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Abstract: Solar energy is the most cost-effective source for microalgae cultivation. Open-system biomass production enhances the sustainability
of biofuel processes due to lower installation and operational costs. However, these systems are less efficient than closedsystems, as controlling
light intensity and quality is challenging. This study evaluates the effect of photosynthetically active radiation (PAR) on marine microalgae
cultivation in an open system under tropical climate conditions. The experiment was conducted in Mérida, Yucatan, using native microalgal strains
to enhance adaptation. Throughout cultivation, PAR, nutrient concentrations, pH, and temperature were monitored to assess their interactions.
Two trials were conducted in autumn (October—November) using three reactors exposed to different durations of solar radiation. Results indicate
that the total daily PAR (30.6 mol/m?/day) exceeded the optimal growth range (20 mol/m?/day), leading to culture collapse within 14 days.
Additionally, reactors exposed to longer sunlight exhibited greater temperature and pH fluctuations. No significant biomass accumulation or
nutrient variation was observed. This study underscores the need for environmental monitoring in outdoor systems to optimize microalgae
cultivation and better understand its applications and limitations.

Keywords: Photosynthetically active radiation, open pounds, microalgae
Introduction

Microalgae are photosynthetic autotrophs capable of utilizing solar or artificial light as an energy source to convert
carbon dioxide (CO,) and water into organic compounds, releasing oxygen (0;) as a by-product. Their photosynthetic
efficiency surpasses that of higher plants, as they can convert solar energy into biomass and other metabolites up to
five times faster. This remarkable capacity for biomass production makes microalgae highly attractive for numerous
biotechnological applications (Posten & Walter, 2012).

Among their most relevant applications, microalgae are widely used in bioremediation due to their ability to remove
pollutants and toxic substances, often accumulating high concentrations of these compounds without impairing their
physiological activity (Shao et al., 2022). They are also employed in the treatment of domestic, industrial, and livestock
wastewater. Furthermore, microalgae represent a promising feedstock for biofuel production, offering a feasible
alternative to the depletion of fossil fuel reserves (rChisti, 2016).

Microalgal biomass can be cultivated in open systems, exposed to outdoor environmental conditions, or in closed
photobioreactors, where growth parameters can be tightly controlled. Although closed systems provide superior
control, their large-scale implementation is limited by high operational costs, particularly those associated with artificial
illumination and temperature regulation (Barcelé-Villalobos et al., 2019). Consequently, assessing cultivation strategies
that capitalize on natural solar radiation is essential, as is evaluating the influence of climatic and geographical factors
on biomass productivity (Gonzalez-Camejo et al., 2019). A key challenge in this context lies in identifying and selecting
strains with high productivity under outdoor conditions. Additionally, tropical regions have been identified as optimal
zones for microalgal biomass production, exhibiting the highest global productivity according to several studies (Dias
et al., 2021).

Regardless of the cultivation system, region, or selected strain, parameters such as temperature, nutrient availability,
and light intensity must be carefully managed, as they strongly influence growth kinetics and biochemical composition.
Among these parameters, photosynthetically active radiation (PAR) plays a critical role, representing the fraction of the
solar spectrum usable for photosynthesis. PAR spans wavelengths from 400 to 700 nm—approximately 50% of total
solar radiation—with intensities typically ranging from 800 to 1000 W/m? (Dolganyuk et al., 2020). Although visible
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light from blue to red wavelengths supports photosynthesis, radiation outside this range, such as ultraviolet or infrared,
does not contribute to energy capture and may even damage photosynthetic cells.

Most microalgal species require between 5 and 20 mol/m?/day of PAR to achieve optimal growth. Lower doses restrict
biomass accumulation, whereas higher doses increase the risk of photoinhibition, a light-induced reduction in
photosynthetic efficiency. Therefore, quantifying PAR in outdoor cultures is essential for determining optimal solar
exposure according to the physiological requirements of specific strains. This practice enhances photosynthetic
efficiency, maximizes biomass productivity, and mitigates light-induced damage. Additionally, reliance on natural solar
radiation significantly improves the economic and environmental sustainability of biomass production for biofuel
applications. Nonetheless, open systems remain challenging due to the inherent difficulty of regulating solar radiation
intensity and quality (Guedes et al., 2023).

In this context, the present study evaluates the influence of PAR on the cultivation of marine microalgae in an open
system. The experiment was conducted under tropical climatic conditions in Mérida, Yucatan, Mexico, a region
characterized by high solar irradiance, which is favorable for outdoor biomass production. Native microalgal strains
from the Yucatdn Peninsula were used, facilitating their adaptation to local environmental conditions. Throughout
cultivation, biomass concentration, nutrient levels, pH, and temperature were monitored alongside PAR to determine
its effect on these key variables.

Materials and Methods
Study Area

The study was conducted on the terrace of the Teaching Building at the National School of Higher Studies, Mérida Unit
(Mexico). The region exhibits a bi-seasonal tropical climate consisting of a prolonged dry season and a summer rainy
season. According to the Képpen classification modified by Garcia et al. (2010), the climate is tropical with a mean
annual temperature of 26 °C and maximum temperatures reaching 38 °C. Solar irradiance is consistently high; annual
average radiation is 425.27 W/m?, with monthly values exceeding 1000 W/m? between May and October (Morcillo
Herrera, 2016).

Microalgae Cultivation

A marine microalgal consortium isolated from Sisal, Hunucma3, Yucatan, was cultivated in 4-L reactors. Each reactor
included a volume indicator to detect evaporation losses. The culture medium consisted of a 50:50 mixture of seawater
and distilled water supplemented with 47 + 0.26 mg/L N-NOs™ and 3.58 + 0.25 mg/L P-PO,3, with a pH of 7.32 and a
salinity of 22.54 + 0.41%e..

The experiment was performed during October and November, when the expected mean monthly solar radiation is
approximately 425.27 W/m?. Reactors were placed 2 meters apart near the environmental monitoring station and
positioned to provide different daily sunlight exposures:

e Reactor |: sunrise—13:00 h
e Reactor Il: sunrise—16:00 h
e Reactor lll: sunrise—sunset (17:30-18:00 h)

Reactors were sealed with perforated lids to prevent insect intrusion while allowing adequate ventilation. Biomass
concentration was determined as Total Suspended Solids (TSS) according to APHA (1992). Nutrient concentrations (P-
PO,3~ and N-NOs~) were measured using a dual-beam UV-visible spectrophotometer (Agilent Cary 60) following APHA
(1992). Temperature and pH were monitored using an Extech EC500 multiparameter meter after calibration with
standard solutions and homogenization of the cultures
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PAR Monitoring

Photosynthetically Active Radiation (PAR) was measured using a monitoring station equipped with a pyranometer (S-
LIB-MO003) and a PAR sensor (S-LIA-MO003), connected to a HOBO U30 datalogger. Instantaneous readings were
collected every 30 seconds, and averaged values were logged every 1-minute internal. Data acquisition and retrieval
were performed using HOBOware® software.

Results and Discussion

Two experimental assays were conducted. Figure 1 displays the growth curves and nutrient removal profiles obtained
duringthe first assay. In all three reactors, microalgal cultures failed to survive beyond ten days. Nutrient concentrations
(P-PO43 and N-NO3~) showed no significant decrease during the 14-day period, indicating minimal nutrient assimilation
and absence of measurable biomass accumulation.
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Figure 1. Growth dynamics (a) and nutrient removal profiles (b) of the marine microalgal consortium cultivated in an open system
during the first experimental assay

These results suggest that the cultures experienced thermal stress caused by extended exposure to solar radiation.
Reactors |, 11, and Ill received approximately 8, 11, and 14 hours of direct sunlight per day, respectively. The presence
of perforated lids and the placement of reactors on a concrete surface likely intensified heat retention, as concrete acts
as a thermal mass and contributes to maintaining elevated temperatures within the reactors.

Temperature profiles shown in Figure 2a support this interpretation: reactor temperatures reached values as high as
35 °C, particularly in Reactors Il and Ill, which were exposed to longer photoperiods. Correspondingly, Figure 2b shows
notable pH fluctuations, primarily following periods of increased temperature, suggesting substantial physiological
stress within the cultures.

Together, these findings indicate that excessive thermal load was the primary factor limiting culture survival, nutrient
removal, and biomass production during the first experimental assay.

In the second experimental assay (Figure 3), reactor overheating was addressed by removing the plastic lids and
covering the reactors with mosquito netting to maintain aeration while preventing contamination. Despite this
modification, the cultures did not display measurable biomass accumulation; TSS values remained constant at
approximately ~43 mg/L (Figure 3a). Consistent with the growth results, nutrient concentrations (N-NOs™ and P-PO,3")
showed no significant depletion over time, indicating a lack of measurable nutrient removal under these conditions.
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Figure 2. Solar exposure effects on (a) culture temperature and (b) pH in reactors |, II, and lll during the first experimental assay
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Figure 3. Growth dynamics (a) and nutrient removal profiles (b) of the microalgal consortium cultivated in an open system during
the second experimental assay

Visual assessment of culture pigmentation revealed distinct responses among reactors, particularly after day 7. Reactor
I, exposed to the least sunlight, displayed progressive pigment fading, suggesting insufficient irradiance to sustain
optimal photosynthetic performance. Reactor Il showed the most stable appearance, maintaining uniform dark green
coloration throughout the first ten days, consistent with an intermediate and apparently favorable light regime.
However, despite this stable pigmentation, no measurable biomass increases or exponential growth phase occurred.
Following day 10, the culture in reactor Il also collapsed, indicating that environmental stressors ultimately exceeded
the consortium’s tolerance threshold.

Reactor Il exhibited marked pigment loss beginning on day 7, shifting from dark green to yellowish tones, indicative of
chlorophyll degradation and photo stress. This response aligns with the extended solar exposure experienced by this
reactor, the longest among the three. Despite this stress, the microalgal consortium—composed of native strains from
the Yucatdn Peninsula—survived more than ten days under high irradiance and elevated internal temperatures.

Routine inspection of reactor volume indicators revealed no detectable water loss, suggesting that temperatures did
not reach levels sufficient to induce evaporation. Temperature dynamics (Figure 4a) showed a reduction immediately
after replacing the plastic lids with mosquito netting. Temperature increases closely followed exposure duration:
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reactor Ill reached values up to 2 °C above those in reactors | and Il. pH remained comparatively stable, with smaller
fluctuations than those observed in the first experimental assay.
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Figure 4. Influence of solar exposure on (a) culture temperature and (b) pH in reactors I, Il, and Ill during the second experimental
assay

PAR measurements (Figure 5) recorded between October 1 and November 15 revealed an average daily total of 30.6
mol/m?/day. This value substantially exceeded the optimal irradiance for microalgal growth (<20 mol/m?/day). The
high radiation load is therefore identified as a major factor limiting culture persistence, as excessive irradiance can
induce photoinhibition and severely compromise microalgal viability.

PAR (umol/m?/s)

Time (h)
Figure 5. Diurnal PAR profile showing mean values (marron line) and the corresponding 95% confidence interval (shaded region)

The mean diurnal PAR pattern (Figure 5) is represented by a dotted line summarizing all measurements collected during
the study period, along with a 95% confidence interval (shaded region). PAR values became positive shortly after 05:00
h and increased rapidly, surpassing 500 pmol/m?/s between 08:00 and 15:00 h. Peak irradiance exceeding 1000
pumol/m?/s occurred consistently from 09:00 to 14:00 h, a period of sustained high radiation that likely imposed
substantial photo stress on reactor Ill due to its extended exposure duration.

The PAR time series (Figure 6) further illustrates pronounced diurnal variability, with instantaneous peaks occasionally
exceeding 2000 pmol/m?/s near midday on several days. This pattern remained stable throughout the experiment,
indicative of predominantly clear-sky conditions and limited atmospheric attenuation. These high-intensity events are
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important when interpreting culture performance, as they represent acute irradiance levels capable of inducing
photoinhibition.

Comparation of Figures 5 and 6 demonstrates the necessity of analyzing both averaged irradiance profiles and extreme
events. While the mean diurnal curve in Figure 5 yields a smoothed pattern with a maximum near 1250 umol/m?/s, the
instantaneous measurements capture short-lived but intense spikes above 2000 umol/m?/s, highlighting periods of
potentially severe stress for the microalgae.

PAR (umol/m?/s)

Time (days)

Figure 6. Time series of photosynthetically active radiation (PAR) measured in Mérida, Yucatan, between 1 October and 15
November 2024

Few studies have explicitly evaluated the role of PAR in outdoor microalgae cultivation systems. Consistent with
findings by Guedes et al. (2023), our results reaffirm that solar irradiance is a viable and accessible energy source for
microalgae production, particularly in regions with limited technological or economic resources.

Despite its advantages, reliance on natural sunlight introduces challenges due to the difficulty of controlling irradiance
intensity and spectral quality—factors shown here to affect culture stability and performance. Nonetheless, these
constraints can be partially addressed through system-level design interventions, including optimized reactor
orientation, use of high-transmittance materials, PAR-triggered automated exposure control, and continuous
monitoring of environmental parameters. Such measures could enhance biomass productivity while mitigating photo
inhibitory stress. However, implementing these strategies requires careful management to ensure consistent operation
and to avoid unintended environmental or physiological impacts on the cultures.

Conclusions

The findings of this study demonstrate that sunlight exposure time is a primary driver of the performance of the native
microalgal consortium cultivated in open systems. The absence of detectable changes in nutrient concentration or
biomass suggests that light availability—rather than nutrient limitation—was the dominant factor constraining growth.
Both insufficient and excessive irradiance led to rapid culture decline, indicating a narrow operational window for
maintaining stable biomass productivity. The combined effects of prolonged irradiance and temperature fluctuations
appear to further influence culture viability, underscoring the strong coupling between light and thermal stress in
outdoor environments.

Continuous PAR measurements provided critical insights into the relationship between environmental variability and
culture dynamics. These data emphasize the value of sustained monitoring, which enables the identification of
irradiance thresholds, informs system design, and strengthens reproducibility for future experiments.
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Collectively, the results highlight the necessity of implementing robust environmental monitoring systems in outdoor
cultivation platforms. Such systems not only support informed decision-making for process optimization but also clarify
the practical limitations and potential of microalgal biomass production under natural irradiance regimes. This study
therefore establishes an empirical basis for future research aimed at improving system resilience, optimizing light
management strategies, and enhancing productivity in open microalgae cultivation systems.
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Abstract: Electricity generation from renewable sources is essential for sustainable development and is particularly critical in regions affected by
energy poverty. In this context, micro-scale wind turbines offer a viable alternative for electrifying isolated rural communities. This study
evaluates, experimentally and numerically, the performance of a three-bladed horizontal-axis wind turbine designed to operate under controlled
conditions in a wind tunnel. The turbine was fabricated by 3D printing and tested in the wind tunnel of the Autonomous Metropolitan University—
Azcapotzalco, Mexico. Steady-state numerical simulations were performed in ANSYS Fluent using the k-w SST turbulence model. The
computational domain was discretized with polyhedral and hexahedral elements under Multiple Reference Frame (MRF) rotational conditions. A
mesh-independence analysis based on the numerical torque was conducted, resulting in an optimal mesh of 2,191,718 elements. The numerical
model was subsequently validated against experimental data, showing an average torque deviation of 9.27%. Flow visualization through
streamlines and velocity-magnitude contours revealed unwanted vortices in the tail-vane region, which induced flow instability and mechanical
vibrations in the current design. These effects should be mitigated in future design improvements. The turbine efficiency curve was obtained
from electrical power measurements under different resistive loads, adjusted via a light-bulb resistance board, at a wind-tunnel speed of 18.19
m/s. The maximum efficiency achieved was 24%, corresponding to a generated power of 15.2 W at a rotational turbine speed of 3224 RPM. The
results validate the proposed CFD model and provide a solid basis for future design optimization of micro-scale wind power systems for rural
applications.

Keywords: wind energy, small-scale wind turbine, CFD simulation, wind tunnel, wind turbine efficiency
Introduction

Access to electrical energy is fundamental to human development, as it enables essential services such as potable
water, sanitation, healthcare, education, lighting and transportation (Sanchez-Santillan, 2021). At the domestic level,
energy availability directly influences well-being and productivity by enabling cooking, ventilation, lighting, and the use
of electronic devices (Espinosa-Dorado & Carrillo Nufiez, 2021).

However, despite the growing recognition of the importance of energy access, millions of people worldwide still lack
it, primarily due to high costs or insufficient electrical infrastructure (Espinosa-Dorado & Carrillo Nufiez, 2021). This
condition is known as energy poverty. To address this challenge, in 2015 the Member States of the United Nations (UN)
established Sustainable Development Goal (SDG) No. 7, which aims to ensure universal access to affordable, reliable,
and modern energy by 2030 (UN, 2015). Although significant progress has been made, reducing the share of the global
population without electricity from 13% in 2021 to 9% in 2023, equivalent to 675 million people, there is still much
work to be done (UN, 2023).

In Mexico, the National Institute of Statistics and Geography (INEGI) reported that around 1% of the population lacked
adequate electricity access in 2020, representing about 1.2 million people living under energy poverty conditions
(INEGI, 2020). This situation particularly affects rural and marginalized communities, where grid expansion is often
economically unfeasible.

Renewable energy technologies, particularly micro-scale wind energy systems, offer a sustainable alternative for
meeting the basic electricity demands of isolated communities. Micro-scale wind turbines, typically generating
between 100 and 500 W, provide advantages such as compact size, low cost, and simple installation, making them
suitable for rural electrification, community projects, or educational applications (Zemamou, Aggour & Toumi, 2017).
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A conventional wind energy system consists of a turbine, an electric generator, a power electric converter, and an
energy storage unit (Ramirez, Parra & Gonzdlez, 2012). The turbine converts wind kinetic energy into mechanical
energy, which is then transformed into electrical power in the generator (Escobar-Diaz & Barrero-Paez, 2009). Because
the generator performance depends on the aerodynamic torque produced by the turbine, optimizing the rotor design
is crucial for efficient operation.

For this reason, various researchers have focused on turbine design, evaluating parameters such as the orientation of
the rotation axis (horizontal or vertical), the number and spacing of blades, and the torsion angle, among others, to
maximize the capture of kinetic energy. According to Betz’s law, only about 60% of the wind’s kinetic potential can
theoretically be converted into usable energy (Betz, 1966). In the market, different turbine types are available,
particularly Savonius type turbines, which are vertical-axis devices characterized by their ability to operate
independently of wind direction and with relatively low wind speeds. These turbines can capture up to 37% of the
wind’s potential energy (Zemamou, Aggour & Toumi, 2017).

Although the technologies mentioned have produced excellent results, they also present certain disadvantages, such
as visual and noise pollution generated by wind systems (Van der Zwaan & Rabl, 2003). Therefore, there is still a broad
field of study aimed at optimizing the design of these energy generation systems. In the development of micro-scale
wind turbines, Computational Fluid Dynamics (CFD) has become a key tool to optimize design and improve energy
conversion efficiency (Arpino et al., 2017; Lanzafame et al., 2013). Through CFD, it is possible to analyze airflow
behavior around the turbine, evaluate the impact of different design parameters, and predict aerodynamic
performance before constructing a physical prototype (Kale et al, 2013; Wang & Zhan, 2013).

In this work, the efficiency of a three-blade turbine is analyzed under controlled conditions in a wind tunnel. In addition,
a CFD model of the same turbine was developed and validated using experimental data, allowing for future
improvements to this design.

Materials and Methods

The turbine radius, measured from the center of rotation to the blade tip, is 11.2 cm. Experimental tests were
conducted at a wind speed of 18.2 m/s in the wind tunnel of the Autonomous Metropolitan University—Azcapotzalco,
facility designed to generate a controlled and uniform airflow within a confined section. The experimental setup is
shown in Figure 1. It should be noted that a wind speed of 18.2 m/s is relatively high for the continuous operation of a
micro-scale wind turbine; however, this velocity was intentionally selected to evaluate the structural response and
maximum performance of the rotor under high-load conditions, which is essential for defining its safe operational
limits.

(a) (b)

Figure 1. (a) Three-blade wind turbine and (b) turbine mounted in the experimental wind tunnel
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The efficiency of the wind turbine under steady wind conditions (18.2 m/s) was evaluated from electrical voltage and
current measurements as a function of the applied resistive load. The load bank consisted of sixteen 7.5 W incandescent
light bulbs connected in parallel, used as resistive elements to draw electrical power from the generator. The bulbs
were mounted on a load board equipped with a digital multimeter for data acquisition, as shown in Figure 2.

Figure 2. Board of 16 resistive loads (light bulbs) connected in parallel

Using this board, the turbine energy conversion efficiency (n) was calculated as the ratio of the electrical power
generated by the DC turbine (Perc) to the wind power (P,), multiplied by the Betz limit, as expressed in Equation 1.

Pejec _ V-1
B 9593 (%pmﬁ)

n= (1)

where p is the air density, A the projected area of the turbine, v the wind velocity, and Vand | represent the generated
voltage and current, respectively.

To validate the numerical simulations, in situ measurements were performed to quantify the electrical power
consumed by the wind turbine installed in the wind tunnel under static conditions (without airflow) and with the rotor
operating at the desired speeds. To accomplish this, the wind turbine was driven at specific rotational speeds by
regulating the input voltage using a direct current (DC) power supply with an operating range of 0-120 V, as shown in
Figure 3. The voltage and current consumed by the turbine were measured using two multimeters: one connected in
parallel (for voltage measurement) and the other in series (for current measurement). Power consumption was then
calculated as the product of voltage and current. First, the power consumed by the turbine without the rotor (P.), was
recorded, followed by the power consumed with the rotor (P./), Both power measurements were performed at identical
operating speed. The electrical power consumed by the turbine due to the presence of the rotor (P;), was obtained
using the Equation 2.

Figure 3. Electrical power measurement system: (a) three-blade turbine (generator DC), (b) multimeter for voltage measurement,
(e) multimeter for current measurement, and (f) DC power supply (0—120 V)
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P.=PF, — P,y (2)

All power values are expressed in watts (W). The experimental torque on the rotor (N-m) derived from electrical power
measurements was calculated as follows:

3)

where N (s™") represents the rotor rotational speed.

For the CFD-based simulation, the geometry of the turbine, the motor body, and a section of the wind tunnel were
digitally reconstructed. The computational mesh for the wind tunnel-three-blade generator system was generated
using ANSYS Fluent Meshing with the Poly-Hexacore method, which produces a polyhedral mesh on the surfaces and
hexahedral elements throughout most of the flow domain.

To ensure the numerical reliability of the results, a mesh independence analysis was performed by systematically
comparing simulations with different refinement levels until the relative error in the variable of interest (torque)
between two consecutive meshes fell below a predefined threshold. The process began with an automatically
generated base mesh, followed by successive refinements that approximately doubled the number of elements in each
subsequent mesh. The optimal mesh was selected based on the reduction in error between consecutive meshes. Table
1 presents the number of elements used in each case and the corresponding numerical torque values.

Table 1. Mesh independence analysis.

