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Preface

The Faculty of Engineering and Architecture of the Universidad Autbnoma del Carmen (UNACAR),
through the Master's Program in Materials and Energy Engineering, organized the 1st Colloquium of
Research in Materials and Energy Engineering, held on Octokizs,2824, to precede the 5 previous
editions of the Master's Student Colloquium. The main purpose of this first colloquium is to open a space
for the dissemination and diffusion of research topics developed by students, academics and technologists
of the dfferent undergraduate, master's and doctoral programs in the area of sciences and engineering of
UNACAR and other graduate programs in the region, the country and abroad. Specifically, the
colloquium seeks to promote discussion, debate and feedbackeanctesdvances in the areas of
materials, energy systems, environmental sciences, hydrogen technologies, electrochemistry, corrosion,
control and instrumentation, modeling and numerical simulation, among others. The organizers and most
of the participantof this first colloquium, who belong to research groups from different Academic
Groups and make wup the AThematic Network of M
members of national and international institutions, presented the progress oégbainch through oral
presentations, posters, lectures and virtual conferences, workshops, as well as the exhibition of some
technological prototypes designed and manufactured by students.

This HandBook Entitled Al nnovative Applicati
compendium of 9 chapters focused on the use of clean technologies and sustainable processes for energ
transition and environmental conservation is a product ofirsteedition of the Research Colloquium
2024, and is a reference that highlights the fundamental guideline of the Universidad Auténoma del
Carmen and its commitment to quality education.

Coordinators

FigueroaRamirez, Sandra Jazmin
FloresChan, José Enrique
Patifio-Carachure, Cristobal
Abatal, Mohamed
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Implementation of solar thermal and photovoltaic energy for the production process
of corn tortillas
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This paper offers a method of implementing solar thermal and photovoltaic energy to reduce the consumption ¢
electricity from the network that a common business dedicated to the production of tortillas, thereby it is intg
contribute to thevector aimed at the implementation of clean energy, and also serve as a guide for these facilitieg
common not only in the field of tortilla if not in other small and medium enterprises. One of the key aspects of this
is to understand the port culture of the corn tortilla as a staple food in Mexican society as well as the process an
manufacture and thus be able to design alternatives to reduce costs through the implementation of new techno
implementation of a hybrid saléhermal- photovoltaic system is undoubtedly an excellent proposal for cost reduct
the production process of corn tortillas, it is also a responsible proposal that helps to reduce greenhouse gas en
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Abstract

A methodology was developed for the implementation of solar thermal and photovoltaic energy in an establishment dedicated
to the production of tortillas with an electrical consumption between 491 kWh and 572 kWh per year, with a consumption of
2,235 litersof LP gas weekly. The available solar resource was determined at an angle of 22 ° using the Liu & Jordan method,
and the FChart method was also used for thermal sizing. For photovoltaic sizing, the critical month was selected, and the
peak power that thehotovoltaic system must have to generate the energy consumed by the electrical loads was also
determined. It was calculated that 511.4 kg of LP gas and 2,984.76 kWh of electrical energy will be saved per year.

Implementation of solar thermal and photovoltaic energy for the production process of corn

tortillas
Objectives Metodologia Contribucion
Conduct energy consumption Thermal sizing, Liu & Jordan | Efficiency and sustainability in
studies in a tortilla factory method and F-Chart traditional food production

- Photovoltaic sizing, based
Sizing the solar termal and otovoliaic sizIhg, based on

¢ 5
thermal installation for a tortilla peak power Decrease in LP gas and
factory ‘. electricity consumption|

Photothermal, Photovoltaic, | mplementation

Resumen

Se desarroll6 una metodologia para la implementat@ota energia solar térmica y fotovoltaica uen
establecimiento dedicado a la produccion de tortillas con un consumo eléctrico entre los 491 kWh y los 572 kWh
bimestrales, con un consumo de 2,235 litegyas LP semanalmente. Se determiné el recurso solar disponible a

un angulo de 22° utilizando el método de Liu & Jordan, asi también para el dimensionamiento térmico se utilizd
el método FChart. Para el dimensionamiento fotovoltaico se seleccion6 ehegsritico, también se determind

la potencia pico que el sistema fotovoltaico debe tener para generar la energia consumida por las cargas eléctricas
Se calcul6 que al afio se ahorrardn 511.4 kg de gas LP y 2,984.76 kWh de energia eléctrica.

Implementacion de energia solar térmica y fotovoltaica para el proceso de produccion de
tortillas de maiz

Objetivos Objetivos Contribucion
Realizar los estudios de Dimensionamiento térmico, Eficiencia y sostenibilidad en la
consumo energético en una Método Liu & Jordan y F-Chart produccién de alimentos
tortilleria tradicionales

s
Dimensionamiento ‘ _ ’

fotovoltaico, con base a la

) . ) .. otencia pico o,
Dimensionar la instalacion solar P P Disminucion del consumo de

térmica y térmica para una ‘l gas LP y electricidad

tortilleria

Fototérmico, Fotovoltaico, | mplementacién



Introduction

The corn tortilla represents a fundamental basis in the diet of Mexicans and South Americans, and being
such a versatile element in the kitchen, it has been marketed in North America under the concept of fast
food-MexeX oodd and i es,t&later begoene populat aloend thea wprtdt However,

it is in Mexico where we could say that this industry is fully developed, both in the production of corn
tortillas and in the el aboration of ni xaskeshal

and tomalli (cooked dough), as in ancient times the ashes of the cooker were used as a source of alkalis
to achieve the cooking in an alkaline medium, necessary to give the desired texture to the dough and
allow the starch to mix with the proteingrl ut en 6 .

The industry dedicated to the production of corn tortillas is large abroad, but even more so in our
country, it is so important in the diet that it is included in the food basket where it is estimated that around
217.9 grams of tortillas are consumed perspn per day, generating a monthly expenditure of
approximately $147.04 mxn, representing 11% of the total estimated at $1,344.94 mxn per person.
Taking this into account, we can say that the energy demand for its production is very important. For this
reason, studies have been carried out to evaluate various alternatives not only to supply, but also to reduce
this energy demand. Some studies are aimed at optimising the processes that are carried out either by
making modifications to the mills, the mainégce that is given to them or the type of raw material that
is used, testing different quantities of maize, maize flour, water and/or lime, and others are aimed at
obtaining energy by other means to reduce costs caused by the same energy demand; éxhiaples o
are the attempts to implement clean energy in the production process or reusing heat that is normally
wasted during the proce€SONEVAL, 202)) (Juarez Hernandez & Sheinbaum Pardo, 019

Food basket 2021

m Monthly spending on corn
tortillas
®m Monthly spending on meat

Monthly spending on
chicken meat

®m Consumption of milk-
based products
Vegetables and legumes

Fresh fruits

6% | 10% B Food and drinks outside

m Other expenses

Figure 1
Percentage of expenditure on food basket 2021
Source:Own elaboration with information from CONEVA

Solar thermal heaters are an option to inject thermal energy into the process without generating
an expense in the production, this type of technology has already been implemented in the mills with
satisfactory results. It is worth mentioning that the ciioye of these heaters is not to replace the burning
of natural gas to satisfy the thermal demand of the process, but to implement them as a source of energy
for pre-heating the water used to cook the corn. We could say that, with the exception of somdlsur
in the country, absolutely all the mills work with electric motors in the process during the cooking of the
corn to obtain the nixtamal, but in the same way we can say that the great majority of tortilla factories in
the country use them duringetltooking of the dough, where attempts have been made to increase their
efficiency and that of the mechanical components present in the machines used.
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On the other hand, we have the need to satisfy the electrical energy demanded by the electric
motors, and it is here where photovoltaic solar energy and photovoltaic cells could have a significant
impact on the nixtamalisation and production of tortillascause apart from being a clean and
inexhaustible energy, their main advantage is that, like solar thermal collectors, they do not generate a
constant expense in production.

However, despite the fact that a large number of projects have been carried out implementing all
the aforementioned alternatives, the truth is that within the tortilla production sector the implementation
of these technologies is still seen as an optidh miany unknowns, as a result of the lack of knowledge
of the high profitability that these technologies provide to the tortilla production process, Not to mention
that the results of projects carried out have not been properly disseminated, which lgswingjéct
aims to evaluate the energy demand of a common tortilla factory in the city of Ciudad del Carmen,
Campeche, and make an estimate of the economic profitability that a project using these energy
technologies could present compared to the cumanket.

Methodology

The activities in the tortilla factory under study begin at 05:00 hrs, the first grinding of nixtamal is carried
out and then the tortilla machinetigned on and tortilla production begins. Tortilla production takes
place on two occasions during the day, the first starts at 05:00 hrs and ends at approximately 08:30 hrs
in the morning, the second starts at approximately 11:00 hrs and ends at 18{0Ddcday.

The maize is cooked the day before, so that in the morning the maize is ready to be ground, during
the first grinding the volume of maize is around 80 kilograms and during the second grinding around
another 120 kilograms. The nixtamal is mixed with nixtksea maize flour in a ratio of 1 kilogram of
nixtamal to 3 kilograms of nixtamalised maize flour, so that around 600 kilograms of nixtamalised maize
flour are used daily. The mixer is in charge of this process and does it intermittently with loads of 40 t
50 kilograms, which are stirred for around 5 minutes. Once the nixtamal has been mixed with the
nixtamalised corn flour, the result is the dough used to make tortillas, which is delivered to the tortilla
hopper in 5&ilogram portions. The tortilla maame works constantly during most of the production
hours. During the afternoon from 14:00 to 15:00 hours, the maize to be used the following day is cooked;
this quantity varies on some days between 200 and 250 kilograms. The maize is cooked in water at a
ratio of 1 litre per kilogram of maize for approximately 5 minutes until it reaches 70° and is left to stand
for the rest of the day and night until the early hours of the morning, when it is used for the first milling
of the day.

Water consumption

The water used in maize cooking is 1 litre per kilogram of maize used, using about 200 litres of water
per cooking per day, and for each kilogram of nixtamalised maize flour, about 1.4 litres of water are
used, using about 840 litres of water per dayh8adtal water demand for the production of corn tortillas

is the sum of the water used in these two processes, so that about 1040 litres of water are used per day.

Electricity consumption

The tortilla factory has 4 electric motors perform different functions within the tortilla production
process:

Milling : The motor used for milling the corn grain is the one with the largest capacity, it has a power of
5 horsepower and operates at 220 Volts with a consumption at full load of 12 amperes. This mill takes
about 1 minute to grind 2 kilograms of maize, so ttmbughout the day it keeps operating for
approximately 2 hours net throughout the day, on average, the mill consumes about 5.2 kWh per day.

Mixer: The motor used by the mixer has a power of 2 horsepower and operates at 110 Volts with a full
load consumption of 3.5 amperes, the mixer takes on average 5 minutes to do its job, mixing around 50
kilograms per load, in total around 33 loads are mixedl@ggr The daily usage time is about 3 hours net
over the course of the day and on average, the mixer consumes about 1.1 kWh per day.
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Tortilla machine The motor used in the tortilla machine is a 1 horsepower motor which operates at 110
Volts with a full load consumption of 5 amps. The tortilla machine is kept in operation for approximately
2 hours in the morning and 1.5 hours in the afternoon working.6 net hours per day, so on average
the tortilla machine consumes about 1.9 kWh per day.

Agitator. The last motor is the agitator, not all threshing machines have this last process, the purpose of
the agitator is to arrange the tortillas and arrange them once they come out of the burner, the motor used
is 1/4 horsepower, it operates at 110V with ascomption of 2 Amperes. This motor runs for the same
amount of time that the tortilla shaker is in operation, approximately 3.5 hours a day. On average the
shaker consumes about 0.8 kWh per day.

At the end of the day the electric motors used in the tortilla production consume a total of 9 kWh
per day, 270 kWh per month, giving a total of 540 kWh perrvemth billing period.

The service number of the premises was requested from the Federal Electricity Commission
(CFE) in order to compare the billed consumption with the consumption measured in Figure 2, which
shows that the consumption ranges between 491 kWh and 572 kWhthitbedhout the year. This
means that the energy demanded by the electric motors actually amounts to around 540 kWh.

3000 $2,780
$2,609 $2,587 $2,517 $2,523
2500 $2,334
2000
1500
1000
500 P ® ——————eee ®

0
20 Dec 21-1818 Feb 22-2121 Apr 22- 2121 Jun 22- 199 Aug 22- 1919 Oct 22-20
Feb 22 Apr 22 Jun 22 Aug 22 Oct 22 Dec 22

=@—Kk\Wh ==@=Costs (MXN)

Figure 2
Graph of energgonsumption and costs per period
Source: Own elaboration with CFE receip

The same graph shows the economic amounts for energy consumption determined by the CFE,
where the highest amount coincides with the highest consumption recorded, so that the amount for
electricity consumption is around $2,500 pesos per billing periadinitgortant to mention that the tariff
applied is Low Voltage Small Demand.

Calorific consumption
The amount of heat energy used can be estimated by the equation [1].
Fooepey s
Where:
Q: Heat energy (J)
m: Mass of material (kg)

C. Specific heat (J u kg * K)
&T: Temperature change experienced by the ma
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The amount of energy demanded must be calculated according to the quantities of ingredients
used, cooking requires a total of 200 litres of water per cooking, 200 kg of corn is cooked daily and 2 kg
of lime is added. Nixtamal cooking at the Insurgentefilaaia consists of injecting heat into the mixture
for 5 to 10 minutes to reach a temperature of 70°C and then leaving it to rest for the rest of the day.

Liu & Jordan method

The Liu & Jordan method (Duffie & Beckman, 2013) allows the calculation of incident solar radiation
on an inclined plane, providing an approximation using few variables for estimation and maintaining a
margin of error compared to field measurements. Tlethod is useful for finding the optimal angle of
inclination for solar collectors, as it is possible to obtain approximate values of collection depending on
the angles of incidence and inclination; in this project, latitude was used as the angle dfandimma

the solar collectors and the generation potential at this angle is estimated using the following equation

[2].

AL,
Tey

L
=
o

14 T« Ay qe 7 21 [2]

Where:

( i Total insolation incident on a sloping surfaée®z g | )
( : Total global desolation of the sitE 7z 5 | )

( : Horizontal diffuse insolatiorH 72 § I )

2 : Ratio of direct insolation to total insolation

[ : Solar collector inclination

M : Terrain reflectance

T h e-Chart Method

T h e-Chart curves method is commonly used for the sizing of solar thermal installations, it allows the
calculation of the contribution that a solar thermal collection system would have to the total heat demand
of a process, as well as its average peréomre over a long period of time. This method is efficient for
calculations and estimations over long periods of time, i.e. it should not be used for short term (daily
weekly) estimations. It is important to mention that this method is only applicablatimdgeystems

where the minimum temperature for the energy supply is approximately 20 °C. Monthly meteorological
data on solar radiation, water temperature and ambient temperature are used for its development (De la
cruz Figueroa, et al., 2021). The metHodliquid systems is performed using the equation [3].

B 8 £ 8 L 8 £ 8 L g 4L [3]

Its application consists of identifying the dimensionless variables of the heating system and performing
operational simulations to determine the correlations between the variables and the performance of the
system for a given period of time. Theresulttv@ r r el ati ons deter mine the
monthly load supplied by solar energy as a function of the dimensionless parameters). The method
comprises 2 dimensionless parameters "X" and "Y", where the former represents the ratio between the
aborbed solar radiation and the demanded heat load and the latter is a ratio between the collector losses
and the heat loadsD(ffie & Beckman, 2013

Photovoltaic sizing

The sizing of the PV system is done based on the peak power that the PV system must have to generate
the energy consumed by the ECL electrical loads, which is calculated according to the equation [4].

N T 4
=17 S 4]

Where:



'O : Energy consumed by electrical loads (kWh).

O : Local solar resource (h).

— : Overall total system electrical efficiency.

'Y : Thermal efficiency of the module (Typically taken as 85% for systems without batteries).

The overall total electrical efficiency of t
of the Il ines or | osses set in the wiring 0606,
el ectrochemical storaigrvernytséaremo@®@obancacgftthei enfciyc i

devices that use and handle or drive the generated power. The commonly used default values are: , ,y .
It is important to mention that the peak power of an existing PV array can be calculated based on the
total number of PV modules and the peak power of the PV module in question, as shown in equation
3.26(Sanchez Juarez, Martinez Escobar, Santos Magdaleno, Ortega Cruz, & Sanchez Pérez, 2017)

=3+ 442 hdar [5]
Where:

0 : Total number of photovoltaic modules which results from the multiplication of the number
of modul es conmme dbtyed hien nsuembieas .o fi moldu.l es co

Results

The calculated thermal demand was 3,586.05 kWh, energy required to raise the temperature of the water
from room temperature to the reference temperature (70 °C). Table 1 shows that the amount of energy
demanded is similar throughout the year, with a sligtitease between the months of November and
March.

Table 1
Thermal demand
Month &l (°C) N (day/month) DQ (MJ) DQ(kWh)

January 45.3 31 1175.68 326.58
February 447 28 1047.84 291.07
March 43.7 31 1134.15 315.04
April 42.1 30 1057.38 293.72
May 40.9 31 1061.49 294.86
June 40.4 30 1014.69 281.86
July 40.7 31 1056.3 293.42
August 40.5 31 1051.1 291.97
September 40.4 30 1014.69 281.86
October 41.1 31 1066.68 296.3
November 43 30 1079.99 300

Source: owrelaboration.

The tortilla factory uses thrgghase electric motors operating at 220 VAC, and thatoded
electrical distribution network (RELD) provides electrical energy at a voltage of 220 VAG;pthase
at 60 Hz, we can deduce that the system requires-phage 220VAC, 60 Hz DC/AC inverter to be able
to feed our installation and interconnectiwihe RELD. The first step is to calculate the electrical demand
of the system, this with 4 motors in the production process; table 2 shows the daily electrical consumption
of each one of them.
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Table 2
Daily electricityconsumption
Loads Volts Amper Power (kW) Time of use (h) Consumption
(kWh)

Mill 220 12 2.64 2 5.28
Mixer 110 35 0.39 3 1.17
Tortilla machine 110 5 0.55 3.5 1.93
Agitator 110 2 0.22 35 0.77
Total 220 22.5 3.8 12 9.15

Source: owrelaboration

Once the thermal demands were calculated with equation 1, the calculation of the incident solar
radiation at the angle of the latitude of the place was carried out, and the Liu & Jordan Method was also
applied, where own meteorological data was used, hasvthe real data of commercial flat plate solar
collectors, the model chosen was the AXOL 240 LITRES MS 2.5 BLUE of the commercial brand
Modulo Solar. Finally, it was possible to compare the results obtained between the monthly heat demand,
the thermaknergy of the proposed collectors and the consumption of LP gas, as shown in figure 3. In
this figure it can be seen that for the latitude of the place under study in the months of November,
December and January are the months with the lowest contriloditibermal energy with the proposed
system.

