su
implementacion a gran escala ha sido de gran interés. El aluminio y sus aleaciones tienen mucho
potencial como materiales energéticos por el bajo costo, el rendimiento y disponibilidad. La aleacién de
Aluminio-Magnesio (AlsoMg20% peso), se obtuvo por fundicién y posteriormente se le practicé un
tratamiento térmico de envejecido que favorecio la heterogeneidad microestructural y la precipitacion de
la fase intermetalica B (AlsMg2). La aleacién AlgoMg20%peso, se caracterizd por Microscopia Optica,
Microscopia electronica de barrido y Difraccion de rayos X. También se caracteriz6 el comportamiento
electroquimico de la aleacion AlgoMg20% peso mediante Potencial a circuito abierto (PCA), Curvas de
polarizacién potenciodindmica (CPP) y Espectroscopia de Impedancia Electroquimica (EIE). Los
resultados indicaron un cambio en la morfologia microestructural del tipo poligonal y presencia de
agrietamientos en los limites de grano, asi como la presencia de la fase a Al (Mg) y una fase secundaria
intermetalica B(AlsMg2), con una mayor precipitacion en los limites de grano, ambas con un sistema
cristalogréafico cubico. A través del PCA, densidad de corriente de corrosion (Icorr) y pendientes anddica
y catodica de Tafel (B y a), revelaron que ambas muestras son susceptibles a la corrosion por
fragilizacion, siendo mas acentuada la velocidad de corrosion en la muestra AlsoMg20-6 TT350°C.

Corrosion, Intermetalico, Agrietamientos, Fragilizacion
1. Introduction

Aluminum alloys of the 5xxx series, have Mg as the main alloying element, its maximum solubility in
Al is 17.4% and its precipitation occurs at room temperature in cast alloys with 10% Mg [1]. It has been
studied in various applications [1,2], however, research has emerged suggesting its application as an
energetic material through corrosive processes [3,4]. Aluminum reacts rapidly with atmospheric oxygen
forming a thin layer of aluminum oxide (AI203) on its surface. The Al203 layer prevents oxygen from
coming into contact with the metal, providing protection from corrosion deterioration, making it a
metallic material with remarkable corrosion resistance. In recent research [5,6], the behavior of
intergranular corrosion in aluminum alloys forming galvanic microcells in saline agueous media has been
studied. Aluminum due to its equivalent weight is an excellent hydrogen producer, due to its negative
redox potential [22,24], aluminum reacts easily with water, producing gaseous hydrogen according to
equation (1) [7,8] and Al (OH)s.

2Al + 3H,0 - 3H, + Al,05 1)
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In equation (1), two moles of Al are observed reacting with three moles of H_2 O, producing 3
moles of H 2 and [Al] _2 O_3. However, the reactions of aluminum with NaOH in aqueous media
produce 3H_2, in the following equations [7,8]:

241 + 6H,0 + 2NaOH — 2AL(OH), + 3H, B
NaAl(OH), —» NaOH + AL(OH)s @3)

In equation (2) and (3), it is observed that 2 moles of Al react with 6 moles of H20 and 2 moles
of NaOH, resulting in 2 moles of Al( [OH)] 4 and NaAI(O [H)] 4 and 3 moles of H_2. Equation
(3) shows the decomposition of (NaAl(OH) 4 ) into NaOH and Al( [OH)] _3 to produce one mole of

[Al] 20 3and 3 moles of H 2 O (see Equation (4)). The H_2 produced through these reactions in

aqueous solution can be used in mechanical elements, electronic devices, batteries, fuel cells, among
others.

2.- Experimental Methodology
2.1.- Materials and heat treatment

For this research, commercial aluminum Al-6063 and magnesium at 99.99% purity were used. The
stoichiometric ratio for 2 kg of castings to obtain the alloy (AIB0Mg20% weight) is shown in Table 1.

Table 1 Stoichiometric ratio to obtain the alloy AIB0Mg20%wt

Aluminum (Al) 1632.38 g
Magnesium (Mg) 367.69

Source: Own Elaboration

The melting was performed in a PREFINSA model HR C4/1200 electric resistance furnace (see
Figure 1a), at a temperature of 715°C. A graphite crucible was introduced into the furnace to obtain a
homogeneous temperature. Then, pieces of Al and Mg were added inside the crucible for melting, placing
first the one with the highest melting point and then the one with the lowest melting point. After
controlling the melting and the total homogeneity of the casting, the molten metals were poured into a
commercial steel mold with rectangular geometry and shape, then the casting was left to cool for 12
hours at room temperature, after which the mold was demolded to obtain the AI80Mg20% wt.% alloy
(see Figure 1b).

Figure 1 PREFINSA electric furnace b) Specimens (AI80Mg20% weight))

a)fl i b)

Source: Own Elaboration
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To determine the influence of the microstructure and the phases present in AI80Mg20 wt.%, a
heat treatment was designed consisting of a solubilization at 300°C (Al80Mg20-24TT) and 350°C
(AIB0Mg20- 6TT), for 24 and 6 hours, respectively. In both metallurgical situations, they were quenched
in ice water at -3°C [9]. Finally, all the specimens were subjected to aging for 6 hours at179°C, allowing
them to cool to room temperature, in order to promote the growth of intermetallic phases in this alloy.
Figure 1.1 shows the heat treatment diagram used.

Figure 1.1 Heat treatment design
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2.2. Microstructural characterization of AI80Mg20, Al80Mg20-24TT300 and AlI80Mg20-6TT350
alloys

For microstructural characterization, 10 mm x 10 mm x 10 mm specimens were cut from AlI80Mg20,
Al80Mg20-24TT300°C and AI80Mg20-6TT350°C alloys and roughened with SiC sandpaper from 180
to 2500 grit size. They were then polished to a mirror finish using 1/10um, 1/2um and 3um diamond
paste according to ASTM E3-11 [10]. The specimens were dried with distilled water and hot air. Finally,
the specimens were chemically attacked with Keller solution (2 ml HF, 3 ml HCI, 5 ml HNO3, 190 ml
H20). The microstructural characterization of the AI80Mg20, AlI80Mg20, 24TT300 and Al80Mg20-
6TT350 alloy was carried out using an optical microscope (OM), ZEISS Omax-01 brand and a scanning
electron microscope (SEM), JEOL-JSM brand. The phases present in the study specimens were identified
using an ADP 2000 diffractometer, with Cu-Ko. radiation and a wavelength (1) =1.5406 A and voltage
of 35kV and a current emission of 30mA. The data were collected over a 26 range from 20° to 80° with
a step of 0. 0166.

2.2. Electrochemical tests

Specimens of 1.2cm x 1.2 cm x 1 cm of AI80Mg20, AI80Mg20, AI80Mg20-24TT300°C and AI80Mg20-
6TT350°C alloys were cut and surface prepared. Surface roughing of one side of the samples consisted
of sanding with silicon carbide (CSi), with grit sizes from 100 to 600, achieving an effective working
surface of 1 cm2. Synthetic seawater at pH: 8.2 [11], a conventional three-electrode cell consisting of: a
calomelane reference electrode (ERC), a graphite rod as auxiliary electrode (EA) and AI80Mg20,
Al80Mg20-24TT300°C and AI80Mg20-6TT350°C alloy specimens, as working electrode (ET), were
used. With the intention of evaluating the influence of the thermal treatment on the specimens and to
know the possibility of being used as an energetic material for the generation of (H2), electrochemical
tests consisting of potentiodynamic polarization curves (CPP) [12] and resistance to polarization (Rp)
[13] were practiced. The CPPs were performed over a range of -1000 mV to -2000 mV with respect to
the open circuit potential (OCP) at a sweep speed of 1 mV/s. Corrosion current density was calculated
by Tafel extrapolation, considering a range of £120 mV. All tests were performed at room temperature
on an ACM Instruments potentiostat/galvanostat.
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3. Results

3.1 Microstructural characterization of Al80Mg20, Al80Mg20-24TT300 and Al80Mg20-6TT350
alloys

Figure 1.2, shows the morphological evolution in cast (AI80Mg20%wt) and heat-treated (Al80Mg20-
24TT300°C and Al80Mg20-6TT350°C) condition. The MO shown in Figure 1.2a, revealed the presence
of an a Al phase (Mg solid solution) with a globular morphology, surrounded by an intermetallic 3
secondary phase (AI3Mg2), both with an FCC crystalline structure [14,15,16]. After solubilization heat
treatment at 300°C for 6 hours, the micrograph (Figure 1.2b) revealed precipitated particles in the form
of elongated globules. However, after 350°C for 24 hours in (Figure 1.2c), precipitation is observed in
the form of thick elongated lines, white areas where precipitation is delayed and black areas where it is
accelerated [17,18]. Hamana et.al (2018), indicated that the precipitation is the B-phase (AI3Mg2), which
originates due to the increase in temperature between ranges of 50°C to 350°C. The morphology obtained
in the microstructures has been previously related to similar transformations at various Mg weight
contents [18], with longer aging times. The phases studied are clearly identified in the Al-Mg phase
diagram [19] and related to the results obtained in X-ray diffraction, (Figure 1.3).