Mesh Number of Elements Torque (N-m)
#1 639,139 0.9097
#2 1,080,893 0.6165
#3 2,191,718 0.6500
#4 4,541,751 0.6597

As shown in Table 1, mesh #3, consisting of 2,191,718 elements, provided an appropriate balance between accuracy
and computational cost, with an error of only 0.32% compared to mesh #4, even though the latter doubled the number
of elements and considerably increased the computational demand. The refined mesh obtained with mesh #3 is shown
in Figure 4. Figure 4a illustrates lateral and horizontal cross-sectional views of the elements through the tunnel, while
Figure 4b shows the elements on the surface of the rotor blades, generator, and tail.

(a) (b)

Figure 4. Computational mesh: (a) wind tunnel, (b) three-blade turbine

The turbulent flow within the system was modeled using the k—w SST turbulence model, which has been widely
employed for simulation of wind turbines (Rocha et al., 2014; Ji et al., 2022, Younoussi & Ettaouil, 2024). The turbine
rotation was represented using the Multiple Reference Frame (MRF) approach, based on the experimentally measured
rotational speed. As boundary conditions, a no-slip condition was applied to all solid walls, while an inlet velocity of
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18.1 m/s matching the experimental conditions was imposed at the front of the wind tunnel. At the outlet, atmospheric
pressure was specified. The simulations were performed in ANSYS FLUENT 2025 under steady-state conditions with a
convergence criterion of 107>, using a coupled pressure—velocity scheme. For spatial discretization, the Least Squares
Cell-Based method was applied for gradient evaluation, PRESTO! for pressure, and Second-Order Upwind schemes were
employed for momentum and turbulence variables.

Results and Discussion

Figure 5 shows the effect of the electrical load (number of light bulbs) on the wind turbine performance in terms of
current consumption, voltage, and rotational speed. Regarding current consumption (Figure 5a), a sustained increase
is observed up to approximately six light bulbs, reaching a maximum value close to 0.24 A. This is attributed to the
decrease in equivalent resistance as the number of parallel loads increases. Beyond this point, the current exhibits a
slight decrease and subsequently stabilizes, indicating that the generator can no longer supply more current due to the
drastic drop in turbine rotational speed. This behavior is also reflected in Figure 5b, corresponding to voltage, which
displays a gradual decrease in the initial load levels, followed by an abrupt drop after six light bulbs, reflecting the loss
of rotational speed required to sustain electrical induction. On the other hand, the turbine rotational speed (Figure 5c)
presentsa progressive decrease at low loads and a sudden reduction after the same critical point, finally stabilizing
below 800 rpm, regardless of the additional load. Overall, the results identify a clear operating threshold around six
light bulbs, beyond which the turbine cannot maintain effective energy extraction.
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Figure 5. Effect of the electrical load (light bulbs) on (a) current, (b) voltage and (c) turbine rotational speed

The results obtained from Equation 1 are shown in Figure 6, the efficiency increases steadily as the equivalent
resistance decreases, reaching a maximum of approximately 0.24 around six lights (Figure 6a), representing the point
at which the available aerodynamic torque balances the electrical demand of the load. Beyond this optimal condition,
efficiency drops sharply due to the reduction in rotational speed and the consequent decrease in power delivered by
the generator. This trend is confirmed in Figure 6b, where efficiency increases almost linearly with current up to
approximately 0.20 A, followed by an abrupt drop associated with overload conditions, in which the increased demand
does not result in greater energy conversion. The maximum efficiency, corresponding to a generated power of 15.2 W
at a wind speed of 18.19 m/s and a rotational speed of 3224 rpm.

Once the maximum efficiency point is exceeded, increasing the load causes a sharp efficiency drop because the rotor
speed decreases significantly. When the electrical load increases (i.e., more power is drawn from the generator) at
constant wind speed, the resistive torque exerted by the generator on the rotor also increases. If the aerodynamic
torque generated by the wind does not increase proportionally, the rotor slows down to balance the extracted energy.
Thus, each wind speed has an optimal operating point that maximizes turbine efficiency, known as the optimal tip-
speed ratio. Deviating from this point, whether by increasing or decreasing the load, reduces efficiency. A high load
slows the rotor speed excessively, while a low load causes the blades to spin too fast, cutting through the air without
effectively capturing its energy.
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Figure 6. Turbine efficiency, (a) as function of number of resistive loads, and (b) as function of produced current

These results confirm that the wind turbine has a clearly defined operating point to maximize its efficiency, which
depends on both the aerodynamic design of the blade and the interaction between the electrical load and the rotor
behavior. Identifying this operating point is fundamental for using the system microgeneration applications.

Figure 7 camparesthe experimentally obtained torque values and those obtained through CFD simulation under static
conditions. Overall, good agreement is achieved between the two datasets. The relative error between the simulated
and experimental values ranged from 4.36% to 12.7%, with an average of 9.27%, confirming the numerical model ability
to accurately reproduce the rotor mechanical response. This level of accuracy is consistent with previous studies on
small-scale turbines and validates both the use of the k—w SST turbulence model and the MRF approach for
representing the system rotation.
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Figure 7. Comparison of simulated and experimental torque values as a function of rotor rotational speed

Figure 8 presents the flow field around and downstream of the turbine, represented by streamlines colored in red and
velocity vectors colored with their magnitude show the direction of the flow, close-ups of the wind turbine tail area are
also shown. The highest velocity values occur near the rotor blades, especially at the tips. A key observation is the
presence of unwanted vortices in the tail region of the wind turbine, whichdisrupts the local velocity field. These
structures can induce mechanical instabilities, vibrations, and aerodynamic losses, making them a crucial point to
consider in future optimizations of the structural and aerodynamic design.

REB&S 2026, 8(1), 8-15. https://doi.org/10.56845/rebs.v8i1.679 13



https://doi.org/10.56845/rebs.v8i1.679

Renewable Energy, Biomass & Sustainability (REB&S)

Figure 8. Numerical flow pattern around the wind turbine

On the other hand, the turbulent kinetic energy contours presented in Figure 9 show that the motor body induces a
significant region of turbulence, generating a pronounced wake downstream of the wind turbine. This high-energy
turbulent zone not only affects the flow pattern around the rotor but can also contribute to load fluctuations and
unwanted variations in transmitted torque. These results suggest that it would be necessary to develop a housing with
an aerodynamically optimized design for the motor body and tail section in order to minimize turbulence generation,
reduce vibrations during operation, and improve the dynamic stability of the system.

Figure 9. Numerical turbulent kinetic energy contours around the wind turbine
Conclusions

This study evaluated the performance and efficiency of a three-bladed horizontal-axis micro-wind turbine through
experimental measurements and numerical simulations. The results demonstrated that the prototype was capable of
generation small-scale electrical power efficiently under controlled wind conditions, reaching a maximum output of
15.2 W and a peak efficiency of 24%. Numerical simulations performed with the k-w SST model and the MRF approach
showed strong agreement with the experimental torque values, with a mean deviation of 9.27%, confirming the
suitability of CFD as a predictive tool for performance evaluation. The wind tunnel prototype, along with torque and
power measurements, provided a solid basis for validating the CFD simulation results.
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CFD simulations indicated high turbulence behind the motor casing, suggesting that improvements could reduce wake
effects and enhance operational stability. Overall, this study demonstrates that CFD simulations can be effectively used
in the development and optimization of low-power wind turbines, contributing to the design of sustainable and
accessible renewable energy solutions, especially in rural and off-grid contexts where access to electricity remains
limited.
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Abstract: The prickly pear xoconostle (Opuntia matudae) currently lacks industrial applications, as its use is mainly focused on traditional products
such as beverages, sauces, and confections. To enhance the value of this crop in producing regions, this study evaluated the extraction of bioactive
compounds with potential applications in the biotechnology and food industries. The main objective of this study was the extraction of pectin
from the fruit peel, through acid hydrolisis. The process comprised the following stages: grinding, ethanol washing, extract recovery, pectin
precipitation, and drying, resulting in a yield of 9.95 % of pectin. The washing effluents were analyzed for betalain content, yielding a concentration
of 2.021 g/mL as total betalains. This liquid phase was subsequently subjected to distillation; a 70 % yield of ethanol was obtained with 65 %
purity. The solid residue obtained from the extraction was further utilized for crude fiber isolation, achieving a yield of 72.3 + 3.48 %. These
findings demonstrate that xoconostle fruits offer a promising raw material for the extraction of pectins, betalains, and crude fiber, and the
proposed recyclingrecycle ethanol and water, supports the development of a sustainable process in a biorefinery.

Keywords: xoconostle, pectins, raw fiber, betalains, ethanol
Introduction

Mexico is the country with the highest global diversity and abundance of prickly pear species, with approximately 80
recognized varieties, including green, yellow, criolla, red and xoconostle fruits; the State of Mexico led the national
production in 2022 (SECAMPOQ, 2022). The Opuntia genus is widely consumed in the country and includes many species,
among which are the nopal vegetable and prickly pear cactus. Opuntia albicarpa produces the fruit commonly known
as “tuna,” characterized by juicy pulp and a low seed count (Lira-Ortiz et al., 2014). In contrast, Opuntia matudae
produces acidic fruits known as xoconostle, which contain a thick mesocarp and hard seeds located at the center
(Gallegos-Vazquez et al., 2012). These structural characteristics limit theirindustrial use, restricting xoconostle mostly
to traditional culinary applications.

Pectin is a polysaccharide located in the middle lamella of plant cell walls (Muzzarelli et al., 2012) that exhibits a variety
of bioactive properties derived from its structural composition (Endress, 2011); for example, low-molecular-weight
pectins, have been associated with potential anticancer activity in the colon, cardiovascular benefits, and reduced
insulin levels (Almeida et al., 2015). Previous studies have shown that xoconostle is a viable source of pectin for the
food and pharmaceutical industries (Morales-Martinez et al., 2018), as well as of betalains (Gengatharan et al., 2015;
Morales et al., 2015) and fiber (Ramirez-Rodriguez et al., 2020). However, these compounds have traditionally been
obtained through independent processes, and no integrated approach has been implemented to recover multiple
bioproducts simultaneously. Consequently, pigment-rich effluents generated during pectin extraction are typically
discarded, and solid residues are also eliminated without further valorization.

A biorefinery is defined as a technological platform that enables the production of multiple value-added products
(biopolymers, fibers, oils, etc.) from plant, animal, or microbial biomass (Sierra-lbarra et al., 2021). In this study, pectin
was extracted from xoconostle, and the resulting by-products were subsequently used to obtain betalains, ethanol,
and crude fiber, integrating these steps into a process under a biorefinery approach. In this way, the use of waste from
the pectin industry is proposed, while simultaneously diversifying bioproduct generation and enhancing the value of
xoconostle cultivation.
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Materials and Methods

Pectin was extracted by acid hydrolysis, and the resulting residues were used for the recovery of betalains, ethanol,
and crude fiber as described below.

Morphometric characterization

Xoconostle fruits were purchased from a local market in Mexico City. Length, equatorial diameter, and peel thickness
were measured for the fruits. Peel, pulp, and seeds were separated to determine the proportion of these fractions
relativeto the total fruit.

Pectin extraction

The methodology of Zhang et al (2023) was used with minor modifications. The peel was chopped and ground in the
presence of ethanol (70 °G.L.). The solids were sieved to remove the colored ethanol and subsequently washed to
eliminate soluble compounds. All ethanol effluents were collected for betalain quantification and later distillation. The
ground peel was dried to constant weight and designated as alcohol-insoluble residues (AIR). These solids were
dispersed in acidified water at a 1:10 ratio (AlR:solvent), using citric acid solution (pH 3) because it is a more
environmentally friendly acid compared to HCI, which is the most commonly used for this process. The dispersion was
boiled for 30 minutes under constant agitation and centrifuged to obtain an extract rich in pectic substances, while the
solid residue was dried and used to obtain raw fiber. Pectin was precipitated by mixing the extract with absolute ethanol
(90 °G.L.) at a 1:1 ratio, forming a gel that was subsequently dried at room temperature. Dried pectin was ground and
stored in amber containers prior to Fourier Transform Infrared Spectroscopy (FT-IR) analysis using a Bruker Tensor 27
spectrometer (Germany) equipped with attenuated total reflectance.

Total betalains and effluent distillation

Total betalains were quantified as the sum of betacyanins and betaxanthins using the method proposed by Soriano-
Santos et al (2007) with slight modifications. Absorbance was measured at 600, 538, and 476 nm, using extinction
coefficients of 1120 for betacyanins and 750 for betaxanthins.

Effluents were distilled at atmospheric pressure using a laboratory-scaledistillation unit, and 100 mL distillate fractions
were collected periodically. Ethanol concentration was determined using an optical refractometer (PCNRF 080VV,
Mettler Toledo, USA) and expressed in Gay-Lussac degrees (°G.L.). Distillation began at 78 °C and ended at 93 °C, when
the vapor consisted predominantly of water.

Raw fiber

Raw fiber was obtained following the method described by Guerrero-Colin et al (2016). Solid residues were hydrolyzed
with 1N HCI for 10 min under boiling conditions and washed with sodium hypochlorite. The remaining solids were dried
to constant weight and quantified.

Results and Discussion

Morphometric characterization

Fruits of prickly pear xoconostle were separated into peel, pulp, and seeds. The peel was notably the thickest fraction,
whereas the pulp and seeds occupied a minimal space in the central region (Figure 1). The average fruit mass was 74.7
+ 9.7 g, with the peel representing 86.92 % of the total weight (Table 1).

For physical characterization, length (6.05 + 0.5 cm), equatorial diameter (4.67 £ 0.4 cm) and peel thickness (1.18 + 0.1

cm) were measured, and their locations within the fruit are illustrated in Figure 1. Due to these morphological
characteristics, the peel was the ideal substrate for pectin extraction.
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Table 1. Proportion of the fractions of xoconostle fruits

Peel Pulp Seed
g 64.92+7.6 502+1.4 476+1.1
% 86.92+2.5 6.66£1.8 6.41+1.5

Figure 1. Morphometry of xoconostle fruits

Pectin extraction

Extraction process was carried out in several stages with the objective of obtaining an aqueous extract rich in pectic
substances, from which the pectins were separated by insolubilization with ethanol.

It should be noted that an effluent with a high ethanol content was generated, which originated mainly from washing
and precipitation, as shown in Figure 2 (b) and 2 (d).

(a) (b) (c) (d) (e) (f)

Figure 2. Main stages in pectin extraction: (a) Xoconostle peel, (b) Grinding and washing with ethanol to remove pigments, (c)
Centrifugation to obtain the extract and solid residue, (d) Gel precipitation by ethanol addition, (e) Pectin gel isolation, and (f)
Dried pectin for grinding

A pectin yield of 9.95 % (dry basis) was obtained, which is comparable to 10.46 % reported by Morales-Martinez et al
(2018). FT-IR spectra (Figure 3) confirmed that the isolated material corresponded to pectin, showing characteristic
functional groups and the “fingerprint region” between 1500 and 700 nm, one of the most important characteristics of
pectins (Yang et al., 2018). A prominent band at 3394 cm™ indicated glucose units of the pectin backbone, while bands
in 1737 and 1618 cm™corresponded to methoxyl groups.
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Figure 3. Spectrograms for xoconostle pectin compared with commercial citrus pectin

Total betalains and effluent distillation

Betalain yields were 0.746 g/mL for betacyanins and 1.275 g/mL for betaxanthins, totaling 2.021 g/mL. This
demonstrates that process effluents represent a valuable source of natural pigments, thus contributing to the
valorization of by-products through the extraction of this bioactive compound.

For effluents distillation, a complete temperature scan was carried out (from 20 °C to 93 °C), with vapor production
beginning at 78 °C, approximately 25 min after starting heating as can be seen in Figure 4 (a). As the mixture lost
ethanol, temperature increased until it stabilized at 93 °C. During this time mixture allowed ethanol elimination, leaving
as aresidue an effluent that mostly corresponded to water. This behavior is illustrated in Figure 4(b) where the distillate
initially exhibited a concentration of 80 °G.L. which gradually decreased to 2 °G.L. as the vapor becomes predominantly
aqueous. The total yield obtained (by mixing all 100 mL fractions) was 70 % with an average ethanol concentration of
65 °G.L. These results demonstrate that it is possible to recover high quality ethanol from peel washing effluents, which
can then be reused in the pectin extraction process. It can also be observed that the second-order polynomial equation
in Figure 4 (b) allows the prediction of ethanol concentration as a function of temperature.

Ethanol represents one of the major cost factors in pectin production, therefore distilling of effluents can significantly
reduce production costs and promote solvent recycling.
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(a) (b)

Figure 4.Distillation profiles: (a) temperature versus heating time, and (b) ethanol concentration as a function of temperature
Raw fiber

Raw fiber was isolated from residual solids obtained by centrifugation, as shown in Figure 2 (c). A yield of 72.3 + 3.48
% of raw fiber was obtained, because starch, protein and part of the lignin were solubilized, leaving mainlynon-
digestible components such as cellulose, hemicellulose and residual lignin (AOAC 7.068, 1995). Crude fiber has
important applications in food industry (e.g., as a dietary fiber source in cookies and breads) and in biotechnology
sector as a fermentation substrate for metabolite production.

Proposal for a biorefinery

Pectin extraction involves several stages that generate by-products with potential value for bioproduct recovery. A
proposal for the integrated utilization of products and by-products from this industry is illustrated in Figure 5.

Figure 5. Proposed biorefinery scheme for the extraction of pectin and crude fiber, betalains recovery, and r ethanol and water
recycling
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As shown in (Figure 5), pectin is the main target product. The washing effluent undergoes betalain recovery and is
subsequently sent to distillation together with the ethanol used for gel precipitation. The solids obtained after
centrifugation can be combined with seeds for raw fiber production. In addition, it is proposed that the remaining liquid
fraction (mainly pigmented water) be treated through membrane ultrafiltration to recover water for reuse in the
process. In this way, a single technological unit integrates multiple valorization pathways, allowing pectin extraction to
evolve towards a more sustainable and diversified biorefinery approach.

Conclusions

Peels of xoconostle prickly pear fruit were shown to be an important source for the extraction of pectin with properties
comparable to those of commercial pectin.

The pectin production process generates several by-products, including water-ethanol mixtures, pigment-rich
leachates, and solid shell residues, from which betalains, crude fiber, and recoverable ethanol were obtained.

The valorization of pectin extraction waste within a biorefinery approach contributes to the development of a more
sustainable and environmentally friendly industry, promoting the transition of pectin production toward a circular and
resource-efficient process.
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Abstract: The increasing demand for energy and growing environmental concerns have accelerated the search for alternative energy sources,
with microalgae emerging as a promising candidate. These photosynthetic organisms can produce high-value biomolecules suitable for biofuel
production and other industrial applications. However, their utility largely depends on biomass composition, which is influenced by nutrient
availability—particularly phosphorus (P) and nitrogen (N). This study investigates the impact of varying N/P ratios (9, 12, and 14) on the lipid
content and lipid profiles of marine microalgae strains Nannochloropsis (NSRE-1, NSRE-2) and Nannochloris (NRRE-2), native to the Yucatan coast
of Mexico. The potential use of the extracted lipids in biofuel and value-added product development is also evaluated. Results indicate a significant
decline in lipid content across all three strains with increasing N/P ratios (p < 0.05). Notably, strain NSRE-1 achieved the highest relative fatty acid
content (69.9%) at an N/P ratio of 14, while fatty acid synthesis in NRRE-2 was inhibited at N/P ratios of 12 and 14. These findings underscore the
critical role of the N/P ratio in modulating lipid production and composition in microalgae, particularly in endemic strains. Moreover, changes in
the N/P ratio stimulated the production of lipophilic compounds with potential applications in bioplasticizer manufacturing. Overall, the useof
biofuels and naturally derived plasticizers supports the rising industrial demand for sustainable, renewable alternatives to fossil fuels and
conventional plastics.

Keywords: marine microalgae, biofuels, bioplasticizers, N/P ratio, lipid metabolism
Introduction

Over the past several decades, increasing energy demands and escalating environmental challenges have intensified
the search for alternative renewable energy sources, including those derived from microalgae (Duarah et al., 2022).
Microalgae synthesize a wide variety of biomolecules with applications across the pharmaceutical, cosmetic, energy,
and aquaculture industries (Borowitzka, 2013). Among microalgae-based biofuels, biodiesel is particularly promising
due to its potential to significantly reduce greenhouse gas emissions, including CO, and sulfur oxides (SOy). Microalgal
biomass presents several advantages as a biofuel feedstock, such as high photosynthetic efficiency, rapid growth, and
high tolerance to environmental contaminants (Li et al., 2022). Notably, microalgae can produce lipid yields that exceed
those of terrestrial plants by 15- to 300-fold on a dry weight basis (Chisti, 2008).

Microalgal lipid productivity is influenced by numerous physicochemical factors, including light intensity, photoperiod,
temperature, and salinity. Nutrient availability—specifically nitrogen (N) and phosphorus (P)—plays a central role in
shaping cellular biochemical composition and lipid accumulation (Sharma et al., 2012). The nitrogen-to-phosphorus
(N/P) ratio is therefore critical for regulating cellular composition, metabolic activity, growth dynamics, and
photosynthetic efficiency (Slinksiené et al., 2022). For instance, an N/P ratio of 18 maximized chlorophyll content in
Chlorella, enhancing photosynthetic performance and biomass yields (Beuckels et al., 2015). Numerous studies have
demonstrated that nutrient stoichiometry directly affects both total lipid content and the distribution of lipid classes.
Triacylglycerols (TAGs) are the most relevant lipid fraction for biodiesel production due to their lower degree of
unsaturation and higher conversion efficiency compared with saturated fatty acids (D’Alessandro & Antoniosi, 2016).
These characteristics translate into favorable physicochemical properties, such as appropriate viscosity, reduced pour
point, and overall improved biodiesel quality. Species such as Chlorella sp., Scenedesmus sp., and Nannochloropsis sp.
have been widely studied for this purpose because of their high lipid content (32-38%) and advantageous fatty acid
composition (Chowdhury et al., 2019). While many studies have evaluated the effect of environmental factors on
microalgal lipid production, limited attention has been given to the potential value-added applications of lipid fractions
unsuitable for biodiesel.
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This study examines the influence of three N/P ratios (9, 12, and 14) on the lipid content and lipid profile of three native
marine microalgae isolated from the Yucatan coast. Furthermore, the potential use of these lipids for biofuel
production and other value-added bioproducts is assessed, broadening the scope of their biotechnological applications.

Materials and Methods
Biomass Cultivation

Microalgae strains used in this study were isolated from the coastal area of Puerto Progreso, Yucatan, and identified
by Lopez-Rosales et al. (2020) as Nannochloropsis (NSRE-1 and NSRE-2) and Nannochloris (NRRE-1). Cultures were
grown in a medium composed of 50% distilled water and 50% seawater, supplemented with 51.02 + 0.78 mg/L of N-
NO;~, with an initial pH of 7.06 and a salinity of 22.46 + 0.85%. (~20 g/L NaCl).

The N/P ratio was adjusted by adding 100 mg/L of P-PO43~ in the form of KH,PO, (Sigma Aldrich, St. Louis, MO, USA).
Cultures were maintained under continuous illumination at 90 pmol/m?/s using a 30-W white light source, at 25 + 2 °C
for 22 days. Biomass harvesting was performed following the flocculation method described by Rojo-Cebreros et al.
(2016), adjusting the pH with 0.5 N NaOH. Samples were centrifuged at 4728 g for 10 min (HERMLE Z 206 A), the
supernatant was discarded, and the biomass was washed twice with distilled water to remove residual salts. The
resulting pellet was frozen at -20 °C and subsequently lyophilized (Freezone, LABCONCO).