350
300 \/\—'W—/
250
2
150
100
50
0
=) & D> & ¢ » & & & & &
F&E Y S s
NS B A X o « &
< = = F

— Monthly heat load Qa — Useful energy captured per month Qu

Energy with L.P. Gas

Figure 3
Comparison of thermal energy

Source: Own elaboratior

Based on the estimates of the available area for the installation of the equipment, it was
determined that high efficiency photovoltaic modules were needed, and that they should be panels with
a monocrystalline structure. The solar photovoltaic moduleteelevas the LRF2HTH 585~600 M
model from LONGI. Once the calculations had been made, comparisons were obtained between the
electrical energy demanded and the electrical energy coming from the proposed system, as shown in
figure 3. It should be noted then the months of July and August the photovoltaic electrical energy is
exceeded, so the system interconnected to the grid will supply this surplus to the national electrical grid.



300
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= Energy demand = Energy generated

Figure 3
Comparison of electricity

Source: Owrelaboration

In the case of the results with respect to the payback time of the investment, calculations were
madeand it was determined that the present project would recover the investment in 5.04 years. In a
study from Spain and Ecuador, a minimum payback time of 8.75 years was estimated for photothermal
installations, noting that only the photothermal installatwithout photovoltaic was considered,
although it is not a comparison of similar projects, it gives us an overview of the results obtained in the
present study.

Conclusions

The system will have an annual solar fraction of 0.7368, in other words, the solar thermal system will
provide 73.68% of the thermal energy demanded. In the case of the solar photovoltaic system, throughout
the year, the installation will produce 94% oé thlectrical energy demanded, so it is concluded that the

use of solar thermal and photovoltaic energy is profitable for businesses similar to the one in the study,
and if extrapolated to the whole country, it would contribute to the metitormgoals sefor the use of

clean technologies, improving efficiency and sustainability in traditional food production, concluding
that the use of these mature technologies would economically benefit Small and Medium Enterprises in
Mexico, as well as their consequenpport to the environment by decreasing the consumption of LP gas
and electricity.
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Abstract

This study addresses the use of Clinoptiletiygge zeolite, natural and modified with sodium chloride

(1M, 3M y 5M) and potassium chloride (1 M y 3 M), to reduaer hardness by adsorbing calcium and
magnesium ions. Clinoptilolite is structurally characterized bgayX diffraction (XRD) and infrared
spectroscopy (FTIR) to evaluate changes in its structure and functional groups after modification, and its
point of zero charge (PZC) is determined to understand the effect of pH on adsorption. Adsorption
experiments, performed under controlled conditions, show that modified zeolite increases its efficiency
compared to natural zeolite, although it is observed thatggHra@uce precipitation of hardness ions,
affecting the accuracy of the measurements.
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3 My 5 M)y cloruro de potasio (1 My 3 M), para reducir la dureza del agua mediante la adsorcién de
iones de calcio y magnesio. La Clinoptilolita se caracteriza estructuralmente mediante difracciés de ray

X (DRX) y espectroscopia infrarroja (FTIR) para evaluar cambios en su estructura y grupos funcionales
tras la modificacion, y se determina su punto cero de carga (PZC) para entender el efecto del pH en la
adsorcion. Los experimentos de adsorcion, radéiz en condiciones controladas, muestran que la zeolita
modificada incrementa su eficacia en comparacion con la zeolita natural, aunque se observa que el pH
puede inducir la precipitacion de los iones de dureza, afectando la precisién de las mediciones.
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Introduction

Water hardness is a widely studied phenomenon of significant relevance, as it affects both the efficiency
of distribution systems and thiéstime of household appliances and other waigpendent equipment.
Hardness is mainly due to high concentrations o
with cleaning agents, forming insoluble compounds that reduce their effectiveme:fise accumulation

of scale that affects water conveyance systems. In the Municipality of Carmen, Mexico, where water
hardness levels represent a challenge for residents, there is an urgent need to implement affordable anc
sustainable solutions to imprewdrinking water quality.

There are several techniques for water softening, including the use of membrane technologies and
reverse osmosis, which are the most common, but have certain limitations such as high energy
consumption and high operational costs. In the face of thesationis, the use of natural and treated
zeolites emerges as a promising alternative due to their ion exchange capacity, low cost and availability
in various regions. Zeolites are porous minerals with a crystalline structure that allows the adsorption
and exhange of specific ions; in the context of this project, their ability to remove calcium and
magnesium, responsible for water hardness, is investigated.

This study focuses on Clinoptilolite zeolite, a type of natural zeolite, whose effectiveness is
analysed after a modification process with sodium and potassium. These elements are selected becaus
of their ability to increase the zeolite's affinity foraam and magnesium ions, thus improving its ion
exchange capacity compared to untreated zeolite. In addition to evaluating the efficiency of treated
zeolite in water softening, this study investigates the structural stability of the material during the
adorption process, an essential feature for its possible implementation in domestic filtration systems.

Methodology
Water sample collection

Water samples were collected at various locations in the Municipality of Carmen, Campeche, and nearby
areas, including Chicbul, Checubul, Sabancuy, Isla Aguada, Frontera, Hecelchakan and Mérida. In each
of these localities, samples were taken from reptetiee water bodies, while in the case of the
Municipality of Carmen, samples were taken directly from the household drinking water intake at the
point of domestic supply.

The samples were collected in polystyrene bottles of approximately 1 L, previously cleaned and
rinsed to avoid external contamination. They were then transported to the laboratory under appropriate
conditions. The pH of each sample was measured and therdoation of calcium and magnesium was
calculated by flame atomic absorption spectrophotometry using a Thermo Sciétific3000
spectrophotometer. For the determination of calcium, acetylene gas was used, and for magnesium, nitrous
oxide, using ultradry air as an auxiliary gas in both cases.

Conditioning of Clinoptilolitetype natural zeolite

Clinoptilolite-type natural zeolite was initially washed with 500 mL of deionisatkr, immersing 100

g of the material. It was left in agitation at 190 rpm for 30 minutes. This procedure was repeated three
times, followed by additional rinses with deionised water until the rinse water was clear. The zeolite was
allowed to dry at roontemperature and subsequently heat treated at 250 °C for two hours.

Subsequently, the washed zeolite was conditioned in sodium chloride (NacCl) solutions at 1 M, 3
M and 5 M concentrations, and in potassium chloride (KCI) solutions at 1 M and 3 M concentrations.
For the NaCl treatment, 50 g of zeolite were immersed in 30@fnthe solution and left in constant
agitation at 190 rpm for 3 hours; this procedure was repeated twice for each concentration. In the case of
the KCI treatment, 50 g of zeolite were immersed in 500 mL of the solution for 2 hours with agitation at
190 pm, repeating the procedure three times for each concentration.

Once the treatments with NaCl and Ka&ldifferent concentrations were completed, the zeolite
was rinsed with deionised water, then filtered and dried at room temperature. Finally, the conditioned
zeolite was sieved using a #10 sieve to ensure uniform particle size.
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Characterisation

The crystalline structure of the natural and conditioned zeolite was analysechpydiffraction (XRD)
using a GNR APD 2000 PRO diffractometer. The analysis was performed wKiu@adiation (1.5406
A) in a Arange from 10° to 60° and a step size of 0.02°.

Characterisation of the zeolite functional groups was performed by Fourier Transform Infrared
Spectroscopy (FTIR) in the range of 4000 to 500crihe spectra were obtained in terms of %
transmittance, allowing the identification of the characteristicatibnal modes of the functional groups
present in the zeolite structure.

Determination of the point zero charge (PZC)

The point zero charge (PZC) of natural and conditioned zeolite is calculated using the pH derivative
met hod. For this purpose, a series of 0.01 M c.
adjusted to values of 2, 4, 6, 8, 8, 10 and 12, udi@bor NaOH as required. To each 50 ml of the pH
adjusted solution, 0.1 £ 0.0005 g of zeolite was added.

The suspensions were allowed to stand for 24 hours to reach equilibrium. Subsequently, they
were filtered to obtain only the resulting solution, and the final pH of each solution was measured using
a Hanna Instruments edge® pH meter, which allows accpkitand temperature measurement with
automatic temperature compensation (ATC).

To determine the PZC, the final pH is plotted against the initial pH of each solution. The zero
loading point was identified at the pH value where the curve shows that the initial pH and final pH are
equal, indicating the absence of net loading on theteelrface.

Evaluation of adsorption isotherms

The adsorption capacity of zeolite for calcium and magnesium ions was evaluated by means of adsorption
isotherms. For this purpose, solutions of calcium and magnesium ions were prepared at different

concentrations (10, 20, 50, 100, 250, 500, 500, 700,3@Dand 1000 ppm). In each adjusted solution,

0.1 = 0.0005 g of natural or conditioned zeolite was dispersed and left in contact for 24 hours under

constant stirring at 190 rpm to ensure adsorption equilibrium.

, the samples were centrifuged for 3 minutes at 1680 RCF to separate the zeolite from the solution.
The final concentration of ions in the solution was determined by flame atomic absorption
spectrophotometry using a Thermo Scientific iICE 3000 spectropleteonThe data obtained allowed
the evaluation of the adsorption capacity of the zeolite as a function of the initial concentration of ions
in solution.

Results
X-ray diffraction (XRD)

The structural characterisation of the natural zeolite and its modified versions was performeayby X
diffraction (XRD) as shown in figure 1, evaluating the effects of treatment with sodium chloride (NacCl)

at 1 M, 3 M and 5 M concentrations, and withgssium chloride (KCI) at 1 M and 3 M concentrations

on the crystalline structure of the Clinoptilolite type zeolite. The XRD pattern of the natural zeolite shows
characteristic peaks of Clinoptilolite atl 2t approximately 22.5°, 27.5° and 32.2°, indicgta welt

defined crystal structure. Samples treated with NaCl at different concentrations maintain the main peaks
of natural zeolite, although a gradual decrease in the intensity of these peaks is observed with increasing
NaCl concentration. This effeaiggests a progressive ion exchange that slightly affects the crystallinity
without significantly altering the structure of the clinoptilolite. On the other hand, samples treated with
KCl at 1 M and 3 M also retain the main peaks, with a slight decreastensity that becomes more
pronounced at higher concentrations. The reduction in the intensity of the peaks in these samples may be
related to the | arger size of the K ion i n cor
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Figure 1

XRD patterns corresponding to Clinoptilolite type zeolite: A) clean natural zeolite, B) zeolite treated with 1M Ni
zeolite treated with 3M NacCl, D) zeolite treated with 5M NaCl, E) zeolite treated with 1M KCI, F) zeolite treated w
KCI.

Source [Own elaboratiof

In conclusion, XRD patterns indicate that the structure of Clinoptilolite in zeolite remains stable
after NaCl and KClreatments, although a slight decrease in crystallinity is observed with increasing
cation concentration. These results demonstrate the ability of clinoptilolite to withstand ion exchange
modifications without losing its basic crystalline structure, wtsapports its use in water treatment
applications.

Infrared (IR) spectroscopy

Infrared (IR) spectra of both natural and modified Clinoptilolite zeolite samples were obtained to evaluate
structural changes and the presence of key functional groupg. flange 4003000 cm?, a broad band

is observed in all samples, corresponding to the stretching vibrations eDlkhegroups, which is
characteristic of the presence of water in the zeolitic structure, an inherent feature of zeolitic materials
due to teir hydrated structure. The bands around 1650 eme associated with the bending vibrations

of adsorbed water, evidencing the ability of clinoptilolite to retain water even after modifications.

In the case of the NaCl and KCI treated samples, slight variations in the band intensities will be
observed in the 108850 cm? range, especially in the peaks around 1028,onhich correspond to the
asymmetric stretching vibrations of the@iand AtO bonds in the Clinoptilolite structure. This suggests
that, although the basic crystal structure of the zeolite is maintained, the ion exchange process generates
slight modifications in the chemical environment of th€OSAl groups due to cation substitati at the
exchange sites.



The bands between 600 and 450-icm
tetrahedra, show subtle changes in the treated samples, which could indicate modifications in the cation
e ding toprevibuscstudies, these dhangea

exchange sites

in the intensities of the IR bands may be associated with an increased affinity of the modified
clinoptilolite for the adsorption of certain metal ions, due to alterations in the electric field generated by

due

t o

rel ated to

t h

the exchaged cationgHao et al., 2018; Mamba, 2010
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bending

FTIR spectra of zeolite type Clinoptilolite, natural and treated with NaCl (1M, 3M and 5M) and KCI (1 and 3M).)

Source [Prepared by the autho

These results confirm the structural stability of clinoptilolite after treatment with NaCl and KCI

and suggest that these modifications may optimise its ion exchange capacity for water treatment

applications by increasing the accessibility of active siiésout compromising the integrity of the

zeolitic structure.

Point of zero charge (PZC)

The determination of the point zero charge (PZC) was performed for natural and modified zeolite with
sodium chloride (NaCl) and potassium chloride (KCI) at different concentrations. Figure 3 shows the

results of initial pH vs. final pH for each sample, @hallows the PZC of each sample to be identified.

The PZC of the natural zeolite is found at pH 7.8, indicating that at this pH the net surface charge of the
zeolite is neutral, an important characteristic for its ion exchange efficiency. In the case of zeolite

modified with sodium chloride at a concetitva of 1 M, the PZC decreases slightly to 7.4, suggesting

that this modification may enhance the zeolite's ability to attract positive ions, such as calcium and

magnesium, in a slightly lower pH range. This behaviour is consistent with the idea thathange
t he

wi t h Na can adjust
By increasing the sodium chloride concentration to 3 M, the PZC increases slightly to 7.6. This change

sur face

charge

of zeol

suggests that the higher NaCl cortcation can partially compensate for the decrease in PZC observed

at lower concentration, maintaining the effectiveness of the material for ion exchange applications. On

the other hand, the zeolite modified with potassium chloride at a concentration shawd a PZC of
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significantly alter the surface charge of the zeolite compared to the natural zeolite.
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Figure 3

pHpzcof Clinoptilolite type zeolite: A) clean natural zeolite, B) zeolite treated with NaCl at 1M and 3M, C) zeolite t
with KCl at 1M and 3M compared to clean natural zeolite

Source [Own elaboration]

Evaluation of adsorption isotherms

Calcium and magnesium adsorption isotherms on natural zeolite show inconsistent results in terms of
concentration variation between initial (Ci) and final (Cf) values after 24 hours of contact. At some
concentrations, the final concentration of calcium aragnesium ions in solution is higher than the
initial concentration, which is not an expected behaviour in an adsorption process. Additionally, it is
observed that the initial concentrations of the solutions decrease after the waiting period, subgésting t
the concentration values of the prepared solutions were altered during the adsorptiofhtgme.
phenomenon could be related to the interaction of the zeolite with the solution, which could have caused
an ionic exchange releasing calcium and magnesium from the zeolite matrix into the sBlotiGia(

& Wyszkowski, 2024. Alternatively, the high pH may have favoured processes of partial dissolution of
impurities present in the zeolite or the formation of colloidal species that did not completelytaecipi

thus contributing to an increase in the concentrations of these ions detected by atomic absorption
spectroscopyordala & Wyszkowski, 2024

Table 1
Isotherm of magnesium for natural zeolite
Concentration (ppm) Ci (mg/L) Cf (mg/L)

10 0.73 4.54

20 5.78 5.46

50 12.025 13.05

100 45.5 44.1

250 56.3 68.7

500 157.5 177.5

700 120.4 100.8

800 598.4 446

900 568.4 546

1000 714 433

SourceglOwn elaboration]

Table 2
Isotherm de calciumpara zeolita natural
Concentration (ppm) Ci (mg/L) Cf (mg/L)

10 5.19 4.22

20 12.79 16.36

50 26.32 30.05

100 59.94 74.66

250 126 163.5

500 284.2 344.9

700 405 376.8

800 500.2 512.3

900 567.1 579

1000 681.5 752

Source [Own elaboratior
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Calcium and magnesium concentrations in the collected water samples show relatively low
hardness values (Table 3). This low concentration could be related to the influence of pH in the samples,
as they present pH values around 7 and 8, which could be fangntiee sedimentation of calcium and
magnesium ions in the form of precipitates, thus reducing the measurable concentrations of these ions in
the water {leal & Stanger, 1984, Yan et al., 2020his phenomenon suggests that the atomic absorption
equipment is not capturing the total hardness of the samples due to the sedimentation of the hardness
ions under basic pH conditions€al & Stanger, 1984; Yan et al., 2020

Table 3
Calcium and magnesium concentration in water samples
Place Conc. De Ca (mg/L) Conc. De Mg (mg/L)

Champoton 39.15 26.1

Chekubul 15.18 13.02

Aguada Island 14.16 4.71

Merida City 16.5 7.65

Frontera 31.53 22.29

Hecelchakan 35.94 18.42
Source [Owrelaboration]

Conclusions

In this study, the adsorption capacity of Clinoptilolite zeolite, both in its natural and modified form, was
evaluated for the removal of calcium and magnesium ions under specific concentration and pH
conditions. The results indicate that natural and nedlizeolite with sodium chloride and potassium
chloride show a tendency to reduce the concentration of these ions in solution, although with some
inconsistencies attributed to the effect of pH on the adsorption process. The relationship between the
point zro charge (PZC) of the zeolite and the pH of the solution was decisive: when the pH of the
solution exceeds the PZC of the zeolite (approximately pH 7.8), the surface of the zeolite acquires a
negative charge that favours the adsorption of the hardmessHowever, at higher pH, precipitation of

the ions in the form of insoluble compounds becomes a relevant factor, affecting the accuracy of
concentration measurements by atomic absorption spectroscopy.