Figure 1.2 Alloy morphological evolution a) AIB0Mg20 b) AI80Mg20-6TT350 and c) AI80Mg20-
24TT300 heat-treated AI80Mg20-24TT300
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Figure 1.3, shows the X-ray diffractograms of AI80Mg20, AlI80Mg20-24TT300°C and
AlI80Mg20-6TT350°C alloys. Two main phases were identified: the Al (Mg) solid solution and the
precipitation of the B(AI3Mg2).

Figure 1.3 X-ray diffraction a) AI80OMg20 b) AlI80Mg20-6TT350°C and ¢) AI80Mg20-24TT300°C
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In Figure 1.4a, the SEM image of the microstructure corresponding to the AI8B0Mg20 alloy is
observed. The microstructure is composed of an Al matrix (Mg in solid solution) and a secondary
intermetallic B-phase (AlI3Mg2). Corrosion products were observed in each of the samples, although well
differentiated between the different metallurgical conditions, these in general are caused by
electrochemical attack. Areas with grain boundary cracking were also identified, this could be due to the
redistribution and growth of B (AI3Mg2), which occurs preferentially at the grain boundaries.

The presence of cracking is of interest because it has been reported [5], that this phenomenon is
caused by hydrogen embrittlement (H2), referring to equation (1) [7,8]. However, in the (Figure 1.4b,
1.4c), AlIB0M@g20-6TT350°C and 24TT300°C alloys, the presence of cracking increases at the grain
boundaries due to the dissolution of the Al203 surface layer under the influence of the intermetallic
B(AlI3Mg2) phase and solution chemistry, thus causing an acceleration in intergranular corrosion
[20,25,26]. In the literature Abdullah et al. (2018), indicated that as the NaOH solution increases, the
oxide layer on the surface of Al (Mg in solid solution) dissolves faster [7] and that, in turn, more Al
contact area can be accessed to react with NaOH and increase the corrosive process.

Figure 1.4 Scanning electron microscopy a) AI80Mg20 b) AI80Mg20-6TT350°C and c¢) AIB0Mg20-
24TT300°C.
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3.2. Electrochemical behavior of AI80Mg20, AI80Mg20-24TT300 and AI80Mg20-6TT350 alloys

Figure 1.4 shows the CPP of the alloys AI80Mg20, AlI80Mg20-24TT300 and AI80Mg20-6TT350 in
synthetic seawater at pH 8.2. The interest in studying the corrosion of this alloy in saline solution, as a
hydrogen generator it is known that aluminum produces 2.9 mol H2/m2 per year [5], compared to steels
that produce 50% less, so aluminum-based alloys have an interesting energetic potential. Furthermore,
in the tests performed in this research it was observed that the microstructure plays an important role in
the passivation of the material because the pH was the same for each sample.

The potentiodynamic curves showed that the current density (icorr), increased significantly due
to pitting corrosion in point areas, in values ranging from 2.03 mA/cm2 to 3.77 mA/cm2 respectively.
However, the potential values did not show significant changes staying around between -1150 mV and -
1260mV, indicating that passive films were formed in this potential range [23]. The kinetic parameters
obtained from the intersection method are shown in Table 1.2. The icorr was calculated from the Stern-
Geary formula at low field, applying a range of £20 mV. Rp kinetics showed values between 244 Q*cm?2
and 400Q*cm?2. The potentiodynamic results showed a charge transfer controlled behavior, with a slight
tendency to form a passive Al203 layer as shown in Figure 1.4.

Similarly, the alloy with the presence of the a phase Al (Mg solid solution), acts as a cathode
while the B phase (A13Mg2), acts as an anode, these phases promote the formation of a micro galvanic
cell. It can be deduced that the most favorable condition for hydrogen (H2) generation, is the AI80Mg20-
24TT300 alloy, with more active Ecorr values [5,21].
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Table 1.2 Kinetic parameters obtained from the potentiodynamic polarization curves of the alloy in its
different metallurgical conditions: AI80Mg20, AlI80Mg20-24TT300°C and Al80Mg20-6TT350°C

lcorr Ba Bc
(mA) (mV década) (mV década)
AlgoMg2o -1222.18 2.03 -46.91 59.58 400
AlgoMg20-6TT350°C -1153.89 2.57 -18.02 20.56 285.71
AlgoMg20-24TT300°C -1263.72 3.77 -60.45 97.81 244.82

Source: Own Elaboration

Figure 1.4 Potentiodynamic polarization curves AlI80Mg20 b) AI80Mg20-6TT350°C and c)
Al80Mg20-24TT300°C

1500

()= AlgoMayg
1000 .
(2) = AlgoMg. 6TT-350°C
500 | ()= AlggMa,q 24TT-300°C

-500

-1000

Potencial (mV)

-1500

-2000

-2500

10° 10? 10" 10° 10 10 10°
Densidad de corriente (mA/cm2)

Source: Own Elaboration

Conclusions

The following conclusions can be drawn from this research study:

1.

Two main phases were observed from the X-ray diffraction spectra, the Al(Mg solid solution)

phase and the secondary interdendritic intermetallic B-phase (AI3Mg2).

The microstructure of the material showed changes due to the effects of the thermal treatment of
solubilization at 300°C and 350°C for 24 and 6 hours in which precipitates of the B phase

(AI3Mg2) were observed in the form of thick and elongated lines due to the nucleation
dispersed zones.

in

The microstructure of the AIB0Mg20 base material showed a polygonal type granular behavior

corresponding to AIMg alloys.

The AI80Mg20-6TT350°C and 24TT300°C showed qualities necessary for the evolution of
hydrogen by embrittlement due to the effects of more active potentials; however, the 24TT300°C

sample is where the corrosion rate was more accentuated.
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Chapter 8 Phytoremediation of heavy metals in petroleum-contaminated soil using
red mangrove (Rhizophora mangle) and a microbial consortium
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Abstract

In the present work, was studied the capacity of red mangrove (Rhizophora mangle) seedlings to
phytoremediator heavy metals in soils contaminated with crude oil by applying bioaugmentation through
a microbial consortium made up of Serratia marcescens, Trichoderma harzianum and Rhizopus sp.
Experimental treatments were prepared in triplicate with soils contaminated with 30, 60 and 100 mg/Kg
of crude oil and cohorts or surveys of experimental units were carried out 0, 15, 30, 60 and 90 days,
respectively. The growth of the Rhizophora mangle seedlings was evaluated, obtaining an average height
of 9.69 cm and a root length average of 10.67 cm. To determine the concentration of heavy metals, the
EPA 3050B digestion method was used, and for its quantification, a Thermo-Scientific atomic absorption
spectrophotometer, model ICE 3000, was used. With the results obtained, the heavy metal
phytoremediation percentages were calculated. Finality, the percentages of average phytoremediation of
heavy metals by applying Rhizophora mangle and the microbial consortium, presented the following
order: Cd (86%) > Pb (65%) > Cu (57%) > Zn (43%) > (40%).