Lipid Extraction

Total lipids were extracted in duplicate using the Folch method (Folch et al., 1957). Approximately 38 mg of lyophilized
biomass was mixed with chloroform:methanol (2:1, v/v) and processed at 40 °C and 150 rpm for 3 h. The extract was
then separated from the residual biomass using a separation funnel. The organic phase was collected and evaporated
to obtain the total lipid extract, which was redissolved in chloroform.

Transesterification

Fatty acid methyl esters (FAME) were obtained following the procedure of Lopez-Rosales et al. (2019). Total lipids were
fractionated by column chromatography using silica gel (Kieselgel, 70-230 mesh). Elution was performed using a
solvent gradient consisting of hexane; hexane:ethyl acetate (9:1, 8:2, 7:3); and methanol.

Triacylglycerol-rich fractions (hexane:ethyl acetate, 9:1) were subjected to transesterification using 6% (w/v) sodium
methoxide at 60 °C for 90 min in a 25-mL vial. The reaction mixture was passed through silica gel to remove excess
catalyst and glycerol.

Data Analysis

All graphs and statistical analyses were carried out using Origin Pro 2018 (OriginLab Corporation). Results are reported
as mean * standard deviation. Total lipid content and relative fatty acid composition were evaluated using two-way
ANOVA, considering the N/P ratio and the metabolic response of microalgae (e.g., growth and biomass accumulation)
as factors. Statistical significance was defined as P < 0.05.

Results and Discussion

Effect of the N/P Ratio on Lipid Content

Figure 1 presents the lipid content (%) of NSRE-1, NSRE-2, and NRRE-1 under N/P ratios of 9, 12, and 14. An increase in
the N/P ratio resulted in a consistent decline in lipid accumulation in all strains. Maximum lipid contents were observed

at an N/P ratio of 9, reaching 6.21 + 0.44% for NSRE-1, 7.56 * 0.28% for NSRE-2, and 8.09 + 0.10% for NRRE-1. Among
the three strains, NRRE-1 exhibited the highest lipid content across all N/P ratios evaluated.
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A two-way ANOVA confirmed that the N/P ratio had a significant effect on lipid content in NSRE-1, NSRE-2, and NRRE-
1(P<0.05).

104 [ |nsre-1  [Insre-2 [ NRRE-1

Lipid content (%)
HH

12
N/P ratio

Figure 1. Total lipid content (%, mean £ SD) of the microalgal strains NSRE-1, NSRE-2,
and NRRE-1 cultivated under N/P ratios of 9, 12, and 14.

Ding et al. (2024) reported comparable trends in Chlorella sp. and Phaeodactylum tricornutum cultivated in aquaculture
wastewater. In their study, lipid content decreased at N/P ratios of 3, 6, and 12, whereas an increase to an N/P ratio of
18 resulted in substantial lipid accumulation—112.34% and 136.92%, respectively. However, lipid content declined
again when the N/P ratio increased further to 30 and 36.

Previous studies indicate that under nutrient-rich conditions, microalgal cells predominantly synthesize proteins and
nucleic acids, while under nitrogen-sufficient conditions (0.0-0.5 g/L), they tend to accumulate carbohydrates rather
than lipids (Tossavainen et al., 2019). Accordingly, the reduction in lipid content observed in NSRE-1, NSRE-2, and NRRE-
1 at N/P ratios above 9 suggests that higher N/P availability may have favored carbohydrate biosynthesis over lipid
accumulation.

Effect of N/P Ratio on the Lipid Profile

Figure 2 presents the relative abundance of saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA)
fatty acids in NSRE-1, NSRE-2, and NRRE-1 cultured under N/P ratios of 9, 12, and 14. In NSRE-1, SFA levels increased
with increasing N/P ratio, reaching a maximum of 69.9% at N/P = 14. Conversely, MUFA and PUFA fractions decreased
as the N/P ratio increased (Figure 2a).

The biomass of NSRE-2 showed a similar trend, as the content of SFA increased with rising N/P ratio. However, in this
strain, an increase in N/P ratio also resulted in higher proportions of MUFA and PUFA. Likewise, increasing the N/P ratio
reduced the content of organic compounds other than fatty acids. The maximum relative content of SFA in NSRE-2 was
20.2%, a value considerably lower than that observed in NSRE-1 (Figure 2b).

In contrast, NRRE-1 exhibited high sensitivity to changes in the N/P ratio of the culture medium (Figure 2c). Under N/P
ratios of 12 and 14, this strain did not promote fatty acid synthesis; instead, it primarily produced other lipophilic
compounds, particularly phthalates and adipates.

Rasdi et al. (2014) reported similar behavior in Tisochrysis lutea and Nannochloropsis oculata grown in F/2 medium at
six N/P ratios (5, 10, 20, 30, 60, and 120). Their findings indicated that an N/P ratio of 20 enhanced microalgal growth
and protein content, whereas an N/P ratio of 120 reduced both parameters but increased lipid accumulation in both
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strains. For N. oculata, an N/P ratio of 20 favored the production of eicosapentaenoic acid (EPA), while in T. lutea, an
N/P ratio of 30 promoted the synthesis of docosahexaenoic acid (DHA). Both fatty acids are ideal raw materials for
biofuel production. Similarly, Gao et al. (2023) reported that an N/P ratio of 18 enhanced optimal growth of

Scenedesmus obliquus in wastewater, as well as its dry biomass, lipid production, and chlorophyll accumulation (1.70
g/L, 0.49 g/L, and 7.43 mg/L, respectively).
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Figure 2. Relative abundance of saturated (SAF), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids in the
biomass of (a) NSRE-1, (b) NSRE-2, and (c) NRRE-1 cultivated under N/P ratios of 9, 12, and 14
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A two-way ANOVA revealed that both the strains and the N/P ratio had significant effects on the relative content of
SFA, MUFA, PUFA, and non-fatty-acid lipophilic compounds (p < 0.05), mainly phthalates and adipates.

Tables 1, 2, and 3 list the fatty acids identified in the biomass of NSRE-1, NSRE-2, and NRRE-1 grown under N/P ratios
of 9, 12, and 14. The fatty acids produced by all strains represent an adequate feedstock for biodiesel production, as
they include C16—C18 fatty acids (Chowdhury et al., 2019). The relatively low concentrations of saturated and long-
chain polyunsaturated fatty acids such as C16:0 (palmitic acid), C18:0 (stearic acid), C18:1 (oleic acid), C18:2 (linoleic
acid), and C18:3 (linolenic acid) confer high oxidative stability and favorable thermodynamic properties.

REB&S 2026, 8(1), 23-30. https://doi.org/10.56845/rebs.v8i1.661 26



https://doi.org/10.56845/rebs.v8i1.661

Renewable Energy, Biomass & Sustainability (REB&S)

Table 1. Fatty acid profile of NSRE-1 at N/P ratios of 9, 12, and 14.

Fatty acid Carbon Relative content
¥ number:saturations (%)
N/P9
Hexadecanoic Acid C17:0 13.5
Methyl stearate C19:0 2.46
Octadecenoic acid C19:1 16.6
Octadecadienoic acid C19:2 17.46
Linoleic acid C20:2 7.98
N/P 12
Hexadecanoic Acid C17:0 15.4
Methyl stearate C19:0 3.71
Octadecenoic acid C19:1 9.2
Octadecadienoic acid C19:2 10.17
N/P 14
Hexadecanoic Acid C17:0 53.8
Methyl stearate C19:0 11.3
Methyl butyl hexadecanoate C21:0 4.9

Table 2. Fatty acid profile of NSRE-2 at N/P ratios of 9, 12, and 14.

Fatty acid Carbon Relative content
¥ number:saturations (%)
N/P9
Hexadecanoic Acid C17:0 1.7
12-Methyl tetradecanoic acid Ci16:0 0.45
Octadecenoic acid C19:1 1.55
Octadecadienoic acid C19:2 1.04
N/P 12
Hexadecanoic Acid C17:0 13.3
Methyl stearate C19:0 3.4
2-Methylundecanoic acid C13:0 1.05
Octadecenoic acid C19:1 18.5
Octadecadienoic acid C19:2 16.68
Linoleic acid C20:2 5.08
Eicosatrienoic acid C21:3 2.48
N/P 14
Hexadecanoic Acid C17:0 15.6
Methyl stearate C19:0 3.47
Dodecanoic acid C14:0 1.08
Octadecenoic acid C19:1 17.5
Octadecadienoic acid C19:2 23.44
Linoleic acid C20:2 10.05
Octadecatrienoic acid C19:3 5.77
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Table 3. Fatty acid profile of NRRE-1 at N/P ratios of 9, 12, and 14.

Fatty acid Carbon Relative content
¥ number:saturations (%)

N/P9

Hexadecanoic Acid C17:0 30.8

Tetradecanoic acid C17:0 5.2

Dodecanoic acid C13:1 6.22

Octadecadienoic acid C19:2 12.9

Effect of the N/P Ratio on the Synthesis of Value-Added Compounds

The lipid extracts of NSRE-1, NSRE-2, and NRRE-1 were found to contain organic compounds suitable for the production
of various value-added products, including adipates and phthalates. Adipates are widely used in the cosmetic industry
as plasticizers and solvents in formulations such as nail polishes, tanning lotions, liquids, and gels, typically at low
concentrations (5-8%) (Chi et al., 2019). They are also found in food packaging materials and films at concentrations of
a few thousand micrograms per gram (Vimalkumar et al., 2022). Unlike other plasticizers, adipates exhibit very low
toxicity and are readily biodegradable (EPA, 2021).

Because adipates can be synthesized biologically, they represent promising alternatives to synthetic plasticizers. In this
study, NSRE-1, NSRE-2, and NRRE-1 were observed to produce two adipates—under specific N/P ratios—that are
commonly used in the manufacture of plastics (see Table 4).

Table 4. Adipates synthesized by NSRE-1, NSRE-2, and NRRE-1 at different N/P ratios and their relative content

Relative

Name Structure Strain N/P ratio
/ content (%)

o /i/\/ NSRE-1 14 18.5
Di(4-octyl) adipate OMO
° NSRE-2 14 10
Bis(2-ethylhexyl) 0 \/(/\/ NSRE-2 12 27.8
hexanedioate o (o} NRRE-1 1 343
(Di(2-ethylhexyl)
adipate) Y NRRE-1 14 19

Phthalic acid esters (PAEs), or phthalates (Table 5), were also identified. Phthalates are a class of lipophilic chemical
substances widely used as plasticizers and additives to improve the mechanical extensibility and flexibility of various
food products. Currently, synthetic PAEs are considered potentially hazardous to ecosystems and to public health.
However, PAEs are also naturally produced by microorganisms such as algae, bacteria, fungi, and by higher plants
through organic extracts, root exudates, and essential oils.

PAEs are synthesized by several algal species, where they play a role in adaptation to biotic and abiotic stress (Tian et
al., 2016). Naturally occurring PAEs include di-n-butyl phthalate, diethyl phthalate, dimethyl phthalate, di(2-ethylhexyl)
phthalate, diisobutyl phthalate, and diisooctyl phthalate. Natural PAEs may function as allelochemicals, antibiotics, or
insecticides.
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Importantly, the natural synthesis of PAEs implies that certain microorganisms are capable of degrading them, which
suggests a potential contribution to reducing environmental contamination caused by synthetic PAEs. Numerous
studies have investigated microorganisms capable of degrading PAEs, and results demonstrate that several species of
bacteria and microalgae possess PAE-degrading capabilities (Hu et al., 2021).

PAEs produced by microalgal species hold significant potential for sustainable applications. For instance, they can be
incorporated into bioplastic formulations (e.g., PLA, PHB, alginates) to produce materials with improved flexibility and
mechanical strength. These bioplastics may have valuable applications in the pharmaceutical, cosmetic, food, and
agricultural industries. Moreover, they are considered sustainable compounds, as they can be produced from
renewable biomass and tailored according to the microalgal species and cultivation conditions used.

Table 5. Relative content of phthalates synthesized by NSRE-1, NSRE-2, and NRRE-1 under different N/P ratios

Relative

Name Structure Strain N/P ratio
/ content (%)

Bis(6-methylhept-2- 4<_\—< o o >—/_>7 NSRE1 5 174
yl) phthalate o o ’
NSRE-1 12 47.7
Bis(2-ethylhexyl) 7
o (o]
phthalate
NRRE-1 14 80.1
” >_\_\_\ 0 0 /_/_/_<
Diisooctyl phthalate 5 o NSRE-2 9 33.9
Conclusions

The results indicate that the N/P ratio influences both the lipid content and the lipid profile of the microalgae.
Therefore, it is essential to assess how culture conditions affect the biochemical profile of microalgal strains,
particularly when they are endemic.

Furthermore, specific N/P ratios were identified that promote the synthesis of hydrocarbon chains with suitable length
and saturation for the production of fatty acid methyl esters. The detection of plasticizer compounds at certain N/P
ratios also suggests that their presence can be selectively enhanced under specific cultivation conditions.
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Abstract: Global warming affects all inhabited areas of the planet, but its impacts vary significantly across regions. The assessment of local-scale
climate trends is fundamental for the development of effective mitigation and adaptation strategies. Currently, there is a lack of studies focused
on analyzing climatic behavior and climat-change impacts in the city of Ocotlan, Jalisco. This study analyzes temperature and precipitation trends
in Ocotlan, based on data recorded by the “El Fuerte” meteorological station from the National Water Commission. Temperature anomalies were
calculated, and the Mann-Kendall test together with Kendall’s correlation were applied to detect significant trends. Sen’s slope was also estimated
to quantify the magnitude of these trends. Additionally, monthly mean plots were generated to visualize the temporal evolution of the variables
throughoutthe year. The results indicated an increase in mean temperature and daily thermal range, suggesting signs of climate change. Although
precipitation did not exhibit a statistically significant trend, its negative correlation with maximum temperature may indicate a potential future
decline in rainfall. These findings contribute to a better understanding of local climatic conditions and provide relevant information for decision-
making in key sectors such as agriculture, public health and urban planning.

Keywords: climate change, temperature, precipitation, local climate analysis, trend detection
Introduction

Currently, the planet is facing a global process of climate change, manifested as a sustained increase in the mean
atmospheric temperature. This global warming has increased the frequency of extreme weather events and has altered
meteorological patterns (Clarke et al., 2022). These effects include severe heat waves, intensified precipitation,
prolonged drought periods, and an increase in the frequency and intensity of tropical cyclones, among other
phenomena, which have significantly affected the water cycle and agricultural production (Portner et al., 2022).
Consequently, they have contributed to a decline in food security and compromised water security (Blunden & Boyer,
2024). The Intergovernmental Panel on Climate Change (IPCC, 2021) has unequivocally stated that greenhouse gases
(GHGs), derived from human activities, are the main cause of global warming.

On the other hand, climate change affects all inhabited regions of the planet, although its impacts vary in intensity
depending on geographical and environmental conditions. Therefore, a climate assessment at the local scale can
provide key information for making more precise decisions regarding mitigation and adaptation to region-specific
climate impacts (Doblas-Reyes et al., 2021). Among the most relevant climate variables are temperature and
precipitation, fundamental physical parameters that determine the environmental conditions of a region (Khavse,
Chaudhary, & IMD, 2022). Their analysis relies on statistical methods of climate trend and variability, to identify
significant patterns supporting the detection of local climatic changes.

The city of Ocotlan, Jalisco, while having been included in studies on climate change at the regional or state level, has
not been evaluated individually. Therefore, this lack of studies represents a significant knowledge gap, that limits the
community's capacity to make informed decisions and design adaptation strategies in the face of climate change.

Therefore, the objective of this study is to analyze precipitation and temperature variables (maximum, mean, and
minimum) for the period from 1961 to 2024, obtained from the “El Fuerte” meteorological station operated by Nacional
Water Commission (CONAGUA) in Ocotlan, Jalisco, in order to detect trends in these variables and identify the warmest
months of the year and the months of the rainy season.
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Materials and Methods
Study area

The study area corresponds to the municipality of Ocotlan, located in the Ciénega region of the state of Jalisco, Mexico.
The municipal seat is situated at 20°21'2.88” N and 102°46'17.76" W, at an elevation of 1,530 m above sea level.

Figure 1. Location map of Ocotlan, Jalisco (IIEGE, 2024)

The municipality of Ocotlan covers an area of 226 km?, of which 68.1% is allocated to agricultural use, 8.7% corresponds
to urban settlements, 16.8% to tropical forest, 3.1% to temperate forest, 2.2% to grassland, 1.0% to water bodies, and
0.05% shows an apparent absence of vegetation. The predominant climate is semi-warm and sub-humid (lIEG, 2024).

Meteorological data for the analysis of temperature and precipitation were obtained from the CONAGUA climatological
station “El Fuerte” (ID 14047), located in Ocotlan, Jalisco (20°19'51" N, 102°45'48" W; 1,540 m a.s.l.). The station
provides daily records of precipitation, evaporation, maximum temperature, and minimum temperature. Mean
temperature was calculated as the arithmetic average of the daily maximum and minimum values. The dataset spans
a 62-year period (1961-2024). However, 1986 was excluded from the analysis due to the complete absence of records
for reasons not specified by the data provider.

Calculation of anomalies

One of the methods used to identify warming or cooling trends is the calculation of temperature anomalies. A
temperature anomaly denotes the deviation of an observed temperature from a long-term reference mean (NOAA,
2025). It is computed as the difference between the annual mean temperature of a given year and the mean
temperature of the reference period. The reference period typically spans at least 30 years. A positive anomaly
indicates that the year was warmer compared to the reference period, while a negative anomaly reflects a relative
cooling (NOAA, 2025). For the calculation of mean temperature anomalies in this study, anomalies were calculated as
the difference between the annual average temperature recorded from 1961 to 2024 and the mean temperature of
the reference period (1961 to 1991). Data analysis and graphical representation were performed using Microsoft Excel.
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Mean plots and analysis of variance

For this study, mean plots were used as a visual tool to represent the averages of the analyzed variables and to observe
their temporal trends. A plot was constructed for each variable with the aim of identifying its monthly behavior (Figure
3). Because the data did not meet the assumptions of normality and homoscedasticity, the analysis of variance (ANOVA)
was performed using generalized linear models (GLM) with a Gaussian distribution. Mean comparisons were conducted
using Tukey’s test (a = 0.05). All statistical analyses were performed in R software, version 4.4.2 (R Core Team, 2025).

Kendall’s correlation

Kendall’s correlation, also known as Kendall’s tau (t), is a non-parametric measure that assesses the association
between two quantitative or ordinal variables. This coefficient makes it possible to identify the presence of a monotonic
(increasing or decreasing) relationship between variables, without assuming a normal distribution of the data (El
Hashash & Shiekh, 2022).

Mann-Kendall test

The Mann—Kendall test is a widely used non-parametric method for detecting trends in time series data. This test is
based on comparing the relative magnitudes between pairs of observations. One of its main advantages is that it does
not require the data to conform to any specific distribution (Khavse, Chaudhary, & IMD, 2022). The Mann—Kendall
statistic (S) is defined as shown in Equation 1.

1 n
S = 2 sgn(x; — xx) (1)
1j=k+1

where: n: number of years; xj y xk : annual values in years j and k, respectively, with j < k; sgn is the sign function.

n
k

A positive value of S indicates an increasing trend, whereas a negative value indicates a decreasing trend. After
computing S, it is necessary to calculate the probability associated with this value and the sample size n to statistically
assess the significance of the trend. For sample sizes greater than 10, a normal approximation of the Mann—Kendall
test can be used (Khavse, Chaudhary, & IMD, 2022). To apply this approximation, the variance of S is first computed
(Equation 2), and then the standardized test statistic (2) is calculated based on the value of S, as shown in Equation 3.

q

VAR(S) = 1—18 n(n-1D@n+5) = ) ty(ty ~ (2t +5) (2)
p=1

where: g: number of tied groups (groups with equal values); t,,: number of data points in group p.

S—-1

'7JEESWS>O

Z= 0siS=0 (2)
S+1
ifS<0

JVAR(S)
Sen’s slope

Sen’s slope estimator is a non-parametric technique used to estimate the annual rate of change of a variable. It provides
a reliable estimate of the trend slope under the assumption of linearity and does not require any specific distributional
assumptions for the data being analyzed (Mehmood et al., 2024). Kendall’s correlation, the Mann—Kendall test, and
Sen’s slope estimator were computed using R software, version 4.4.2 (R Core Team, 2025).
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Results and Discussion
Temperature anomalies

The annual temperature anomalies recorded between 1961 and 2024 reveal alternating periods of warmer and cooler
years, but overall they show a clear warming trend (dotted red line, Figure 2). Positive anomalies have increased in
magnitude over time, with the highest value occurring in 2024. This finding aligns with global observations: the World
Meteorological Organization (WMO, 2025) reported that 2024 was the warmest year on record. Year-to-year
temperature variability can be influenced by natural factors such as solar activity and internal climate variability,
including El Nifio and La Nifia events. These processes can modulate, and sometimes temporarily mask, the effects of
human-driven global warming at regional and short-term scales (IPCC, 2021).
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Figure 2. Temperature anomaly plot

It is important to highlight that the results of the temperature anomalies already reflect the manifestation of climate
change. Nevertheless, it would be relevant for future studies to further investigate the identification of the natural
phenomena and internal climate variability that influence the climate of the city of Ocotlan. This knowledge would be
fundamental for improving the capacity for response and planning in short and medium-term decision-making.

Trends of the variables across the months of the year.

The evaluated temperature variables (minimum, mean, and maximum) show similar trends across the 12 months of
the year, unlike precipitation, which exhibits a different pattern (Figure 3). Statistical analysis revealed a significant
effect of month on maximum temperature (F = 2221; df = 11, 21816; P < 0.001), mean temperature (F = 5022.8; df =
11, 21816; P < 0.001), minimum temperature (F = 4277.3; df = 11, 21816; P < 0.001), and precipitation (F = 280.14; df =
11, 21816; P < 0.001). May was identified as the warmest month of the year, with average values of 31.4 °C for
maximum temperature and 23.4 °C for mean temperature, followed by April and June. The lowest temperatures for
these variables (mean and maximum) were observed in January and December. Regarding minimum temperature, the
highest value occurred in June (16.4 °C), followed by May, July, and August, while the lowest values were recorded in
December and January (7.4-8.2 °C) (Figure 3). These colder months are strongly associated with frost events and cold
fronts in recent years, which have caused economic losses in agriculture. Therefore, the warmest months in Ocotlan
are April, May, and June. Lino (2022) points out that in May, solar rays hit the Earth's surface in Jalisco perpendicularly,
which contributes to a significant increase in temperature during that month. Although this phenomenon is repeated
later in the year, its thermal effect is attenuated by the presence of rainfall.

Regarding precipitation, although it is present throughout the year, its volume is minimal outside of the rainy season,
which begins in May, intensifies between June and August, reaches its peak in July, and ends in November (Figure 3).
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This seasonality is consistent with the pattern observed at the state level, which is primarily influenced by the rainy
period associated with factors such as the tropical cyclone season (Lino, 2022).