The sedimentation of calcium and magnesium ions, both in the solutions prepared for the
isotherms and in the water samples collected, represents a challenge for obtaining reliable hardness
measurements. These results suggest that pH control is a catittal ih future studies of hardness ion
adsorption on zeolites. Adjusting the pH of solutions or implementing complementary techniques to
guantify total hardness in the presence of precipitates could improve the accuracy and reliability of
measurements$n conclusion, although clinoptilolite presents considerable potential for the treatment of
hardness in water, the results of this study highlight the need to optimise the experimental conditions,
especially with regard to pH control and knowledge of thditeeBZC, to ensure effective adsorption
and accurate measurement of hardness ions in solution. Future studies should focus on optimising these
variables and evaluating the zeolite's efficacy under varying environmental conditions in order to
maximise itsapplicability in water treatment systems.
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Abstract

This study aimed to evaluate the biogas production potential from ¢aybl(Acrocomia aculeata) through anaerobic
digestion. Combinations of peel, pulp and seed were used, processed in batch reactors with a constant mass of 5 g of volatile
solids (SV). The tests were carried out at 37°C for 50 days, evaluating biometbdnetion. The results showed that run 9,
composed of 66.67% peel, 16.67% pulp and 16.67% seed, achieved the highest methane production with 350 NmL/g VS,
with the seed standing out as the most efficient component due to its high SV/ST ratio and a4CI0l Giterefore, adequate
proportions of the components maximize biogas production, and the use of pretreatments to improve peel degradation is
suggested. These findings underscore the viability of coyol as a sustainable bioenergy source.
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Resumen

El objetivo de este estudio fue evaluar el potencial de produccion de biogas a partir del fruto de coyol (Acrocomja aculeata
mediante digestion anaerobia. Se utilizaron combinaciones de cascara, pulpa y semilla, procesadas en reactores batch con un
masa constante de 5 g de sélidos volatiles (SV). Las pruebas se realizaron a 37°C durante 50 dias, evaluando la produccion
de bianetano. Los resultados mostraron que la corrida 9, compuesta por 66.67% de cascara, 16.67% de pulpay 16.67% de
semilla, alcanzo la mayor produccién de metano con 350 NmL/g VS, destacando la semilla como el componente mas eficiente
por su alta relacién S®T y una C/N de 24.40. Por lo tanto, proporciones adecuadas de los componentes maximizan la
produccion de biogas, y se sugiere el uso de pretratamientos para mejorar la degradacién de la cascara. Estos hallazgos
subrayan la viabilidad del coyol como fuedtebioenergia sostenible.
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Introduction

Global dependence on fossil fuels has had significant impacts on both the environmentgholaihe
economy Drosg et al., 2013; Patinvoh et al., 2D1IA particular, the combustion of these resources has
significantly increased greenhouse gas emissions, directly contributing to climate change, ocean
acidification and air pollutionAbatzoglou & Boivin, 2009 Consequently, the search for sustainable
and renewable alternatives has emerged as a key priority within global energy policies. In this context,
bioenergy is positioned as a viable solution that not only promotes carbon footprint redudtiaisp

allows harnessing renewable resources efficiehityryath et al., 2016; Parsaee et al., 2019, Fang et al.
20249).

Among the various forms of bioenergy, biogas has gained prominence due to its ability to mitigate
pollution while providing energy in a cestfective and sustainable manner. This gas, derived from the
anaerobic digestion of organic matter, is mainlycosnpod of met hane (CH ) and
and is widely used to generate heat, electricity or as a vehicle Abeltzpglou & Boivin, 2009;
CastellanosSanchez et al., 2023; Hung et al., 201ln contrast to fossil fuels, biogas production
promotes aircular economy model by valorising organic waste, which reduces environmental impact
and favours sustainable waste manageniéjd4] et al., 2016; Sarker et al., 2019, Kwakye et al., 2024

Furthermore, one of the main advantages of biogas is its low cost compared to other renewable
energy sources. Anaerobic digestion plants can be designed to suit various scales, from domestic systems
to large capacity industrial facilities. On the otherdhahe use of agrindustrial waste as feedstock not
only contributes to sustainability, but also fosters the development of rural communities by decreasing
their dependence on neanewable resourceslgrvath et al., 2016; Matheri et al., 2017; Parsaeg. et
2019; Sarker et al., 2019

In this framework, the coyoAcrocomia aculeafgpresents itself as a promising option for biogas
production. This fruit, native to tropical and subtropical regions, is abundant in Mexico, where currently
only a small fraction is used in the production of sweets and artisanal products, while aasigpdit
remains underutilised (F. A. Aguilgguilar et al., 2024; Balick, 1990, César et al., 2015, Magne et al.
2024)). Therefore, anaerobic digestion of coyol not only offers an avenue to harnessehisilisedi
resource, but also contributes to efficient waste management and the development of sustainable circular
economy models (Plath et al., 2016). These factors highlight the potential of coyol as an efficient and
sustainable feedstock for bioeneggneration.

Objective

The present study aims to evaluate the potential of coyol Karb€omia aculeafpas a feedstock for
bioenergy production through anaerobic digestion. This analysis focuses on its lignocellulosic
composition and high organic matter content, characteristics that position it as a resource with high
energy viability. In particular, theedy seeks to demonstrate that coyol can become an efficient source
for biogas production, highlighting its comparative advantage over other techniques and substrates used
in this process. The central hypothesis postulates that anaerobic digestion of coyol will offer a
competitive methane yield against other agricultural residues, thanks to its richness in carbohydrates and
lipids, which promotes an efficient conversion afrbass into biogas.

Hypothesis

The main problem identified in this study is the wasteful use of underutilised plant resources with high
energy potential. In this context, the transformation of coyol fArdcomia aculeatainto biogas
represents a sustainable solution, as it allows the valorisation of a widely available resource while
reducing the accumulation of organic waste in local communities. By addressing this challenge, the
present work contributes significantly tiee diversification of bioenergy sources, promoting an energy
model based on sustainability. This approach aims to minimise dependence on fossil fuels and promote
cleaner and more environmentally friendly energy development.
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Methodology

Obtaining raw material

The coyol fruit Acrocomia aculeafaused in this study was collected in the region of Copainala, Chiapas.

For the experiments, 5 kg of raw material was prepared and separated into its three main components:
peel, pulp and seed. Each of these fractions was crushed using a hammer nutedhregarticle size,

which facilitated subsequent analyses and ensured the homogeneity of the material. Subsequently, the
shredded material was stored at a controlled temperature of 4°C to preserve its-ghgsical
properties before being used in thiechemical potential methane (PBM) tests.

The inoculum used in the anaerobic digestion experiments was obtained from an 8 m3 capacity
biodigester, regularly fed with bovine manure. This biodigester generates approximately 3.5 m3 of biogas
per day, with an average methane content of 60.5%. Thesktionos ensure the presence of an active
and adequate microbial community to carry out the anaerobic digestion processes efficiently.

TS and TSS analysis

The analysis of total solids (TS) and volatile solids (VS) in coyol pulp, peel and seed was performed
following the methodology described in the Standard Methods for the Examination of Water and
Wastewater (2540 Solids), 22nd Edition, 2012, published &yAtherican Public Health Association
(APHA).

For each sample, approximately 2 grams of material were dried at 105°C to constant weight in
order to determine the STs. Subsequently, the dried samples were incinerated at 550°C in a muffle
furnace to measure the SVs, which represent the fraction ofiorgarterial present in the samples.

Total solids (TS) were calculated using the following equdti¢in

“Y"Yb Lepmm [1]

Volatile solids (VS) were calculated using the following equait&n

"Yéob —Gp T 2]

These formulae allow the quantification of total and volatile solids in each sample. The SVs
provide an estimate of the organic fraction oftli@nass that is available for biodegradation during the
anaerobic digestion process.

TGA and DTG analysis

The characterisation of coyoA¢rocomia aculeatafruit components peel, pulp and seed was
performed by thermogravimetric analysis (TGA) and thermogravimetric derivative analysis (TGA) to
evaluate their thermal stability and decomposition behaviour. The samples, previously crushed and dried,
were puverised and sieved to obtain a uniform particle size between 100 and 200 um, ensuring the
necessary homogeneity for the analy$ésnfirezEstrada et al., 2032

The experiments were carried out using thermogravimetric analysis equipment coupled to
thermogravimetric derivatization system, which allowed obtaining accurate data on mass loss and the
different stages of thermal decomposition of each component. The temperature range used was from
25°C to 800°C, with a constant heating rate of 10°C/rthns ensuring a uniform and controlled
decomposition process. To prevent oxidation of the samples during the analysis, a nitrogen atmosphere
with a constant flow rate of 50 mL/min was usé&be results obtained were fundamental to identify the
decomposittn onset temperatures, thermal degradation stages and respective mass losses of the
lignocellulosic components of the coyol. This information is key to understanding the thermal stability
of the husk, pulp and seed, and contributes significantly to tiessamaent of their potential for energy
applications. Furthermore, the findings support the optimisation of techniques for the use of coyol fruit
in the production of bioproducts and biofuels, highlighting its versatility in energy conversion processes.
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Elemental analysis

Elemental analysis was carried out to determine the carbon (C), hydrogen (H), nitrogen (N) and sulphur
(S) contents of the coyol fruit components: pulp, peel and seed. The main objective was to quantify the
elemental composition of each fraction and toleai® their suitability as substrates in anaerobic
digestion processes. For this analysis, a CHNS/O elemental analyser (Thermos) was used, which
guarantees accurate and reproducible measurements.

Approximately 2 mg of each sample were weighed and placed in tin capsules, which were
combusted at 925°C in a pure oxygen environment, thus ensuring complete combustion of the materials.
During this process, the elements present in the samples werertramefal i nt o gases: CO
(hydrogen) , NO (nitrogen) and SO (sul phur) .
helium through specific chemical traps, and their concentrations were measured with a thermal
conductivity detector.

To ensure the accuracy of the analysis, the instrument was calibrated using methionine as a
standard reference material. The results obtained were reported as percentages based on the total mass
each sample, providing detailed information on the chdmlwaracteristics of the pulp, peel and seed.

This analysis is key to understand the behaviour of each component in the anaerobic digestion process
and to optimise methane production by identifying suitable mixtures and treatments to maximise their
bioenegy yield.

Batch reactors

To evaluate the impact of different proportions of coyol pulp, seed and peel on biogas production, a
mixture-based experimental design was used. This approach allowed to analyse the behaviour of
anaerobic digestion by varying the proportions of the thoeeponents, maintaining a constant total
mass of 5 g volatile solids (VS) per reactor in batch trial\guilarAguilar et al., 2023n

Ten different combinations of pulp, seed and peel were designed and carried out, as detailed in
Table 1. In each experiment, the sum of the percentages of the components was always equal to 100%,
ensuring consistency in the tests and validity of the eslitained. This experimental design made it
possible to identify the optimal proportions of coyol components to maximise biogas production and to
understand their influence on the efficiency of the anaerobic digestion process.

Table 1
Experimental tests of biogas production using different combinations of coyol components

Trials pulp (%) Seed (%) Mask (%)
1 1 0 0
2 0 100 0
3 0 0 100
4 50 50 0
5 50 0 50
6 0 50 50
7 66.67 16.67 16.67
8 16.67 66.67 16.67
9 16.67 16.67 66.67
10 33.33 33.33 33.33

Source: Own elaboration

The experiments were carried out in 250 mL glass bottles sealed with rubber stoppers, thus
ensuring fully anaerobic conditions. These bottles were selected for their ability to maintain the
experimental conditions and to facilitate both collection and tification of the biogas produced. A
total of 10 reactors were set up in batches, each containing a specific combination of coyol peel, pulp
and seed, following the proportions set out in Table 1. The subsieteculum (S/I) ratio used was
1:1, with 59 volatile solids (VS) of substrate or mixture and an equivalent amount of inocklum (
Aguilar-Aguilar et al., 2023a
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Each reactor was inoculated with 18 mL of inoculum, equivalent to 5 g of SV, and substrates
were added according to the defined proportions. To ensure adequate nutrient supply to the microbial
consortia, a specific macrand micronutrient solution was agltito each reactor. Macronutrients added
ncluded NH CI (11122.0 mg/ L), (NH )H POG6H (L 32.

[

(250. 0 ng/I—L)Q (Cla8®I. 0 mg/ L) and NaHCO (2500. 0 m
6H O (5. mgimg)y L)ZAGINOI (.23 mg/-4H, O(NH. § -mg/ lO)
6H O (0. 136kgOL)5. Co®@Y/ O) (18iCIl mg/ L), EKHMD (:
(8.0 mg/L) and HCI (1.0 mg/L) (F. Aguilakguilar et al., 2023b).

To ensure a fully anaerobic environment, air was removed from the headspace of the reactors
using a 60 mL syringe. The reactors were maintained at a controlled temperature of 37 + 3°C in a
Memmert oven (model D91126) and incubated for a period of 50 daysntil biogas production
stopped. The initial pH of the reactors was adjusted to 7.5 using a 40 g/L buffer solution, ensuring that it
remained within the optimal range of 6.5 to 7.5 for anaerobic digestion processes.

Biogas quantification

The biogas volume measurement system used in this study was an adaptation of the method describec
by AguilarAguilar et al. (F. AguilatAguilar et al., 2023a). Thisystem consisted of an inverted 1000

mL flask (a), containing a 5% HCI solution. The function of this solution was to facilitate the
guantification of the total biogas produced in each anaerobic reactor. The flask was modified with a lid
that included twarifices: one for the inlet of the gas coming from the anaerobic reactor (b) and one for
the outlet of the liquid displaced by the gas, which was collected in a graduated cylinder (c).

Measurements were carried out every 24 hours, starting frofirdhday of incubation, using
the liquid displacement method. The volume of liquid displaced by the biogas was collected in a
graduated cylinder, and this volume was converted to standard conditions of pressure and temperature
(NmL) - 1 atm and 0°G by gplying the Ideal Gas Law. This approach allowed to obtain accurate and
consistent measurements of the volume of biogas produced in the experimental trials.

Figure 1
Schematic of the liquid displacement biogas measurement system. (ajnLO@®erted flask with 5% HCI solution, (b)
anaerobic reactor where biogas is produced, (c) graduated cylinder for collection of the displaced liquid, used tohealculate
volume of biogas produced

Source: Own elaboration
Results
Physicochemical characterisation of coyol

Anaerobic digestion occurs in four main stages: hydrolysis, acidogenesis, acetogenesis and
methanogenesis. Understanding the composition of the substrate is essential, as it significantly influences
microbial metabolism and, consequently, the efficiencybafgas production. Physicochemical
characterisation of coyol fruit peel, pulp and seed allows the assessment of critical parameters such as
dry matter (DM), volatile solids (VS), VS/TS ratio, chemical oxygen demand (COD) anévpbtgnti

et al., 2023; Brvne & Murphy, 2013; Codignole Luz et al., 2018
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Table 2 presents the physicochemical composition of doyiblcomponents. All of them show
a VS content higher than 85% with respect to TS, indicating a good potential for biogas production.
Previous studies suggest that a VS/TS content above 50% in organic substrates is a positive indicator of
high biodegradaility, which favours their utilisation in anaerobic digestibal{atut et al., 201

Of the three components, seed stands out with the highest VS/TS ratio (93.44%) and a COD of
233.1 g/kg, which makes it an excellent substrate for biogas production. However, its high protein and
oil content may pose a risk of inhibition due to ammoniamedation and excess oils. The pulp, with a
VS/TS ratio of 91.85% and a COD of 183.4 g/kg, presents an adequate balance, with a high availability
of sugars that facilitates conversion to methane during anaerobic digestion. On the other hand, the husk,
althaugh it has a lower VS/TS content (88.508%) and a COD of 147.2 g/kg, is rich in lignocellulosic
material. This characteristic may limit its biodegradability under natural conditions; however, specific
pretreatments can enhance the release of fermentagkrssand increase its potential for biogas
production Garker et al., 2019

The carborto-nitrogen (C/N) ratio, presented in Table 3, is another key factor for anaerobic
digestion, as it affects the nutritional balance necessary for efficient microbial activity. Coyol
components show significant variability in this ratio. The Ishak a very high C/N ratio (241.47),
reflecting a high carbon and low nitrogen content, which could limit its biodegradability without the
addition of complementary nitrogen sources. Pulp, with a C/N ratio of 62.67, presents a better balance,
although itmay require additional nutrient adjustments. Seed, on the other hand, has a C/N ratio of 24.40,
which is within the optimal range of 2D for anaerobic digestion, positioning it as a promising main
substrate for biogas production. These differences unddhe need to employ appropriate blends or
co-digestion with other materials to maximise the efficiency of the pro€ess( et al., 2013; Kafle et
al., 2013; Obata et al., 2020).

Table 2
Physicochemical composition of coyol fruit components

Components ST (g/kg) SS (g/kg) SVIST DQO (g/kg) Relation C/N
Peel 963.3 852.6 88.508 147.2 241.47
Pulp 957.0 879.0 91.85 183.4 62.67
Seed 981.5 917.1 93.439 233.1 24.40

ST: Total Solids, SV: Volatile Solids, COD: Chemical Oxygen Demand
Source: Own elaboratio

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) and thermogravimetric derivative (TGD) of the coyol fruit
components peel, pulp and seedtogether with the inoculum, allowed to evaluate their thermal
behaviour and stability during decomposition (Figure 2). The TGAs gloow how the mass loss of the
different components occurs in weléfined stages as the temperature increases up to 800°C.

The shell, depicted in Figure 2, exhibits a significant mass loss in the temperature range of 200°C
to 350°C, mainly attributed to the decomposition of hemicellulose and cellulose. A second stage of loss,
at temperatures above 500°C, is related to theadagjon of more recalcitrant lignocellulosic compounds
(Apaydén Var ol & Mutl u,. 2023; Bur henne et al .,

Pulp, on the other hand, exhibits similar behaviour, although its initial mass loss occurs at slightly
lower temperatures, indicating a higher proportion of volatile compounds and easily degradable sugars.
This is consistent with its composition rich imgle carbohydrates and its lower lignin content compared
to the huskCoura et al., 2023; Del Rio et al., 2016

In the case of the seed, the highest mass loss is observed in the initial stage (200°C to 350°C),
reflecting a significant content of organic compounds such as oils and proteins, which are thermally more
labile. A second stage of decomposition, betweeri@zhd 600°C, is attributed to the degradation of
more resistant lipids and proteinsgandi et al., 2022; Berton et al., 2013
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On the other hand, the inoculum exhibits a more moderate and stable degradation curve,
suggesting a complex composition of organic and microbial material that gradually decomposes over a
wide temperature range. The DTG plots (Figure 2B) highlight moreopramed maximum degradation
peaks for the seed compared to the shell and pulp, confirming its higher content of readily degradable
organic compounds.

Comparatively, TGA and DTG results indicate that the seed has the highest energy potential due
to its high organic matter content amsl rapid decomposition in the early stages of heating. The shell,
with high thermal stability and higher resistance to decomposition, may requitee@ireents to
improve its biodegradability. Pulp, on the other hand, shows a balance between therigl astdb
decomposition, which makes it suitable for anaerobic digestion processes without significant
modifications.
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Figure 2

Analysis of A) TGA and B) DTG of coyand inoculum components used as feedstock for biogas production
Source:Own elaboration

Biomethane production kinetics

The kinetics of biomethane production observed in the different experimental trials reveals a significant
variation in methane yield, influenced by the proportions of the coyol fruit components (peel, pulp and
seed). According to the graph presented, tia¢ ¢torresponding to run 9, consisting of a mixture of
16.66% pulp, 16.66% seed and 66.66% peel, achieved the highest cumulative methane vyield,
approximately 350 NmL/g VS (Figure 3). This result indicates that the specific combination of these
componentdavours an optimal environment for methanogenic microbial activity, possibly due to a
proper nutrient balance and a favourable C/N r&tmz@udehore et al., 2022; Obata et al., 2020

In contrast, run 1 (Figure 3), composed of 100% mesocarp (pulp), showed a rapid initial behaviour
in biomethane production, stabilising at around 250 NmL/g VS. This suggests that, although the pulp
contains readily biodegradable sugars, it may lack ossargial nutrients to sustain prolonged methane
production without the addition of complementary components.