Phytoremediation, Heavy metals, Crude oil, Red mangrove, Bioaugmentation
Resumen

En el presente trabajo, se estudio la capacidad de plantulas de mangle rojo (Rhizophora mangle) para
fitorremediar metales pesados en suelos contaminados con petréleo crudo mediante la aplicacion de
bioaumentacion a través de un consorcio microbiano conformado por Serratia marcescens, Trichoderma
harzianum y Rhizopus sp. Los tratamientos experimentales se prepararon por triplicado con suelos
contaminados con 30, 60 y 100 mg/Kg de petroleo crudo y se realizaron cohortes 0 muestreos de unidades
experimentales a 0, 15, 30, 60 y 90 dias, respectivamente. Se evalud el crecimiento de las plantulas de
Rhizophora mangle, obteniendo una altura promedio de 9.69 cm y una longitud de raiz promedio de
10.67 cm. Para determinar la concentracién de metales pesados se utilizé el método de digestion EPA
3050B, y para su cuantificacion se utiliz6 un espectrofotémetro de absorcion atdmica Thermo-Scientific,
modelo ICE 3000. Con los resultados obtenidos se calcularon los porcentajes de fitorremediacion de
metales pesados. Finalmente, los porcentajes de fitorremediacion promedio de metales pesados mediante
Rhizophora mangle y el consorcio microbiano, presentaron el siguiente orden: Cd (86%) > Pb (65%) >
Cu (57%) > Zn (43%) > (40 %).

Fitorremediacién, Metales pesados, Petrdleo crudo, Mangle rojo, Bioaumentacion

1. Introduction

Currently, worldwide, energy security in oil-producing countries is still based on petroleum derivatives;
therefore, it is necessary to continue research on bioremediation technologies for sites contaminated with
crude oil and heavy metals; one of them is phytoremediation. Phytoremediation is an environmentally
friendly and efficient technique to reduce the impact of heavy metals contained in crude oil (Barea et al.,
2005; Shen et al., 2023; Singh & Pant, 2023; Tehrani & Besalatpour, 2023). This results in a feasible,
economical and important method for the reduction of heavy metal contamination in the Gulf of Mexico
and in the Laguna de Términos region where the red mangrove (Rhizophora mangle) predominates,
which represents an important ecological alternative for phytoremediation of heavy metals present in
soils contaminated with crude oil.

Bioremediation and phytoremediation are techniques that use microorganisms, plants, the
interaction of plants with microorganisms, and specifically, the interaction of bacteria and fungi
individually or in the form of a microbial consortium, which in turn are associated with plants (Saha et
al., 2021; Wojtowicz et al., 2023). Bioremediation is an environmentally friendly technology for
remediating contaminated soils, the efficacy of which requires further research as proposed in the present
study. Other researchers indicate that the combined use of microorganisms or microbial remediation,
plants, conditioned natural materials or even the use of nanomaterials was suggested as an effective and
innovative method for remediation of soils contaminated with heavy metals (Luo et al., 2017; Zanganeh
etal., 2022).
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The remediation of sites contaminated with heavy metals, crude oil and other toxic pollutants;
has been effective and reliable due to their ecological characteristics given that they use microbial
(bioremediation) or plant (phytoremediation) processes (Moreira et al., 2013; Al-Solaimani et al., 2022;
Nayak, Bhushan & Wilson. 2022; Cheng et al., 2023). Bioremediation can be performed with ex situ or
in situ techniques; its application will depend on 1 the characteristics of the site, the type and
concentration of contaminant, as well as the treatment costs. Ex situ techniques are more expensive
compared to in situ techniques because of the additional cost attributable to excavation. However, the
cost of installing equipment on site and the inability to visualize and monitor the subsurface of
contaminated sites are major concerns when conducting in situ bioremediation (Singh & Tripathi, 2023;
Azubuike, Chikere & Okpokwasili, 2016). On the other hand, two technologies can also be applied to
improve bioremediation: biostimulation (addition of nutrients) and bioaugmentation (addition of
microorganisms), which are used when successful treatment is required and after previously performing
a physical, chemical and microbiological characterization of the site to be bioremediated.

Mangrove forests are very complex ecosystems with multiple ecological functions and high
economic value (Olguin et al., 2007). Given the ecological importance of the red mangrove as a
protective barrier against natural phenomena, nesting and rearing of juvenile marine and coastal species
(Lewis 2005), it will be necessary to determine whether the red mangrove (Rhizophora mangle) has the
potential to be used as a phytoremediation plant for heavy metals, as well as to determine whether
filamentous fungi such as T. harzianum, Rhizopus sp and the bacterium S. marcescens help in the
phytoremediation of heavy metals (Lewis et al., 2005).

Con el desarrollo del presente trabajo se generara informacion importante para la fitorremediacion
de metales pesados presentes en suelos contaminados con petréleo crudo medio, el cual es representativo
de la mezcla mexicana que se produce en la Sonda de Campeche, México. Por lo anterior, el objetivo de
esta investigacion fue fitorremediar metales pesados presentes en suelos contaminados con petrdleo
crudo medio (22.4 °API) utilizando plantas de mangle rojo (Rhizophora mangle) y un consorcio
microbiano conformado por Serratia marcescens, Trichoderma harzianum y Rhizopus sp.

This paper contains the abstract, introduction, methodology, results, conclusions,
acknowledgments and references. The introduction includes the objective and hypothesis of the work.
The hypothesis of the work was the following: "With the application of Rhizophora mangle plants
(phytoremediation) and the microbial consortium formed by Trichodema harzianum, Rhizopus sp and
Serratia marcescens (bioaugmentation), it is expected to obtain high percentages of phytoremotion of
heavy metals present in soils contaminated with medium crude oil". On the other hand, the methodology
includes the evaluation of seedling height and root length of red mangrove seedlings; as well as the
determination of physicochemical, microbiological and heavy metal parameters in the phytoremediation
of soils contaminated with crude oil. The results include seedling height and root length of red mangrove
seedlings, pH, electrical conductivity, texture and organic matter of the soil during the phytoremediation
trial, in addition to the colony forming units of the microbial consortium and the percentage of
phytoremediation of heavy metals in soils contaminated with crude oil.

2. Materiales y métodos

The experiment of phytoremediation of contaminated soil using red mangrove plants was installed in the
botanical garden of the Universidad Autonoma del Carmen. The microorganisms that were used as a
microbial consortium in the phytoremediation of heavy metals in oil contaminated soils were provided
by Dr. Miguel A. Ramirez Elias, professor of the Faculty of Chemistry of the UNACAR. For the trial, a
selection of Rhizophora mangle seedlings was made in order to have a homogeneous size. The
experimental treatments were prepared by placing one kilogram of previously sterilized soil in
crystallizers. To each soil unit, 30, 60 and 100 mg of crude oil were added, respectively, to obtain the
respective units contaminated with 30, 60 and 100 ppm (mg/kg). Subsequently, they were placed in a
sowing bag and transferred to a greenhouse of the botanical garden of UNACAR. Finally, the red
mangrove seedlings previously selected for their size were placed in the sowing bag in triplicate and the
prepared microbial consortium was applied to each of the experimental treatments. Likewise, the pH of
the soil and sterilized water was adjusted to 6 to provide an optimum pH for the microbial consortium
and the red mangrove seedlings used (Moreno, 2000).
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2.1. Evaluation of the height and root length of red mangrove (Rhizophora mangle) seedlings

The following characteristics were evaluated in the seedlings: propagule height, root length and number
of leaves. All this was done in each cutting or time period, respectively (0, 15, 30, 30, 60 and 90 days).
A graduated ruler was used for each of the measurements. The objective was to know the changes of the
seedlings with respect to the progress of the phytoremediation trial.

2.2. Determination of physicochemical, microbiological and heavy metal parameters during
phytoremediation of crude oil contaminated soil

The soil samples obtained from each cut or time period were deposited in glass crystallizers for drying
at 40 °C, in a Fisher Scientific oven. The dried soils were sieved with a mesh < 0.05 mm. From each
sieved sample, the amount of soil necessary to determine the physicochemical parameters was taken; as
well as the concentration of the following heavy metals: Cd, Cu, Ni, Pb, and Zn.