Figure 3. Mean + SD of the studied variables (maximum, mean, and minimum temperature, and precipitation) corresponding to
Ocotldn, Jalisco. Means sharing the same letter are not significantly different (Tukey’s test, a = 0.5)

Kendall correlation, Mann—Kendall tests, and Sen’s slope estimator

Regarding the Kendall correlation analyses (Figure 4), a significant negative correlation was observed between
minimum temperature and time (Figure 4A; Table 1), indicating a progressive decrease in minimum temperature at a
rate of —3.2e-05 °C per year. This suggests that Ocotlan is experiencing increasingly colder nights, which may have
important implications, particularly for the agricultural sector. In contrast, mean temperature showed a significant
positive correlation with time (Figure 4B; Table 1), with an increasing rate of 1.2e-05 °C per year, indicating a sustained
rise in overall heat overtime. Similarly, maximum temperature exhibited a significant upward trend at a rate of 8.9e-05
°C per year (Figure 4C; Table 1), confirming an increase in daytime temperatures. The rise in mean temperature—driven
primarily by the increase in maximum temperatures—represents a clear indicator of climate warming.

This pattern also reflects an increase in the daily thermal amplitude, a climate-change-related phenomenon that has
been documented globally (Simolo & Corti, 2022) and is now evident in Ocotlan. Future studies should examine this
variable in more detail, along with the extreme maximum temperature index (TXx) and the extreme minimum
temperature index (TNn). At the state level, a significant increase in maximum temperature has been reported, while
minimum temperature shows a non-significant decreasing trend (Lino, 2022). It is possible that local factors in Ocotlan,
such as surface characteristics and land use, are contributing to this decrease in minimum temperature.

On the other hand, precipitation presents a negative correlation with time, although this is not statistically significant
(Figure 4D, Table 1); which suggests high interannual variability or a more complex effect. This reinforces the need to
continue monitoring this variable in subsequent years, due to its relevance to water availability and agricultural
application.

Other significant correlations were identified between temperature variables (minimum, mean, and maximum) and
precipitation (Figure 5), which is relevant for understanding climate interactions in the region. In particular, it was
observed that the minimum temperature and the mean temperature show a positive correlation with precipitation
(Figure 5A, B), suggesting that, in general, higher minimum and mean temperatures coincided with greater

REB&S 2026, 8(1), 31-38. https://doi.org/10.56845/rebs.v8i1.666 35



https://doi.org/10.56845/rebs.v8i1.666

Renewable Energy, Biomass & Sustainability (REB&S)

precipitation records. This pattern can help interpret the apparent negative—though not significant—trend of
precipitation observed over the years (Table 1, Figure 4D). In contrast, the maximum temperature showed a significant
negative correlation with precipitation (Figure 5C), indicating that as maximum temperatures increase, precipitation
tends to decrease.

Figure 4. Kendall correlation of variables: A) Minimum temperature vs. time B) Mean temperature vs. time C) Maximum
temperature vs. time D) Precipitation vs. time

Table 1. Statistical summary of the Mann—Kendall test for each variable under study with respect to the years

Variable S z P-value R and trend Sen’s slope
Minimum R=-0.07 -3.2e-05
-1.614581e+07 -15.06 p-value < 2.2e-16 . .
temperature Negative trend C/year
M R=0.04 1.2e-05
ean 9.438886e+06 8.79 p-value < 2.2e-16 T e
temperature Positive trend C/year
Maxi R=0.15 8.9e-05
aximum 3.431826e+07 32.07 p-value < 2.2e-16 n e-o¢
temperature Positive trend C/year
s R=-0.007
Precipitation -7.464290e+05 -0.95 p-value = 0.3434 0 mm/year

Negative trend
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Figure 5. Correlation between the studied variables

The relationship between precipitation and temperature has been the subject of numerous international studies, which
show variable results depending on the local conditions of each region. These analyses help improve understanding of
climate behavior and support the development of more accurate predictive models. However, in Mexico,
comprehensive studies examining the relationship between these variables are still limited, which constrains the ability
to adequately interpret the observed climatic patterns (Becerril, Munguia, & del Rivero, 2024).

Conclusions

In the present study, the trends of temperature and precipitation in the city of Ocotlan, Jalisco, were evaluated based
on data recorded by the CONAGUA "El Fuerte" meteorological station. The results provide evidence of an increase in
mean temperature, as well as an increase in daily thermal amplitude, both considered consistent indicators of climate
change. In contrast, precipitation did not exhibit a statistically significant trend; however, due to its negative correlation
with maximum temperature, it cannot be ruled out that a significant decrease in precipitation levels may be recorded
in the future. Likewise, it was observed that the warmest months of the year and the rainy season in Ocotlan coincide
with patterns reported by previous state-level studies, which reinforces the validity of the observed results.

The findings of this research represent a relevant contribution to the urban context of Ocotlan by enhancing the
understanding of its climate and the effects of climate change. These aspects should be considered in decision-making
processes related to agriculture, urban planning, and public health. Nevertheless, much remains to be investigated
regarding local climate dynamics and the potential impacts of climate change in the region.
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Abstract: The production of mezcal generates vinasse, a liquid waste with high concentrations of organic matter and acidic pH, which represents
a potential source of pollution. The use of anaerobic biodigesters has emerged as an alternative for the treatment of this waste stream. This study
characterizes the anaerobic digestion (AD) of mezcal vinasse in a 10 m® tubular (bag-type) anaerobic biodigester. To this end, daily biogas
production was measured and normalized to standard conditions. The methane content in the produced biogas was determined through carbon
dioxide (CO2) removal, and the thermal efficiency of a biogas stove was evaluated. The physicochemical properties of the liquid effluent resulting
from the AD process were also assessed. The results demonstrated that the AD treatment of vinasse with an initial Chemical Oxygen Demand
(COD) concentration of 44.93 g L™ yielded 15.61 L of biogas per liter of vinasse, with a methane concentration of 68.48%. Furthermore, the
thermal efficiency of the biogas stove was 35.45%. The effluent obtained had a pH of 7.5 and a COD concentration of 17.00 g L™, which represents
a 62.16% COD removal relative to the influent. Additionally, its organic carbon content reached 17%, while total nitrogen accounted for 19%.
These results indicate a high potential for the proposed approach to be implemented as a strategy for waste valorization method, pollution
mitigation, local clean energy production, and agroecological applications.

Keywords: anaerobic digestion, biogas, mezcal vinasses, biofertilizer, renewable energy
Introduction

In recent years, the mezcal industry has experienced rapid growth, reaching a production of 12.239 million liters in
2023. Mezcal is produced in nine Mexican states holding the designation of origin for its commercialization. Oaxaca is
the largest producer, accounting for over 90% of the total national production (COMERCAM, 2024). The growth of this
industry has brought significant environmental challenges, particularly as the generation of vinasse, a byproduct of the
mezcal distillation process. This substance exhibits high concentrations of organic matter (biochemical oxygen demand,
BODs:22,500-35,000 mg L™ and COD: 35,000—122,000 mg L™") and high acidity (pH between 3 and 5) (Robles-Gonzalez
et al., 2012). Vinasse generation can reach quantities of 10—12 L/L of final distillate, and the majority of this waste is
not properly managed or treated; instead, it is dumped directly into drains, soil, rivers, or lakes at high temperatures,
posing serious risks to aquatic and terrestrial ecosystems(Crespo-Gonzalez et al., 2018; Jiménez et al., 2006).
Alternatively, some producers choose to store it; however, due to the lack of adequate treatment systems, they are
forced to hire services to empty these containers or tanks without regulatory oversight Which merely relocates the
waste management problem rather than resolving it.

Anaerobic digestion (AD) is an alternative method for treating organic waste from various sources, including vinasse
(Silva et al., 2021; Parsaee et al., 2019). This process allows the conversion of organic substrates into a gaseous mixture
known as biogas, which has a high methane content, making it suitable for clean energy production (Ullah Khan et al.,
2017). In addition, the digestate generated during AD comprises partially digested organic matter, micro-and
macronutrients, and water. This effluent contains essential nutrients in highly bioavailable forms, making it a valuable
biofertilizer and soil conditioner (Nayak & Ranade,2025). Thus, the anaerobic digestion of organic residues is related to
important socio-environmental co-benefits, including improved waste management, clean energy generation from
local inputs, mitigation of greenhouse gas (GHG) emissions, support for the circular economy, contribution to energy
independence, and more sustainable agricultural and livestock practices. In this context, the use of AD has gained
popularity in various parts of the world, with more than 20 million systems in China, 4.3 million in India, and
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approximately 7,000 in Germany; these three countries are reported to currently have the highest number of anaerobic
digestion systems (Zelaya-Benavidez, 2022; Zelaya-Benavidez et al., 2023).

A variety of anaerobic digester designs are commercially available; however, some of these systems tend to be more
expensive and complex. Nevertheless, the selection of a system should consider the available resources, user
characteristics, and specific features of the installation region (Parsaee et al., 2019). Zelaya-Benavidez (2022) proposed
the use of tubular anaerobic digesters made of polyethylene to treat mezcal vinasse, as they are less expensive and
easier to handle than concrete digesters (Zelaya-Benavidez, 2022). In comparison, digesters made of PVC
geomembranes, although more expensive, offer longer service life and greater mechanical resistance during
installation and operation. In this context, the objective of this study was to evaluate the applicability of PVC tubular
anaerobic digesters for the treatment and valorization of mezcal vinasse. To this end, the products resulting from the
anaerobic digestion of mezcal vinasse—biogas and liquid effluent (digestate)-were characterized, and the methane
content and thermal efficiency of biogas were measured. The results of this study highlight the effectiveness and
benefits of treating vinasse using anaerobic biodigesters as an appropriate and sustainable technology for the mezcal
industry.

Materials and Methods
Study location

The study was conducted at the “Mezcal Capotlan”
palenque located in the Arrazola neighborhood of
Santa Cruz Xoxocotlan, Oaxaca, Mexico (17° 2' 27.7"
N, 96° 46’ 59.8” W). The site was equipped with a
functioning tubular biodigester, also known as a bag-
type, with a liquid capacity of 10 m3, manufactured by
ARQUEAZ®, using a PVC geomembrane (Figure 1).

Biodigester management

The system was started with fresh bovine manure and

mezcal vinasse (VM) at a 1:3 ratio (manure: vinasse,

V/V), and the mixture was stabilized with commercial

calcium hydroxide (Ca (OH);) from the brand

CALHIDRA®. During the data collection period, the

biodigester system was continuously fed 166 L of

vinasse per day. The pH of the vinasse was adjusted

between 6.3 and 9.9 by adding calcium hydroxide. The Figure 1. A tubular or bag-type biodigester with a liquid volume
vinasse used for the experiment was obtained from an of 10 m? was used in the present study
underground cistern on-site, which collected vinasse

generated during mezcal distillation in the alembics.

The substrate and effluent were characterized through physicochemical analysis performed by a laboratory accredited
by the Mexican Accreditation Entity (EMA). The effluent sample was collected from the outlet of the biodigester on day
21 of operation. The tests performed included microwave digestion/inductively coupled plasma optical emission
spectroscopy (ICP-OES) for the determination of phosphorus, K, Ca, Mg, Na, sulfur, Fe, Cu, Mn, Zn, and B; and loss-on-
ignition (calcination) for the quantification of organic matter, ash, and organic carbon. The pH levels were measured
using a Yieryi® C-600 pH meter in liquid samples collected from both the inlet and outlet streams of the biodigester.

Analytical methods for determining biogas production

Biogas production was measured over a 21-day period, with a 24 h measurement frequency, using a KEUK DONG Kl
JEON® G-2 model low-pressure analog diaphragm gas meter. The ambient temperature of the site was recorded
throughout the experiment, taking readings, every 10 min using an Elitech® RC-5 model temperature sensor.
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The daily biogas production was normalized to standard conditions (27.15 K and 1013 hPa) as presented in Equation 1
(Dinuccio et al., 2010):

(P —P,)T,
VNPT _ 1
0 P, T @

where V,"*T represents the volume (L) of dry biogas normalized to standard pressure and temperature, V is the
recorded biogas volume (L), P is the biogas pressure at the time of measurement (hPa), T is the ambient temperature
(K), T, is the standard temperature (K), and P, is the water vapor pressure in mmHg as a function of the temperature
of the measurement site in hPa, as obtained by Equation 2:

B
P,=10(A — —— 2
v ( T+C @

where T is ambient temperature (°C). A, B, and C are parameters of the Antoine Equation constants for water. Under
the experimental conditions, their values were 8.0713, 1730.6300, and 24.6900, respectively.

Methane content in biogas

The methane content in the produced biogas was determined by
CO, absorption using a 20% KOH solution combined with the liquid
water displacement method (Cérdova et al., 2022) (Figure 2). The
methane percentage was calculated using Equation 3 (Abdel-Hadi,
2008):

v, -V,
%CH, = 100% — [(% * 100) + 3%] (3)

1

where %CH,represents the methane concentration in the biogas, v,
is the initial biogas volume(mL), and V, is the remaining gas volume
after CO; removal (mL).
Figure 2. Mechanism of CO, removal from biogas
Thermal efficiency

The thermal efficiency of the burner was determined using the “Water Boiling Test” method, which relates the energy
transferred to water and the energy released by biogas combustion, as expressed in Equation 4 (Clean Cooking Alliance,
2014):

100 ) + (Mg * H)]

Vbiogas * YocHa * PCcra

(4)

M, = AT * ¢
hc-[(a—

where h, is the thermal efficiency (%), M, is the initial mass of water (kg), AT is the r temperature increase until boiling
point (K), c is the specific heat capacity of water (4.2 kJ kg K?), M, is the mass of evaporated water (kg), H is latent
heat of vaporization (2.26 kJ kg?), Vbiogas is the volume of biogas consumed (m?3), %cpa4is the methane content of the
biogas (calculated by Equation 2), and PPC_y, is the lower calorific value of methane (34 MJ m™).

Results and Discussion
Site temperature

Figure 3 shows the site temperature records, with a minimum recorded temperature of 9.2 °C on day 1 and a maximum
temperature of 38.0 °C on day 10. The average temperature during the measurement period was 24.78 +1.16 °C. These
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temperature conditions fall within the growth ranges of both psychrophilic (4—20 °C) and mesophilic (20-40 °C)
microbial communities, which are commonly involved in anaerobic digestion processes.

40.00
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Figure 3. Temperature records of the site where the study was conducted
Physicochemical characterization of substrate and effluent

Table 1 summarizes the physicochemical properties of the mezcal vinasse used as feedstock for the biodigester, as well
as those of the digestate (effluent) obtained after anaerobic treatment. The pH of the vinasse indicates a partial
degradation of the substrate during storage prior to digestion, as evidenced by a reduction in acidity from fresh vinasse
produced at the stills (on average pH=3.5) to a pH of 5.38 at the biodigester inlet.

Table 1. Physicochemical characteristics of vinasse and biodigester effluent (Biol)

Parameter Units Vinasse Effluent
pH 5.38 7.50
Electrical conductivity dS m 5.20 5.01
CcoD gl? 44.930 17.008
BODs gl? 29.610 3.405
Organic matter %wt 0.96 0.29
Ashes %wt 0.41 0.29
Organic carbon %wt 0.56 0.17
Total nitrogen %wt 0.80 0.19
Phosphorus mg L! 56 400
Potassium mg L! 400 5700
Calcium mg L! 1300 10200
Magnesium mg L! 200 2300
Sodium mg L! 81 1000
Sulfur mg L! 82 500
Iron mg L! 114 294
Copper mg L! 6.76 36.30
Manganese mg L! 2.56 14.50
Zinc mg L! 2.04 20.90
Boro mg L! 1.36 11.40

U/M: unit of measurement

Vinasse entered the biodigester with an initial chemical oxygen demand (COD) concentration of 44.930 g/L. After
anaerobic digestion, the effluent COD decreased to 17.008 g/L, representing a 62.15% reduction. This reduction
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demonstrates the effectiveness of the biodigester in degrading the organic load present in vinasse and confirms its
potential as a technically viable alternative for mitigating the environmental impact associated with mezcal production.

The COD removal efficiency obtained in this study (62.15%) fell within the range reported for the anaerobic digestion
of vinasse and other distillery effluents. Diaz-Barajas et al. (2024) reported COD removal efficiencies close to 81% for
mezcal vinasse under high dilution conditions, while removal efficiencies ranging from 49 to 82% have been reported
for sugarcane vinasse treated in upflow anaerobic sludge blanket (UASB) reactors (Gomes de Barros et al., 2016). In
this context, the COD removal achieved in the present study suggests that the implemented tubular biodigester
represents a robust and scalable option for the treatment of high strength mezcal vinasse.

Although the pH values of the incoming vinasse were below the optimal range for anaerobic digestion, the substrate
was stabilized prior to feeding by the addition of commercial calcium hydroxide adjusting the pH to values between 7.3
and 9.9. This procedure ensured suitable pH operating conditions within the biodigester, where pH values remained
between 6.7 and 7.5, which is considered optimal for anaerobic digestion) (Rajendran et al., 2012). Furthermore, the
COD concentration of the vinasse used in this study (44.930 g L'™Y) was lower than the values reported by Ibarra-Camacho
et al. (2019) for vinasse samples produced in Cuban distilleries, where COD concentrations ranged from 51.53 to 54.25
g L. Comparison between influent and effluent indicated a 62.14% COD removal and an 88.5% BODs removal after
anaerobic digestion, with a hydraulic retention time of 60 days.

Inlet and outlet pH

The pH of the liquid substrate within the biodigester remained within the optimal range for anaerobic digestion (6.7—
7.5) throughout the operational period. The average inlet pH was 7.37 +0.63, while the outlet pH was 7.38 (+0.15).
During the initial 24 h of operation, the outlet pH temporally shifted toward alkaline values following substrate feeding,
after 48 h of operation, the outlet pH reached a neutral value (Figure 4).

Vinasse load and biogas yield

During the evaluation period, the biodigester was fed with an average of 200 L of mezcal vinasse with an influent COD
of 44.93 mg L'}, BODs of 29.62 mg L%, and pH of 8.2 (+ 1.12), which is slightly alkaline for anaerobic digestion. The biogas
yield obtained in this study was 15.61 L of biogas per liter of vinasse fed, which is 3.27% higher than values reported in
previous studies. However, the average methane content was 2.17% lower than that reported by Lorenzo-Acosta et al.
(2015). The methane concentration ranged from 63.83 % to 74.25%, with an average of 68.48% (£2.9%), which is lower
than those reported in the literature (Ferrer et al., 2011; Lorenzo-Acosta et al., 2015; Rivera et al., 2020) (Figure 4). The
biogas yield was 15.61 L/L of vinasse fed to the biodigester.
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%
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20
0
1 23 4 5 6 7 8 9 1011 13 14 15 16 17 18 19 20 21
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Figure 4. Amount of methane, carbon dioxide in the biogas and operating pH of the biodigester
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To evaluate the potential social impact of biogas adoption, the biogas produced during the study was used for food
preparation at the site and the volume of biogas consumed was recorded for each activity (Table2). The results indicate
that the daily biogas production is sufficient to meet the cooking energy requirements of approximately 15 people,
using common food preparations such as beans, eggs, tortillas, and coffee.

Table 2. Food cooked with biogas and the amount of biofuel used

Food Amount of biogas
needed (m3)

1 kg beans 2.350
30 eggs, 2.5 kg sausage 0.505
19 L of fish stock (10 kg fish) 2.460
2.5 kg stewed meat 1581
1 kg rice

5 L of coffee brewed in a pot
2.5 kg of fried tortillas
5 L of coffee 0.257

0.918

Thermal efficiency of the biogas burner

The thermal efficiency of the biogas burner is a key parameter affecting overall energy conversion efficiency. In this
study, thermal efficiency decreased with increasing valve opening and unfavorable wind conditions. The maximum
thermal efficiency achieved was 35.45% corresponding to a 25% valve opening, while the minimum efficiency was
17.9% at a 100% valve opening, which is similar to the values reported by Zelaya-Benavidez (2023). These results
emphasize the need for improved biogas stove designs to enhance energy utilization efficiency, particularly when
compared with liquefied petroleum gas (LP) stoves, which can reach thermal efficiencies of up to 53% (Viquez-Arias et
al., 2018).

Conclusions

The rapid growth of mezcal production in Mexico has been accompanied by significant environmental challenges,
particularly related to the inadequate management of organic residues such as vinasse. The results of this study
demonstrate that anaerobic digestion is a technically and environmentally viable alternative for the treatment and
valorization of mezcal vinasse enabling the simultaneous generation of renewable energy and nutrient-rich effluent
with potential applications in soil improvement.

Specifically, the anaerobic treatment of 200 liters per day of mezcal vinasse in a 10 m? tubular biodigester operating
under psychrophilic-mesophilic conditions produced 15.61 L of biogas per liter of mezcal vinasse, with an average
methane content of 68%. The biodigester a 62.16% COD removal efficiency while maintaining stable pH conditions near
7.38. The resulting effluent exhibited a high nutrient content, indicating its potential use as a biofertilizer or soil
amendment. Biogas utilization in a conventional burner resulted in a maximum thermal efficiency of 35.45%
highlighting both the feasibility of local energy recovery and the opportunity for further improvements in burner design.
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Abstract: The increase in the production of conventional plastics has generated an environmental crisis that is difficult to reverse. In response to
this problem, this study proposes the development of a green composite material (GCM) from pistachio shells and a matrix based on potato
starch, calcium chloride (CaCl,) and polyvinyl alcohol (PVA). A series of steps were followed to prepare the GCM, including cleaning, drying, milling,
sieving, mixing, compression molding and drying. Once the GCM was obtained, a perceptual analysis was performed and its microstructure and
hardness were characterized by optical microscopy and Vickers tests, respectively. The granulometric analysis revealed that the milled sample
had a high proportion of coarse particles with sizes ranging from 0.71 to 1.70 mm, which accounted for 74.98%. These particles exhibited a slightly
elongated complex morphology (circularity =0.73 £ 0.04 and aspect ratio = 1.27 £ 0.16). The GCM exhibited a compact structure with a low degree
of porosity and a visual finish similar to that of wood chipboard. The perceptual analysis carried out with experts and non-experts, showed a good
acceptance of the material, highlighting its innovation, stiffness. and sustainability as the most outstanding attributes. In the microstructural
analysis, a heterogeneous distribution of the particles was observed, as well as the presence of irregular pores. Finally, Vickers hardness tests
showed that the GCM exhibited a hardness value of 33.63 + 16.49 HV, which is comparable to that of other biocomposite materials. In conclusion,
it was possible to produce a GCM from pistachio shell waste with adequate physical characteristics, which represents an attractive and viable
sustainable alternative to replace conventional plastics and offers potential multiple applications in various industrial sectors.

Keywords: biocomposite material, pistachio shells, agro-industrial waste, sustainable material
Introduction

Human progress depends on the transformation of natural resources; however, this has led to the use of materials that
do not return to natural cycles, causing serious damage to ecosystems. In particular, dependence on petroleum-based
materials, such as plastics, has created an environmental crisis that is difficult to reverse. To satisfy growing demand,
plastic production has increased significantly in recent decades and is estimated to reach 1.8 billion tons by 2050 (Taib
et al., 2023). Against this scenario, green composite materials (GCM) have emerged as an innovative and sustainable
alternative. These are materials that incorporate a matrix and a filler, at least one of which comes from biological and
sustainable sources (Rafiee et al., 2021). Their development seeks to improve mechanical properties while reducing
environmental impact, positioning them as a viable option compared to conventional materials, particularly petroleum-
based plastics. On the other hand, the generation of agro-industrial waste is a global environmental problem, with
approximately 140 billion tons per year (Balasundar et al., 2019). This waste can be valorized instead of being discarded
or incinerated, which would reduce the demand for natural resources. In this context, nut waste (shells) represents an
interesting option for the development of green composite materials, with pistachios (Pistacia vera L.) being
particularly important due to their abundance. Globally, 1,026,802 tons of pistachios are produced annually, of which
35-40% corresponds to shells, equivalent to approximately 389,180 metric tons (McNeill et al., 2024).