The trials corresponding to runs 3, 5 and 7 showed more moderate yields of arot#@D 150
NmL/g VS. This yield can be attributed to the predominant lignocellulosic content in the epicarp (peel),
which requires more time and, in some casesirpagment tachieve complete biodegradation. These
results are consistent with the high lignocellulosic composition and high C/N ratio of the peel, factors
that limit its direct conversion to biomethariizgyan Alexis et al., 2015; Morais et al., 2021

Co-digestion with other nitrogench waste sources could balance the C/N ratio in mixtures with
high peel content, further enhancing methane production and avoiding possible inhikitiosisa(.,
2024). The negative control showed no methane production, confirming the absence of significant
biological activity under substrafeece conditions. These findings highlight the importance of specific
ratios of coyol components to optimise biomethane producisnvell as the potential benefit of
combining nutientrich components with those of high biodegradability.
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Kinetics of biomethane production from the mixture of coyol components
Source:Own elaboration

Energy recovered

The energy recovered from t#ferent experimental runs showed significant variations, directly related

to the proportions of pulp, seed and husk used in each mixture (Table 3). The values of total energy and
energy in the form of methane (measured in megajoules, MJ) show the glatémiach substrate for
biogas production and its application as a renewable energy source.

Among the most outstanding results, run 9 presented the highest energy yield, with a total energy
of 32,449.08 MJ, of which 18,637.46 MJ were recovered as methane. This run used a mixture composed
mostly of husk (66.67%) and smaller proportions of pulpsaetl (16.67% each) (Table 3). This result
is particularly relevant from an industrial point of view, where maximising energy yield is a priority
(Castellanossanchez et al., 2023; Patinvoh et al., 2017

In contrast, run 1, which used 100% pulp, managed to recover 25,108.42 MJ of total energy, of
which 13,558.55 MJ corresponded to energy in the form of methane (Table 3). Although its yield was
lower compared to run 9, the results highlight the contributioreadily biodegradable carbohydrates
from the pulp in the anaerobic digestion process.

In practical terms, the energy recovered in these runs has great potential for applications such as
heating, electricity generation or as fuel for fjaalled internal combustion engine&b@tzoglou &
Boivin, 2009; BaendMoreno et al., 2019; CastellanB8sanchez et al., 20p.3For example, the 18,637.46
MJ of methane generated in run 9 is equivalent to approximately 517 litres of gasoline, considering that
1 litre of gasoline produces about 36 MJ of energy. Similarly, this amount of energy could substitute t
use of firewood in rural communities; given that 1 kilogram of firewood produces about 15 MJ of energy,
the 18,637.46 MJ would be equivalent to about 1,242 kg of firewdbdt{oglou & Boivin, 2009;
Patinvoh et al., 2017; Torrijos, 20/L6

These results highlight the potential of coyol fruit as a feedstock for renewable energy production,
contributing to both energy transition and sustainable development in rural and industrial areas. For
future research, it is recommended to explore ruliéria analysis strategies to optimise biogas
production and improve the sustainability of the proce@sast al., 2024.
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Table 3
Substrate composition and energy recovered in the different experimental runs

Race pulp (%) Seed(%) Mask (%) Biogas (MJ/ton) Biomethane (MJ/Ton)
1 1 0 0 25108.42 13558.55
2 0 1 0 12838.58 7335.97
3 0 0 1 14560.00 8556.91
4 0.5 0.5 0 18988.67 10065.89
5 0.5 0 0.5 13907.83 8248.74
6 0 0.5 0.5 14355.25 8525.58
7 0.67 0.17 0.17 15341.08 6911.16
8 0.17 0.67 0.17 6552.00 4396.39
9 0.17 0.17 0.67 32449.08 18637.46

10 0.33 0.33 0.33 13111.58 5877.92

Source: Owrelaboration

Conclusions

The present study confirmed that coyol friicocomia aculeafahas significant potential for biogas
production by anaerobic digestion. In particular, 8ustood out as the highest yielding run, reaching
approximately 350 NmL/g VS of accumulated methane. This mixture, composed of 66.67% husk,
16.67% pulp and 16.67% seed, showed that a proper balance between components with different C/N
ratios and volatilesolids (VS) contents is essential to optimise biomethane production. Seed, with its
high SV/TS ratio (93.44%) and a C/N ratio close to the optimal range (24.40), proved to be a promising
main substrate.

This work contributes to the knowledge on renewable bioenergy by validating the use of coyol as
a feedstock for biogas production, positioning it as a viable alternative to diversify sustainable energy
sources. Furthermore, the results underline the irapoet of selecting specific combinations of coyol
components to maximise bioenergy yield and improve the efficiency of anaerobic digestion processes.
For future research, it is recommended to explore the use -dfeptenents aimed at improving the
biodegradability of the peel, due to its high lignocellulosic content. In additiodjgestion with
nitrogenrich residues could balance the C/N ratio imtnres with high husk content, enhancing methane
production and minimising inhibition risks. The implementation of these adjustments will allow process
optimisation and broaden the industrial applications of anaerobic digestion using coyol feedstock.
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Abstract

This work seeks to analyze and reduce the percentage in gram/gram of exhaust gases that cause the greenhouse effect usin
an aeronautical miniturbine. For this research, mixtures of biodiesel (own) and commercial aviation kerosene are used in a
BEE-80 modéminiturbine. A test bench was implemented which has the microturbine installed, it is monitored telemetrically
using an Arduino system and a combustion gas analyzer, @40, SQ), the turbine parameters allow experimenting with

the different mixturesat find the optimal one. It is operated with mixtures varying the percentage of biodiesel from 10%,
20%, 30%, 40% to 50% (B1B50), to observe the changes in power, consumption, lubricity and mainly the emissions
released to the atmosphere. The mixture shatved the best efficiency, an acceptable reduction in greenhouse gases and
better lubrication, was B20, in addition to acceptable consumption compared to the other mixtures.
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Resumen

En este trabajo se busca analizar y disminuir el porcentaje en gramo/gramo de gases de escape causantes del efexto invernade
empleando una miniturbina aeronautica. Para esta investigacion se utilizan mezclas de biodiesel (propio) y queroseno de
aviacién comercial, en una miniturbina modelo BBH. Se implementd un banco de pruebas el cual tiene instalada la
microturbina, se monitorea telemétricamente mediante un sistema Arduino y un analizador de gases de combustiéon (CO
CH,, SOx,) los parametros de larlina permiten experimentar las diferentes mezclas para encontrar la 6ptima. Se hace
funcionar con mezclas variando el porcentaje de biodiesel desde 10%, 20%, 30%, 40% h&BDHBB), para observar

los cambios en la potencia, consumo, lubricidad y principalmente las emisiones que libera a la atmésfera. La mezcla que
mostré mejor eficiencia, una disminucién aceptable de gases de efecto invernadero y mejor lubricacionatieradje

un consumo aceptable respecto a las otras mezclas.
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Introduction

One of humanity's greatest problems is its dependence on fossil fuels, which are not onmgrewaible
resource, but aralso limited and cause a strong environmental impact with a constant variation in their
prices.

One fifth of greenhouse gas emissions are produced by the transport sector, which is the main
generator of pollutants worldwide; it is known that these emissions contain polluting compounds such
as: carbon dioxide c62), methane dn4), nitrous oxide 20), hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs) and sulphur hexafluorigdg,(generated by the transport sector. Air transport
is the second most polluting sector with a global consumption of 800 million litres of turbofuel per day
and rising, accoumg for about 10% of global energy used for transport.

The challenge is to ensure that renewable energy sources gradually replace these fuels; one
alternative could be liquid biomass, especially that which can be converted into -piafdeting
sources. Biofuels currently represent a potential source of adaeenergy and could also generate large
new markets for agricultural producers.

This work shows how by experimenting with different BiodieBetbosine blends an ideal blend
can be found that maintains the ideal power and fuel consumption, while providing the lowest greenhouse
gas emissions to the atmosphere, biofuels can offer savirggeenhouse gas emissions of at least 50%
compared to fossil fuels such as diesel or gasoline.

Objective

To find the biodiesekerosene blend that generates the lowest percentage of greenhouse gases and
maintains the best efficiency in terms of povwsemsumption and lubricity (noise and vibration).

- To produce biodiesel through the transesterification process, ensuring a high degree of purity and
yield.

- Examine the properties of biodiesel (density, viscosity, volatility and calorific value) in accordance
with ASTM 676%A, for use in a scale Brayton cycle turbine.

- Determine the best biodiedatrosene blends that optimise power, fuel consumption and lubricity
in the turbine.

- Determine the positive impact on the environment in termgyreenhouse gas reduction
percentages (NOx,CO, and CO) by implementing a percentage of biodiesel in the aeronautical
fuel (paraffin).

Open Brayton cycle

The Brayton cycle describes the operation of a constant pressure heat engine. Most gas turbines are base
on the open Brayton cycle with internal combustion. In this cycle, air from the atmosphere is compressed
to the higher pressure and temperature ottmpressor. In the combustion chamber, the air is further
heated by burning the fuair mixture in the air flow. The products and gases of combustion are expanded

in the turbine to near atmospheric pressure (engines producing mechanical power calglewtar) or

to the pressure required by jet engines. The open Brayton cycle means that the gases are dischargec
directly into the atmosphere.

Figure 1 shows the -V (pressurevolume) and TS (temperaturentropy) diagrams of the
Brayton cycle, showing the effect of thermal and pressure levels on the four Brayton cycle processes:

- 1-2 Isentropic compression (in a compressor)
- 2-3 Heat addition at constant pressure

- 3-4 Isentropic expansion (in a turbine)
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- 4-1 Heat rejection at constant pressure

Box 1

Ph TA

<v
Wy

Figure 1
P-V and T-S diagram of the Brayton cycle

Source Nuclear power, 2032

Gas turbines

Gas turbines generally operate in an open cycle, as shown in Figure 2. In step 1, fresh air at ambient
conditions is introduced into the compressor where its temperature and pressure rises, then at point 2, the
high-pressure air goes into the combustioaraber where the fuel is burned at constant pressure. At
point 3, the resulting higtemperature gases enter the reaction turbine, where they expand to atmospheric
pressure, thereby producing power. Finally, at point 4, the exhaust gases leaving thaterxpelled

to the outside (not recirculated), thus the cycle is classified as an oper(Eydle Rivera Chavez,

2020).

Box 2
Fuel —»| :
Combustion chamber
W net
Compressor TUrbine —
@ . Fresh Exhaus

®

Figure 2

Open cycle gas turbine engine
Source Emilio Rivera Chavez, 20PC

Basic components of the gasbine:

- Compressor (also called action turbine): draws in external air and compresses it.

- Combustion chamber: fuel is added to the pressurised air and ignited.

- Reaction turbine: converts higipeed gas energy into rotational energy thragiansion.
- Output shaft and gearbox: delivers rotational energy to the driven equipment.

- Exhaust: extracts the leemission gas used from the turbine section.
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Biofuels

Biofuels are fuels obtained from biomass. The term biomass, in the broad sense, refers to any type of
organic matter that has had its immediate origin in the biological process of recently living organisms,
such as plants, or their metabolic waste (mantie)concept of biomass includes products of both plant

and animal origin. In order to better understand the concept of biomass, we can see in Table 1 the different
types of biomass into which it is divided.

Table 1
Classification obiomass

Type of biomass Definition

Primary biomass Organic matter formed directly from photosynthetic organisms. This group includes
biomass, including agricultural and forestry residues.

Secondary biomass It is produced by heterotrophic organisms using primary biomass in their nuttitiothe
faecal matter or meat of animals.

Tertiary biomass Itis produced by organisms that feed on secondary biomass, e.g. the remains and exi
of carnivorous animals that feed on herbivores.

Natural biomass It is produced by wild ecosystems; 40% of the biomass produced on land comes fr
oceans.

Residual biomass It can be extracted from agricultural and forestry residues, and from human activities

Energy crops Any agricultural crop whose purpose is to supply biomass for biofuel production.

Source [Salinas Edmar & Gasca Victor, 200¢

Biofuels are considered clean energy because they release only 20% of carbon emissions during
combustion compared to fossil fuels. The use of biofuels as an alternative source of energy to
hydrocarbons and the reduction of environmental impact is new tatkheir use has been done for a
long time. For example, in underdeveloped countries (especially in rural areas), and in developed
countries, wood is used to generate electricity. Various types of biofuels are currently being developed,
but the best know are classified into three groups: first, second and third generation, each of which is
described below.

ASTM D6751A Standard

The ASTM D6751A biodiesel standard covers B100 biodiesel for use as a component of a blend with
middle distillate fuels. The standard takes into consideration important minimum properties that biodiesel
must have: flash point, methanol, kinematic viscosityphated ash, oxidation stability, sulphur, copper

strip corrosion, cetane number, cloud point, acid number, carbon residue, total and free glycerol,
phosphorus, and water sediment; these depend on the refining practices employed and the nature of the
renewable lipids from which they are produced as they can generate similar characteristic volatilities and
combustion emissions with different cold flow properties.

Methodology

Fifty samples of residual vegetable oil (150 ml each) are subjected to a transesterification process, i.e.
the oil is mixed with methanol in the presence of a basic catalyst and sodium methoxide at 65 °C, yielding
guantitatively a methyl ester and glycerAfter this process, an average of 30 ml of glycerine and 150

ml of residual oil biodiesel was obtained (ASTM D 6751 standard is reached), whose density is 0.867

g/ml, therefore: 150 ml x 0.867 g/ml = 130.05 g of residual oil biodiesel.

Mixtures made

1. Ten samples of B10 + aviation paraffin: 10% biodiesel + 90% aviation paraffin.
2. Ten samples of B20 + aviation paraffin: 20% Biodiesel + 80% aviation paraffin.
3. Ten samples of B30 + aviation paraffin: 30% Biodiesel + 70% aviation paraffin.
4. Ten samples of B40 + aviation paraffin: 40% Biodiesel + 60% aviation paraffin.
5. Ten samples of B50 + aviation paraffin: 50% Biodiesel + 50% aviation paraffin.
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Characterisation with gas chromatography

To characterise the methyl esters (biodiesel) obtained, they were determined by gas chromatography
mass spectrometry according to the technique used by the researcher Warawut in order to observe the
whole range of elements.

Calibration standards supplied by Supelco, Sigmddrich, Glycerine, 1 ml, 500 mg / ml in
pyridine, Monoolein, 3 ml, 5,000 g / ml in pyridine, Diolein solution, 2 ml, 5,000 g / mL in pyridine,
Triolein, 2 ml, 5,000 g / ml in pyridine, Butanotriol intehséandard no. 1, 5 ml, 1,000 g / ml in pyridine,
Butanotriol internal standard no. 1, 5 ml, 1,000 g/mL in pyridine, Tricaprin internal standard #2, 5 ml,
8,000 g/mL in pyridine, ASTM D6584 Standard Solution 1,2,3,4 and 5, 1 ml, in pyridine (varied), 1000
ml anhydrous tetrahydrofuran (the standard standards were used exclusively for curve comparison). The
technique consisted in extracting 100 ul of biodiesel (from the chosen sample) and diluting it in 0.8 ml
of tetrahydrofuran (THF). The syringe was rindddee times with the solution and 1 pl of diluted
biodiesel was injected into the chromatograph with a 10 pl hypodermic syringe.

The gas chromatograph used is a Trace CG ultra from Themigan Corporation with a
capillary column (30 m x 0.25 mm ID x 0.25 yum) and a mass spectrometry detector, which can be seen
in Figure 3. The equipment conditions are as follows: injection temperature 280 °C (injector) and detector
temperature 200 °C (MSThe oven temperature programme was 140 °C for 4 min, followed by a ramp
of 15°C/min to reach 280°C in 7 min, and a second ramp of 10°C/min to reach 340°C, maintaining this
temperature for 6 min until the end of the programme. The carrier gas was 9%B88#atographic
grade helium at a constant flow rate of 1 ml/min. These analyses were carried out in the Hydrogen and
Biofuels Laboratory of the Institute of Renewable Energies oftiieersidad Autbnoma de México

Test bench system

A test bench previously developed by M.l Carlos Gallardo Martinez for his thesis work was used, which
has been modified for this new project, whose design is presented in Figure 4. This test bench is equipped
with a JetCentral Bee 80 Se microturbine tisakiemetrically monitored by an Arduino system and a

flue gas analyser that measures parameters suclc@s €4, sox, among others. This comprehensive
approach allows the analysis and comparison of various aspects of performance, such as power output,
fuel consumption, greenhouse gas emissions, lubricity (related to mechanical noise and vibration), and
thermal stability during operation. The test bench facilitates the evaluation of the microturbine with
different fuel blends, in this case biodiesel padaffin, with the aim of identifying the combination that

offers the best overall performance.

/' TANQUE DE COMBUSTIBLE

Figure 3
Test bench

Source [Ownelaboratia]
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The miniturbine used is an open Brayton cycle gas turbine, with all the characteristics of a large
turbine, but on a much smaller scale (250reducing the logistics of operation, consumption, safety,
unit cost and testing.

Programming

This project uses an Arduino embedded system, which is an open glaif@en with easily accessible
hardware and software. Two programs were made for the test bench, one in Arduino and one in
LabVIEW.

Turbine exhaust gas measurement process

To carry out the process of measuring exhaust gases at the turbine outlet, the combustion gas analyser (E
Instruments E4500) is used, which is a practical tool for its rapid analysis and with a minimum error of

5% in the data obtained on site, or for gliaghwith the interface to the computer, which can be seen in
Figure 4.