For the determination of physicochemical parameters such as pH and electrical conductivity (EC),
the potentiometer and conductivity meter method was used, in accordance with the NOM-021-
SEMARNAT 2000 standard. Organic matter was determined using the Walkey and Black (1999) method
described in the official Mexican standard NOM-021-SEMARNAT-2000. Texture was determined using
the Bouyoucos technique described in NOM-021-SEMARNAT-2000.

For the determination of microbial activity, 10 g of soil were taken from each experimental unit
and added in an Erlenmeyer flask then 90 mL of distilled water was added, shaken until a suspension
was formed and using the dilution and raking technique in Petri dishes with potato dextrose agar (PDA)
and nutrient agar (AN), respectively; the colony forming unit (CFU) count was performed in each
experimental unit of the phytoremediation trial (Aydin et al., 2017).

The determination of the concentration levels of heavy metals (Cd, Cu, Ni, Pb and Zn) was carried
out using EPA (Environmental Protection Agency) method 3050B, which refers to the acid digestion of
sediments, sludge and soils by Atomic Absorption Spectrophotometry (Lorentzen & Kingston, 1996). A
Thermo Scientific Atomic Absorption Spectrophotometer, model iCE 3000 Series, was used. Standard
solutions of Cd, Cu, Ni, Pb and Zn and INORGANIC VENTURES certified reference materials were
used to determine the concentration of heavy metals. The calibration curve started with a 1000 mg/L
solution for the five metals under study. All samples and the blank were prepared with deionized water.
Finally, from the calibration curve for each metal, the samples were read and the concentration of heavy
metals was determined (Handschuh, 2013).

For the determination of the percentage of heavy metal phytoremoval, the following equation was
applied:

[metal en el testigo]—[metal en la muestra]

% Fitorremediacion = * 100 (1)

[metal en el testigo]
3. Results
3.1. Seedling height and root length of Rhizophora mangle during phytoremediation.

In Figure 3.1, it is observed that the growth and height of the Rhizophora mangle seedlings was sequential
and proportional in the three concentrations of oil and in the respective exposure times, presenting an
average height of 9.69 cm, a minimum height of 6.50 cm in the 60 ppm concentration and a maximum
height of 13.10 cm in the 100 ppm concentration in a period of 90 days. Likewise, the increase in root
length in the monitored seedlings had a growth similar to the plant height, as shown in Figure 3.2. The
average root length was 10.67 cm, starting with a minimum length of 5.50 cm at 30 ppm and reaching a
maximum root length of 16.75 cm at 100 ppm. This confirms the rhizospheric strength of the red
mangrove (Rhizophora mangle) and its application in phytoremediation processes of heavy metals
present in soils or sediments contaminated with total petroleum hydrocarbons (Moreira et al., 2013).
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Graph 3.1 Height of Rhizophora mangle seedlings), (Mean + Standard Error)
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Graph 3.2 Root length of Rhizophora mangle seedlings), (Mean + Standard Error)
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3.2. Soil pH during phytoremediation

The average pH value was 7.46; the minimum pH value was 7.09 at 90 days at the 100 ppm oil
concentration and the maximum pH value was 7.84 at 30 days at the 30 ppm concentration (Graph 3.3.).
This shows that the lower the concentration of oil in the soil, the higher the pH value, and at high oil
concentrations the pH tends to neutralize. Changes in pH may be associated with the buffering capacity
of the soil and active microbial metabolism in the presence of hydrocarbons and nutrients (Atlas and
Bartha, 2001).

The average pH of 7.46 obtained in the present heavy metal phytoremediation study was lower
compared to the average pH of 7.55 reported by Moreira et al. (2013) in a study evaluating the effects of
metals on phytoremediation of total petroleum hydrocarbons for 90 days. Therefore, the obtained pH
values are representative of mangrove soils and sediments, which favors the activity of microorganisms
present in bioremediation and phytoremediation processes.
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Graph 3.3 Soil pH (Mean + Standard Error)
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3.3. Soil electrical conductivity during phytoremediation

Graph 3.4 shows the data obtained from the experiment, where it can be observed that at the beginning
of the test (0 days) there is the lowest value of electrical conductivity in the soil compared to the other
cuts of the test (15, 30, 60 and 90 days); this can be attributed and associated with the initial concentration
of oil, because as the phytoremediation test progressed the concentration of crude oil in the soil was
reduced, which generated the increase of the EC in the soil after 15 days of the test.

Graph 3.4 Electrical conductivity (EC) of the soil, (Mean + Standard Error)
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3.4. Soil texture during phytoremediation

Soil texture is another important factor that influences the mobility and availability of heavy metals
(Castillo et al., 2017). According to the results shown in Graph 3.5, it is observed that the soil texture is
sandy at the beginning and end of the phytoremediation trial. The soil texture showed the following
average values: sands (87 %), clays (4.57 %) and silts (8.43 %).



82

Graph 3.5 Texture of the soil used (%)
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3.5. Soil organic matter during phytoremediation

Figure 3.6 shows the percentages of organic matter (OM) observed during the phytoremediation trial.
When comparing the initial cut (0 days) with the final cut (90 days), an increase in organic matter can be
observed for each concentration. The average organic matter value was 33%. This percentage is a very
high value of OM. However, mangrove soils are very rich in organic matter and this is attributed to the
fact that OM acts as a storehouse of metallic elements; in addition to its attraction for heavy metals that
are in solution (Pineda, 2004).

Figure 3.6 Percentage of organic matter in soil, (Mean + Standard Error)
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3.6. Microbiological parameters of the microbial consortium during phytoremediation

In order to know the content of colony forming units (CFU), the dilution and raking technique was
applied in plates in each period of time and concentration of oil present in the soil. The results of the
CFU count obtained from the microbial consortium formed by Trichoderma harzianum, Rhizopus sp and
Serratia marcescens are shown below.

Figure 3.7 shows a comparison of the colony forming units of the microbial consortium, as well
as the behavior and number of CFU for each concentration (30, 60 and 100 ppm) used in the
phytoremediation.
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It should be noted that the colony forming units of the fungi are expressed as CFU x 10”3 and for
the bacteria as CFU x 1076; taking this into account, it can be observed that the bacteria (Serratia
marcescens) show the highest number of CFU compared to the filamentous fungi (Trichoderma
harzianum, Rhizopus sp). Kotoky & Pandey (2020) indicated that the presence of the bacterium Serratia
marcescens favors the activity of the enzyme glutathione-S-transferase in mangrove plants, which favors
plant growth and reduces stress in the presence of heavy metals. This confirms their behavior in the
present study, since the red mangrove plants apparently did not inhibit their height and root length during
the heavy metal phytoremediation trial. The CFU obtained in the present study at 30 ppm with Serratia
marcescens at 30, 60 and 90 days (60 x 106 CFU g-1, 27 x 106 CFU g-1 and 10 x 106 CFU g-1) were
slightly higher than those reported by Moreira et al. (2013) in a study evaluating the effects of metals in
the phytoremediation of 33 ppm total petroleum hydrocarbons at 30, 60 and 90 days (24.4 x 106 CFU g-
1,32 x 106 CFU g-1and 7 x 106 CFU g-1).

The microbial consortium had the same behavior and growth trend including the general increase
observed at 30 days of the trial, due to the second bioaugmentation of the consortium, with the purpose
of guaranteeing the CFU of bacteria and fungi until the end of the trial, given that with the passage of
time the consortium tends to decrease its growth due to the reduction of nutrients in the soil.

Gréfico 3.7 Unidades Formadoras de Colonias (UFC) del consorcio microbiano: A) 300 ppm, B) 60
ppm y C) 100 ppm, Las UFC para Hongos (*) se expresan como UFC x 10%y para la Bacteria (**) se
expresan como UFC x 106,
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3.7 Percentage of phytoremoval of heavy metals (Cd, Cu, Ni, Pb and Zn) in soils contaminated with
crude oil

3.7.1 Cadmio (Cd)

Figure 3.8 shows each of the percentages of cadmium phytoremoval in the respective time periods and
concentrations. The percentages varied depending on the concentration; it was observed that the lower
the oil concentration, the higher the percentage of cadmium phytoremoval. At the end of the trial (90
days) it can be observed that, at 30 ppm of crude oil, an average of 93 % Cd phytoremoval was obtained,
as opposed to the concentration of 60 ppm, where 87 % Cd phytoremoval was obtained and for 100 ppm
of oil the Cd phytoremoval was 78 %. Finally, in the present trial the average Cadmium phytoremoval
was 86 %.