The pistachio fruit is an almost oval-shaped drupe. It consists of a single seed (kernel), covered by a thin edible layer
(testa or skin), enclosed by a hard, smooth, inedible shell (endocarp) (Kashaninejad & Tabil, 2011). Figure 1a shows an
image of a pistachio with its main parts. An important aspect of pistachio shells is their chemical composition, which
consists of 47.08% cellulose, 26.56% hemicellulose, 13.74% lignin, 7.52% moisture, 0.92% waxes, and 4.18% ash
(Balasundar et al., 2019). The high cellulose content in pistachio shells is higher than that reported for other nut shells,
such as hazelnuts, almonds, and pecans, among others (Queirds et al., 2020). This suggests that the mechanical and
thermal properties of a composite material made from pistachio shells may be superior to those made from other shells
(Arzumanova, 2021). Recent research has identified that pistachio shells are mainly composed of cells called puzzle-
shaped polylobular sclereids, which have a three-dimensional (3D) structure, as shown in Figures 1b-c (Huss et al.,
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2020; Xiao et al., 2021). Figure 1b shows an optical microscopy image of pistachio shell tissue, highlighting the very
compact arrangement of the sclereids. Similarly, Figure 1c shows a confocal laser scanning microscopy (CLSM) image
where the polylobular sclereids with a puzzle-like morphologycan be clearly seen, exhibiting a high topological cross-
linking. Additionally, it can be observed that cellulose (green coloration) is abundantly distributed throughout all cells,
and that lignin (red coloration) is mainly concentrated in the composite middle lamella. Thanks to these properties,
pistachio shells are a viable and attractive alternative for use as a component in the manufacture of GCM. Therefore,
this study aims to develop a green composite material from pistachio shells and an ecological binder, such as potato
starch, in order to create a material suitable for the manufacture of objects that reduce or replace the use of
conventional plastics.

Figure 1. Morphology and microstructure of the pistachio shell: (a) image of a complete pistachio nut showing its main parts, (b)
optical microscopy image showing the compact structure of the shell, and (c) MCBL image showing the topological cross-linking
of 3D polylobular cells and their chemical composition (green corresponds to cellulose and red to lignin)

Materials and Methods

Raw materials and reagents

Whole pistachios (Pistacia vera L.) from the Woonderful brand (USA) were purchased at a supermarket in Mexico City.
Potato starch (03967-500G), calcium chloride (C1016-500G), and polyvinyl alcohol (341584-1KG) were supplied by
Sigma-Aldrich (USA).

Harvesting, conditioning, and milling of pistachio shells

Figure 2. (a) Diagram of the process for producing a GCM from pistachio shells: (1) cleaning, (2) drying, (3) grinding, (4) sieving, (5)
mixing, (6) compression molding, and (7) demolding and drying. (b) Histogram of the particle size distribution of the pistachio
shell sample milled for 2 minutes
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Figure 2a shows a general diagram of the steps carried out to elaborate the GCM. First, the whole fruits were shelled
manually to separate the shells from the seeds. The pistachio shells were washed with tap water and dried in an oven
at 40°C for 12 hours. They were then milled in a blade mill (GC-300, CGOLDENWALL, China) operating at a rotational
speed of 28,000 rpm for a period of 2 minutes.

Particle size analysis

The particle size distribution of the milled pistachio shell sample was analyzed using a series of 8-inch diameter stainless
steel sieves with different mesh sizes: #12, #24, #50, #100, #200, and #400 (WS Tyler, USA). The sample was shaken for
20 minutes in a vibrating sieve shaker. Subsequently, the fraction of retained mass (%) was calculated for each sieve,
and a particle size distribution (PSD) histogram was generated. The average particle size (Dmean) and standard deviation
(o) were determined using Equations 1 and 2, respectively, where n;and D; correspond to the percentage of retained
mass (%) and the average particle size retained in the sieve (um), in that order.

_xn Dy
Drean = Y, (1)
. o 2 1/2
o= <an (Dl Dmean) > (2)
xn;

Morphological analysis

The morphology of the particles in the most abundant mass fraction (sieve #24) was analyzed using image analysis
techniques. Digital images of the particles were captured using an optical microscope (BX51, Olympus, Japan) with a
maghnification of 5x. The images were then processed with ImagelJ v. 1.45s software (https://ij.imjoy.io/) to determine
some morphological parameters such as circularity, Feret diameter, and aspect ratio (AR), following the methodology
proposed by Nicolds-Bermudez et al. (2018). The parameter values were expressed as mean * standard deviation.

Preparation of the matrix (binder)

After several experimental trials, the optimal proportions of the polymer matrix were determined: 20% (w/w) potato
starch, 16.5% (w/w) calcium chloride (CaCl,), and 2% (w/w) polyvinyl alcohol. Initially, the calcium chloride was
dissolved in water using a magnetic stirrer for 2 minutes. Subsequently, the potato starch and PVA were added, and
the solution was heated to 75°C for 50 minutes under constant stirring until the starch gelatinization was achieved.

Elaboration of the GCM (mixing, pressing, and drying)

To elaborate the composite material, the milled sample of the shells was added to the binder in a ratio of 60% (w) shells
/ 40% (w) polymer matrix. The components were mixed manually until all the pistachio particles were incorporated
into the matrix, forming a homogeneous mass. The resulting mass was poured into molds of different geometries: a 5
cm diameter cylinder, a silicone unicorn mold, and a 12 x 12 cm? rectangular mold with abstract shapes printed in 3D.
The counterpart of each mold was placed in position, and the samples were compacted with a manual press for 15
minutes. Finally, the counterpart was removed, and the samples were demolded and dried at room temperature for
approximately 36 hours.

Physical characterization of GCM

Perceptual analysis
Once the GCM was obtained, a comprehensive description of the composite material was made in order to analyze its
general appearance, homogeneity, and possible surface irregularities. To evaluate its potential application, a

perceptual analysis was carried out with a sample of 30 people: 15 with experience in materials and 15 without
experience in the area. The material was presented to the panelists in different shapes (cylinder, unicorn, and
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rectangular panel). Participants rated various attributes on a scale from -3 to 3, where 3 represents the most desirable
characteristic and -3 the least desirable.

Microstructural analysis of the GCM

The microstructure of the GCM was analyzed using optical microscopy and confocal laser scanning microscopy (CLSM).
Cylindrical samples were used for both analyses. Several images at different magnifications were taken of different
areas of the sample surface using an optical microscope (BX51, Olympus, Japan). The samples were also examined using
a CLSM (LSM 710 NLO, Carl Zeiss, Germany), where the samples were excited with a 488 nm wavelength laser for lignin
detection (detection range: 470-630 nm). Images at different magnifications were captured on the coarse particles and
in the polymer matrix.

Vickers hardness test (HV)

Finally, the mechanical strength of the material was evaluated using the Vickers hardness test. The test was performed
by applying a load of 1 kgf to the surface of the GCM (cylindrical samples) with a controlled descent of 0.1 kgf over 30
seconds. A total of 30 measurements were taken at different areas of the samples. After the tests were performed, the
diagonals of the indentation marks were measured with an optical microscope, and the Vickers hardness HV was
calculated using Equation 3.

HV =1.854x

(@) G

Where HV is the Vickers hardness, F is the applied force (kgf), d is the average diagonal of the indentation mark (mm),
and 1.854 is a conversion factor based on the geometry of the indenter. Hardness values were expressed as average +
standard deviation.

Results and Discussion
Particle size analysis of the milled pistachio shell sample

Milling is an important pretreatment stage in the GCM manufacturing process. The main objective of milling is to reduce
the initial size of the shells so that the particles can be properly mixed with the polymer matrix (binder). Figure 2b
shows a histogram of the PSD of pistachio shells, which were milled with a blade mill for 2 minutes. As can be observed
in the figure, most of the particles were retained in the 24-mesh sieve (74.98%), which corresponds to particle sizes of
0.71 to 1.7 mm. It was also observed that fine particles (< 710 um) with a wide size dispersion were generated, which
exhibited mass fraction values of less than 10%. The Dmean and o values were 1038.75 um and 462.94 um, respectively.
The high o value is associated with the wide dispersion of fine particle sizes generated during milling. This fragmentation
behavior, where mostly coarse particles are generated, has also been observed in pecan, almond, and pine nut shells
(Queirds et al., 2020). In particular, the mass fraction retained in sieve 24 reported in our study was significantly higher
compared to the mass fraction retained (particle sizes of 1-2 mm) in pecan (36.5%), almond (42.4%), and pine nut
(37.4%) shells. These results reveal that it is more difficult to reduce the initial size of pistachio shells due to their good
mechanical properties. However, the fragmentation behavior of any material depends on multiple factors such as the
type of mill used, operating conditions (e.g., grinding time), moisture and chemical composition of the material,
microstructure of the material, etc. Likewise, the particle size of a milled sample of agro-industrial waste is a very
important factor because it can strongly influence the process of manufacturing a GCM and its functional properties.
In a study conducted by Nunes et al. (2024), the authors demonstrated that the properties of a rice-based biocomposite
vary according to the particle size used, highlighting the importance of this variable in the development of sustainable
materials.

Morphological analysis of particles retained in sieve 24

The morphology of the most abundant particles retained in sieve 24 was analyzed using image analysis techniques. The
results showed that these particles exhibit complex morphologies with circularity and aspect ratio (AR) values of 0.73
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1+ 0.04 and 1.27 £ 0.16, respectively. Circularity is a parameter that measures the similarity of a particle to a circle,
where a particle with a value of 1 has a perfect circle shape. Therefore, the pistachio particles analyzed do not
approximate circular shapes. Conversely, the AR parameter is a measure of the degree of elongation of a particle. Based
on the AR value obtained, the pistachio particles have slightly elongated shapes. Likewise, the Feret diameter value
was 1146.66 + 127.42 um, which is very similar to the Dmean vValue (1038.75 um). In addition to particle size, particle
shape is another key factor that can influence the manufacturing process and mechanical properties of GCM.
Specifically, the interaction between the polymer matrix and the particles, which is influenced by the size and shape of
the particles, may exhibit regions or anchor points where there is greater affinity between the two elements. Both
variables can also influence the compaction stage of the GCM and, consequently, its functional properties. The AR and
the level of order (orientation) of the particles (fillers) in a composite material can drastically influence the properties
and control the transfer of stresses throughout the material. Mariano et al. (2017) reported that composite materials
that have fillers with high AR values and exhibit a high level of organization display excellent mechanical properties
(e.g., high elastic modulus values).

Macroscopic evaluation of the GCM

Figure 3 shows images from different perspectives of a tablet of the GCM produced in this study. The macroscopic
evaluation of the GCM made from pistachio shells was based on the expressive-sensory scale proposed by Sauerwein
et al. (2017), which considers key tactile and visual attributes to describe the material experience. According to this
scale, the GCM can be characterized as a matte-finish material with gradual coloring and a light beige tone (Figure 3).
To the touch, it has a predominantly rough, dry, and hard texture with a slightly irregular surface, reflecting the nature
of the reinforcement (pistachio shells) used. In terms of perceived temperature, the material was classified as neutral
to slightly cold, which coincides with its low porosity and compact structure. No moisture was detected, so it was also
considered non-sticky and non-damp. In addition, the surface showed no deformation or displacement when handled,
so it was perceived as non-flexible. The material also showed excellent cohesion between its components and no shell
particles detached when handled. Finally, the material is perceived as lightweight.

Figure 3. Images of a GCM tablet made from pistachio shell waste: (a) isometric perspective, (b) side view, and (c) top view
Perceptual analysis of GCM based on pistachio shells

The results of the perceptual analysis are displayed in Figure 4, which demonstrates that the material was perceived as
natural, organic, and innovative. At the same time, it was considered opaque, rough, complex, and expensive. Among
the main comments made by the participants, the following were highlighted: its lightness, resistance, and appearance
similar to marble or MDF (chipboard). This type of response coincides with the materials classified within group 4
(Bimodal) of the study conducted by Thundathil et al. (2023), which stand out for evoking both visual and tactile
sensations. However, the material was also perceived as coarse or rough, suggesting an affinity with the materials in
group 3 (Dominantly Tactile, Rough/Natural), characterized by pronounced textures and a less refined appearance.
Although this work does not formally address the machinability of GCM, it has been found that when the material is
subjected to sanding processes, its surface roughness decreases. In this condition, the material could be associated
with group 1 (Tactile dominant, smooth/textile), which includes materials perceived as smooth. In addition to these
attributes, the perception of the material's complexity was reflected in a value of -1 on the bipolar scale between simple
and complex, indicating a tendency toward complexity. According to Thundathil et al. (2022), complexity correlates
positively with attributes such as interesting and unusual and negatively with boring, ordinary, and smooth. It has been
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documented that greater complexity favors the perception of novelty, so this assessment may contribute positively to
the acceptance of the material. On the other hand, GCM was also perceived as moderately expensive, with a score of
0.5. This assessment may be related to the general public's perception of sustainable materials. As Carus et al. (2014)
point out, biopolymer-based products can cost up to three times more than conventional plastics due to factors such
as economies of scale and technical limitations for mass production. Although this perception of higher cost is not
always based on technical knowledge of the process, participants are likely to associate the natural aesthetics and
novelty of the material with a more exclusive or limited-edition product, which may influence their judgment of
economic value (Manu et al., 2022).

Figure 4. Results of perceptual analysis performed on the GCM, where different attributes were evaluated
Microstructural analysis

The surface microstructure of the GCM was analyzed using optical microscopy and CLSM (Figure 5). Both techniques
revealed that the material consists of coarse particles (sieve 24), binder with fine particles, and interfacial regions
between the particles and the binder (Figure 5 a-b). CLSM clearly showed the fine particles distributed over the binder
(Figure 5b). The analyses also revealed the presence of some irregularly shaped pores smaller than 1 mm (Figure 5c).
These pores were randomly distributed over the surface of the material. The presence of pores could be associated
with the poor distribution of the polymer matrix over the particles and the compaction stage. This coincides with
observations made in composites with a high walnut shell filler content (20% w/w), where rough surfaces, voids, and
cracks have been reported due to heterogeneous distribution of the reinforcement (filler) (Lala et al., 2018). These
irregularities may also influence the biodegradability of the material, as it has been observed that fibers larger than
500 um generate rougher surfaces, which favors water absorption and microbial attack, accelerating the degradation
of the material (Nunes et al., 2024).
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Figure 5. Images of the surface microstructure of GCM obtained using optical microscopy (a and c) and CLSM (b). For the MCBL
images, the autofluorescence of the lignin present in the pistachio shell particles was used. For all images, the scale bar
represents 100 pm

Vickers hardness test (HV)

The GCM obtained from pistachio shells had an average Vickers hardness value of 33.63 + 16.49 HV. The standard
deviation showed a high value, which can be attributed to the heterogeneity of the sample, which, as mentioned above,
has different phases: coarse particles, binder plus fine particles, and interphase (particle-binder). In a recently published
study, Yu et al. (2025) developed materials reinforced with bamboo and copper. The authors mechanically
characterized their material and reported that oven-dried material had higher hardness (38.4 HV) compared to air-
dried material (29.1 HV). This is attributed to the removal of moisture, which negatively affects the formation of the
material. These results are very similar to those reported for our pistachio shell-based material.

Conclusions

Using the methodology proposed in this study, a green composite material was successfully developed from pistachio
shell waste and a binder based on potato starch, calcium chloride, and PVA. The GCM exhibited good cohesion between
its components and a compact, homogeneous structure. In general, the material was well received by participants in
the perceptual analysis, who highlighted its innovation and perceived mechanical robustness. Microstructural analysis
showed that the material consists of different phases: coarse particles, binder with fine particles, and interfacial regions
(pistachio particles/binder). Mechanical testing revealed that the GCM has a Vickers hardness value comparable to that
of other composite materials. In addition, possible applications of the material were explored through the design and
manufacture of ornamental and functional prototypes. Figure 6 shows two representative examples: (a) a piece with a
decorative unicorn design and (b) a panel with abstract shapes. The results obtained in this study suggest that this GCM
represents a sustainable and viable alternative for the development of products that reduce the use of conventional
plastics, while promoting the valorization of agro-industrial waste such as pistachio shells.

Figure 6. Examples of applications of GCM based on pistachio shells: (a) a piece with an ornamental design in the shape of a
unicorn and (b) a panel with abstract shapes inspired by the cellular structure of pistachio shells
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Abstract: The coffee agroindustry is one of the main economic activities in rural communities of developing countries. However, its processing
generates wastewater with high organic loads and emerging contaminants such as caffeine. In the absence of proper sanitation infrastructure,
these discharges are often combined with municipal wastewater, increasing the risk of water pollution and threatening both environmental and
community health. In this context, sustainable and low cost treatment alternatives are requerid to mitigate these impacts, particularly in rural
settings. This study evaluated the performance of a full-scale hybrid system consisting of a settler tank followed by constructed wetland cells (SF-
CW and SSF-CW) planted with ornamental species (Eichhornia crassipes, Alocasia odora, Hedychium coronarium, Heliconia psittacorum and
Zantedeschia aethiopica). Monitoring was carried out from February to July 2024, including caffeine analysis by UV-Vis spectrophotometry during
both the coffee harvesting and processing season and periods when only rural domestic wastewater was treated. The system achieved an average
caffeine removal efficiency of over 99% during the coffee processing season. The ornamental plants adapted well to the operational conditions,
showing high resilience and stable growth, as well as potential ornamental and commercial value. This work provides full-scale operational
evidence of the potential of ornamental constructed wetlands as a practical and replicable solution for treating rural wastewater mixed with
coffee-processing effluents, while simultaneously delivering environmental protection, social benefits, and local economic opportunities for rural
communities.

Keywords: caffeine, coffee processing, rural economy, sustainable treatments, constructed wetlands
Introduction

Rural communities rely heavily on local agro-industries, which serve not only as sources of employment and income
but also as essential pillars of their cultural and social identity. These activities also have the potential to invigorate
rural economies, create meaningful job opportunities, and help curb migration to urban areas (Mazloum Yar, 2024).

Among these agro-industries, coffee cultivation and processing stand out for their economic and social relevance across
many tropical countries in Latin America, Asia, and Africa, while also contributing to biodiversity conservation and
sustainable development (Utrilla-Catalan et al., 2022). In Latin America, coffee production, harvesting, processing, and
retail activities contribute between 0.3% and 3.7% of national gross domestic product. In Mexico, as of 2017, 48% of
all coffee producers were classified as smallholders. Nearly half of the country’s coffee production takes place on small
plots (Harvey et al., 2021), and globally, farmers with less than 5 ha supply about 60% of the world’s coffee market
(Siles et al., 2022).

This agricultural activity, while sustaining thousands of families, requires intensive water use and produces large
volumes of wastewater with high organic loads, which are often discharged without adequate treatment (Alemayehu
et al., 2020; Campos et al., 2021). In rural communities, this wastewater commonly mixes with municipal effluents,
increasing the complexity of its management and heightening the risk of pollution in nearby rivers, streams, and soils
(Dadi et al., 2018). Coffee-processing wastewater (CPWW) may contain high concentrations of organic matter,
nutrients, and elevated acidity (Amare et al., 2023). Previous research has largely focused on conventional water quality
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parameters (BOD, COD, TDS, pH, TN, among others), often neglecting emerging contaminants present in coffee-
processing wastewater, such as caffeine.

Caffeine is an alkaloid widely consumed and valued for its stimulating effects on humans. It is present in a broad range
of everyday foods and products, including coffee, tea, chocolate, soft drinks, energy beverages, and pharmaceutical
formulations (Quadra et al., 2020). Daily caffeine intake per person is estimated to range from 400 to 800 mg
(Ebrahimzadeh et al., 2021).

The presence of caffeine in water bodies is directly associated with human-derived pollution and is considered an
emerging risk in aquatic systems. Studies have shown that caffeine can alter the physiology of aquatic organisms and
affect the reproduction and growth of fish and plants, owing to its ability to easily cross biological membranes and
accumulate within cells and tissues (de Cravalho et al., 2024). Evidence also shows that, in several vertebrates, caffeine
can inhibit phosphodiesterases, modulate adenosine receptors, and induce oxidative stress mechanisms that help
explain its effects on aquatic species (Rodrigues et al., 2025). Furthermore, caffeine can persist in aquatic environments
for periods ranging fromseveral months to multiple years, and it shows high stability under various environmental
conditions, including changes in salinity, temperature, and light (Rodrigues et al., 2025).

Caffeine has been detected in municipal and rural wastewater at concentrations ranging from 22.29 to 64 ug/L (de
Oliveira et al., 2019; Vymazal et al., 2017), while values between 13.6 and 388 mg/L have been reported in wastewater
from coffee processing (Figueroa Campos et al., 2020). These differences demonstrate the wide range of caffeine
concentrations that can occur in wastewater, reflecting both the diversity of consumption patterns and the types of
activities carried out within communities. Moreover, caffeine has been identified as a persistent compound in the
environment, further increasing its environmental relevance (Korekar et al., 2020). This variability represents a
significant environmental challenge, particularly in rural settings where the lack of adequate sanitation infrastructure
allows these compounds to reach surface and groundwater bodies directly.

The inadequate management of these combined discharges compromises not only environmental health but also the
well-being of rural communities that depend on water for drinking, irrigation, and productive activities (Liang & Yue,
2021). Consequently, there is a pressing need to implement sustainable, accessible, and low-cost alternatives that align
with the real conditions of these localities while generating sufficient scientific evidence to allow their replication in
areas with similar characteristics.

One promising solution is the use of constructed wetlands systems that mimic the functioning of natural wetlands
through the interaction of plants, microorganisms, and substrates (Mihret et al., 2024). Their treatment efficiency relies
on a combination of physical, chemical, and biological processes that act synergistically (Brix, 2020). Among the key
physicochemical mechanisms are contaminant adsorption onto substrates and organic matter, as well as the filtration
and sedimentation of suspended particles (Vispo et al., 2023). Biologically, plants play a central role by absorbing and
accumulating contaminants in their tissues, releasing oxygen into the rhizosphere, and stimulating the microbial activity
associated with their root systems, thereby enhancing both aerobic and anaerobic biodegradation processes (Sandoval
et al., 2019). These removal mechanisms can eliminate emerging organic contaminants such as caffeine (llyas & van
Hullebusch, 2019).

Constructed wetlands provide multiple benefits: they diversify rural economies by incorporating commercially valuable
ornamental plants, enhance the visual quality of community spaces, promote biodiversity, and foster social
engagement in water management and stewardship (Monzén-Reyes et al., 2025; Zitdcuaro-Contreras et al., 2021).
However, most studies to date have been conducted at the laboratory scale, and only a small proportion involve full-
scale systems (C. Chen et al., 2022; Nocetti et al., 2024; Sandoval Herazo et al., 2023). This limitation hinders the
broader implementation of real-scale wetland technologies implemented under actual operating conditions.