Box 5

Figure 4
Gas analyser

Source[CICSA, 2028

Results

Gas chromatography

Box 6
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Figure 5
Chromatography of the elements detected in sample 1

Source[Own elaboratioip
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Table 2
Name of elements and percentage of sample 1

01.RAW

RT: 11.74- 15.32

Number of detected peaks: 3

Apex RT | Start RT | End RT Area %Area Height | %Height Name Formula
12.09 12.03 12.17| 276685.9 0.19 134119 0.37| Glycerine propanetriol C3HsOs
13.43 13.37 13.55| 16994521 11.66| 6951370 19.28| Pentadecanoic acid, 4| Ci7H3402

methyt,

methylester (pentadecilicq

14.57 14.49 14.75| 1.28E+08 86.77| 28964414 80.35| 6- Octadecenoic acid, Ci9H3602

Methylester (Z), (Oleico)

Source Pwn elaboratioh
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Figure 6
Chromatography of thelements detected in sample 2

Source [Own elaboration

Box 9

Table 3
Name of elements and percentage of sample 2

02.RAW
RT: 13.14- 15.51
Number of detected peaks: 3
Apex RT Start RT End RT Area %Area Height %Height Name Formula
13.33 13.25 13.45/ 12798456 6.63 6234587 16.08| Pentadecanoic acid, 1rhethyt, | C17H3402
methylester (pentadecilico)

14.51 14.35 14.71| 1.78E+08 92.1| 32194767 83.57 6- Octadecenoic acid, Ci19H3602
methylester, (Z) (oleico)
16.04 15.98 16.14| 577442.1 0.3| 137621 0.35| Docosanoic acid, C23H4602

Methylester (Behenico)

Source Pwn elaboratiof
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RT:11.43-18.27

RT:14.43 NL:
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Figure 7
Chromatography of the elements detected in sample 3

Source [Own elaboratioh

Box 11

Table 4
Name of elements and percentage of sample 3

03.RAW
RT: 11.43- 18.27
Number of detected peaks: 5
Apex RT | Start RT | End RT |  Area | %Area | Height | %Height Name Formula
11.89 11.83] 11.95| 1868876  0.17| 789925.2 0.4 | Tetradecanoic acid, C15H3002
Methylester (Miristico)
13.25 13.15| 13.37| 1.7E+08 15.64| 62086183 31.75| Nonanoic acid, C10H2002
Methylester(Pelargonico)
14.43 14.29 1459 9.11E+08  83.6 1.32E+08 67.34| 6- Octadecenoic acid, C19H3602
methylester, (Z) (oleico)
15.94 15.88/ 16.08| 2787976  0.26| 659117.1 0.34| Tetradecanoic acid, C15H3002

Methylester (Miristico)
17.94 17.84| 18.06] 2044937 0.19| 335358 0.17 | Cyclopentaneundecanoic ac| C17H3202
methylester

Source [Own elaboratioh

The three analyses show on average more than 99% of different types of methyl ester (biodiesel)
and only in the first sample a percentage of 0.19% of glycerine can be seen, therefore, it is assured that
these samples easily exceed the ASTM é&XStandard.

Ozincrease in the blends

Table 5
Molar percentage of £at the outlet of the nozzle

% Biodiesel blended with paraffin | % O2 molar gases at the nozzle outle
Average Desv. Standard
B10 6.09 0.23
B20 6.50 0.06
B30 7.15 0.24
B40 8.1 0.10
B50 9.00 0.00

Source [Own elaboratioh
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Decrease of C®in the mixtures

Box 14

Table 6

Molar percentage of C{at the nozzle outlet
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gases

B10O
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Aver age

Source pwn elaboratioh
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Table 7
PPM of contaminants in mixtures

% Biodiesel in blend with paraffin | Particles per million
NO2 |NO | CO
B10 20 50| 270
B20 32 55| 250
B30 38 64| 230
B40 50 68 | 220
B50 35 75| 210

Source [Ownelaboratior]

——— —— —

PPMof pollutants in gases
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Figure 10
Contaminants in PPM by biodiesel/kerosene blend

Source [Own elaboratioip

Conclusions

With the results obtained from the experiments we can observe that the most environmentally friendly
blends are the BK20 and BK30 blends, as they show higher levelandl lower levels @b, andnoz;

we must consider that the higher levels ett@uldotprecisely indicate a bad combustion, but rather that
there is good combustion, only that the input increases the proportion of oxygen as the amount of
biodiesel in the blend increas&sx tends to increase naturally in blends by about 10%, but in sbntra

to fossil fuels it is about 70% loweFaking into consideration the power, the consumption of a previous
work and the lower amount of pollutant gases in this work we can conclude that the optimal blend for
the target is BK20.
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Abstract

Temperature variation in turbocharger casings of generator sets generates shocks and thermal fatigue that cause
cracks in different areas, with permissible limits depending on the directidoaaibn. This study analyzes the
microstructure and chemical composition of nodular cast iron castings manufactured under ASTM A 536 and
GOST344387 standards, using metallographic techniques and emission spectroscopy. With visual inspection and
penetratig liquids, the types of cracks and their orientations are examined. The maximum amplitude of the thermal
stress generated during the thermal shock was determined using MATLAB software, considering that for a
minimum stress concentration factor (kf=1), thermal stress amplitude is 560 MPa, exceeding the design limit

of 210 MPa, which explains the appearance of transverse and longitudinal cracks. Transverse cracks show a higher
thermal stress concentration factor than longitudinal cracks.

Turbine housing belonging to a Microstructure of the
turbocharger of the Generator Sets. housing material

Maximum thermal stress amplitude generated
during thermal shock as a function of the stress
concentration factor.

Nu
3 8
g 8
L)

2000 |

1500 | 2

Tensién Tedrica Maxima (Mpa)

Turbocharger, Cracking, Thermal shock
Resumen

La variacion de temperatura en las carcasas de turbocompresores de grupos electrégenos genera choques vy fatic
térmica que provocan grietas en diferentes zonas, con limites permisibles segun la direccién y ubicacion. Este
estudio analiza la microestructyraomposicion quimica de las carcasas de hierro fundido nodular fabricadas bajo

las normas ASTM A 536 y GOST3447, usando técnicas metalograficas y espectroscopia de emisién. Con
inspeccion visual y liquidos penetrantes, se examinan los tipos de gsetasrientaciones. La amplitud méxima

del esfuerzo térmico generada durante el choque térmico fue determinada con empleo del Software MATLAB,
considerando que para un factor de concentracion de esfuerzos minimo (kf=1), la amplitud de tensién térmica es
de 560 MPa, superando el limite de disefio de 210 MPa, lo cual explica la apariciéon de grietas transversales y

longitudinales. Las grietas transversales muestran un mayor factor de concentracion y esfuerzo térmico que las
longitudinales

Carcasa de la turbina perteneciente Microestructura del material
a un turbocompresor de los Grupos
Electrégenos

Amplitud méaxima del esfuerzo térmico generada
durante el choque térmico en funcién del factor
de concentracion de esfuerzos

3000
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Introduction

The Fuel Generator Maintenance Compa®yaiined Preventive Maintenance: EMGEF, 20ist
currently in charge of the operation and maintenance dfuleOil Power Plants or Generator Sets. It
carries out the technological operations for the disassembly, dismantling, inspection, maintenance and
assembly of the TRS7 turbocharger of HYUNDAIHIMSEN 9H 21/32 engindgodriguez, L. A.M.,

2019.

According toLaustelaE. (2005, an exhaust gas turbocharger is driven, as the name suggests, by
the engine exhaust gas. This gas, at high temperatures, is directed at high speed towards the blades of
turbine that drives a compressor rotor installed on the same shaft. As it tb&atesor draws in ambient
air through a filtersilencer, compresses it and, through a aftercooler, sends it to the engine air intake,
from where it passes into the cylinders. Turbocharging increases engine power by uptiimdsu
Therefore, 75 per cent of the engine's power depends on the turbocharger working effittehityuez,

L.A.M., 2019.

The turbine is where the expansion of the gases coming from the engine cylinders takes place.
The inlet of these gases is made through an orifice whose layout optimises the incidence of the flow on
the blades, with this and the help of the sshiped hosing (figure 1) the gases are distributed along
the turbine losing pressure to make the shaft rof@tedriguez, L.A.M. 201p

Figure 1
Turbine casing belonging to a turbocharger of the Generator Sets

Source Rodriguez L.A.M 2019

The casing is made of nodular cast iron, according to the ASTM A536 standard, which establishes
5 grades according to its mechanigadperties; this standard is in correspondence with the GOST3443
87 standard.

According to Laustela, E. (2005), in Cuba there are cast iron casings with nodular and spheroidal
graphite.

Nodular iron is a material currently widely used in the automotive industry and machinery, this
is because it has some advantages over steel and grey iron, for example, it has greater resistance to fatigu
and wear, although with a higher manufacturing twen grey iron (Garcthira J., et al., 2019). Because
of its good toughness, nodular iron is being used for the manufacture of parts that experience high fatigue
cycles.
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Shock often occurs when low temperature fluid hits a hot surface, producing a very high level of
stresses close to the exposed surface that can eventually lead to the development of cracks, another les
common situation in which thermal shock occurs cawsuncparticularly where sudden vessel
depressurisation occurs (Mellouli, Haddar et al. 2011).

Based on the above, the aim of the present work is to chemically and metallographically
characterise the casing material and to explain the causes of cracking in the casings of turbines belonging
to turbochargers.

Methodology
Determination of the chemical composition of the casing material.

The chemical composition of the samples extracted from the casing was obtained by the method of
Spectral Analysis of Optical Emission, which was carried out in the Chemical Analysis Laboratory of
the Planta Mecanica Company, Cuba, with the use of an Optidasion Spectral Analysis equipment,
Belec Vario Lab Spectrograph (Figure 2), which processes the data with the Belec Win 21 software, the
equipment's own. Prior to the analysis, the equipment was calibrated with the foundry standards.

Figure 2
Optical emission spectral analysis equipment

Source:Spectrographer's Handbook, 20:

Metallographicobservation
The material under study corresponds to a segment of a casing (see figure 1).
To prepare the specimens for metallographic analysis, samples were taken from a section of the carcass

by means of cuts on a metallographic cutting mactfingure 3) in the Heat Treatment Laboratory of
the Welding Research Centre
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Box 3

Figure 3
Metal cutting machine with abrasive disc

Source:Own elaboration

To facilitate handling during grinding and polishing, two samples were mounted on mechanical
supports. The samples were prepared by grinding with sandpaper (from No 100 to No 1200) and
polishing with alumina suspension, in accordance with ASTM E®011) The grinding and polishing
operations were performed on a metallographic polishing machine at the Heat Treatment Laboratory of
the Welding Research Centre. After polishing, the samples were attacked with 3 % nital, in
correspondence with ASTM E34(b (D15) and ASTM E40-D7(2015)el for micro attack.

The metallographic observation of the samples was carried out with the help of a Novel optical
metallographic microscope at the Materials Science Laboratory of IEIS-027, 2002). Images of the
microstructure were taken with a high sensitivity 1.3 pixet¥& camera attached to the eyepiece of the
microscope and to a computer with specialised software (Image J) for image acquisition, as shown in
Figure 4.

Box 4

Figure 4
Opticalmetallographic microscope, image acquisition camera and computer

Source:Own elaboration

Visualinspection and the application of liquid penetrants

Visual inspection and liquid penetrant testing were used asiesiructive testing methods for the
analysis of the types of cracks that appear.
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Developing the meaning of the variables in the linear and important writing is the comparison of
the criteria used.

Determination of the maximum thermal stress amplitude generated during thermal shock

The maximum thermal stress amplitude generated during thermal shock was determined using
MatLab software. The maximum thermal stress amplitude generated during thermal shock (Sm) was
determined by the equation (BSME 2010:

% 0 [1]

Sm: Is the maximum thermal stress amplitude generated during thermal shock.
E: is themodulus of elasticity

a : is the coefficient of thermal expansion.

DTm: is the maximum possible magnitude of the thermal shock

n: is the Poisson coefficient

ks: is the stress concentration factor with a value of 1,0 a 5,0.

Results
Chemical analysis

The results obtained from the chemical analysis are shown in table 1..

Table 1
Chemical composition of the carcasses (% mass)

Material | c |si [ mMn | P | s | Mg | cu | cr |A
Carcasa | 44| 19 0,19/ 0,018 0,007 0,008 0,017 0,014 --

Source:Own elaboration

This composition corresponds to tA&TM A536-84 (2019 el standard, whickstablishes 5
grades according to their mechanical properties (table 2).

Table 2
Standard ASTM A536

Material | Code | Description |  Usesgeneral
ASTM A536 654512 | Mostly ferric; Components
decoladaorecognised. subjected to right
hand loads and
fatigue.

Source:Chiaverini, 1985

The high carbon content in cast irons, both in the inclusion of graphite and the content in the
matrix, is a factor thatinders the weldability of these materials (Guliaev, 1987, Aguilar et al ,2000).

The main alloying elements are carbon and silicon. High carbon content increases the amount of
graphite or Fe3C and increasing the carbon and silicon content increases the graphitisation potential and
fluidity of the cast iron, however, its strength iseatied, as ferrite formation and pearlite thickening are
promoted.
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Analysis of metallographic observation

According to (Guliaev, A.P., 1987) cast irons can be classified as shown in figure 5.

Box 7
Metal matrix Shape otarbon indusiors '
Lamellar Nodular Spheroidal
Ferrite
/
Ferrite + Parlite I /
ol
Pearlite / 1?,!, N__. / = //
.4
Figure 5

Classification of cast iroaccording to the structure of the metal matrix and the shape of the graphite inclusions.
Source:Guliaev,1987

The following figures 6a and 6b at different magnifications show the type of melt and the matrix
to which this materiatorresponds.

Box 8

Figure 6
Casing material microstructure-(200 X, 400 X). CISMET-027

Source:Own elaboration

According to figure 6 it can be seen that tiyge of material present in the casing according to
GOST 3443 87 is nodular cast iron (nenegular nodular inclusion shape), inclusion size805um and
uniform distribution of the ferritic matrix. This malleable cast iron, which is obtained by armealin
(malleabelling) of white cast iron. In malleable cast iron, all or a large part of the carbon is in the free
state in the form of nodules (carbonoderescent).

This compact, almost equiaxial shape of the graphite, but not round, is called nodular or annealed.
Results of the inspection of the casings

The visual inspection was based on detecting the different cracks in the casing, thus determining their
length and the areas where they appear most frequently.
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Several casings were inspected out of operation due to cracking and it was observed that the
cracks appear more frequently in the transversal direction, being these the most dangerous as they caus
a rapid breakage of the turbo and leakage of exhaust, gasiel gives the lowest permissible value of
length, this is explained because in the transverse direction the stress concentration factor (kf) is much
higher.The following figure (figure 7) shows the different cracks that have occurred

Figure 7
Crack in the transvershrection

Source: own elaboratio
Results of the determination of the thermal shock produced in the casing by MatLab software

For carbon steels withiltimaO 552 MPa, the all owable design st
in the order of 210 MP&C@allister. D.W., 201h

According to (Callister D.W., 2015) the valuelafltimate of nodular cast iron casing is of
the order of 500MPa, this allows the same value of Sa= 210 MPa to be used.

The maximum possible amplitude of the thermal SHYEk= Tcarcasalagus Where the
Tcarcasg 380)C and the Igua_— SG)C, SO thaDTm: 350)(:
The stress concentration factor is decided to take values betva@en51ASME 2010.

The Poisson's coefficient 0,25 the coefficient of thermal expansiorais 12*10°1/C and the
modulus of elasticitfg= 2*10°MPa. (Callister D.W, 2015

The value of the maximummplitude of the thermal stress generated during thermal shock (Sm)
can be seen in the following graph (figure 8).

2800

Figure 8
Maximum thermal stress amplitude generated during thermal shock as a function of stress concentration factor
Source: own elaboratior
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The determination of the value of the maximum amplitude of the thermal stress generated during
the thermal shock (Sm), is of great significance to have criteria about the appearance of cracks in the
casing, if Sm is greater than Sa it implies that cradksdevelop in the casing and due to the fact that
the casing is subjected for intervals of time to this periodic stress, the cracks will propagate.

According to figure 5 for a stress concentrating factor (kf) of the order of 1, the value that reaches
the maximum amplitude of the thermal stress generated during the thermal shock (Sm), is greater than
Sa, therefore, this justifies the appearance of cracks both transversely and longitudinally.

Conclusions
The following conclusions have been drawn from the work:

Through the microstructural and chemical composition characterisation it was determined that
the casing material corresponds to a cast iron with inclusion of nodular graphite and ferritic matrix.

The magnitude of the maximum amplitude of the thermal stress produced by the thermal shock
generates cracks in the casing and due to the fact that the magnitude of this stress is also periodic, the
phenomenon of thermal fatigue appears, bringing as aqaesee the propagation of the cracks, i.e. the
fundamental cause of the cracking in the casing is due to the thermal shock and thermal fatigue.

The maximum thermal stress amplitude generated during thermal shock (Sm), for the carcass
under study, reaches a maximum value of 560 MPa for a stress concentration factor (kf=1).

As the magnitude of Sn60 MPa) is much larger than Sa (210 MPa) and the carcass is
periodically stressed, this justifies the crack propagation.

In the section of the shell where there is a higher stress concentration factor (kf), the probability
of crack emergence is higher, due to the high stresses created in that area.
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sm Mmaximum thermal stress amplitude generated during thermal shock.
E: modulus oklasticity
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Abstract

The useful life of an infrastructure depends on the preventive maintenance provided during its use, however, abandonment
due to various situations accelerates the deterioration of the elements that comprise it, so it is necessary to tedabilitate

by carying out mandatory modeling and simulation in the real conditions in which the structure is located. Therefore, this
work shows the modeling under real corrosion conditions of structural profiles that make up the support system of the steps
of a stadiumlt is determined that all the structural elements that make up the educational infrastructure require reinforcements
due to the reduction in thickness due to corrosion, this is because the portable capacity of the stadium is reduced.

tive maintenance in ed

| infrastructure

Structural modeling of steel profiles to infer pr

Objectives

Methodology

Contribution

The physical survey is ¢
carried out considering
deterioration due to |
corrosion of  structural
profiles.

infrastructure.

physical integrity of the occupants.
% = ] i

The three-dimensional structural model is
generated, which
includes all the main
and secundary
elements with their
corresponding

N structural
specifications under current conditions, as
well as the load scenarios.

The analysis is carried out to understand the
structural dynamic behavior of the educational

Recommendations are issued to increase the
security degree lacking to guarantee the

The contribution will be in two
aspects: engineering and academic.

The first will contribute to showing
the best option engineering and

-| structural to reinforce the
infrastructure and deteriorated with
expired useful life.

In the academic environment, the
methodology to infer behavior is
contributed based on the current
regulations that govern this type of
structures.