The 93 % phytoremediation of Cd obtained in the present study at 30 ppm crude oil at 90 days of
the trial was higher compared to the 35 % phytoremediation of Cd reported by Moreira et al. (2013) ina
study evaluating the effects of metals on the phytoremediation of 33 ppm total petroleum hydrocarbons
for 90 days. Therefore, the phytoremediation of Cd in this study was approximately 58 % more efficient
in the phytoremediation of Cd.

Graph 3.8 Percentage of phytoremediation of Cadmium (Cd), (Mean % Standard Error), (Mean +
Standard Error)
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3.7.2 Copper (Cu)

The phytoremoval percentages for copper can be seen in Graph 3.9, in which a constant Cu phytoremoval
is observed in each cut or period of time. It can be observed that for 100 ppm of oil, 49 % of Cu
phytoremoval was obtained and for the 60 ppm concentration, 59 % of Cu phytoremoval was obtained.
Finally, for the 30 ppm concentration, it presented 64% and was the highest phytoremoval value at 90
days. Finally, in the present trial, the average phytoremediation of copper was 57.3 %.

The 64% Cu phytoremediation obtained in the present study at 30 ppm crude oil at 90 days of the
trial was higher compared to the 25% Cu phytoremediation reported by Moreira et al. (2013) in a study
evaluating the effects of metals on the phytoremediation of 33 ppm total petroleum hydrocarbons for 90
days. Therefore, the Cu phytoremediation in this study was approximately 39 % more efficient in the
phytoremediation of Cu.
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Graph 3.9 Percentage of Phytoremediation of Copper (Cu), (Mean + Standard Error))

70 -

e\i @30 ppm
3 60 1 @60 ppm
2 50 - @100 ppm
o

©

5 40 A

[«

e

g 30 -

o

£

o 20

10

30 60
Time (days)

3.7.3 Nickel (Ni)

Figure 3.10 shows the phytoremoval values of Nickel obtained in the experiment. It can be observed that
as the exposure time passes, the phytoremotion percentage increases, this is due to the adaptation of the
Rhizophora mangle seedlings and the function of the microorganisms showing a constant phytoremotion.
The achieved percentages of Ni were as follows: 42 % phytoremotion at 30 ppm, 40 % at 60 ppm and
38% for 100 ppm in the last cut, presenting a variation of 2 % between concentrations. Finally, in the
present trial the average phytoremediation rate for Nickel was 40 %.

The 42% phytoremediation of Ni obtained in the present study at 30 ppm crude oil at 90 days of
the trial was lower compared to the 57% phytoremediation of Cu reported by Moreira et al. (2013) in a
study evaluating the effects of metals on the phytoremediation of 33 ppm total petroleum hydrocarbons
for 90 days. Therefore, the phytoremediation of Ni in this study was approximately 15 % less efficient
in the phytoremediation of Ni.

Graph 3.10 Percentage of Phytoremediation of Nickel (Ni), (Mean * Standard Error)
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3.7.4 Plomo (Pb)

The phytoremoval percentages for lead were calculated, which are shown in Graph 3.11, obtaining as a
result that the three concentrations do not show much difference in the phytoremoval percentages of Pb.
The percentages obtained are as follows: for 30 ppm, 66.5 % phytoremoval was obtained, at 60 ppm 65
% and for 100 ppm of oil 63 % of Pb phytoremoval. Finally, in the present trial the average phytoremoval
of Lead was 64.8 %.

The 66.5 % phytoremediation of Pb obtained in the present study at 30 ppm crude oil at 90 days
of the trial was slightly lower compared to the 66.9 % phytoremediation of Cu reported by Moreira et al.
(2013) in a study evaluating the effects of metals on the phytoremediation of 33 ppm total petroleum
hydrocarbons for 90 days. Therefore, the phytoremediation of Pb in this study was approximately 0.4 %
less efficient in the phytoremediation of Pb.

Graph 3.11 Percentage of Phytoremediation of Lead (Pb), (Mean + Standard Error)

70
@30 ppm

@60 ppm
0100 ppm

60

50 -

40 -

30 A

20

Phytoremediation of Pb (%0)

10

15 30 60 90
Time (days)

3.7.5 Zinc (Zn)

Finally, Graph 3.12 shows the phytoremediation percentages of Zinc obtained for each cut or time period.
The phytoremediation percentages of Zn, as with the metals indicated above, tend to increase with the
passage of time, as well as varying according to the concentrations used in the experiment. The 30 ppm
and 60 ppm concentrations show a small variation in their percentages, obtaining 46 % and 45 %
respectively, in contrast to the 100 ppm crude oil concentration where 38 % of Zn phytoremoval was
obtained in a period of 90 days. Finally, in the present trial, the average Zinc phytoremediation rate was
43 %.

The 46 % phytoremediation of Zn obtained in the present study at 30 ppm crude oil at 90 days of
the trial was higher compared to the 43 % phytoremediation of Cu reported by Moreira et al. (2013) in a
study evaluating the effects of metals on the phytoremediation of 33 ppm total petroleum hydrocarbons
for 90 days. Therefore, the phytoremediation of Zn in this study was approximately 3 % more efficient
in the phytoremediation of Zn.
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Graph 3.12 Percentage of Zinc (Zn) Phytoremediation, (Mean + Standard Error), (%)
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After 90 days, the present phytoremediation trial presented the following order and average
phytoremediation percentages of heavy metals: Cd (86 %) > Pb (65 %) > Cu (57 %) > Zn (43 %) > Ni
(40 %). Therefore, cadmium was the metal that obtained the highest average phytoremediation
percentage of heavy metals present in soils contaminated with medium crude oil, which is in agreement
with Pittarello et al., (2018) highlighting that cadmium is often found in high concentrations in sediment
or mangrove soils.

Finally, the average phytoremoval percentages of heavy metals achieved with red mangrove
(Rhizophora mangle) in the present work, presented the following order: Cd > Pb > Cu > Zn > Ni; which,
suggests the potential of Rhizophora mangle as a phytoremediation plant for such heavy metals together
with the microbial consortium formed by Trichoderma harzianum, Rhizopus sp and Serratia marcescens.

4. Conclusions

High percentages of heavy metal phytoremoval were obtained in soil contaminated with medium crude
oil, using Rhizophora mangle seedlings and a microbial consortium composed of Trichoderma
harzianum, Rhizopus sp and Serratia marcescens. Therefore, the hypothesis is accepted.

It is also concluded that the presence of the microbial consortium favorably influenced the growth
of the red mangrove plants and their function as a phytoremediation plant. Therefore, the red mangrove
(Rhizophora mangle) has the potential to be used as a phytoremediation plant for heavy metals together
with the microbial consortium formed by T. harzianum, Rhizopus sp and S. marcescens.
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Abstract

The demand for more efficient energy storage devices with a sustainable approach has turned
supercapacitors into a great alternative in applications where high instantaneous power is required.
Above all, those based on manganese oxides are attracting attention for their low cost, durability, and
relatively high specific capacitance. However, it is known that MnO2 with a pyrolusite structure (p3-
MnO3) has a poor performance. This work studies this material electrochemically before and after
thermally incorporating potassium cations at 800 °C. For the present work, commercial MnO2 and MnO.
doped with potassium ions (K-MnO2) were used as active material for the electrodes of commercial
supercapacitors. It was verified that the commercial material is B-MnO2 and that the thermally doped
material is predominantly manganese oxide with a cryptomelane structure (a-KxMnOz). Cyclic
voltammetry measurements were performed at different scanning rates, to elucidate the electrochemical
response of the materials. The results corresponding to K-MnO- present a higher current compared to
commercial MnO., this implies that this electrode has a higher specific capacitance, which can be
attributed to a greater potassium ion insertion/extraction capacity. However, at high scanning speeds, its
behavior shows that it is pseudocapacitive.