In this context, the objective of this study is to evaluate caffeine removal from rural and coffee-processing wastewater
using full-scale ornamental constructed wetlands, highlighting their role as an innovative and sustainable strategy to
address both environmental and social challenges faced by rural communities.
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Materials and Methods
Study site

This study was conducted in the rural community of Salvador Diaz Mirdn, located in the municipality of Misantla,
Veracruz, Mexico, located at coordinates 19°47'20" N and 96°52'20" W (Figure 1). Data were collected from February
to July 2024. Due to its mountainous location at 917 m above sea level. Community is primarily dedicated to agricultural
activities such as coffee cultivation and livestock production (Rodriguez-Macedo et al., 2014). The climate is classified
as temperate tropical, semi-warm, and humid, with an average annual temperature of 20.1 °C and annual precipitation
of 1,900 mm (INEGI, 2024).

Figure 1. Location map of Salvador Diaz Mirén, Misantla, Veracruz, México
Experimental desing

The full-scale treatment system was constructed in 2022 with funding from the “Proyectos para el Fomento Ambiental
2022” program issued by the Secretaria de Medio Ambiente del Estado (SEDEMA). The system consists of a
sedimentation tank followed by a hybrid constructed wetland: one free-surface flow cell (SF-CW) and three subsurface
flow cells (SSF-CWs), as shown in Figure 2. The cells were filled with red volcanic gravel with a particle size of 3-5 cm,
with coarser material placed at the bottom to reduce clogging risk. The system operated continuously with a hydraulic
retention time (HRT) of 4 days. Ornamental plants were arranged in monoculture and polyculture, including the
following species: Eichhornia crassipes (SSF-CW), Alocasia odora + Hedychium coronarium (SSF-CW), Heliconia
psittacorum (SSF-CW), and Zantedeschia aethiopica (SSF-CW). Plants in the SSF-CW cells were planted at a density of 4
units/m? (Calheiros et al., 2015), except for Eichhornia crassipes, which was established at a density of 40 units/m?2. Six
sampling points were selected within the system (Figure 2), in addition to the direct discharge from coffee-processing
activities.
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Figure 2. Layout of the constructed wetland cells (Monzén-Reyes et al., 2026)
Data collection and analysis

Caffeine was analyzed monthly during the coffee-processing season (February—April 2024), as well as during the three
subsequent months (May-July 2024). Samples were collected every 15 days,at three different times of the day. Caffeine
quantification was performed using UV-Vis spectrophotometry with a Genesys 10S Vis instrument, previously
calibrated with the C0750 caffeine standard (Sigma-Aldrich). The methodology adopted was taken from Garcia
Martinez et al. (2018).

Removal efficiency was determined using the equation 1 (M. Sandoval-Herazo et al., 2021):

o Ci — Ce
Removal ef ficiency = — 100 (1)

where Ci represents the influent contaminant concentration (mg/L) and Ce corresponds to the effluent concentration
(mg/L).

Data normality was examined using the Kolmogorov-Smirnov test, with a significance threshold of a = 0.05. As the data
did not meet normality assumptions, a non-parametric Kruskal-Wallis test was applied, and multiple comparisons
among groups were conducted using Dunn’s post-hoc procedure. All statistical analyses were performed in Minitab®
v.16 (Minitab Inc., State College, Pennsylvania). This analytical approach is similar to that described by Vera-Puerto et
al. (2021).

To assess the growth of the plant species implemented in the system, their height was measured using a measuring
tape.

Results and Discussion
Caffeine removal

The characterization of the community’s wastewater, including caffeine concentrations at the washing point, at the
point without CPWW influence, and at the system inlet, is presented in Table 1.

Table 1. Caffeine concentrations at different sampling points during and outside the coffee-processing season

Sampling point Harvest season (mg/L) Outside harvest season (mg/L)
Washing point CPWW 335.03 +£45.30 NR*

Point without CPWW discharge 0.08 £ 0.03 0.15+0.08

Influent 38.85 +10.40 0.84 +0.57

* NR= No reported
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Figure 3 shows the point where the coffee-processing wastewater mixes with the community’s municipal wastewater.

Figure 3. Discharge of community’s municipal wastewater and coffee-processing wastewater

Caffeine concentrations found in this study were markedly higher than those typically observed in municipal
wastewater. Li et al. (2013), Vymazal et al. (2017), and Herrera-Melian et al. (2023) documented values of 0.057 mg/L,
0.083 mg/L, and 0.124 mg/L, respectively. The elevated levels reported here are attributed to the combined discharge
of municipal effluents with CPWW, where caffeine concentrations during the fermentation stage can reach up to 388.6
+ 85.9 mg/L (Figueroa Campos et al., 2020). On average, the system achieved removal efficiencies above 99%, aligning
with findings reported by de Oliveira et al. (2019) and Teoh et al. (2022) for tropical environments, as well as with full-
scale observations reported by Chen et al. (2016) for rural wastewater treatment.

Caffeine reduction in constructed wetlands is commonly associated with photodegradation and aerobic
biodegradation, both facilitated by oxygen availability and atmospheric exposure (M. Sdnchez et al., 2022; Vymazal et
al., 2017). Nonetheless, Chen et al. (2016) noted that anaerobic biodegradation may also play an important role.This
pathway may contribute significantly in the present system, as illustrated in Figure 4, where the highest removal
contributions were observed in zones characterized by low oxygen availability: sedimentation tank and the SSF-CW
cells.

Figure 4. Caffeine removal efficiencies of the wetland system

Vegetation has additionally been identified as a significant contributor to caffeine attenuation (llyas and van
Hullebusch, 2020; Zhang et al., 2013). This effect appears more pronounced in cells that host a larger number and
greater diversity of plant species under both monoculture and mixed-species configurations.
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Removal performance across the integrated wetland system (Figure 4) revealed that the SSF-CW contributed 33.53%
and 58% of the total removal during the two evaluated periods. However, maximum removal were observed when the
treatment system was evaluated as an integrated treatment train. No significant seasonal differences were detected
across treatment stages (p > 0.05), suggesting that the proposed configuration is capable of buffering the seasonal rise
in caffeine concentrations during the harvest period. This indicates that the combined operation of the SF-CW and SSF-
CW represents an effective treatment strategy.

Plant growth and adaptation

Figure 5 illustrates plant height throughout the monitoring period, with measurements taken every two and three
months. In the case of Eichhornia crassipes, which is not included in the graph, the population increased from 120 to
920 individuals within a 15 m? area, reaching its peak flowering in July. In this system, Heliconia psittacorum and
Hedychium coronarium exhibited flowering levels that exceeded those reported in previous studies (Carrera-Alvarado
et al., 2023), demonstrating strong performance under real operating conditions. However, no significant differences
were detected for Zantedeschia aethiopica by the end of the study (p > 0.05). This limited response may be associated
with the high temperatures recorded at the site, which ranged from 28 to 35 °C, given that this species reaches optimal
growth between 15 and 28 °C (Casierra et al., 2012).

Figure 5. Growth of the evaluated species during the study period

Overall, the plant species exhibited healthy development despite the elevated caffeine concentrations present in the
system (Figure 6). Heliconia psittacorum and Hedychium coronarium are highly resilient to toxic conditions and are
recognized for their effectiveness in removing pharmaceutical compounds, including caffeine (Arredondo et al., 2022).
This resilience not only supports the continuity of treatment processes but also helps maintain the ornamental quality
of the plants, which sustained vigorous growth, flowering, and visually attractive foliage.

Their tolerance to elevated contaminant concentrations, combined with sustained ornamental quality, suppor their
suitability for use in constructd wetlands in tropical regions. In addition to contributing to contaminant removal, they
help preserve the visual appeal of the system, which enhances social acceptance, and they also provide meaningful
commercial value through the sale of flowers and foliage. Their incorporation therefore serves environmental, social,
and economic functions.
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Figure 6. Vegetative development of the evaluated species in the hybrid wetland system
Perspectives and future challenges

This study provides valuable evidence on the effectiveness of full-scale constructed wetlands in removing caffeine from
rural wastewater, where effluents from coffee processing are mixed with municipal discharges. However, several
limitations should be acknowledged. The results are based on a single coffee harvest and processing season,
highlighting the need for longer-term monitoring to assess system performance over time. Additional research is also
required to better understand caffeine accumulation in plant biomass, sludge, and the filter media, as well as to identify
potential intermediate metabolites formed during degradation processes.

Future work should aim to validate these results in rural communities with varying climatic, topographic, and
sociocultural conditions to strengthen model reproducibility and regional applicability. Long-term assessments are
likewise recommended to capture seasonal dynamics, regeneration cycles of ornamental species, and a comprehensive
evaluation of the ultimate fate of caffeine within the system.

Conclusions

The ornamental constructed wetlands achieved average caffeine removal efficiencies exceeding 99% when treating
rural wastewater mixed with coffee-processing discharges, demonstrating their effectiveness as a treatment option
under real operating conditions. Furthermore, ornamental species such as Heliconia psittacorum and Hedychium
coronarium showed good adaptation to the system conditions, maintaining their ornamental quality and suggesting
potential added value through their commercial use. This multifunctionality supports the role of ornamental
constructed wetlands as an integrated solution with environmental and socio-economic benefits for rural communities.
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Abstract: The increasing generation of slaughterhouses wastewater is posing a serious threat to ecosystems and human health due to high levels
of contaminants such as total nitrogen (TN), NHs*, NOs- and NOy, which, if not properly treated, can cause environmental problems such as
eutrophication. Constructed wetlands (CWs) have emerged as an effective and cost-efficient alternative to conventional wastewater treatment
technologies, including slaughterhouse wastewater. This study evaluated the efficiency of CWs in the removal of nitrogenous compounds in
slaughterhouse wastewater using the plant species Typha latifolia and Heliconia latispatha. Eight horizontal subsurface flow constructed wetlands
(HSF-CWs) units were implemented with different species combinations, and nitrogen pollutant concentrations were monitored over a one-year
period. Results showed that the polyculture of T. latifolia and H. latispatha achieved the highest TN (64-65%) and NH4* (89%) removal efficiency,
while systems with individual T. latifolia and H. latispatha showed intermediate efficiencies of 57% and 48%, respectively. For nitrate (NOs-), the
polyculture achieved an efficiency of 91%, while T. latifolia reached 78% and H. latispatha 68%. Finally, in nitrite removal (NO>"), the polycultures
showed a removal efficiency of 92%, while T. latifolia and H. latispatha achieved efficiencies of 82% and 73%, respectively. In comparison, the
control presented the lowest efficiencies in all parameters (33-65%). This study concludes that HCs, planted with T. latifolia + H. latispatha, are a
viable and economical alternative for the treatment of slaughterhouse wastewater, offering a more sustainable option compared to more
complex and expensive technologies, such as electrocoagulation or nanofiltration systems. The use of polycultures and the combination of
technologies is recommended to maximize treatment efficiency.

Keywords: slaughterhouse wastewater, nitrogenous contaminants; constructed wetlands, ornamental plants, bioremediation
Introduction

The rapid generation of industrial wastewater, especially in meat production, is placing increasing pressure on
communities and ecosystems, threatening not only environmental balance but also the health and future of entire
generations (Boukouvalas et al., 2024). Wastewater from slaughterhouses contains high concentrations of pollutants,
including total nitrogen (TN), ammonium (NH."), nitrates (NOs’), and nitrites (NOy). If these compounds are not properly
treated, they can have significant environmental impacts, such as eutrophication and contamination of surface and
groundwater bodies (Brennan et al., 2021; Silveira et al., 2021). In addition, nitrogen compounds have been identified
as one of the main causes of water quality degradation in various regions of the world (Wang et al., 2024).

Proper treatment of effluents from slaughterhouses is crucial to mitigate their environmental impact. Nature-based
solutions (NBS), such as constructed wetlands (CWs), have emerged as an effective and sustainable alternative to
conventional wastewater treatment methods (Agaton & Guila, 2023). These systems are attractive not only because of
their operational simplicity and low cost, but also because of their high effectiveness in removing pollutants such as
nitrogen, which is one of the main causes of eutrophication in water bodies (Waly et al., 2022).

CWs have been widely used to treat various types of wastewaters, demonstrating their versatility and effectiveness in
a range of contexts. They have proven effective in treating domestic and industrial wastewater (Herazo et al., 2021),
as well as in removing contaminants from specific industries, such as heavy metals (Yu et al., 2022) and textile dyes
(Patil et al., 2022). They have also been applied in the treatment of agricultural runoff and pesticides (McCalla et al.,
2022), petroleum hydrocarbons (Taha et al., 2023), and pharmaceuticals (Hu et al., 2021), obtaining favorable results
in reducing nitrogen compounds present in the effluents studied.
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However, although CW shave proven to be efficient in treating various types of wastewater, their ability to treat
slaughterhouse effluents, which have a higher organic load and nitrogen concentration, has not yet been fully explored,
particularly regarding nitrogen removal performance (Fang et al., 2022).

This study focused on evaluating the efficiency of a CW system for treating slaughterhouse wastewater, with special
attention to the removal of nitrogenous contaminants such as TN, NH,*, NOs’, and NO5". To this end, macrophytes such
as Typha latifolia and Heliconia latispatha were used, species that have demonstrated a great capacity to improve
filtration and nutrient removal in wetland systems (Aguilar-Cortés et al., 2025; Sandoval-Herazo et al., 2021). In
addition, the results obtained were compared with other conventional treatment methods to position constructed
wetlands as a viable and economical solution for treating effluents from slaughterhouses.

Bioremediation using CWs is an innovative and environmentally friendly option for treating slaughterhouse
wastewater. This study highlights the significant potential of this nature-based solution (NBS) within the agro-industrial
sector, addressing one of today's greatest environmental challenges. By focusing on the efficiency of constructed
wetlands in removing nitrogen from slaughterhouse effluents, this research not only expands knowledge about their
applicability but also provides key guidelines for their implementation, positioning them as a sustainable, economical,
and high-impact alternative for the meat industry.

Materials and Methods

Study site

This study was conducted at the facilities of the National Technological Institute of Mexico (TecNM), Misantla Campus,
Veracruz, Mexico. The research was carried out during 2023, from January to December. The area where the work was
carried out is characterized by a warm and humid climate, with an average annual temperature of approximately 22.7
°C. In addition, the region receives an average annual rainfall of 2036.4 mm, which influences the environmental
conditions of the site. The campus is located 300 meters above sea level (Figure 1), which provides a relevant
geographical context for the study of constructed wetlands and their capacity to treat slaughterhouse wastewater.

Figure 1. Geographical location of the study area
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Description of the experimental units

The wastewater used in this study was obtained from wastewater from a slaughterhouse located 1.2 km from the
experimental area. This water was collected in a 1,200-liter sedimentation tank, which was placed 50 cm above the
level of the experimental units to ensure gravity flow to the constructed wetlands.

The treatment system consisted of eight subsurface horizontal flow wetland units (HSF-CWs), constructed on a
mesocosm scale using reinforced concrete. The dimensions of each experimental unit were 150 cm long, 40 cm wide,
and 100 cm deep, with a water saturation depth set at 65 cm. The units were arranged in a linear alignment, with each
contiguous cell being a direct replica of the previous one.

The units were assigned according to the type of experimental treatment: a control cell (without vegetation, but with
the same filter medium as the others), a cell with polyculture of the species Typha latifolia and Heliconia latispatha, a
cell with monoculture of Typha latifolia, and a cell with monoculture of Heliconia latispatha. This experimental design
allowed for a detailed and replicated assessment of the impact of different plant configurations on the performance of
wetlands for contaminant removal.

The filter medium used in all units was red tezontle, with a particle diameter between 5 and 8 mm and a porosity of
0.5, which facilitated adequate interaction between the water and plant roots. All experimental units were operated
with a hydraulic retention time (HRT) of 5 days, which allowed the simulation of adequate conditions for the
bioremediation process of wastewater in the constructed wetland system.

Vegetation development

Monitoring plant development was essential to understanding the functional role of plants in removing nitrogen
compounds within the constructed wetland system. To this end, periodic assessments of the growth of the plant species
used were carried out from the initial establishment of the plants until the end of the experimental period.

The variables considered included plant height and plant density. The first parameter was determined using
standardized measurements with an UltraTech® digital caliper, while the number of flowers was recorded manually
through direct inspection in the field. Measurements were taken every two months, allowing growth to be recorded
over time and correlated with nitrogen removal efficiency parameters.

This continuous monitoring provided key data on the vigor and phenological status of the plants, which are
fundamental elements in the efficiency of the bioremediation process, since greater biomass and plant activity are
usually associated with a greater capacity to assimilate and transform nitrogen compounds present in wastewater.

Monitoring of water quality parameters

For a complete characterization of the quality of the collected wastewater, physicochemical analyses were performed
to determine the levels of various key parameters, such as total nitrogen (TN), ammonium (NH4*), nitrate (NO3~), and
nitrite (NO;™). The analyses were performed using an HI801 IRIS™ visible spectrophotometer (Hanna Instruments, USA)
following the procedures established in standard water analysis methods (APHA/AWWA/WEF, 2012) to ensure the
accuracy and reliability of the results obtained.

In addition, water environmental conditions, including temperature and pH, were monitored using a Hanna HI9811-51
portable multiparameter meter (HANNA® Instruments, Woonsocket, RI, USA). These parameters are essential for
evaluating the environment in which bioremediation reactions take place and the behavior of contaminants. Likewise,
dissolved oxygen (DO) was quantified using a specific Hanna HI9146-04 meter (HANNA® Instruments), which is crucial
for understanding the dynamics of biodegradation and redox processes in the wetland. Environmental parameters
were recorded daily using a DAVIS™ 6152 Vantage Pro2 automatic weather station.
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These analyses provided essential data for interpreting the system's efficiency in removing nitrogenous contaminants,
allowing correlations to be established between physicochemical conditions and the plants' ability to assimilate and
transform the compounds present in wastewater.

Statistical analysis

To evaluate the system's effectiveness in removing nitrogenous contaminants, a randomized experimental design was
used, which allowed for control of the variability of the experimental conditions and ensured the validity of the results
obtained. The data collected during the study were analyzed using analysis of variance (ANOVA) to identify significant
differences between the treatments and conditions evaluated. Subsequently, a comparison of means test was
performed using Tukey's method, with a significance level of p<0.05. This analysis provided detailed information on the
differences in nitrogen removal efficiency between the different experimental groups, allowing the authors to
determine which treatments were statistically superior in terms of their performance in the bioremediation of
slaughterhouse wastewater. Statistical analysis was performed using IBM® SPSS® Statistics software, which ensured
robustness and accuracy in the handling and processing of data obtained throughout the experimental period.

Results and Discussion
Characterization of the effluent

The results obtained in this study provide valuable information on the quality of the influent and the concentrations of
nitrogenous pollutants present in slaughterhouse wastewater. Table 2 shows the physicochemical characterization of
the influent. The differences between the average concentrations observed during the study period were significant
for NH4*-N and NO,™-N, but not significant for the other parameters analyzed (p < 0.001).

Regarding TN concentrations (250.3 + 8.7 mg/L), the values found were within the ranges reported by other authors
who used different conventional treatments in various countries (Bazrafshan et al., 2022; Fatima et al., 2021; Teo et
al., 2023). For NHs"-N, the values obtained were similar to those reported by Phan et al. (2020), while for NOs;™-N and
NO, -N, considerably higher values were recorded compared to those reported by the same author.

Table 1. Average concentrations of nitrogen contaminants in influent and effluent

Parameter  Units Influent Typha latifolia Heliconia latispatha Polyculture Control

N mg/L  250.299 + 8.669 106.502 + 2.374 127.487 +5.085 88.494 +2.342 165.728 +6.212
NH;*-N mg/L 172.801 + 10.275 38.474 £ 1.915 58.239 +2.994 18.127 £1.056  92.315%4.175
NOs;-N mg/L  22.553 £ 1.240 4.790 £ 0.199 7.036 £ 0.436 2.077 £0.111 9.047 £ 0.385
NO,-N mg/L 7.721 £ 0.263 1.401 +0.034 2.032 £0.076 0.573 £0.024 3.280 £ 0.205

All values are expressed as mean + standard error (n=12).
Environmental conditions and plant growth

The study was conducted in a tropical climate, which was reflected in the values of the environmental parameters
recorded during the experimental period (Table 2). The climatic conditions observed indicate that both species were
able to develop favorably, suggesting that environmental variability within these parameters did not represent a
significant constraint on their growth.

On the one hand, Heliconia latispatha found a favorable environment for its growth, as the average temperature during
the study period was within its optimal development range, which varies between 18 and 34 °C. Likewise, the relative
humidity recorded exceeded the minimum threshold of 50% necessary for its proper development. In addition, high
solar radiation, together with intense lighting, favored its growth, given that this species requires high levels of light for
optimal physiological performance (Jagtap et al., 2024; Malakar & Biswas, 2022).
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Table 2. Environmental parameters measured throughout the study

Parameter Average + SD*
Ambient temperature (°C) 28.6+5.6
Precipitation (mm) 120.0+3.2
Solar radiation (W/m?) 99.0+11.1
Relative humidity (%) 95.1+6.8
Light intensity (lux) 54748.7 £ 5937.5

*Standard Deviation, these values correspond to the entire study period (n=365).

On the other hand, Typha latifolia, known for its ability to adapt to different climates, also found suitable conditions
for its development (Sesin et al., 2021). However, its growth is favored in tropical areas, as this species tolerates
temperatures of up to 30 °C; therefore, the values recorded during the study remained within its upper tolerance limit.
In addition, its ability to adapt to different levels of relative humidity allowed it to thrive in the environmental conditions
recorded. Similarly, although it can develop under different levels of solar radiation, the values obtained coincide with
those reported in other tropical regions where its successful growth has been documented (Wasko et al., 2022).

It is important to note that the recorded precipitation may have contributed to maintaining favorable water conditions
for both species, especially for Typha latifolia, which thrives in aquatic ecosystems (Haldan et al., 2022). Taken together,
these environmental factors suggest that the climatic conditions during the study were suitable for the development
of both species, with environmental variability not representing a limiting factor. However, it is important to note that
no specific analysis was conducted on the possible effect of precipitation on effluent dilution. Although daily monitoring
of environmental parameters was carried out to ensure relatively stable conditions, it is recommended that future
research include more detailed monitoring of the impact of factors such as precipitation, evapotranspiration, and other
environmental parameters on treatment efficiency, especially in systems exposed to tropical climatic conditions.

However, in terms of plant development, Typha latifolia had the highest average height, reaching a maximum of 200
cm in monoculture and 210 cm in polyculture (Figure 2a).
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Figure 2. Vegetative development of plant species in monoculture and polyculture, (a) Height (b) Plant density

The maximum height values for H. latispatha ranged from 90 cm in polyculture to 124 cm in monoculture, which is
characteristic of this species. However, in terms of plant density, T. latifolia showed the greatest increase in

REB&S 2026, 8(1), 63-77. https://doi.org/10.56845/rebs.v8i1.665 67



https://doi.org/10.56845/rebs.v8i1.665

Renewable Energy, Biomass & Sustainability (REB&S)

monoculture (Figure 2b); nevertheless, H. latispatha showed very similar results. Likewise, in polyculture, H. latispatha
showed overall growth and plant density comparable to those of T. latifolia.