=
==

Structural steel, Maintenance, Rehabilitation

Resumen

La vida util de una infraestructura depende del mantenimiento preventivo que se brinde durante su uso, sin embargo, el
abandono por diversas situaciones acelera el deterioro de los elementagimioan, por lo que es necesario rehabilitarlas
realizando obligatoriamente una modelacién y simulacion en las condiciones reales en la que se encuentra la estructura. Por
tanto, el presente trabajo, muestra el modelado bajo condiciones reales dércdeqserfiles estructurales que integran al
sistema de soporte de las gradas de un estadio. Se determina que todos los elementos estructurales que integran I
infraestructura educativa requieren refuerzos por la reduccidon de espesor por corrosiéhiédsta dee se reduce la

capacidad portante del estadio.

Modelado estructural de perfiles de acero para inferir imi pr en infraestructura ed
Objetivos Metodologia Contribucién

I

Modelar la infraestructura educativa.

Obtener respuesta a nivel de fuerzas y

desplazamientos.

Generar el refuerzo para cumplir con
filosofia de disefio.

=

Garantizar la seguridad estructural de la
estructura.

Se realiza el levantamiento &
fisico considerando
deterioro por corrosion de |
perfiles estructurales.

|Se genera el modelo estructural
tridi ional en el

La aportacion sera en dos aspectos:
ingenieril y académica.

La primera contribuira en mostrar
ingenierilmente la rehabilitacion de toda la
estructura deteriorada.

En el ambiente académico se contribuird en

la dologia para inferir el
q

que se incluyen todos
los elementos
principales con sus
correspondientes
especificaciones
estructurales en condiciones actuales, asi
como, los escenarios de carga.

Se realiza el andlisis para conocer el
comportamiento dindmico estructural de la
infraestructura educativa.
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el grado de seguridad faltante para garantizar
la integridad fisica de los ocupantes.
A\ . ——

comportami 0 fio con base a la
normatividad vigente que rigen a este tipo
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Introduction

Human beings are constantly looking for comfort, protecting themselves from the harmful conditions
generated by nature, and that with engineering this comfort is provided by taking care of the physical
integrity of the structure with a reasonable safettdiaranging from 1.5 to 3.0 ensuring that the
probability of structural failure is low (Vaet al, 2024). In addition, working together with other
specialties confirms that the structure is safe, functional, economical and without visual contamination
with the trajectory and intervention of professionals according to the phases of the work, as shown in
Figure 1.
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Figure 1
Trajectory of any project

It should be noted that every project is triggered by a need to provide a sesaceety, carrying
out prior studies to assess feasibility. In addition, it is noted that at the end of construction, maintenance
is required, where preventive maintenance aims to maintain the normal operation of equipment and
assets, avoiding costly dowmiz due to unexpected failureaufet al, 2029.

It is also noted irFFigure 1 that the project cycle includes refurbishment, so it is important to
emphasis¢hat refurbishment is an essential part of system resilience, and it is natural to adopt resilience
measures in maintenance planning throughout the educational building where financial, human, material
and time resources are very limited. In additionilisz&e comprises three main capacities: absorption,
adaptation and restoratio®ynet al, 2022, however, to maintain the initial load capacity must be
rehabilitated by placing reinforcements based on the results obtained, this because the infeastructur
located in Ciudad del Carmen Campeche, which is an island bordering the Gulf of Mexaceiet
al., 2018, so engineers who build, design and provide maintenance to the infrastructure in this area, we
must consider the local conditions that prevail in the environment, which is an aggressive environment.
That is to say, in this area the corrosion of steehelgs is imminent, due to the high concentration of
salts in the environment. For this reason, although at a global level steel is an rdeat &eaccelerate
the construction process, the materials degrade gradually and constantly if it does not have the initial
corrosive protection during its useful life. In addition to the above, approximately 360 km away is the
border where the interactiarf two tectonic plates is present: cocos and North American, where seismic
movements are generated and can cause weakened or degraded structures to collapse due to corrosion.

Therefore, this work shows the methodology applied to arrive at the necessary reinforcements by
generating the modelling, simulation and analysis with specialised software. Furthermore, once the basic
loads have been estimated, as well as the scenarcmsmminations of them, the behaviour under real
conditions is inferred in order to detect the weak profiles. Subsequently, a conclusion and
recommendations are made to guarantee structural safety.
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Methodology

Corrosion affects structural profiles including welded joiMslémasettet al, 2029, especially when

these profiles were subjected to high temperatures when welded and were not immediately protected or
retouched by anttorrosion processes, so that over time the element accumulates rust until the core,
connections, or the fundamentafttsaof the structure are calcined. That is, having the elements outdoors,
as well as exposed to the accumulation of water or runoff in areas of difficult interverttoiordées

and weakens structurally, however, at first glance you can not infer the decline of the structural capacity,
so the following methodology should be used: visit the site in question of educational infrastructure,
physical survey of the structureollation of initial engineering, modelling and simulation in real
conditions and finally issue recommendations to ensure the physical integrity of the work. As a
fundamental part is the simulation, whidhouet al, (2019 indicates that simulation isie of the most
applicable techniques used in cases where it is difficult to solve an equation analytically.

The phases of the project in question described in this section are described in detail. As a first
step, a tour of the site is carried out to identify the needs of the project to be rehabilitated, verifying the
degree of deterioration in corrosion in whicte ttvork is located. Subsequently, the dimensions or
characteristics of the current state are taken, removing the paint and loose rust resulting from oxidation.

Next, the work is analysed by comparing the final plans with the existing ones, i.e. the
specifications are studied with the data collected on site as a result of the initial execution of the project
using asbuild plans and, in general, the hidden defeatsite, complementing the missing information.

It is concluded from this stage that the plans do not coincide with what was built.

The structural model is elaborated considering joints, boundary conditions, basic loads and their
combinations to infer the behaviour in the worst case scenarios.

In this work, three categories of loads will be considered according to the duration in which they
act on the structures with their maximum intensity: permanent, variable and accidental.

Permanent actions are defined as those that act continuously on the structure and whose intensity
varies little over timeNTC, 2023. The main actions that belong to this category are: dead load, static
thrust of soils, liquids, deformations and displacements imposed on the structure that vary little over time,
such as those due to prestressing or permanent differential movemdrgssopportsTable 1 shows
the loads of this item in which the weight of all the construction systems and finishes aderaohsi
while the seHweight of the beams and columns will be generated within the specialised software through
the O0sel fweightd command.

Table 1
Dead loads of education infrastructure

No. Construction system Magnitude (kg/m?)
1 | Galvadeck 25 gauge 22 with 6cm compression | 220

2 | Finished floor finish 120

3 | Installations, ducts and soffits 45

4 | Regulatory additional weight 40
Total 425 kg/nt

Variable actions are those that act on the structure with an intensity that varies significantly with
time (NTC, 2023). The main actions that fall into this category are: live load; temperature effects;
imposed deformations and differential subsidencelthae a timevarying intensity; and actions due to
the operation of machinery and equipment, including dynamic effects that may occur due to vibration,
impact or brakingTable 2 shows the loads of this item in which three types are considered: maximum
(Wm), instantaneous (Wa) and average (W).
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Table 2
Live loads of education infrastructure in kg/m

Wm

Destination of floor or roof W | Wa
450

Stadiums and venues without individual seat] 40 | 350

SourceNTC, 2023

The maximum live loadVm should be used for structural design for gravity forces and for
calculation of immediate settlements in soils, as well as for structural design of foundations for gravity
loads; the instantaneous lowéh should be used for design for accidental loads, such as earthquake or
wind, and when checking load distributions more unfavourable than uniformly distributed over the whole
area, and the mean lo&dshould be used in the calculation of deferred settlements and for the calculation
of deferred deflections.

Accidental actions are those which are not due to the normal operation of the building and which
can reach significant intensities only for short periods of time. This category includes: seismic actions;
wind effects; hail loads; effects of explosionsgéiand other phenomena that may occur in extraordinary
cases. It will be necessary to take precautions in the structures, in their foundations and in the construction
details, to avoid catastrophic behaviour of the structure in the event of these axtionag. In the case
of the present work, the load generated by earthquéakes, (2013 will be estimated using the prodisis
using the site location described in the introduction section, while the wind load will be estimated using
the wind system softwar€FE, 202( of the National Institute of Electricity and Clean Energy (ntc).

When the description of the behaviour of a structural system is required, the formulation of a
mathematical model is use84rathet al, 202Q. This formulation is done by means of equations that
reflect the properties, geometry, materials and the interaction between the elements. Different sets of
equations then appear that can be related to each other to achieve the final formulation.eTmgtmod
basic loads and load scenarios, from which results of the behaviour of the structure under real conditions
will be obtained, and recommendations will be issued to address the findings.

The physical and mechanical characteristics of the existing profiles in the project are shown in
Table 3, in which the safety assessment and reliability analysis of a structure as a function of time
depends mainly on the corrosion model, which directly affects the accuracy of the calculatieira{yVu
2021). Destructive testing yielded an fy = 3,31498%and E = 2,039.439/°™ the magnitude of which
was reliably generatedsticet al, 2023.

Table 3
Specifying the profiles that make up the infrastructure

ID Structural profile Specification
C1 OC-508 mm x 12.7 mm A-500 Gr. B
C-2 OC-406 mm x 12.7 mm A-500 Gr. B
TR-1 IR-356 mm x 50.7 kg/m A-572 Gr. 50
L-1 IR-254 mm x 32.8 kg/m A-572 Gr. 50

Results

As shown inFigure 1, it can be observed that thealysis includes three phases, which consists of a
numerical procedure or mathematical formulation whose fundamental objective is the determination of
forces or stresses, displacements or deformations of a structure subjected to loads and their cnbinatio
while the structural design involves the selection of the material, the dimensioning of the components of
the structural system that allows it to adequately and rationally support the acting forces, in order to fulfil
the function for which it was coeoved. Although these two aspects of structural engineering are often
studied in separate courses, in professional practice they are strongly linked and are carried out through
iteration until a project that complies with the design philosophy is achieved.
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The structural analysis and design of this project covers a section of the stadium, from the
foundations to the stands. All the elements that make up the stadium system such as the footings, steel
slab system and stands including the beamsaludnns will be designed in accordance with AIBSD
(AISC, 1989. The strength will be obtained by means of the computer aided linear analysisP®taad
and therefore the value judgement regarding the structural behaviour of the elements that make up the
stadium required to fulfil the objective entrusted by thenthell be obtained from the result obtained.

In its initial stage, the analysis of a structure is detonated from the knowledge of the preliminary
dimensions of all its element§ghir & Ghafoor, 2028 This preliminary design is often based on a more
or less crude or simple analysis, and is influenced by the engineer's experience and judgement. Having
determined an initial set of member sizes, a more detailed analysis can be made to determimelforces a
displacements using equilibrium, kinematic, constitutive and compatibility equations. Equilibrium
equations establish relationships between the forces acting on the system and can be classified into static
and dynamic. Kinematic equations relate displacements to deformations, constitutive equations relate
stresses to deformations and compatibility eiQuatrelate deformations to displacemefitbdnet al.,
2005. Figure 2 shows the axial load resulting from the loading scenarios, where the red lines represent
compression and the blue lines represent tension.
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Figure 2
Maximum axial load, 47.6 ton

Figure 3 shows the shear force diagram produced by the load scenarios, which is a graph that
shows the behaviour of the internal force of the beams produced by the effects of the external forces over
their entire length (Hibbeler, 2012). When modelling a structheegeometry, the type of material and
the acting loads with their critical scenarios are defined a priori. The definition of the geometry includes
specifying at which points and in which degrees of freedom the value of the displacement is known, in
this case referring to the supports, this being defined as everything in which the value taken by one or
more of its degrees of freedom is known, i.e. every point of known displacement is called a $apport.
value may be zero or nezero.
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Figure 3
Maximum shear, 24.30 ton

Figure 4 shows the bending moment diagram resulting from the loading scenarios. This graph
represents the moment produced due to external loads (Kassimali et al., 2015).
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Maximumbending moment, 24.90 tan

Figure 5 shows the interaction ratio in which the ultimate acting magnitude is divided by the
resistance. Note that it exceeds the optimum magnitude of 0.8, which implies that in a deteriorated state
it needs to be strengthened.
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Figure 5
Failure limit state, 2.93

Figure 6 shows the maximum deformation in the structure. It is observed that a maximum
magnitude of 8.92cm is present, which exceeds the tolerance, which should be reinforced to ensure
structural safety.
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Figure 6
Serviceability limit state, 8.92 cm

Conclusions

When generating results, it is concluded that the structure does not comply with the limit states,
understanding that a limit state of behaviour is reached in a construction when a combination of forces,
displacements, fatigue levels, or several of therickv determines the onset or occurrence of an
unacceptable behaviour mode of such construction, is present (NTC, 2023). According to the Regulation,
such limit states are classified into two groups: failure limit states and serviceability limit states. The
former involve the occurrence of behavioural modes that endanger the stability of the construction or
part of it, or its ability to resist new load applications. The latter include economic damage or the
occurrence of conditions that prevent the propeiopmance of the functions for which the construction

was designed, resulting in a result shown in equation [1]:
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A  =—=———=230cm [1]
maxr 240 240

It is recommended to reinforce the structure at the points shown in Figure 7.

Box 10
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Abstract

The thermal analysis of Proton Exchange Membrane Fuel Cells (PEMFC) is crucial for understanding how temperature
impacts both electrochemical performance and water management, key aspects of their operation. This study focuses on
evaluating the effect ohermal variations and tortuosity on liquid water formation in the cathode and its influence on overall
efficiency. The thermal analysis considers the interaction between heat transfer, tortuosity due to porosity, and #e presenc
of liquid water. To solvéhe governing equations of the system, the egmmce software OpenFOAM, based on C++, is used

with the Finite Volume Method (FVM). This approach allows for accurate modeling of thermal behavior and mass transport
in the PEMFC. The study examines perfont@through polarization curves at three operational temperatures: 323, 328, and
333 K, combined with tortuosity values of 1.5 and 2.5. These variations help understand how tortuosity affects reactant and
product transport, as well as water managemenbaerhll cell performance.
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Resumen

El analisis térmico en celdas de combustible tipo PEM (PEMFC) es crucial para entender cémo la temperatura afecta tanto el
rendimiento electroquimico y la gestiébn de agua, un aspecto clave en su operacion. Este estudio se enfoca en evaluar el
impacto de la variaciones térmicas y la tortuosidad en la formacién de agua liquida dentro del catodo de la PEMFC y su
efecto en su eficiencia global. Este andlisis térmico considera la interaccion entre la transferencia de calor, laltortuosida
debido a la porosidaglla presencia de agua liquida por su formacién en el catodo. Para resolver las ecuaciones gobernantes
del sistema, se utiliza OpenFOAM (Open Field Operation and Manipulation), un software de cddigo abierto basado en C++,
empleando el Método de Volumenadnitos (FVM, por sus siglas en inglés). Este enfoque permite modelar con precision el
comportamiento térmico y el transporte de masa dentro de la PEMFC. El estudio analiza rendimiento de una PEMFC descrito
por las curvas de polarizacién obtenidas bajo teegperaturas operativas: 323, 328 y 333 K, combinadas con valores de
tortuosidades de 1.5 y 2.5. Estas variaciones permiten entender como la tortuosidad afecta el transporte de reactivos y
productos, asi como el manejo del agua dentro de la celda, ydémiento global.
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Introduction

The search for sustainable and clean energy sources has led to a growing interest in proton exchange
membrane fuel cells (PEMFCs). These cells represent one of the most promising technologies for the
highly efficient conversion of chemical energy from fueo electrical energy, with low pollutant
emissions and the ability to operate at relatively low temperatures. However, to maximise the
performance of a PEMFC, it is crucial to thoroughly understand the factors that affect its operation,
including thermbmanagement and water dynamics within the systehmva Kumar & Himabindu,

2019.

Thermal analysis in PEMFCs is critical, as temperature has a significant impact on
electrochemical performance. Improper temperature control can lead to problems such as decreased
system efficiency, water accumulation in unwanted locations and, in ext@ses, damage to cell
components. It is therefore critical to analyse how thermal variations affect not only the electrochemical
reaction itself, but also water management, which is a crucial aspect for the optimal operation of these
cells (Yu et al., 200}

One of the key characteristics influencing the performance of PEMFCs is the tortuosity of the
porous medium of the catalyst and diffuser layers. Tortuosity refers to the complexity of the path that the
reactants and products must follow through the poreéseomaterial, which affects the diffusion and,
consequently, the efficiency of the electrochemical reactions. In this study, we seek to assess the impact
of different levels of tortuosity on liquid water formation and overall cell efficiency. Underaghdiv
tortuosity affects the transport of reactants and products is vital to improve water management, which in
turn influences overall system performanCelfallos et al., 2032

The present study focuses on the use of OpenFOAM, an open source simulation software based
on C++. This program is widely used in the scientific community to solve complex fluid and heat transfer
problems through the Finite Volume Method (FVM). The chaxeOpenFOAM allows accurate
modelling of thermal behaviour and mass transport within the PEMFC. Using this approach, different
scenarios considering both thermal variations and different tortuosity levels can be simulated, thus
providing a robust framewoffor the analysis of cell performance.

In the research, simulations are carried out at three operating temperatures: 323 K, 328 K and 333
K. These temperatures represent a typical operating range for PEM fuel cells. The choice of these
temperatures allows us to observe how the performances afethis affected by thermal changes, as
well as by variations in tortuosity, which is analysed at two levels: 1.5 and 2.5. This work is based on a
previous study Ceballos et al., 2034 from which key information has been extracted for the
methodology ged in this analysis. In the previous work, the quality of the mesh was verified, all
governing equations and their variables were defined, as well as the numerical method used.

Methodology
Domain

The study domain consists of a PHE{be single fuel cell with a serpentine flow channel design. This
geometry was chosen because of its ability to improve reagent distribution and water management.

The study domain includes several kegions. The gas flow channel is the region where gaseous
reagents, such as oxygen and hydrogen, are transported. The gas diffusion layer (GDL) consists of a
porous material that facilitates the transport of these reactants to the catalytic layersassleiling
the evacuation of water produced during the reaction. The catalytic layer is the area where the
electrochemical reaction that converts chemical energy into electrical energy takes place, while the
membrane is responsible for transporting tletgns from the anode to the cathode. The dimensions of
the cell are as follows: the channel is 1 mm wide and 1 mm high. The thickness of the GDL is 200 um,
the thickness of the catalytic layer is 10 um, and the thickness of the membrane is 50 pum.
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The domain was discretised using the Finite Volume Method (FVM) in OpenFOAM, due to its
ability to solve complex fluid dynamics and heat transfer problems. The meshing was performed with a
structured approach, paying special attention to the refinemdéim¢ atterfaces between the catalytic
layer, the membrane and the GDL, where the highest concentration and thermal gradients occur. The
guality of the meshing was verified in a previous work (Ceballos et al., 2024) where a mesh independence
study was perfaned.