Supercapacitors, Manganese oxide, Capacitance, Electrochemical tests
Resumen

La demanda de dispositivos de almacenamiento de energia mas eficientes y con enfoque sustentable, ha
convertido a los supercapacitores en una gran alternativa en aplicaciones donde se requiere alta potencia
instantanea. Sobre todo, estan llamando la atencidn por su bajo costo, durabilidad y relativamente alta
capacitancia especifica los basados en 6xidos de manganeso. Sin embargo, es conocido que el MnO> con
estructura pirolusita (B-MnOz) presenta un pobre rendimiento. En este trabajo se estudia
electroquimicamente al MnO: antes y después de incorporarle cationes de potasio térmicamente a 800
°C. Para el presente trabajo se emple6 como material activo de electrodos de supercapacitores MnO>
comercial y MnO2 dopado con iones potasio (K-MnO2) de manera térmica. Se comprobo que el material
comercial es B-MnO; y que el material dopado térmicamente es predominantemente 6xido de manganeso
con estructura criptomelano (a-KxMnO2). Se realizaron mediciones de voltamperometria ciclica a
diferentes velocidades de barrido, para dilucidar la respuesta electroquimica de los materiales. Los
resultados correspondientes al K-MnO. presentan una corriente mayor respecto a las del MnO:
comercial, esto implica que este electrodo tiene una capacitancia especifica superior, la cual puede
atribuirse a una mayor capacidad de insercion/extraccion de iones potasio. Sin embargo, a velocidades
altas de barrido, su comportamiento denota ser pseudocapacitivo.

Supercapacitores, Oxido de manganeso, Capacitancia, Pruebas electroquimicas

1. Introduction

The constant development of electrical devices has led to an increasing demand for energy, and as a
consequence an advance in energy storage devices (Paramati et al., 2022). Energy is an essential factor
for development and progress, so its supply and storage is of vital importance, especially in the process
of decarbonization of the global economy, which is gradually taking place (Spinelli et al., 2022). At
present, the development of efficient, stable systems capable of providing energy storage with high power
represents a major challenge. Supercapacitors stand out from other devices, due to high instantaneous
power (they can supply large currents in a short time) and large number of charge/discharge cycles
(Gonzalez et al., 2016).

Given the characteristics already mentioned above, electrochemical capacitors are commonly
used in short-term applications requiring high power (Khan et al., 2023). Supercapacitors are
increasingly being used for industrial applications as they compaginate with green energy (Mensah-
Darkwa et al., 2019). As they have the property of storing energy quickly.
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The performance of supercapacitors can be evaluated in terms of electrochemical properties,
which depend on the properties of the electrodes and the electrolyte (Vangari et al., 2013). Various
materials that can rapidly accumulate charge, which is the main characteristic of supercapacitors, have
been tested. Initially, ruthenium dioxide (RuO2) was used as the electrode, obtaining a drastic decrease
in the internal resistance that characterized the first supercapacitors, making them much more cost-
effective and allowing their use as energy storage media in the field of automation (Zhang et al., 2021),
RuO2 presents good specific capacitance properties; however, being a costly material with negative
effects on the environment, alternatives have been sought in other metal oxides or combinations based
on carbon and oxides, among which manganese dioxide (MnO2) stands out; above all, they are attracting
attention for their low cost, durability and relatively high specific capacitance (Kour et al., 2022).

Despite the good performance of MnO2 as a charge store in a supercapacitor, few of its phases
exhibit this performance (Sari et al., 2017). In particular, the performance of the pyrolusite phase is very
poor, around 9- 11F/g (Devaraj et al., 2008; Pundir et al., 2023). On the other hand, the birnesite phase,
with specific capacitance of 230 F/g is among the best (Komaba et al., 2008; Zhu et al., 2020). This may
be due to the fact that the structure of the latter phase contains mobile cations, and that the interatomic
spacing allows it. In this work we intend to electrochemically study MnO2 with pyrolusite structure
before and after incorporating potassium cations thermally at 800 °C, to elucidate the effect of cation
incorporation and structural change on the electrochemical performance.

2. Methodology

Commercial MnO2 powders (Sigma-Aldrich) and MnO2 doped with potassium ions (K-MnQO2) were
used for the present study.

2.1. Synthesis of K- MnO2

Commercial MnO2 powders (Sigma-Aldrich) and potassium hydroxide (KOH) flakes, both in a 1:1
molar ratio, were used. The KOH flakes were first crushed in a crucible and then the MnO2 powders
were added. Heat treatment was carried out at 800 °C for 2 h at temperature and allowed to cool to room
temperature. The powders obtained were washed with deionized water until a neutral pH was obtained,
and then they could be used in the fabrication of the electrodes.

2.2. Characterization techniques

To identify the phase of the manganese oxides, the X-ray diffractometry (XRD) technique was used,
using the Panalytical - Empyrean diffractometer. As part of the chemical analysis, a Raman microscope
of the Horiba LabRAM brand was used, with a He-Ne laser (632.8 nm).

2.3. Electrode fabrication

The electrodes for the supercapacitors in the study were developed from a mixture of three components:
manganese oxide (MnO2 and K-MnQ2), carbon black (CB) and polyvinylidene fluoride (PVDF). The
weight ratio of the above materials was 70:20:10. The paste obtained was deposited on a T-316 stainless
steel mesh (food grade) of 100 wires/inch wire gauge 49 (0.03mm) and mesh opening 0.033mm, which
was used as a current collector substrate.

2.4. Electrochemical characterization

The cyclic voltammetry tests were performed in a Zahner Zennium potentiostat, using the software of
the same Thales equipment for the analysis and acquisition of data, in a 3-electrode cell. The working
electrode (WE) which is the paste electrode with the metal oxide to be studied (MnO2), a reference
electrode (RE) of Ag/AgCl and the third one that closes the electrical circuit, called counter electrode
(CE) of platinum, and 6 M potassium hydroxide (KOH) will be used as electrolyte. Measurements were
performed in an operating window from -500 to 750 mV, using sweep speeds of 200, 100, 50, 50, 20,
10, 10, 5, 4, 3 and 2 mV/s.
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3. Results

The results obtained from the characterization and discussion of the manganese oxides, the commercial
one which is the base material and the resulting oxide after cation insertion are shown below. In addition,
the results of the electrochemical test assembled as an electrode in a supercapacitor are presented.

3.1. XRD analysis of the manganese oxides

The structural characterization of the material was carried out by X-ray diffraction. Graph 3.1 shows the
diffractograms corresponding to commercial MnO2 and MnO2 with thermal treatment and ion insertion.
In graph 3.1a the diffraction peaks correspond to those characteristic of pyrolusite, planes (110), (101),
(200), (111), (200), (111), (210), (211), (220), (002), (310) and (301) can be identified, they can be
indexed to the tetragonal B-MnO2 phase (JCPDS card N° 24-0735). No peaks for other phases are
observed, indicating high purity and crystallinity in the sample. On the other hand, the diffractogram of
graph 3.1b, presents diffraction peaks of 2 phases, one of them is of the B-MnO2 as it is the precursor
material still present after the thermal treatment and the second resulting phase coincides with the
tetragonal phase of the cryptomelane [1-KxMnO2 (JCPDS card N° 29-1020), identifying the planes
(110), (200), (220), (310), (211), (520) and (431). Comparing the intensity of the highest reflections of
the two phases present, qualitatively it is possible to say that this sample is predominantly [J-KxMnO2.

Figure 3.1 XRD patterns corresponding to a) commercial MnO2 and b) K-MnQO2
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3.2. Characterization by Raman spectroscopy

The samples were analyzed by Raman spectroscopy, graph 3.2a corresponds to the commercial MnO2,
it can be observed the well-defined characteristic bands at 557 cm-1 and 668 cm-1 of the f-MnO2 phase.
Graph 3.2b, belonging to the K-MnO2 sample, shows the B-MnO2 bands, in addition to the bands
positioned at 185, 376 and 576 cm-1 corresponding to [1-KxMnO2. In addition, of the synthesized phases
that agree with the XRD results, bands appear at positions 157, 284 and 411 cm-1 that can be indexed to
the corresponding Mn-OOH phase.