Monitoring of control parameters (pH, water temperature (T), and dissolved oxygen (DO))

Figures 3-5 illustrate the behavior of the control parameters (pH, T, and DO) monitored during the study period.

In this study, the pH values recorded in the influent throughout the experiment ranged from 7.9 to 8.1, with an average
of 8.01 + 0.6. The outlets of the HSF-CWs systems recorded an average value of 7.42 + 0.45. Likewise, values of 8.13 +
0.58 in the influent and 7.15 + 0.24 in the effluent was also observed.

The pH analysis showed significant differences between the influent and the systems with vegetation (Figure 3).
However, no significant differences were observed between the systems with vegetation or between these and the
control. The results in the planted systems were similar, although H. latispatha differed significantly from the control.
The pH values recorded in the influent (7.9-8.1) and effluent (7.15-7.42) are within the ranges reported in similar
studies for HSF-CWs systems. For example, previous research has documented pH values between 6.1 and 7.9 in
wetlands planted with ornamental and common vegetation, such as Canna indica and Typha domingensis (Faisal et al.,
2023), as well as Juncus effusus (Meng et al., 2024). The pH analysis showed that the CWs managed to reduce the pH
of the influent to more neutral values in the effluent, which is beneficial for its discharge into receiving bodies or for its
possible reuse (Sdnchez et al., 2021). The significant differences observed between the influent and the systems with
vegetation highlight the contribution of the biological and physicochemical processes inherent in these systems, such
as microbial activity, plant absorption, and chemical precipitation processes (Banc et al., 2021).
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Figure 3. pH behavior throughout the experiment

In the case of temperature, no significant differences were observed between the different treatments used (Figure 4).
H. latispatha and T. latifolia showed homogeneous behavior in thermal regulation, with temperatures within a similar
range.

The observed temperature range (20-30 °C) is optimal for microbial activity and processes such as nitrification and
denitrification. Amiri et al. (2022) observed that CWs planted with typical wetland species, such as Phragmites australis
and Typha latifolia, showed a greater capacity to regulate temperature. On the other hand, studies such as that by
Stefanatou et al. (2023) have shown that the use of ornamental plants in CWs not only improves aesthetics but also
contributes to the regulation of parameters such as temperature and dissolved oxygen.

Regarding DO, when comparing the results of the study period, all systems with vegetation showed significant
differences with respect to the influent and the system without vegetation, as well as among themselves (Figure 5).
The planted systems showed significant differences compared to the influent and the control. The influent had an
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average DO of 0.7 £ 0.09 mg/L, with values between 0.50 and 0.85 mg/L, indicating initial conditions of low oxygenation,
typical of slaughterhouse wastewater due to its high organic load. In contrast, the systems with vegetation showed a
significant increase in DO values, ranging between 1.51 and 2.08 mg/L. On the other hand, systems without vegetation
(control) presented lower values (0.52 to 1.15 mg/L), confirming that vegetation plays a key role in improving DO
through mechanisms such as oxygen transfer through plant tissues and the generation of aerobic microzones in the
rhizome. When comparing systems planted with Typha latifolia (a typical wetland species) and ornamental species such
as H. latispatha, as well as a combination of both in polyculture, the results showed significant differences in
oxygenation capacity. This behavior may be related to differences in the ability of plants to transfer oxygen through
their rhizosphere. Previous studies have shown that ornamental species such as Zantedeschia aethiopica and Canna
indica can also play an important role in oxygen transfer, although their efficiency may be lower compared to typical
plants such as T. latifolia and Cyperus papyrus (Singh & Chakraborty, 2021).
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Figure 4. Temperature behavior throughout the experiment Figure 5. DO behavior throughout the experiment

Removal efficiencies of TN, NH,;*, NOs~, and NO;~

Figures 6-9 show the inlet and outlet concentrations, as well as the removal efficiencies for the nitrogen compounds
analyzed in this study (TN, NH4*, NO,~, and NO3™-N).

For TN, the polyculture of H. latispatha and T. latifolia showed the highest removal efficiency, with average values of
64—-65% (Figure 6). Effluent concentrations were also the lowest, reaching 88 + 2.342 mg/L. This superior performance
can be attributed to the synergy between the two species, which combine their different capacities for absorption,
tolerance, and promotion of microbiological processes in the rhizosphere.

Individual systems showed intermediate efficiencies, with T. latifolia outperforming H. latispatha throughout the
monitoring period (57% vs. 48%). This result may be due to the fact that T. latifolia is a typical wetland plant with a
greater capacity to promote nitrification and denitrification, processes that are essential for TN removal.

The control system, without plants, showed the lowest removal efficiencies (33%) and the highest effluent
concentrations (166 + 6.212 mg/L). This highlights the crucial role of plants in TN removal, as they not only act as passive
filters, but also facilitate key biological processes through oxygenation of the root zone.

No significant differences were observed whitin each treatment across the study period, suggesting stability in the
performance of the systems studied. However, between different treatments, all comparisons showed significant
differences, highlighting the differential effectiveness of each system. Polyculture was significantly more efficient than
individual systems with H. latispatha or T. latifolia, which in turn were more effective than the control system. This
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pattern suggests that species diversification in constructed wetlands may be an optimal strategy for maximizing TN
removal in wastewater treatment systems.

400 80
22 influent H. latispatha T. latifolia ] Polyculture ] Control
1-=- Average removal efficiency

350 4 - ®- Removal efficiency (control)

300 4 % o T —~
250 N / % o
= ] 0
(@) o
£ 200- : - i3
z ' & e
= 150 4 ol Sl 3

i ? \@,' GE)

100 g N x

! N

AN

N

] N

. N
- T T

T
May

T
Jun

Jul

T
Sep

Oct

Nov

Time (month)

Figure 6. Concentrations at inlet, outlet, and removal efficiencies of TN in CWs

The results of this study highlight the effectiveness of CWs systems in eliminating TN, with superior performance in
polyculture. The ability of T. latifolia to promote denitrification and its positive interaction with H. latispatha appear to
be key factors in this effectiveness. In contrast, systems without plants (control) were significantly less efficient,
highlighting the importance of plants as active components in constructed wetlands. These findings reinforce the
importance of designing systems that optimize the combination of plant species to maximize the removal of pollutants
in wastewater with high nitrogen content, such as that from slaughterhouses. The stability observed between years
suggests that these systems can offer sustainable and reliable solutions for wastewater treatment.

In the current study, T. latifolia consistently showed higher TN removal efficiencies than H. latispatha during the
evaluation period. T. latifolia achieved an efficiency of 57%, compared to 48% for H. latispatha, with effluent
concentrations of 107 + 2.374 mg/L and 127 * 5.085 mg/L, respectively. These differences can be attributed to the
ability of typical wetland plants such as T. latifolia to promote nitrification and denitrification processes in the
rhizosphere, due to greater oxygenation and associated microbial activity. In contrast, ornamental plants, although
contributing to TN removal, appear to be less efficient in promoting these key processes.

In reference studies, wetland plants such as Typha latifolia, Cyperus papyrus, and Canna indica have demonstrated
greater TN removal capacity compared to systems using ornamental plants. For example, Michael et al. (2020), in a
horizontal subsurface flow system with Cyperus papyrus, reported efficiencies of 97.6% for TN in slaughterhouse
effluents, while Mohammed & Ismail (2021) achieved an efficiency of 90.2% using Canna indica in dairy wastewater.
These values far exceed those achieved by H. latispatha in the present study.

In systems that use ornamental plants, such as those reported by Almeida-Naranjo et al. (2020) with Heliconia stricta
in hybrid wetlands, TN removal was significantly lower, with values not exceeding 56%. This performance is comparable
to that observed in the present study for H. latispatha (46—48%).

The difference in TN removal efficiency may be related to the functional characteristics of the plants. Wetland species,
such as T. latifolia, are adapted to high humidity conditions and have extensive root systems that promote substrate
oxygenation and stimulate bacterial activity, facilitating nitrification and denitrification processes. On the other hand,
ornamental plants such as H. latispatha, although aesthetically attractive and useful in certain applications, have a
lower capacity to contribute to these biological processes.

REB&S 2026, 8(1), 63-77. https://doi.org/10.56845/rebs.v8i1.665 70



https://doi.org/10.56845/rebs.v8i1.665

Renewable Energy, Biomass & Sustainability (REB&S)

The results of this study, together with data reported in the literature, highlight the superiority of wetland plants over
ornamental plants in TN removal. While H. latispatha may be useful in specific applications, wetland plants such as T.
latifolia represent a more efficient option for wastewater treatment systems that require high nitrogen removal rates.
These findings underscore the importance of selecting appropriate species based on treatment objectives and
wastewater characteristics.

When comparing the results of this study with other technologies that do not use constructed wetlands, it is
noteworthy that Tabelini et al. (2023) reported TN removal efficiencies of 75—-80% when using activated sludge systems
and anaerobic lagoons to treat wastewater from the dairy industry. Although these technologies exceed the efficiencies
obtained in the present study, it is important to consider that wastewater from slaughterhouses tends to have higher
concentrations of nitrogen and organic compounds, which could explain the lower efficiency of constructed wetland-
based systems. In addition, activated sludge systems require more infrastructure and energy consumption, while
constructed wetlands represent low-cost technologies.

Akarsu et al. (2021) achieved 78% efficiency in removing TN from slaughterhouse wastewater using electrocoagulation
and electro flotation, resulting in significantly lower effluent concentrations. However, these technologies have
limitations related to high operating costs and advanced technical requirements, which can make them unfeasible in
rural or resource-constrained regions, where constructed wetlands represent a more sustainable alternative.

Studies such as those by Mkilima et al. (2022) and Meiramkulova et al. (2020) reported TN removal efficiencies of 98—
99% in poultry slaughterhouse wastewater using nanofiltration membranes. Although these technologies produce
high-quality effluents, their application in slaughterhouse wastewater faces challenges related to the pretreatment
required to prevent membrane clogging, as well as the management of the concentrates generated. In contrast,
constructed wetlands offer a simpler and more economical option, albeit with lower removal efficiencies.

Lopes et al. (2022) reported a 65% efficiency in TN removal in wastewater from poultry slaughterhouses using
combined anaerobic—anoxic—aerobic reactors, an efficiency comparable to that obtained in the polyculture system in
this study. However, combined reactors require greater monitoring and technical control, while constructed wetlands
are more robust to variations in wastewater quality.

Although advanced technologies offer greater efficiencies in TN removal, constructed wetlands represent a more
sustainable, economical, and adaptable alternative for treating slaughterhouse wastewater. The results of this study
highlight the importance of polycultures as a strategy for optimizing TN removal, positioning constructed wetlands as
a viable option for resource-constrained environments.

With regard to NHs*, NOs”, and NO;, the results highlight significant differences in performance between the
treatments and the control, underscoring the importance of plant species and their combinations in the removal of
nitrogen compounds from slaughterhouse wastewater.

According to Figure 7, in the case of NH4*, polyculture systems showed the highest removal efficiency (89%), achieving
the lowest effluent concentrations (18 mg/L). Systems with T. latifolia also demonstrated a high capacity for NH*
removal (77%), significantly outperforming systems with H. latispatha, which achieved efficiencies of 65%.

The removal of NO5s-N (Figure 8) followed a similar trend to that observed for NH,*, with polyculture being the most
effective treatment, with efficiencies of 91% and effluent concentrations of 2 mg/L. Systems with T. latifolia (78%)
outperformed systems with H. latispatha (68%), highlighting the superiority of typical wetland plants in nitrate
treatment.

As shown in Figure 9, in the case of NO,~, polycultures also showed the highest removal capacity (92%), with effluent
concentrations of 0.57 mg/L.
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Figure 8. Inlet and outlet concentrations and removal efficiencies of NOs-N in CWs.

Systems with T. /atifolia showed high removal efficiencies (82%), with effluent concentrations of 1.4 mg/L. Systems
with H. latispatha, on the other hand, showed lower efficiencies (73%). No significant differences were observed across
the study period for systems with the same treatment, indicating stability in the efficiency of constructed wetlands
over time. However, significant differences were found between the different treatments in all cases, highlighting that
polycultures were consistently superior in the removal of NH4*, NO3-N, and NO,-N.

The above results show that polycultures of H. latispatha + T. latifolia maximize the removal of nitrogen compounds in
slaughterhouse wastewater, which could be attributed to the combination of plant absorption mechanisms and
microbial activity facilitated by the roots. The superior capacity of T. latifolia compared to H. latispatha could be
explained by its greater tolerance and adaptation to flooded and nutrient-rich environments.

When comparing the values in this study with those reported in other research on ornamental plants, it can be seen
that the removal efficiencies of H. latispatha are lower than those of other ornamental species evaluated in effluent
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treatment systems. For example, in the study by Madeira et al. (2022) in Portugal, an NH4* removal efficiency of 72%
was reported, which is higher than that obtained in this study. Additionally, Michael et al. (2020) reported an NH,*
removal efficiency of 97.4% in a system that used Cyperus papyrus, demonstrating significantly higher efficiency in
wetland plants compared to ornamental plants.
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Figure 9. Concentrations at inlet, outlet, and removal efficiencies of NO2-N in CWs.

Regarding wetland plants, the removal efficiencies of T. latifolia in this study are close to the values reported by Galindo
Montero et al. (2024) in Colombia, who documented NH." removal efficiencies of 89% in a horizontal subsurface
wetland system with Typha domingensis. This suggests that wetland plants, such as T. latifolia, are more effective than
ornamental plants in treating effluents. However, other studies, such as those by Suwerda et al. (2022), reported NH,*
removal efficiencies of 97.4%, indicating that some wetland species may be even more effective at removing these
compounds.

Badejo et al. (2020) in Nigeria and Michael et al. (2020) in Tanzania also reported NOs-N removal efficiencies higher
than those observed in this study. In particular, Michael et al. (2020) documented a NO5;-N removal efficiency of 97.6%,
higher than the values obtained for T. latifolia in this study (78%). This suggests that certain wetland species, such as
Cyperus papyrus, perform better at removing NOs™-N than T. latifolia.

The results obtained were compared with those reported in the literature for technologies that do not use constructed
wetlands, with the aim of highlighting the advantages and limitations of wetlands in the treatment of this type of
effluent. When comparing these results with those reported for technologies that do not use constructed wetlands,
significant differences in pollutant removal capacity can be observed, although the efficiency of slaughterhouse
wastewater treatment tends to be lower in systems without wetlands.

For example, Tabelini et al. (2023) in Brazil, using activated sludge systems and anaerobic lagoons, reported removal
efficiencies of 70% for NHs" and 64% for NOs—N, values that are lower than those obtained in this study for T. latifolia
(81% for NHs* and 77% for NOs-N). This indicates that the use of constructed wetlands may be more efficient than
traditional biological systems, such as activated sludge systems, in the treatment of NH,* and NOs™-N in slaughterhouse
wastewater.

In addition, Michael et al. (2020) in Tanzania used a biodigester combined with a constructed wetland, reporting
removal efficiencies of 97.4% for NH4*, 97.6% for NOs—N, and 99.1% for NO,-N. Although this combined system is
highly efficient, the reported values are considerably higher than those obtained in this study. However, it is important
to consider that the system evaluated by Michael et al. (2020) includes a biodigestion stage, which improves the
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removal of NHs* and other pollutants, which may explain the differences in the reported efficiencies. In the case of
slaughterhouse wastewater, a system based solely on constructed wetlands, such as the one evaluated in this study,
has a considerably lower efficiency but still offers advantages compared to technologies that do not incorporate this
component.

On the other hand, in the study by Madeira et al. (2022) in Portugal, which used phytoremediation through vertical
flow wetlands, an NHs* removal efficiency of 72% was reported. This value is higher than that obtained in this study for
H. latispatha (67%) and closer to that of T. latifolia (81%), suggesting that the type of wetland and the species used play
a significant role in NH4* removal efficiency. Furthermore, as this is a vertical flow wetland system, differences in
performance may occur depending on the configuration and operating conditions of the systems.

Another key aspect to consider is the type of wastewater being treated. In this study, slaughterhouse wastewater is
particularly complex, as it contains high concentrations of organic matter, suspended solids, and nutrients such as NH,",
which makes its treatment more challenging. Wetland plants such as T. latifolia are more effective in this type of water
due to their ability to tolerate aquatic environments with high organic loads and their specialized nutrient absorption
mechanisms. In contrast, technologies such as electrocoagulation and electro flotation, used by Akarsu et al. (2021) in
Turkey, are effective for removing suspended solids and certain pollutants, but do not have the same capacity to
efficiently remove nutrients such as NH;* and NOs™-N, especially in slaughterhouse effluents. Electrocoagulation, for
example, can remove up to 94% of COD; however, its performance in nutrient removal is limited, demonstrating a clear
advantage of constructed wetland-based systems.

The results obtained in this study for the removal of NH;*, NO3™-N, and NO,™ using constructed wetlands with H.
latispatha and T. latifolia are competitive with those reported for other technologies, especially in the treatment of
slaughterhouse wastewater. Although activated sludge systems or combined biodigesters can achieve higher
efficiencies in certain circumstances, constructed wetlands, as observed in this study, remain a viable and efficient
option for the treatment of slaughterhouse effluents, with the added advantage of being natural and sustainable
systems. Furthermore, the use of ornamental plants in combination with wetland plants in polyculture shows optimized
performance in contaminant removal, which could be a key strategy for improving the efficiency of slaughterhouse
wastewater treatment systems.

Conclusions

This study provides robust evidence on the effectiveness of constructed wetlands (CWs) as a sustainable and
economical solution for treating slaughterhouse wastewater, with a special focus on the removal of nitrogenous
pollutants such as TN, NHz*, NOs~, and NO,™. Through a rigorous experimental design, it was demonstrated that CWs,
particularly those planted with Typha latifolia and Heliconia latispatha, are capable of achieving competitive removal
efficiencies comparable to those of more expensive conventional technologies, such as activated sludge and
electrocoagulation systems.

The research revealed that polyculture of T. latifolia and H. latispatha offered the highest efficiency in removing TN
(64—65%) and NHi* (89%), highlighting the synergy between the two species, which not only favored nutrient
absorption but also supported key microbiological processes in the rhizosphere. Furthermore, comparative analysis
with other studies and technologies showed that, although CWs do not achieve the removal levels of other advanced
treatment technologies, such as nanofiltration membranes or combined biodigesters, their low cost, operational
simplicity, and sustainability make CWsa viable option, especially in regions with limited resources.

The superior performance of T. latifolia in nitrogen removal, together with the good results obtained with H. latispatha
in combination, underscores the importance of selecting plant species based on effluent characteristics and treatment
objectives. These findings suggest that constructed wetlands can be an effective solution for the bioremediation of
slaughterhouse wastewater, helping to mitigate the environmental impact of these effluents in an ecological and
economical manner.

Finally, the results also highlight the importance of considering local climatic and environmental conditions in the
design of CW systems, as factors such as temperature, solar radiation, and relative humidity significantly influence the
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growth and performance of plant species. This study provides a useful foundation for future research that can further
optimize CWsystems, expand their applicability to other industries and regions, and promote the use of nature-based
solutions for wastewater treatment globally.

Hybrid constructed wetlands (horizontal and vertical flow) are recommended for treating slaughterhouse wastewater
due to their greater capacity to promote nitrification and denitrification processes. It is also suggested to combine CWs
with complementary technologies, such as biodigesters or anaerobic bioreactors, especially when dealing with
wastewater with high organic load and high nitrogen concentrations, such as effluents from slaughterhouses. This
combination can improve the overall efficiency of the system by addressing different types of pollutants and offering
solutions for situations where CWs alone are not sufficient to comply with environmental regulations and standards.
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Abstract: A Computational Fluid Dynamics (CFD) study was conducted to simulate the hydrodynamic behavior of a Norstone-type high-shear
impeller operating in a stirred unbaffled tank containing a biphasic system (glycerin-hexane). A transient, multiphase Eulerian-Eulerian approach
was implemented in ANSYS Fluent under laminar flow conditions. The model captured the formation of four distinct recirculation loops and
identified zones of high-energy dissipation at the impeller blades, which are critical for the dispersion of the secondary phase. Experimental
validation was conducted using temperature sensors (Max6675 thermocouples) connected to an Arduino Uno; good agreement between
simulated and measured temperatures was observed. This work provides a validated CFD framework and fundamental insight into the flow
dynamics, establishing a solid foundation for optimizing impeller geometry and operating conditions to achieve greater mixing homogeneity and
energy efficiency in industrial biphasic systems.

Keywords: CFD, high-shear impeller, mixing efficiency, laminar flow, Euler—Euler model
Introduction

Optimizing industrial processes is a key strategy for enhancing operational efficiency and reducing environmental
impact by rationalizing energy and resource use. In this context, stirred reactors, widely used in the pharmaceutical,
chemical, and biotechnological industries, require a thorough analysis of their geometry, operating conditions, and
governing hydrodynamics. Key hydrodynamic variables such as turbulent kinetic energy (TKE), velocity fields, circulation
patterns, energy dissipation rates, and mixing times are essential for evaluating their performance and are necessary
for assessing dispersion quality and system homogenization (Oshinowo L. & Marshall E., 2001).

Computational Fluid Dynamics (CFD) facilitates the analysis and optimization of these parameters through numerical
simulations, reducing the need for extensive experimental studies. This approach provides a robust quantitative basis
for improving mixing performance, optimizing energy consumption, and establishing reliable scale-up strategies
(Stuparu et al., 2021). Moreover, its implementation can support the development of technologies aligned with circular
economy principles, such as the valorization of agro-industrial residues to obtain high-value products (Obando-Galicia
Y., 2024).

The thorough analysis of hydrodynamic variables using CFD has become a high-impact engineering tool, indispensable
for the design and operation of efficient and sustainable mixing systems. This methodology is rooted in solving a model
based on the conservation equations of mass and momentum, which form a coupled system of nonlinear partial
differential equations. Since analytical solutions are possible only for highly simplified cases, CFD provides reliable
approximations for complex engineering problems through specialized software, enabling the detailed analysis of
hydrodynamic variables. The CFD approach applies the finite volume method to discretize the differential equations
and transform them into a system of algebraic equations that can be solved using iterative methods (Andersson, 2012).
The equations that describe the behavior of a multiphase system are the continuity equation (Eqg. 1) and the momentum
transfer equation (Eq. 2).

n
d 5 . .
a(aqpq) +V- (“qpqvq) = E(mpq - mqp) +Sq (1)

p=1

0 - 5 o = - c = . 5 . — >
a(“qpqvq) +V- (“qpqquq) =—aVp+ V- 174 + agpeg + Z(qu + MpqVpq — mqpvqp) + (Fq + Flifeq + va,q) (2)
p=1
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where the stress tensor of each phase, ‘?q, is expressed by
— 5 - 3 L=
Tg = aghy (V0 + V0T) + ag (A, — E,uq)V " Vgl (3)

Here, a, is thephase volume fraction, ﬁq represents the velocity, p, is the density of phase q; m,,and m,,denote the
mass transfer terms between phases p and g. The coefficients ugzand A,correspond to the shear viscosity and the
apparent viscosity of each phase, respectively. The q”’ phase is subjected to several forces, including the external force
Fy, the lift force Fjg 4, and the virtual mass force F,, 4. In addition, interphase interactions are governed by the
interfacial force R, 4, which depends on effects such as friction, pressure, and cohesion, and satisfies the symmetrical

conditions ﬁpqﬁ: —ﬁqpand ﬁqq = 0. All phases share the same pressure p, and the interfacial velocity between phases
is denoted by v,,.