Governing equations

The governing equations (Table 1) describe the fundamental physical and chemical phenomena occurring
inside a PEMFC. These equations allow representing the flow of reactants, heat transfer and species
transport inside the cell, key elements to understand predict its behaviour. The correct
implementation of these equations is essential to determine the dynamics of the system, from the
distribution of reactants and products in the flow channels and porous media, to the impact of temperature
on the electrohemical performance. In addition, these equations help to model water formation and
management, which is critical to avoid problems such as excessive accumulation at the cathode and to
ensure efficient operation. Together, the governing equations ptbeidasis for accurately simulating

cell performance under different operating conditions, facilitating the analysis of key variables for
optimisation

Table 1
Main governing equations

Ecuacion Number

Continuity 2”7 ¥ Y [1
Moment O” “¥'¥ N 2 Y Y [2]
Chemical species 0” "V J0 [3]
Energy 2" 6 ™Y 20 Y 'Y Y [4]
Liquid water transport 0”7 'O Y 2" WY Y [5]

Source: Own elaboration
In equation 5, the effective diffusion coefficient is defined as
(0] 0 "Q-"QVY [6]

Where the overall diffusion coefficient through the floannel is expressed as binary diffusion
for each component of the gas mixture is obtained by

pre YT
o pm - [7
n o VIR

whered , 0 the molar masses aing 0 species diffusion volumesQ- AT Q'Y are the
normalised porosity and saturation functions, respectively. These functions account for the tortuosity due
to porous media and the presence of liquid water.

o - m8toX® [8]
~ p mhox
oY o Y o]

The term represents the tortuosity due to the presence of water in the porous medium. In this
study, it is analysed with values of 1.5 and 2.5, by varying the initial simulation temperatures of 323, 328
and 333 K, to observe the impact of this parametéhemverall performance of the cell.
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Numerical method.

OpenFOAMis used, solves the incompressible laminar NaStekes equations using the Pressure
Implicit with Splitting of Operator (PISO) algorithm and discretises the equations based on the finite
volume method. The Preconditioned®onjugate Gradient GradierRBiCG) method was used to find
convergence in the energy equation, and the Preconditior€drguigate Gradient Stabilised Gradient
(PBICGStab) for other variables (continuity, momentum, species transport, energy and liquid water
transport). For all varides, the convergence criterion was a residu&t'6?.

Results
Data validation.

The validation of the simulation data was carried out in the previous study (Ceballos et al., 2024) where
the independence of results was verified with the mesh and the construction of the polarisation curve of
the coittype geometry. The study was perfesifrom 12,159 to 96,141 hexahedral elements analysing
the values of maximum current densities, reaching mesh independence with 45,170 elements.

Impact of tortuosity on the maximum temperatures on the cathode side.

Figure 1 presents the initial operating temperatures of the cell, corresponding to 323 K, 328 K and 333
K; and the maximum temperatures reached at the cathode during operation. The two sets of data
correspond to tortuosities of 1.5 and 2.5.

The results show that as the initial temperature increases, so does the maximum temperature at
the cathode, reflecting an expected trend due to heat accumulation inside the cell during the
electrochemical reaction. However, the tortuosity is observed te hasignificant impact on the
magnitude of the maximum temperature reached.

For a tortuosity of 1.5, the maximum cathode temperatures are lower compared to the values
obtained for a tortuosity of 2.5. This can be explained by the fact that a higher tortuosity value increases
the resistance to gas flow in the porous medium, whachlead to higher heat accumulation due to the
difficulty in evacuating water and reaction products. In turn, the reduced efficiency of heat transfer to the
surrounding regions contributes to a higher temperature rise at the cathode.

It is noticeable that the difference in the maximum temperatures between the two tortuosities
widens as the initial temperature increases. For example, at 323 K, the difference between the maximum
temperatures for tortuosities of 1.5 and 2.5 is relatigahall; however, at 333 K, the difference is
considerably larger. This suggests that the effect of tortuosity becomes more relevant as extreme thermal
conditions increase within the cell, exacerbating the effects of thermal and water mismanagement in more
tortuous media.

Impact of tortuosity on peak current density on the cathode side.

Figure 2 shows the relationship between the initial operating temperature of the cell and the maximum
current density obtained at the cathode, with two data sets representing tortuosities of 1.5 and 2.5. The
analysis reveals that, as the initial cell tenapére increases, the maximum current density also increases,
which is consistent with the general trend that higher temperatures favour electrochemical reactions by
increasing the mobility of protons in the membrane and enhancing catalytic activity.

However, the tortuosity of the porous medium has a noticeable impact on the magnitude of the
current density achieved. For the tortuosity of 1.5, it is observed that the cell achieves higher peak current
densities compared to the tortuosity of 2.5. Thibasause a lower tortuosity favours the transport of
reagents towards the catalytic layer, reducing the resistance to oxygen flow and improving the access of
the reagents to the active site where the oxygen reduction reaction occurs at the cathode.
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Onthe other hand, when the tortuosity is 2.5, a significant decrease in the peak current density is
observed, which can be attributed to the fact that a more tortuous porous medium generates a higher
resistance to the transport of reactants and productginfinthe efficiency of the electrochemical
reaction. In addition, the accumulation of water in more tortuous media can clog porosity and gas
channels, further affecting the availability of oxygen for the reaction.

Importantly, the effect of tortuosity is amplified at higher temperatures. At 333 K, the difference
in peak current density between the 1.5 and 2.5 tortuosities is much more pronounced than at 323 K. This
suggests that, at higher temperatures, the totyueffiect is amplified. This suggests that, at higher
temperatures, the transport capacity of the reagents becomes even more critical for electrochemical
performance, highlighting the importance of optimising the structure of the porous medium to ensure
efficient transport of oxygen and water within the cell
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Figure 1
Effect of tortuosity on the maximum temperature gradients on the cathode side

Source:Own elaboration
Impact of saturation on cathode side peak current density

The water saturation contours for the 1.5 and 2.5 tortuosities show how the water accumulation within
the cell varies as both the operating temperature and the structure of the porous medium changes. As the
temperature increases, a significant increaseaiuration values is observed for both tortuosities,
although this increase is more pronounced in the 2.5 tortuosity cell.

For the 1.5 tortuosity, the saturation values go from 0.34 at 323 K, to 0.38 at 328 K, and finally
reach 0.71 at 333 K. This indicates that, although there is an increase in water accumulation at higher
temperatures, the porous medium with lower tortuasityallows a relatively efficient evacuation of the
water generated during the electrochemical reaction.

On the other handhe cell with a tortuosity of 2.5 shows slightly higher saturation values than
the 1.5 tortuosity at all temperatures tested. At 323 K, the saturation is 0.36, increasing to 0.40 at 328 K
and reaching a remarkable value of 0.79 at 333 K. This steepeasadre saturation as temperature
increases highlights the limitations of a more tortuous porous medium to handle water transport. A
tortuosity of 2.5 imposes greater resistance to water flow, leading to greater accumulation at the cathode,
especially at @lvated temperatures.
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Figure 2
Effect of tortuosity on the values of peak current densities on the cathode side
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On the other hand, the cell with a tortuosity of 2.5 shows slightly higher saturation values than
the 1.5 tortuosity at all temperatures analysed. At 323 K, the saturation is 0.36, increasing to 0.40 at 328
K and reaching a remarkable value of 0.79 at B33his steeper increase in saturation as temperature
increases highlights the limitations of a more tortuous porous medium to handle water transport. A
tortuosity of 2.5 imposes greater resistance to water flow, leading to greater accumulation abdee cath
especially at elevated temperatures.

Comparative analysis between the two tortuosities reveals that, although the difference in
saturation is minimal at low temperatures (with differences of 0.02 at 323 K and 328 K), the disparity is
amplified considerably at 333 K, where the 2.5 tortuosity & saturation value 0.08 points higher than
the 1.5 tortuosity. This suggests that, as thermal conditions become more severe, the ability of the porous
medium to evacuate water is more compromised in cells with higher tortuosities, which could negatively
affect cell performance due to pore clogging and reduced reagent transpor.
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Saturation contours on the cathode side
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Conclusions

From the results obtained, it is concluded that increasing the operating temperature of the PEM cell
causes a significant increase in water saturation in both 1.5 and 2.5 tortuosity cells. At 333 K, saturation
levels are considerably higher compared to B28nd 328 K, highlighting the importance of proper
thermal control to avoid excessive water accumulation at the cathode, which could negatively affect the
electrochemical performance of the cell. Cells with a tortuosity of 1.5 present a more effedisigycap

to handle the generated water, showing relatively lower saturation values at all temperatures analysed.
This behaviour suggests that a porous medium with lower tortuosity facilitates water evacuation, which
reduces the risk of flooding at the cathode and improves the overall performance of the cell. In contrast,
cells with a tortuosity of 2.5 tend to accuime more water, which could clog the gas channels and limit
oxygen diffusion towards the catalytic layer. As the temperature increases, the difference in saturation
between the 1.5 and 2.5 tortuosities becomes more noticeable. At 333 K, the saturdimr?.m t
tortuosity cell is considerably higher than in the 1.5 tortuosity cell, highlighting the limitations of a more
complex porous structure for water transport at elevated thermal conditions. This behaviour highlights
the importance of optimising torteity to avoid water blockages that impair electrochemical
performance.
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Abstract

In this study, the effect on electricity production in four benthic microbial fuel cell (BCMB) devices was
compared. The CCMBs used carbon fiber anodes subjected to different exposure timestheamain
plasma at low pressure, with exposure times @& dnd 6 minutes respectively, in addition to a control
(untreated anode). The lowest power production was obtained with the anode treated for 6 minutes,
recording a power density of 1.33 mW/mith a current density of 22.22 mA#fmwhile the highest

power production was achieved with the CCMB using the anode treated for 1 minute, obtaining a
maximum peak power of 2.02 mW4with a current density of 27.40 mAfmThe results showed that

a shorter exposure time of the anode to plasma treatment has a favorable effect on power production.
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Resumen

En esteestudiose comparo el efecto en la produccion de electricidad en cuatro dispositoedatede
combustible microbianas bénticas (CCMBEas CCMBsemplearon anodos diibra de carbon
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exposicion de 1, 3 y 6 minutos respectivamente, ademas de un {@stigln sin tratar)La menor
produccion de potencie obtuvacon el anoddratado 6 minutos, registrando una densidad de potencia
de 1.33mW/n? con una densidad dmrrientede 22.22 mA/ri mientras que lanayor produccion de
potenciase alcanzé con la CCM&npleandel &nodo tratado 1 minutobteniendo umaximo pico de
potencia de 2.02 mW/weon unadensidad de corriente de 27.40 mA/rhos resultados mostraron que
un menor tiempo dexposicibndel dnodo atratamiento con plasma tiene un efecto favorable en la

produccion de potencia.
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Introduction

Benthic microbial fuel cells (BMFCs) are bioelectrochemical systems that use the metabolism of
microorganisms to produce electricifye{vakolian et al., 2090BMFCs can use sediments from different
aguatic bodies such as; rivers, lagoons and $easdrino et al., 2033also have the advantage of not
requiring the use of a membrane for their operation. In a BMFC the anode is buried in the sediments,
while the cathode remains floating or submerged in the overlying water. Electroactive bacteria (EAB)
that colonize the ade oxidize the organic matter in the sediment using an electrode as an electron
acceptor. Electrons and protons released by the oxidati@rgahic compounds at the anode are
transferred to the cathode, where they react with oxygen (electron acceptor) to formvieaigref al.,

2023.

BMFCs constitute an alternative to generate bioelectricity while degrading pollutants. These
systems can be used to power submersible ultrasound receivers, wireless temperature and oxygen
sensors, as well as wireless telecommunications systems aipdveexr sensors for remote monitoring
(Sun et al., 2024 in addition to being used in bioremediation processes, removing polychlorinated
biphenyls (PBCs), polycyclic aromatic hydrocarbons (PAHSs) and antibiotics and immobilizing heavy
metals and phosphorus frasediments Danhassan et al., 20RHowever, its performance still faces
several challenges for largeale applications. Despite their advantages, the power output of BMFCs is
low, several factors related to the configuration of these devices affect their performance, such as the
electrale material, distance between the electrodes, depth of the anode, height of the anode embedded in
the sediments, cathode configuration and type of aquatic body@spth(et al., 2093Recent advances
in BMFCs have focued on modifications of the anode as a key element to improve the performance of
these systems, with the purpose of increasing the exposed surface, decreasing the internal resistance an
having high electrochemical activiti?akash et al., 20).8

These modification methods include surface treatments with physical or chemical methods,
addition of highly conductive or electroactive coatings and the use of electrodes composed of metal and
graphite (Wei et al., 201). In this context, notthermal plasma or cold plasma technology has attracted
attention in many areas of study because it is environmentally sustainablkthddmal plasma is
generated by subjecting a gas to an electric field in gdowperature reactoresulting in the production
of an bnized gas. The free electrons of ionic species react with substances, oxidizinglthefarGeer
et al., 202). This technology has various applications and has allowed the investigation of surface
treatments of multiple types of materials, such as surfaces that will be coated with nanomateldals (
et al., 202 and emerges as a highly efficient and controllable approach for the surface treatment of
materials. of electrodes, which allows improving their electrochemical performémeeq et al., 2007

From this perspective, in this study, carbon fiber electrodes were subjected to different exposure
times to lowpressure nothermal plasma (1, 3 and 6 minutes), to be used as anodes in three Benthic
Microbial Fuel Cell devices. (BMFQ, BMFG3 and BMFC6). Thus, the electricity production
performance of fuel cells that used plastmemted anodes was compared to a BMF@hat used an
untreated anode (control). It is suggested that plasma treatment modifies the surface of the anodes,
improving their performace for electricity production in a BMFC.

This research was developed in the following stages: exposthiezefanodes to a ndhermal
plasma at low pressure, assembly of four BMFCs using the treated anodes and oné) BMR@n
untreated anode (control). Monitoring the microbial colonization time in the cells, and finally the
performance of the cells wasarfacterized using polarization and power curves.

Methodology
Microbial fuel cell benthics configuration

Four glass vessels were used to construct each of the BMFCs. The vessels had a lower diameter of 4.5
cm, an upper diameter of 8 cm and a height of 14 cm, having a total volume of 140.28 cm3. Sediments
from a jagley from a town in the state of Morelos, Mexiere used. The electrodes used were carbon
fiber (Fibreglast®) with an area 60009 m2. To build the BMFCs, an untreated anode (Control) was
used, and three anodes subjected to different exposure times taéheemoal plasma.
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For plasma treatment, each electrode was placed in a reaction chamber at different exposure times
(1, 3, and 6 minutes). To generate the plasma, a high voltage source (SPELLAN SL600) was used,
applying a voltage of 5 kV with a current of 70 mA, a vacuutmpLABCONCO 117) was used to
generate vacuum in the reaction chamber (24 Torr).

Assembly of benthic microbial fuel cells

To assemble the cells, the anode piased at the base of each cell, then a 3 cm layer of sediment, and
then a layer of water was added at a height of 3 cm from the container. The cathode was placed on the
surface of the water supported by a plastic base, and finally it was covered withoasateeight of 3

cm. The electrodes were connected to the outside using copper wire to carry out the measurements. The
cells were kept in operation for 18 days at room temperature. A schematic of the assembly is shown in
Figure2.1.

Cathode I 3cm

Water

Anode Sedimens

Figure 1
Scheme of the BMFCs

Source: Own Elaboratior
Data acquisition and characterization of the BMFCs

During the startup stage of each of the BMFCs, the open circuit voltage (OCWamitered using a
multimeter (Steren Professional Deluxe Multimeter with PC interface, Model:-B0@). During this

period microorganisms colonized the anode of each system. Once the BMFCs reached a stable voltage,
the characterization of each cell wasrigr out using polarization curves and power curves, using a
variable external resistance® 1 n a range of 500 q and 10 kq. F
in each cell (emrc) was recorded. For each pair of valfesV) obtained experimeatly, the current

was determined using Ohm's law:

0 — [1]

To obtain the polarization curves, cell voltage was plotted against the currergellbewer
(PsmrFc) was obtained using the following equation:

0 — [2]

The obtained power density was normalized to the anode area fnW/m
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Results
Microbial colonization time

Figure2 shows the microbial colonization time in the four BMFCs devices. In BNMRGe voltage was
slowly increasing during the first 4 days, while the voltage in BMEC3 and 6 was slightly higher
during the sameeriod of time. The BMF&J reached a maximum voltage of 0.35 V after 11 hours of
operation, the BMF& and the BMFGS8 and 6 in a period of 7 and 9 days respectively, that is, the
microbial colonization time was reduced by a in the cells that used thegdieated anodes by up to
36%. Finally, all systems maintained a relatively stable voltage during the last days of operation.

Box 2

0.4

0.35

0.3

0.25

Voltage(V)
o
N

O

0.15

—=—BMFC-U
0.1 =@—BMFC-1
©=BMFC-3

0.05
—8—BMFC-6

0

1 2 3 4 7 9 10 11 17 18
Time (Days)
Figure 2

Microbial colonization time in CCMBs
Source:Own Elaboratim

The reduction in microbial colonization time in BMFCs that used plaseaged anodes suggests
that changes occur on the ana@ieface when the treatment is applied, which allow greater microbial
colonization in less time. In a study (Gholami et al., 2024) tiseyl a nitrogen plasma modified nickel
foam as an anode to improve the electrochemical performance in an MFC. They observed that the Ni
foam exhibited an open cell structure and rough surface morphology, which provided a large contact area
between beteria and anodes in microbial fuel cells (MFCs) improving their performance.

Comparison of polarization curves

Figure 3 shows the polarization curves obtained for the four microbial fuel cell systems. BMFC
reached the highest open circuit voltage (OCV) of 0.29 V, followed by BMFGsand 6 with an OCV
of 0.27, 0.25 and 0.18 V respectively. Obtaining a lower OCV focétiethat used the anode treated
with plasma for a longer time (6 minutes).
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Figure 3

Polarization curves fadBMFCs with different anodes
Source:Own Elaboration

In the four BMFCs devices, a rapid drop in potential is observed at low current densities,
attributed to the activation losses of each system. As the current density increases, the) BMVES
arapid loss of potential, while the BMFCshows slower losses of potential.

Power production in benthic microbial fuel cells

The performance of the BMFCs in power production was examined, Fighavs the results obtained.