Figure 3.2 Raman spectra for a) commercial MnO2 and b) K-MnQO2
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3.3 Caracterizacion electroquimica de los electrodos fabricados

Based on the characterization results, the f-MnO2 was analyzed for the commercial manganese oxide
and a mixture of a and B phases for the oxide with potassium ion insertion. Voltammetry tests were
performed on them in a KOH electrolyte.

To understand the electrochemical behavior of the manganese oxides, they were tested as
electrodes in supercapacitor in an aqueous medium, at different rates both fast and slow to observe at
which rate the electrode obtains higher current density. Figure 3.3 shows the cyclic voltammetry curves
for commercial MnO2 at different sweep speeds. A pair of approximately symmetrical redox peaks can
be observed in the CV curve at voltages 0.25 and 0.35 V, due to the intercalation/de-intercalation of
protons or alkali metal ions on the MnQO2 electrode, confirming the pseudocapacitive characteristics. As
the scan rate increases, the current intensity increases, while the position (x-axis) of the redox peak shifts
only slightly, indicating a good electrochemical reversibility of the system, it is also observed in graph
3.3b that at low speeds the commercial MnO2 loses the characteristic shape of its voltammogram and
the oxidation and reduction peaks are not well defined.

Figure 3.3 Cyclic voltammetry plots at a) fast scanning speeds and b) slow speeds of commercial
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Cyclic voltammetry was performed to know the electrocatalytic activity of K-MnO2 in 6 M KOH
as electrolyte. Graph 3.4 shows the voltammograms obtained at different sweep speeds from 200 mV/s
to 2 mV/s. The behavior of the cell with KOH electrolyte, a redox process is present with an oxidation
peak at -0.04 V and a reduction peak at -0.24 V, but only at low sweep speeds. In addition, comparing
the current values of K-MnO2 with respect to those in graph 3.3, a considerable increase is observed,
thus proving that the insertion of K ions in the composite acts favorably to increase the current density
in the electrode.

Figure 3.4 Cyclic voltammetry plots at a) fast scanning speeds and b) slow K-MnO2 speeds
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Graph 3.5 shows the specific capacitance of the MnO2 and K-MnO2 electrode as a function of
the sweep speed at 2 different potentials 0 and 0. 2 V, the specific capacitances of the electrodes
composed of MnO2 were calculated from cyclic voltammetry data at different speeds, the capacitance
values were measured at potentials where a faradaic process is observed and another in a capacitive part,
also shows the behavior of the capacitance at different sweep speeds, noting that the higher the sweep
speed the specific capacitance decreases, this is due to insufficient time for the ions to diffuse into the
electrode material (Thomas et al., 2023). In contrast, better storage capacitance is favorable at lower scan
rates because slow ionic propagation in the electrolyte-electrode can improve its chemical reactivity. One
can compare the capacitance we obtain from MnO2 and K-MnO2, at a rate of 2 mV/s for MnO2 it is 20
F/g, while for K-MnO2 at the same rate it is 350 F/g (17 times higher). This is attributed to the
incorporation of K+ cations into the MnO2 structure by heat treatment, which enhances the ion
insertion/extraction capacity of the material. At fast rates the capacitance tends to stabilize at one value,
indicating pseudocapacitive behavior (Jones et al., 2023). It has been shown that the addition of ions
makes the charge storage mechanisms more surface redox dominated and can improve the specific
capacitance (Barclay et al., 2023).

Graph 3.5 Comparative graph of the specific capacitances vs. sweep speeds of a) B-Mn0O2 and b) K-

MnO2
a b ]
)., ) s
[=1] —
2 & 300
8151 g 2501
E =
= 3 2004
[&] 5] ]
a1e % 150
[1¢]
p o 100 —0V
= ] = 1 S
; 5 5 50, 02V
(=
& @0
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Scan rates (m\//s) Scan rates (m\i/s)

4. Conclusions

From the voltammetry curves it can be seen that the K-MnO2 graphs present a higher current density
with respect to that of commercial MnO2. The incorporation of ions in the structure of the material with
the thermal treatment, allows the insertion and extraction of ions in an electrochemical way when using
it as an electrode of supercapacitors. When analyzing the specific capacitance graphs, it is observed that
at fast speeds the capacitance decreases exponentially, but tends to stabilize at fast speeds. This is an
indication that at slow speeds the storage process is diffusion limited, and at fast speeds it is
pseudocapacitive. Although the K-MnO2 material is not a pure phase, and the potassium phase is
cryptomelane (a phase with low cation content), its response as an electrochemical energy store is vastly
superior (17 times higher gravimetric capacitance) to commercial MnO2 with pyrolusite structure.
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Abstract

Microbial fuel cells are electrochemical devices that use microorganisms as catalysts to produce
electricity. Oxygen is the most used electron acceptor in the cathodic reaction of these systems, due to
its abundance in the environment and high redox potential; however, the slow kinetics in oxygen
reduction constitutes a limitation. Platinum (Pt) is the most widely used catalyst to accelerate the oxygen
reduction reaction, but its high cost makes its use on a large scale impossible. In this study, the
performance of manganese dioxide (MnO.) as a cathodic catalyst in an H-type microbial fuel cell was
examined. The MnO: layer on the carbon fiber surface was deposited by simply immersing the carbon
in an aqueous KMnQ; solution. The microbial fuel cell was characterized by polarization and power
curves. A maximum power peak of 6.09 mW/m? was obtained with a current density of 22 mA/m?,
showing that MnO> can be a low-cost alternative to be used as catalytic material in the cathode of these
devices.

Microbial fuel cell, Cathode Catalyst, Manganese Dioxide
Resumen

Las celdas de combustible microbianas son dispositivos electroquimicos que utilizan microorganismos
como catalizadores para la produccion de electricidad. EI oxigeno es el aceptor de electrones més
comunmente utilizado en la reaccion catddica de estos sistemas, debido a su abundancia en el ambiente
y alto potencial redox, sin embargo, la lenta cinética en la reduccidn de oxigeno constituye una limitante.
El platino (Pt) es el catalizador mas ampliamente utilizado para acelerar la reaccion de reduccion del
oxigeno, pero su alto costo imposibilita su uso a gran escala. En este estudio se examiné el desempefio
de didxido de manganeso (MnOz) como catalizador catédico en una celda de combustible microbiana
tipo H. La capa de MnO- sobre la superficie de fibra de carbon se depositdé por simple inmersién del
carbon en una solucion acuosa de KMnOa. La celda de combustible microbiana se caracterizé mediante
curvas de polarizacion y potencia. Se obtuvo un méaximo pico de potencia de 6.09 mW/m? con una
densidad de corriente de 22 mA/m?2, mostrando que el MnO; puede ser una alternativa de bajo costo para
utilizarse como material catalitico en el catodo de estos dispositivos.

Celda de combustible microbiana, Catalizador Catddico, Diéxido de Manganeso
1. Introduction

The increase in industrial activity worldwide has led to an increase in the rate of carbon dioxide
emissions. The global economy depends on fossil fuels, however, it has been projected that oil and gas
reserves will be depleted by 2042 and coal by 2112 (Liew et al., 2014). In this context, renewable energies
have gained great interest in different areas of research, such as solar, geothermal, wind, and biomass
power generation. Microbial fuel cells (MFCs) are a technology that converts the energy contained in
organic materials such as biomass and wastewater into electricity using microorganisms as catalysts (Qiu
etal., 2021, Prasad and Tripathi, 2022). In addition to power generation, this technology finds application
for bioremediation, toxic metal recovery, wastewater treatment, seawater desalination processes, etc.
(Chaturvedi and Kundu, 2021).