The BMFGU achieved a maximum power density of 1.60 mWirith a current density of 14.07
mA/m?. While the BMFG1 reached the maximum peak power of 2.02 m¥Wiith a current density of

27.40 mA/nt, that is, in this system power production increased by 26% and the current density was
reduced. doubled. However, with the BM#BCthe lowest peak power was obtained, reaching 1.33
mW/n?. Table3.1 summarizes the relés obtained for each BMFC.
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Figure 4

Power production in BMFCs
Source:Own Elaboration
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It has been reported that pure carbon materials have a lower number of active sites, so they exhibit
a lower electrochemical performance, whaduld be attributed to the lower power density obtained in
the BMFGU. Different levels of topological defects could be obtained by varying the duration of the
plasma on the anode, which could improve the electrochemical performance of the materiatimgflue
the power production, as observed in BMEQOuyang et al, 2018

Table 2
OCV and power production for BMFCs

BMFC | OCV (V) | Maximum power density (mMW/m?) | Current density (mA/m?)
BMFC-U 0.29 1.60 14.86
BMFC-1 0.27 2.02 27.40
BMFC-3 0.25 1.81 25.92
BMFC-4 0.18 1.28 26.66

Source:Ownelaboration

Some studies have explored the use of plasma to treat electrodes for MFC applicatiang. (
et al., 201pused flow plasma at atmospheric pressure to treat carbon cloth electrodes for use in an MFC.
They obtained a maximum power density of 7.56 m¥/finding that the plasma treatment improved
the electrochemical performance of the system by tripling the power density with respect to the MFC
that used untreated electrodes. The plasma treatment allowed the carbon fabric to be highly hydrophilic,
and tte internal resistance of the MFC was significantly lower than the MFC with untreated electrodes,
which influerced the increase in power. In another stu@®nalami et al., 2024 they used nickel foam
modified with nitrogen plasma as an anode in an MFC, applying a treatment for 60 minutes, the MFC
reached a maximum power density of 247.1 m#Amthis work, a high hydrophiligitof the plasma
modified Ni foam electrodes was obtained, which facilitated the adhesion of bacteria and the formation
of biofilms.

Conclusions

In this study, it was observed that plasma treatment reduces the micdbiakation time at the anode
of BMFC-1 by up to 36%, compared to BMAZ

Greater power production was achieved in BMEbtaining a peak power of 2.01 m\W/m
increasing up to 26% compared to the cell that used an untreated anode. This can be attributed to change:
that occurred on the surface of the plagreated anode, which favored the adhesion of microorganisms
and the transfer of electrons to the anodinefcell.

In this work, the morphology of the anode before and after plasma treatment was not examined,
which can be done for future work.
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Abstract

The degradation generated by plasma treatments of the dye PeRhalieimine B in aqueous solution

(123 mg/L) was evaluated. The degradation was quantified as a function of the exposure time (240 min)
and the plasma generation current (20.0, 30.0, 40.0 and 50 mA) at a voltage of 2000 V. The changes
(degradation) were maored by Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC).
Total dissolved solids (TDS) and electrical conductivity (EC) were also measured. The degradation of
the dye in terms of TOC in the solution was maximum (97 %) for the 50 mA plasrradnéaAs the

current increases, the COD in the solution also increases. For the 50 mA treatment, the COD increased
by 27%. The TDS and EC increased as the exposure time increased. The higher the current and exposure
time, the greater the degradation & tlye

Objectives Methodology Contribution
Air plasma The solution is .
degrading |: subjected to plasma LA \_ﬁ—
Plasma Treated TDS EC
- ? ? tor ¥ solution
A ‘J Analysis

{ ‘!
Evaluate physical and Measured: TDS, EC, I ‘ ll
chemical changes COD and TOC . 1 -

Plasma, degradation, rhodamine B

Resumen

Se evalué la degradacién generada mediante tratamientos de plasma del colorante Permalon Rhodamin
B en solucién acuosa (123 mg/L). Se cuantifico la degradacion como funcion del tiempo de exposicion
(240 min) y de la corriente de generacién del plasma (20.0, 30.0, 40.0 y 50 mA) a un voltaje de 2000 V.
Los cambios (degradacion) se monitorearon medR@eteanda Quimica de Oxigeno (DQO) y Carbono
Organico Total (COT). También se midieron solidos disueltos totales (SDT) y conductividad eléctrica
(CE). La degradacioén del colorante en términos del COT en la solucién fue maxima (97 %) para el
tratamiento de lasma de 50 mA. Conforme la corriente incrementa, la DQO en la solucion también
aumenta; para el tratamiento de 50 mA la DQO increment6 un 27 %. Los SDT y la CE aumentaron
conforme el tiempo de exposicion sucede. A mayor corriente y tiempo de expaosiydn,degradacion

del colorante.
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Introduction

The dye Rhodamine B is one of the most widely used substances in the industry. It is mainly used in the
textile industry, paints, manufacturing pens, dy@splosives, carbon sheets, stamp inks, and even
biscuits (mam & Babamale, 2020; Hamdaoui, 2011

This dye is one of the most toxic due to its high stability andmotegradability, which is why
it is present in textile industrial wastewater. On the other hand, since it prevents the passage of light and
inhibits the bioprocesses of aquatic plants mmctoorganisms that cohabit in water bodies, generating
anoxic conditions§harmeet al, 2023, as well as inducing inflammation of the organs of living beings
(Seerangaragt al, 2021; Naset al, 2023, it becomes a highly harmful compourghérmaetal., 2023.
In general, apart from the Rhodamine B dye, a large amount of toxic and dangerous organic or inorganic
compounds are dumped into bodies avater currents, destroying the ecological system and human
health because they have not been previously treated or degraded by some wastewater treatment
methodology {lasret al., 2023.

Alternative procedures are currently being developed and researched to address the problem of
water body pollution. In particular, advanced oxidation processes (AOP) are studied, representing a
promising option of techniques and an active field of resdareemoving dyes. These processes include
atmospheric pressure air plasmas, where degradation occurs when reactive molecules, ions and/or radica
species created during the plasma discharge in the gaseous or liquid phase attack organic molecules an
oxidize them Ma et al, 2021; Aggelopoulost al, 2024; Garciat al, 2017; Aggelopoulos., 2022;
Pandiyaragt al, 2021; Ghezzaet al., 2009.

In general, these nethermal plasma degradation processes have the advantages of high
efficiency, no secondary pollution and low energy consumpfior ¢ r e alj 2024;Hentit et al,
2014). Considering the degradation characteristics of atmospheric pressure air plasmas and the multiple
advantages of this methodology, the present experimental research aims to evaluate the degradation
percentage generated by this methodology in a solutitireadye Permalon Rhodamine B at an initial
concentration of 123 mg/L. The degradation is evaluated by measuring Chemical Oxygen Demand
(COD) and Total Organic Carbon (TOC). The behaviour of total dissolved solids (TDS) and electrical
conductivity (EC) is also determined; all of this is a function of the time of exposure of the solution to
the treatments and the plasma generation parameters.

The analysis and observation of the degradation behaviour of the dye of interest in agueous
solutions through this research provide a solid basis for developing effective methodologies in treating
industrial wastewater with similar characteristics. Thigegknent uses atmospheric pressure air plasma,
which can offer an innovative and efficient alternative to removing contaminants. In the methodology
section, the experimental device's particularities, the dye's chemical properties, and the techniques
seleced to evaluate the variables of interest are detailed and presented. The results section presents
graphs illustrating the evolution of chemical oxygen demand (COD), total organic carbon (TOC), total
dissolved solids (TDS) and electrical conductivity (E€)h@ solution over the exposure time and as a
function of the power of the plasma used. These data allow a precise analysis of the effectiveness of the
treatment. Finally, in the conclusions section, the most significant observations are highlighted, whic
could guide future research and applications in wastewater treatment.

This approach not only underlines the importance of understanding the dynamics of dye
degradation but also highlights the potential of using advanced technologies, such as plasma, to improve
the quality of treated water.

Methodology

The experiment was carried out considering an initial concentration of 123 mg/L. To obtain this value
(123 mg/L), 246 mg of Permalon Rhodamine B dye powder was added to 2.0 L of distilled water. The
dye was weighed using an ADAM brand analytical balanajehPW 254. This concentration was
chosen for all the experiments performed. The Permalon Rhodamine B dye is identified with C.I: 45170.
It was used without any purification or physical or chemical changes. Its formula and molecular weight
areCogH31CIN2O3 and 479.01 g/mol, respectively.
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The plasma treatment process is carried out as follows. It begins by exposing 500 ml of the
solution of interest at a concentration of 123 mg/L to the air plasma. The plasma is generated with specific
determined values (voltage and current) in a ‘igliage source SPELLMAN SL60Q, as shown in
Figure 1 fvila et al, 2023.

High
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electrode
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| Hermetic
sealing cover
Plasma Thermometer
I
I
I
U Solution with
4-——-————-—--- - - contaminant
Fixed
- (dye)
electrode
Reaction
4—
EEE— chamber
|
— e

Figure 1
Diagram of the solution exposure to plasma and components of the experimental device

Source: Own elaboratior

The device consists of a hermetically sealed glass chamber with a capacity of 1.0 L, two tungsten
electrodes, a mercury thermometer, and a-higtage source. In this device, one electrode is immersed
in the solution of interest. At the same time, theeathvhich is movable, is placed at a distance of
approximately 2 mm to facilitate plasma generation. This plasma is formed at the interface between the
air in the reaction chamber and the solution, as illustrated in the diagram. The thermometer remains
immersed in the solution, allowing the temperature to be measured at all Fouedreatments were
carried out with different electric currents and the same voltage (2000 V). Likewise, the afalues
exposure time (240 minutes), concentration (123 mg/L), and volume of solution treated (500 mL) were
kept constant. All treatments gted with a temperature value of 28 °C. The electric current vakezs
to generate the plasma are specified in Table 1.

Table 1
Electric current parameters usedyenerate the air plasma in the present experiment

Treatment | Electric current (mA)

T1 20
T2 30
T3 40
T4 50

Source: Own elaboration
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The parameters of interest were measured every 20 minutes for electrical conductivity (EC) and
total dissolved solids (TDS) (HI 9818N potentiometer). In these cases, the plasma treatment is
interrupted to perform the measurement. Once the necessary measurements have been taken, the samp
solution is added to the reaction chamber and the treatmemtiisuexl. This procedure is repeated until
the 240 minutes have elapsed. On the other hand, the measurement of chemical oxygen demand (COD)
and total organic carbon (TOC) (Hach DRB 200 digester, Hach DR 3900 spectrophotometer) was carried
out before startig the respective treatment and at the end of the experiment.

The valuef chemical oxygen demand and total organic carbon were determined according to
the procedure established by the Hach method. Vials ranging betwé&0 3ng Q/L and 15- 150 mg
C/L were used. All testing was performed with analytgade chemicals.

Results anddiscussion

The changes generated in the degradation of the dye in an aqueous solution are presented after exposur
to air plasma generated by different eleatucrents and atmospheric pressure. The changes concerning
electrical conductivity, total dissolved solids, chemical oxygen demand, and total organic carbon of the
solution are analyzed over time.

In this treatment, the chemically active species that may be present and explain the mechanisms
of dye degradation when subjected to plasma are the following (Safereaede2020; Alarcoret al.,
2022).Reactiond1] i [20].

H.O +e © OHA+ HA [1]
02+€0 20 [2]
02+ 00 O3 (3]
Nz +e0 NANA [4]
O+ N O NOA+ NA [5]
NOA+ 0" NO; [6]
NA+ 0,0 NO*+ O [7]
NO*+ NAO N, + O [8]
H2O +€ 0 HO" + 2¢ [
H,O" + H,O © HzO* + OH* [10]
OHM OH*z H,02 [11]
203 + H20,0 30, + HO* [12]
O3+ HO/© O/ + HOM O, [13]
2NOM 020 2NO, [14]
2NOy + 2H" 2 NOM NOz + H,0 [15]
2NO; + H,0 2z 2NOs + NO + 2H [16]
NO; + H202 +Hz0" © ONOOH + 2HO [17]

ONOOHz NO,+HO* [18]



90
ONOOH© HNOs [19]

ONOOH +H;0 z ONOO + HsO" [20]

Reactions [1] [8] (primary species) are favoured and stabilized in water, given the experimental
system Lukeset al, 2014; Cadoriet al, 2015. These have the possibility of forming secondary species
(Reactions [9] [20]) that are capable of inducing chemical degradation reactions of organic compounds
in the medium. On the other hand, the interaction of-biggrgy electrons resulting from theneration
of nonthermal plasma in the study solution induces different processes, such as hydrolysis and electron
impact ionization, that favour recombination processes and the appearance of different species
(Bruggemaret d., 2016.

Electrical conductivity and total dissolved solids

Given the conditions under which this experiment was carried out (atmospheric pressure, ambient
temperature, electric current for generating the plasma, treated volume, solution concentration and
exposure time), it can be observed in Fig@esd 3, respectively, that both the electrical conductivity

and the total dissolved solids of the solution increase. The electrical conductivity of a solution increases
as the amount of dissolved ions increases. Total dissolved solids include subs&trtissdhiatento

ions (such as salts, acids and bases) and those that do not, but in general, the direct relationship betweel
CE and TDS is clearer when the dissolved solids generated are ions.

Mainly, an increase in electrical conductivity and total dissolved solids for all treatments as a
function of exposure time is observed in Figui2emd 3. The longer the exposure time, the greater the
generation of ions (electrical conductivity and total dissolved solids). The above expression suggests that
plasma exposure influences the solution, possibly generating ionic species or radicalsrélaae in
electrical conductivity (Moret al, 2020; Avilaet al, 2023).
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0 20 40 60 80 100 120 140 160 180 200 220 240
Time (min)

Figure 2
Behaviour of electrical conductivity as a function of time and electric current

Source: Own elaboratior

The most significant increase (~94.6%) was observed for treatment T1, with the initial value
changing from 38.1 to 834 uS/cm. Treatments T3 and T4 saw a minor change, reaching only 612 uS/cm
and below treatment T2 (741 uS/cm). This behaviour indicateshih&iectric current used to generate
the plasma during the treatment has a particular effect on generating ionic species in the Rhodamine B
solution Chenet al, 2015.
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Figure 3
Change in total dissolved solids in the solution

Source: Own elaboratior

As the current increases, a decrease in electrical conductivity and total dissolved solids is
observed; these phenomena are more prominent at minute 240 of exposure for all treatments. Such
behaviour is due to a more significant generation of ions or dacprproducts at a low plasma
generation current. This type of transformation could be related to oxidation processes or dye degradation
by the plasmaKomarovet al, 202Q. In particular, fortotal dissolved solids, a significant difference
(32.3%) is observed between the final value reached by treatment T1 (20 mA) and the final value of
treatment T4 (50 mA)In general, both electrical conductivity and total dissolved solids show an
increasing behaviour as the exposure time increases and a decreasing one as the current of the treatmen
increases.

Chemical oxygen demand

The COD was determined for the final samples of the treatments (240 min) (Figure 3.3). For treatments
T1 and T2, the COD decreases concerning the value of the untreated sample (6.5 and 5.1 %, respectively);
however, it is observed that for all treatmenkte COD value increases as a function of the electric

current of plasma generation; which allows inferring an increase of products and byproducts generated
by the interaction of the solution of interest with the plasma that requires more oxygen to oxidize.
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Figure 3
Behavior of the change in the chemical oxygen demand of the solution at the end of the treatments, as a func
plasma generation current

Source: Own elaboratior
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Overall, the percentage increase between the COD values of treatment T1 and T4 is 35.8%. The
valuesdepend on the treatment's physical variables. The higher the plasma generation current, the greater
the change in CODIhis increase in COD may be due to the decomposition of Rhodamine B under the
influence of plasma, giving rise to a variety of organigpbgyducts, such as phenolic compounds, organic
acids or smaller molecular fragments, as well as new functional giwatpsain be more easily oxidized.

The formation of carbonyl groups (C=0), carboxyls (COOH) or even smaller nitcoggaining
structures increases the oxygen demafte(et al, 2015; Le Thiet al, 202]). These byproducts can
be more difficult to oxidize than the original Rhodamine B molecule.

In general, the interaction of air plasma with the Rhodaiselution not only decomposes the
dye but also generates a variety of organic and inorgaAmcdructs due to the oxidizing action of the
reactive species generated in the plashmgs shows the complexity of the process and its potential to
modify the original chemical structure of Rhodamine B significantly.

Total organic carbon

Figure 4 shows the change in the solution's TOC values for the four treatments after 240 minutes of
exposure. In this case, a decrease in the vasuebserved depending on the electric current used to
generate the plasma.
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Treatment

Figure 4
Change in total organic carbon valuesolution as a function of electric current

Source: Own elaboratior

At 240 minutes of exposure to plasma generated with an electric current of 50 mA, the TOC value
decreased from 400.0 n&fL to 12.0 mgC/L, whichcorresponds to a dye removal of 9%0while for
the minimum electric current value (20 mA) it decreased to 9Zfhgwhich corresponds to a removal
value of 77.0%.

Table 3.1 shows the measured and percentage \&l@£3D and TOC for each treatment at 240
minutes of exposure. These data show that increasing the plasma electric current generates a more
significant change in the TOC removal values.
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Table 2
Percentage change of dye in solution as a function of plgen&ration current

Electric current (mA) | COD (mg Oz2/L) | Change(%) | TOC (mgC/L) | Change(%)

00 143.4] Initial value 400.0| Initial value
20 134.0 06. 92.0 77.
30 136.0 05 38.0 90
40 155.0 08 28.0 93
50 182.0 26 12.0 97

Source: Own elaboratior

The results obtained from TOC suggest that plasma treatment mineralizes organic matter. In
particular, ithas been reported that mainly intermediate products are generated, such as benzoic acid,
paradioxybenzene, benzoquinone, and benzene, among others, as well as some carboxylic acids, such a
formic, oxalic, and malonic acids. All carboxylic acids can bedgosed into inorganic carbo@di et
al., 2019.

Conclusions

Given the specific characteristics of this type of treatment and the chemically active species that may be
present, the degradation of the dye, when subjected to plasma, had a particular behaviour. In general,
both the electrical conductivity and the toti$solved solids showed an increase in behaviour as the
exposure time increased and a decrease in behaviour as the treatment current increased. The chemice
oxygen demand changed concerning the initial value of the solution, which indicates modifications

the original molecule and its decomposition into byproducts that require more oxygen for higher values
of plasma generating current. On the other hand, the total organic carbon of the solution decreased as the
treatment current increased, thus achguihe mineralization of the dye. This type of pladmaed
treatment offers a potentially efficient approach for the removal of organic contaminants, such as
Rhodamine B, in an aqueous solution since it not only degrades the original compound but can also
contribute to the reduction of the organic load by generating simpler and possibly less contaminating
products. However, the variability in the products formed and the possible formation of toxic or difficult
to-remove byproducts must be carefully evadaiin largescale applications to ensure the safety and
effectiveness of the process.
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