A conventional microbial fuel cell (MFC) consists of two compartments separated by a proton
exchange membrane. The anode is commonly maintained under anaerobic conditions, while the cathode
may be suspended in aerobic solutions or exposed to air. In the anode compartment, microorganisms
degrade organic matter, generating electrons and protons during their metabolism, with the anode
becoming the electron acceptor. Electrons flow from the anode to the cathode through an external
electrical circuit that commonly includes a resistor, while protons migrate to the cathode through the
membrane that separates the two compartments. Finally, at the cathode, a final electron acceptor is
reduced (Logan et al., 2006, Bazina et al., 2023).

At the cathode of a MFC, oxygen is commonly used as the final electron acceptor due to its
abundant availability in the environment and its high redox potential, however, the slow kinetics in the
oxygen reduction reaction (ORR) is a limitation (Rizmani-Yazdi, et al., 2008). Pt has been widely used
due to its favorable electrocatalytic performance relative to cathodic ORR in a MFC, but its high cost
prohibits its use for commercial applications.
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Different materials have been proposed as efficient catalysts for ORR, which include, carbon-
based electrocatalysts, including heteroatoms (N, S, P, F, etc.) doped carbon catalysts (metal-free
electrocatalysts), as well as transition metal-based electrocatalysts (Peera et al., 2021).

In particular, manganese dioxide materials with different crystal structures have been widely used
as cathode catalysts in microbial fuel cells, due to their low cost, good catalytic activity and because they
are environmentally friendly. MnOXx possess great structural diversity, combined with their physical and
chemical properties, in addition to their wide applications in catalysis (Deng et al., 2022), batteries (Zhuo
et al., 2020) and supercapacitors (AlAnazi et al., 2023). Several researches have focused on the
employment of MnO:- as a cathode catalyst in MFCs employing different methods such as hydrothermal
and electrodeposition to improve the performance of a MFC in electricity production (Phonsa et al, 2018,
Majidi et al., 2019, Chen et al., 2022).

In this work, the performance of an H-type microbial fuel cell using MnO: as a cathodic catalyst
was investigated for electricity production. The work was developed in three stages, in the first one, the
synthesis and spontaneous deposition of MnO> on a carbon fiber electrode was performed, then the H-
type MFC was assembled by monitoring the acclimation time of the cell, finally the fuel cell was
characterized by polarization and power curves to examine its performance.

2. Experimental methodology
2.1. Microbial Fuel Cell Configuration

The microbial fuel cell (MFC) had an H-type configuration. The system consisted of two cylindrical
glass compartments, with a diameter of 6 cm and a height of 8 cm, with a volume of 226.20 cm? each
(Figure 2.1). A Nafion® 117 proton exchange membrane was used to separate the MFC compartments,
and rim chamber gaskets were used between the compartments to prevent leakage. Air was constantly
bubbled into the MFC catholyte using a fish tank pump. In the anolyte, a consortium from domestic
wastewater and acetate (0.003 mol L) was used as carbon source, in addition to a buffer solution
(NHA4CI, 0.31 g L; KCI, 0.31 g LY; NaH2P0O4-2H20, 3.32 g L1; Na2HPO4-2H20, 10.32 g L), this
compartment was maintained under anaerobic conditions.

Carbon fiber (Fibre Glast Developments Corporation) was used for the electrodes, both electrodes
had an area of 0.0018 m?. The following sections describe the treatment given to the anode and the MnO
deposit on the MFC cathode. The cell was kept in operation for a period of 26 days at room temperature.
Carbon fiber was used for the external connection.

Figure 2.1 Schematic of microbial fuel cell
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2.2. Treatment of the anode

The anode was immersed in acetone for 10 minutes at 29°C, then washed with ethanol under the same
conditions and left to dry at room temperature. Next, the electrode was immersed in a 50% v/v nitric acid
solution and kept in agitation for 4 hours at 80°C, and then washed several times with distilled water.
The electrode was then dried in the culture oven for 1.5 hours at 120°C. The purpose of the anode
treatment was to favor the adhesion of the bacteria, as well as to decrease the internal resistance, in
addition to promoting the electronic transfer between the microorganisms and the anode (Cai, et al.,
2013).

2.3. Preparation of MnO2 and deposition on the cathode

The cathode was placed in a 50 mL solution of 0.1 mol L potassium permanganate (KMnQ4) for
approximately 8 hours. By this procedure, the MnO: is spontaneously deposited on the carbon fiber
electrode by simply immersing the carbon in the solution (Ma et al., 2007). Once the indicated time had
elapsed, the electrode was removed from the solution and allowed to stand for 30 minutes to allow the
excess to drain. It was then placed in a culture oven at 90°C for 2 hours to dry completely. After the
procedure was completed, the catalyzed cathode could be used for the following applications.

2.4, Data acquisition and characterization of the MFC

The H-type MFC was kept in operation for a period of 26 days. The acclimatization stage of the cell
consisted of the colonization of the anode by the microorganisms. During this period, the open circuit
voltage of the MFC was recorded using a multimeter (Steren Professional Deluxe Multimeter with PC
interface, Model: MUL-600). When the cell reached a stable voltage, the cell was characterized by means
of polarization and power curves, using an external resistor (Rext), varying it in a range from 2 to 10 kQ
and recording the corresponding voltage obtained in the cell (Emrc). For each pair of values (Q-V)
obtained experimentally, the current was calculated according to ohm's law:

I — EpmFc (1)

Rext

The polarization curve was obtained by plotting cell voltage vs. current. The power density curve
was obtained from the polarization curve, plotting the power density vs. current density, considering that
the cell power (Pwrc) is defined as:

_ E?ypc
PMFC - (2)

The power density obtained in this study was normalized to the area of the anode (MWm™).
3. Results
3.1. Acclimatization stage

Graph 3.1 shows the cell voltage as a function of operating time. During the first 5 days of operation, an
exponential increase in voltage was observed, reaching a maximum of 0.8 V. Subsequently, the voltage
began to decrease gradually, registering 0.24 V after 22 days of operation, which could be due to the
depletion of organic matter by the microorganisms contained in the anode. In order to provide the carbon
source to the MFC, acetate was supplied (as shown in the graph), increasing the voltage to 0.33 V. The
system was monitored for a period of 26 days.
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Graph 3.1 MCC acclimatization stage
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3.2. Polarization curve and power density

Graph 3.2 shows the polarization curve obtained in the MFC. It can be observed that the cell reached an
open circuit voltage of 0.53 V, rapidly decaying to 0.32 V. This rapid loss of voltage at low currents
corresponds to the activation losses, i.e., the activation energy that the reactant species of both electrodes
must overcome. The anode is influenced by the type of substrate used as well as the microbial culture,
while the cathode depends on the reduction kinetics (Rizmani-Yazdi et al., 2008). Graph 3.2 also shows
a zone of almost linear voltage drop in an interval of 0.3 and 0.25 V, in this region is located the maximum
peak power generated by the cell, some of the factors that influence these losses are the cell configuration
and the resistivity of the different conductors, so it is important to minimize these potential losses to
optimize the performance of a MFC (Clauwaert et al., 2008). Finally, the graph shows a rapid potential
drop at high current densities.

Graph 3.2. Polarization curve
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Graph 3.3 shows the power density obtained in the cell as a function of current density. The MFC
obtained a maximum peak power of 6.09 mW/m?2 with a current density of 22 mA/m?. (Fuentes et al.,
2020) used the same method as this study to obtain MnOz. The crystalline structure they identified was
birnessite-type MnO,. The method used in this work to deposit the catalyst on the MFC cathode has
several advantages over other synthesis methods, and it is certainly attractive from a cost-effectiveness
point of view, since unlike other synthesis methods it is simple and allows preparing a low-cost catalyst.

Graph 3.3 Power Density Curve
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Conclusions

In this study, birnesite-type MnO2 was synthesised on a carbon fibre cathode by simply
immersing the electrode in an aqueous solution of KMnQa.

- Using this catalytic material in an H-type MFC, a maximum power output of 6.09 mW/m2 with
a current density of 22 mA/m? was obtained.

- Domestic wastewater is an ecological liability that can be used in a MFC to generate electricity,
while at the same time purifying this waste.

- For future work, it is suggested to optimise the cell configuration to reduce ohmic losses, as
well as to increase the conductivity of the system to improve the power output.
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