The energy conservation equation is incorporated, as given by Eq. 4.

a N 7 = >
%(‘DE)'FV(U(‘DE‘FP)) =V- keffVT_EZhj,q]j,q + (Teff'v) + Sp (4)
a J

where kg is the effective thermal conductivity (k + k;, where k; is the turbulent thermal conductivity defined

according to the selected turbulence model), andfj is the diffusion flux of species j. The first three terms on the right-
hand side of Eqg. (4) correspond to energy transfer by conduction, species diffusion, and viscous dissipation,
respectively. Sy, includes the volumetric heat source previously defined in the model.

In Eq. 5,

'172
E=h—%+7 (5)

where sensible enthalpy h is defined for incompressible flows as

p
h= Z,- iy +2 (6)
Y; is the mass fraction of species j and
T
b = J C,; dT )
Tref

(ANSYS, 2016).

In this study, CFD approach was used to characterize the hydrodynamics of biphasic mixing systems, evaluating key
parameters to guide the optimization of industrial reactor design and operation.

Materials and Methods
The mixing system consisted of a high a shear impeller (Norstone® model, Norstone Inc., PA), based on the patent by

Steinmetz (1993) and an unbaffled flat-bottomed glass tank. The dimensions of the impeller were diameter (D) of 49
mm, height (h) of 6 mm, and groove diameter of 3 mm, as shown in Figure 1a. The mixing tank had a diameter (T) of
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142 mm. The impeller was set at a C/T ratio of 0.73, where C is the distance from the bottom of the tank to the impeller
center (Figure 1b).

v A
M. "2 Y
< »

f

v

le
N d

(a) (b)

Figure 1. (a) Geometry impeller, (b) Geometry reactor

The stirred tank was modeled using ANSYS Fluent v. 2024 R1 (Student) (ANSYS, Inc., 2024). The geometry was generated
in the DesignModeler module, and the computational mesh was built in the Meshing module, both in ANSYS
Workbench. The model solved the governing conservation equations for mass and momentum. The simulations were
performed on a laptop with an Intel Core i5-13420H processor running at 2.10 GHz, 16 GB of RAM, and an NVIDIA
GeForce RTX 4050 graphics card.

The simulation was performed under transient conditions with a time step of 0.001 s. To represent the multiphase
nature of the system, the Eulerian—Eulerian model was employed under a laminar flow formulation. The impeller
rotation was simulated using the Multiple Reference Frame (MRF) approach. In this approach, the rotating region is
approximated as a quasi-steady state to obtain the mean rotational field at a lower computational cost (Deglon &
Meyer, 2006). It should be noted that, due to its inherent limitations, the MRF approach does not reproduce transient
rotor—stator interactions; therefore, the reported quantities must be interpreted as averages or approximations of the
rotational field in a pseudo-steady regime. The region surrounding the impeller (RRF), a cylinder of radius 35 mm and
height of 16 mm, was assumed to rotate at 280 RPM. A standard pressure—velocity coupling scheme was used, together
with the QUICK discretization scheme. The shaft and the impeller were considered rotating walls at the same velocity
as RRF. The no-slip condition was applied to the tank wall.

For experimental validation, two temperature sensors (Max6675 thermocouples) were connected to an Arduino Uno
microcontroller. The sensors were installed on the inner tank walls at two different heights: Sensor 1 at 45 mm and
Sensor 2 at 115 mm from the bottom. Validation was performed by comparing simulation results with experimental
data using temperature-versus-time graphs. The working fluid was glycerin at 23 °C; its viscosity (1.2 Pa's) was
determined using an MCR 72 Anton Paar rheometer, and its density (1260 kg m) was determined by using a graduated
cylinder and an analytical balance. Hexane at 50 °C was used as the second phase at a mass fraction of 20%.

Results and Discussion

The temperature evolution during the initial seconds of the process was analyzed experimentally, as this stage exhibits
the highest rate of heat transfer. This behavior was then compared with the results obtained from the CFD simulations,
as shown in Figure 2. The differences between the curves obtained from the simulations and those measured
experimentally were minimal, suggesting that the CFD model accurately reproduces the observed thermal behavior.
Jadhav and Barigou (2022) studied a 3D Eulerian-Lagrangian CFD model to simulate the turbulent flow and mixing of
coarse dense particles in a standard batch vessel, mechanically agitated by a down-pumping pitched-blade turbine.
Their numerical results were experimentally validated using positron emission particle tracking. Both datasets show
very good agreement. Our results suggest that it is possible to validate CFD results with simple techniques.
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Figure 2. Comparison of experimental and simulated temperature profiles

In Figure 3a, the normalized velocity field u/uy, is shown in the mid-plane of the tank for the continuous phase
(glycerin). The highest velocity magnitudes are concentrated in the immediate vicinity of the impeller, reflecting the
transfer of mechanical energy from the impeller to the fluid. It is important to note that high-speed regions also coincide
with high shear stress and viscous dissipation, which together produce intense local mixing (Martinez-de Jesus et al.,
2018).

Figure 3b shows the flow pattern, where four main recirculation loops generated by the radial discharge of the impeller
are clearly distinguished: two located in the upper region and two in the lower region. These patterns are characteristic
of an impeller operating in the laminar flow regime. Identifying these vortices and recirculation zones not only provides
insight into the internal hydrodynamics of the reactor but also establishes a solid foundation for optimizing operating
conditions and guiding the design of more efficient stirred reactors.

(a) (b)
Figure 3. (a) Normalized velocity field of the entire reactor for the continuous phase (glycerin), (b) Normalized velocity vectors of

the entire reactor for the continuous phase (glycerin)

Figure 4 depicts the evolution of the dispersed phase over time. The impeller surface is shown to be the primary site
for hexane dispersion. Figure 5 shows the contour of the laminar viscous dissipation. The highest values (in red) are
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concentrated around the impeller blades, particularly along the leading edges and in regions of greater curvature. This
indicates that, in these areas, the mechanical energy supplied by the impeller is primarily converted into heat through
shear stresses. In contrast, the regions between the blades and toward the central axis exhibit minimal dissipation (blue
tones), demonstrating that the laminar contribution outside the impeller boundary layer is negligible. This information
helps assess mixing efficiency, identify potential recirculation zones, and understand the initial generation of
hydrodynamic instabilities. It also provides a basis for guiding improvements to the impeller and agitation system,
promoting a more uniform distribution of energy throughout the reactor.

Contour of Volumen

Fraction of Hexane 1-seconds 4-seconds 7-seconds

Figure 4. Phase contours corresponding to the dispersed phase (hexane)

Figure5. Contours of laminar viscous dissipation
Conclusions

Computational Fluid Dynamics (CFD) simulations were utilized to characterize the hydrodynamic behavior of a
Norstone-type high-shear impeller operating in a biphasic system. The analysis provided valuable insights into velocity
fields, phase contours, and viscous dissipation contours, which are essential for understanding the dispersion of the
secondary phase. The highest values for these parameters were observed in regions located near the impeller. To
validate the numerical model, experimental temperature data were collected from strategically placed sensors. The
strong agreement between the simulation results and the experimental data not only confirms the flow patterns
predicted by the simulations but also validates the observed thermal variations. This combined approach of simulation
and experimental analysis serves as a solid foundation for optimizing operating parameters in industrial processes.
Consequently, these findings provide valuable insights for enhancing mixing efficiency in agitated tank systems handling
biphasic flows, enabling more effective energy utilization and reduced processing times.
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Abstract: Zeolites, microporous crystalline materials composed mainly of silicon and aluminum, possess physicochemical properties that make
them valuable in water treatment and catalysis applications. Using construction and demolition waste (CDW) as raw material for producing
zeolites represents a sustainable strategy to reduce its environmental impact. Thus, the present work addresses the synthesis of zeolites from
CDW within the framework of the circular economy. Crushed brick waste was used and subjected to a hydrothermal process in a stainless-steel
reactor with 2 M KOH, at 160 °C, for 6, 8, 10, and 12 hours. After treatment, the products were characterized by powder X-ray diffraction to
evaluate their crystallinity. The results showed a progressive evolution in the formation of crystalline phases: at 6 hours an amorphous material
was obtained; at 8 hours the first signs of nucleation of ordered phases were identified; at 10 hours zeolitic structures were consolidated, including
aluminosilicates typical of zeolites, such as phillipsite; and finally, at 12 hours secondary phases were observed. It is concluded that it is feasible
to transform CDW into functional zeolites by hydrothermal synthesis, with an optimum reaction time of about 10 hours. This approach allows the
valorization of solid waste and contributes to the production of high-value materials, promoting sustainable practices in the materials science
field.

Keywords: circular economy, phillipsite, bricks, hydrothermal synthesis, zeolites
Introduction

Zeolites are microporous materials composed of crystalline structures consisting of three-dimensional tetrahedral
arrangements of silicon (Si**) and aluminum (A[3™) cations surrounded by oxygen anions (0%~), which form channels
and cavities of molecular size. According to their origin, zeolites can be classified into three main categories: natural,
synthetic, and modified (Gallo-Gonzélez & Vazquez-Rodriguez, 2021). Naturally occurring zeolites are generated when
there is an abrupt drop in temperature in basaltic magmas with high silica content, or when these magmas interact
with saline or alkaline solutions. As a result of these specific geological conditions, natural zeolite deposits are
commonly found near active or inactive volcanoes (Schifter & Bosch, 1988). As for synthetic zeolites, these are obtained
from non-zeolitic precursors, commonly through a process known as hydrothermal synthesis. This method uses
materials with a high silica content as starting materials, such as aluminosilicates, volcanic glass, diatomite, ashes, glass
or ceramic waste, among others. Finally, modified zeolites are natural zeolites whose surface or internal structure has
been altered or modified to improve their properties and applications (Yuna, 2016).

Physicochemical properties of zeolites, such as their high specific surface area, pore size, thermal stability, and ion
exchange capacity, in combination with their structural properties, explain their numerous applications in water
treatment processes and the capture of atmospheric pollutants, as well as in catalysis in the petrochemical industry
and for biodiesel production, to name a few (Rhodes, 2010).

An important aspect that has emerged in recent years is the possibility of using waste as raw material for new products,
which represents a key strategy to reduce the environmental impact of waste and promote the circular economy
(Malladi et al., 2024). As mentioned above, several studies have demonstrated that it is possible to synthesize zeolites
from solid waste. A particular case is construction and demolition waste (CDW), which includes all waste generated by
construction, renovation, and demolition activities of buildings, works, and structures; CDW includes concrete,
ceramics, bricks, gypsum, and other mineral-based materials (Hasibuan et al., 2025). This waste, which has traditionally
been considered an environmental problem due to its high volume of generation and limited reuse, has gained
relevance as a potential source of aluminosilicates, essential compounds for zeolite synthesis.
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For example, Wang and Chen (2017) developed a method to produce analcime-type zeolites from CDW using a
combined sintering and alkaline hydrolysis process, obtaining a granular material with a multiscale porous structure
and high heavy metal adsorption capacity. Similarly, Wang and Zhang (2013) developed a zeolite-loaded ceramsite
from CDW, whose porous structure showed favorable properties for water treatment. More recently, Hernandez-
Palomares and Espejel-Ayala (2022) successfully synthesized precipitated silica, alkali silicates, and zeolites from
thermally and chemically treated CDW, confirming their potential as precursors of high value-materials.

These precedents support the technical feasibility of recycling CDW as a raw material for zeolite production. However,
challenges remain regarding the optimization of synthesis conditions, the characterization of the resulting phases, and
their functional application in real-world environments. Therefore, the main objective of this work is the synthesis of
zeolites using a hydrothermal process and CDW as the starting material.

Materials and Methods

CDW used in this study was provided by the Engineering and Architecture Department of the university. Representative
brick samples were selected and subjected to a multi-stage pretreatment to obtain the starting material. First, the
bricks were processed using a jaw crusher (Allis Mineral Systems, Oak Creek, USA), yielding fragments approximately
2-3 cm in diameter. Subsequently, a roller mill (Quinn Co., Whittier, USA) was used to reduce the size to particles
smaller than 1 cm. The resulting material was homogenized using a sample divider (HGG-I, CGOLDENWALL, Germany)
to ensure the representativeness of the final subsample. This subsample was then pulverized using a Bico E mill
(Burbank, USA), and finally, an agate mill (Pulverisette 2, Fritsch, Germany) produced a fine powder. This powder was
sieved with a No. 200 mesh to obtain particles smaller than 0.074 mm.

With the prepared starting material, hydrothermal synthesis was carried out. A laboratory-scale, high-pressure
stainless-steel reactor (TGYF-C, 50 mL) was used. The reactor was loaded with 2.5 g of the starting material and 30 mL
of a KOH 2 M solution. The reactor was maintained at 160°C for the following synthesis periods: 6, 8, 10, and 12 hours.

Once the process was complete, the reactor was allowed to cool to room temperature. The resulting material was
washed with distilled water, centrifuged to separate the product, and then dried in an oven at 100°C for 16 hours.
Finally, the dried product was crushed and sieved again with a No. 200 mesh. Product characterization was performed
by powder X-ray diffraction (PXRD) on an Inel instrument (Equinox 2000, USA) with a cobalt source and an analysis time
of 15 minutes per sample.

Results and Discussion

PXRD characterization was performed on the four samples corresponding to the products obtained after hydrothermal
treatments of 6, 8, 10, and 12 hours. Figure 1 shows the characterization results, which reveal a progressive
development of crystallinity as a function of the reaction time.

In the sample resulting from the 6-hour treatment, a diffraction pattern characterized by low counts in most peaks (<
250) was observed, indicating a predominantly amorphous phase. Despite the partial dissolution of the precursor
(powdered brick), crystalline remnants were identified with signals located at 25.60°, 32.45°, 32.80°, and 35.45° (26),
associated with silicon dioxide, as can be seen in Figure 2.

These remnant peaks indicate that, although the dissolution of the original brick structure has begun, the
reorganization process toward new phases is not yet significant. This behavior is characteristic of the initial stage of
hydrothermal synthesis, in which the precursor components begin to deconstruct, generating an amorphous matrix
rich in silicates but lacking long-range order.

After 8 hours of treatment, a moderate improvement in the diffraction pattern was observed. New peaks appeared at
32.29°, 32.78°, 35.30°, 38.30°, and a distinctive peak at 41.30° (28). Although the intensities of these peaks remain
relatively low (less than 500 counts), an increase in the structural organization of the material is evident, as shown in
Figure 3.
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Figure 1. Diffraction patterns of the samples synthesized after (a) 6; (b) 8; (c) 10; and (d) 12 hours.

Figure 2. Diffractograms of (a) silicon dioxide and (b) the sample synthesized after 6 hours.
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Figure 3. Diffractograms of (a) silicon dioxide and (b) the sample synthesized after 8 hours.

These new peaks suggest the onset of crystalline growth, likely associated with early stage zeolitic phases. Despite the
difficulty in precisely identifying all signals due to their low intensity, the presence of silicon dioxide was again
confirmed, along with indications of emerging phases that are still not well defined. This stage represents a transition
between the initial disorganization and the beginning of the reconstruction of ordered structures typical of zeolites.

After 10 hours of treatment, the XRD pattern of the sample showed a notable change compared to the samples
obtained at shorter synthesis times (Figure 4). The peaks became more defined, with higher intensity and a lower
baseline, which indicates a considerable increase in the crystallinity of the product. Several phases were identified with
greater confidence:

e Silicon dioxide (SiO,) as the main phase
e A potassium-rich phase
e Mixed potassium—sodium aluminosilicate, compatible with zeolitic structures

The development of these phases reveals a significant transformation of the precursor into crystalline structures with
characteristics of zeolitic materials. The identification of the potassium—sodium aluminosilicate is particularly relevant,
since these compounds are typical in the synthesis of phillipsite-type zeolites, which are characterized by well-defined
intracrystalline channels and high cation-exchange capacity (Pansini et al., 1996). Furthermore, the increase in the
intensity of the peak located at 32.78° (26) stands out as a predominant signal of the growth of a specific crystalline
phase, possibly corresponding to the zeolitic phase of interest.

The sample treated for 12 hours showed an XRD pattern similar to that of the sample synthesized in 10 hours, although
with slight modifications in the relative intensity of some peaks and the appearance of new signals at 35.98°, 37.08°,
and 38.33° (20) (Figure 5). These signals may indicate the formation of secondary phases, possibly due to structural
reorganization reactions or the depletion of key reactants in the hydrothermal medium.

These new phases were tentatively associated with compounds containing aluminum, potassium, and silicon. However,
due to the complexity of the pattern and the possible overlap of peaks, complementary analysis using other techniques
(for example, infrared spectroscopy or scanning electron microscopy) is required to confirm the composition and
morphology of these phases.
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Figure 4. Diffractograms of (a) silicon dioxide and (b) the sample synthesized after 10 hours

Figure 5. Diffractograms of (a) silicon dioxide and (b) the sample synthesized after 12 hours

It is worth noting that, although a good level of crystallinity is maintained in this sample, the slight decrease in the
intensity of the peak at 32.78° suggests that undesired or less-ordered phases may be forming, because of
recrystallization-related processes or the development of competing structures.

The mineralogical evolution observed throughout the synthesis process indicates a progressive transformation of the
precursor material toward more ordered structures. The XRD analysis shows that reaction time is a critical factor in the
development of zeolitic phases, as summarized in Figure 6.
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Figure 6. Synthesis of phillipsite by the hydrothermal method

These results support the feasibility of using construction and demolition waste (CDW) as a raw material for zeolite
synthesis via hydrothermal processes, contributing to the valorization of this waste within the circular economy
framework. However, they also highlight the need to optimize synthesis parameters to prevent the formation of
secondary undesired phases over extended periods.

Conclusions

The present study demonstrates the technical feasibility of transforming construction and demolition waste,
specifically bricks, into zeolites through a hydrothermal synthesis process. Through different treatment times (6, 8, 10,
and 12 hours), a progressive evolution in the material’s crystallinity was observed, and optimal formation of zeolitic
phases was found after approximately 10 hours. This reaction period led to the identification of compounds
characteristic of phillipsite-type structures in the product. These findings not only validate the use of construction and
demolition waste as viable precursors for obtaining high value zeolitic materials but also align with the principles of the
circular economy by converting an abundant solid waste into a functional resource. However, it was observed that
excessive reaction times may induce the formation of undesired secondary phases, highlighting the need for careful
optimization of process parameters. Overall, this work offers a sustainable strategy for waste management and the
development of materials with applications in water treatment and catalysis, among other fields.
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Abstract: Rice is a widely consumed food product worldwide, and it generates an agro-industrial waste product called rice husk, which currently
lacks economic value and is poorly managed due to its difficult handling. Therefore, the objective of this work was to carry out the hydrothermal
carbonization of rice husk to produce hydrochar as a biofuel using different reaction conditions. The hydrothermal carbonization of the rice husk
was performed in a 1 L stainless steel reactor, model CF-1, using temperatures of 180, 190, and 200 °C and reaction times of 1, 2, and 3 h,
respectively. The rice husk and the hydrochars were analyzed for pH, moisture content, total solids, volatile solids, ash content, electrical
conductivity, elemental analysis, and higher heating value (HHV). The main results showed that the hydrochars had acidic pH values, moisture
content below 10%, TS and VS values above 90% and 74%, respectively, high ash content and electrical conductivity, and HHV values greater than
15 MJ/kg. The thermochemical conversion of rice husks helps reduce the volume of a difficult-to-manage agro-industrial waste product and, in
turn, provides a biofuel with a higher HHV than the initial biomass (14.34 MJ/kg). At the end of the study, it was observed that one hour was
sufficient to improve the HHV compared to uncarbonized rice husks, due to the increase in C (> 38%) and low moisture (< 8%).

Keywords: rice husk, hydrothermal carbonization, hydrochar, biofuel
Introduction

One of the most consumed agricultural products is rice, a cereal considered a staple food for approximately half the
world's population (Nzereogu et al., 2023). In Mexico, rice production during the 2022-2023 period was approximately
157,000 metric tons (SIAP, 2023a). Rice consumption yields two types of residues: straw and rice husk (RH). The husk
is the outer layer of the rice grain (Bushra and Remya, 2020) and comprises 20% of the total grain weight (Naranjo et
al., 2023). It has a low bulk density, ranging from 96 to 140 kg/m?3 (Nzereogu et al., 2023). RH is a type of lighocellulosic
biomass composed primarily of cellulose (35%), hemicellulose (30%), and lignin (18%) (Nizamuddin et al., 2018). Its
physicochemical properties include moisture (4.5-10.8%), volatile matter (70.2-78.5%), ash (3.4-17%), and fixed
carbon (3.4-19.8%) (Bushra and Remya, 2020). However, RH also has a high silica content (18-25%) of its total weight
(Kordi et al., 2023), which makes this residue difficult to manage and utilize in the same way as other agricultural
residues.

As one of the alternatives for utilizing RH, hydrothermal carbonization (HTC) can be employed. This is a thermochemical
process carried out in the presence of compressed water at temperatures ranging from 180 to 250 °C (Higgins et al.,
2020) and under autogenous pressures of around 4 MPa (Ighalo et al., 2025). HTC is considered a sustainable process
due to the operational energy savings and the elimination of sample pretreatment steps (Pauline and Joseph, 2020;
Orzama-Hugo et al., 2024, Selvaraj et al., 2025). The main products resulting from the HTC are: 1) A carbon-rich solid
phase known as hydrochar, 2) A liquid phase abundant in organic compounds referred to as process water (Ischia et
al., 2024), and 3) Synthesis gas, composed mainly of CO, and CO (Higgins et al., 2020). Hydrochar has characteristics
that make it attractive as a biofuel due to its higher heating value (HHV) and it has an HHV between 13 and 30 MJ/kg,
depending on the initial energy content of the raw material (Romano et al., 2023).

Recently, several applications of HCT using RH have been carried out under different operating conditions, among
which the following stand out: 1) Nizamuddin et al. (2018) performed the HTC process with microwaves at 220 °C for
30 min. The hydrochar yield was 35.9% with a HHV of 16.10 MJ/kg, used as an adsorbent, carbon sequestrant, and soil
remediator for agriculture. 2) Danso-Boateng et al. (2020), evaluated the adsorption capacity of the hydrochar obtained
at 200 °C for 20 h, observing that after the process there is an increase in C and a decrease in O, going from 53.7% to
74.1% C. 3) Hossain et al. (2020) evaluated the properties of hydrochar as a fuel and adsorbent, obtaining hydrochar at
180 °C for 20 min of reaction with a HHV between 20.27 and 19.02 MJ/kg. 4) Yang et al. (2021) carried out a co-HTC
with RH and coal from the Zhundong region at 200 °C for 2 h and the hydrochar had a composition of 98.9% SiO; in the
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ash. 5) Li et al. (2021) added metal chlorides to the HTC feed water to evaluate the improvement of carbonization, and
this addition directly affected the hydrochar yields from 28.97% to 47.10%.

Based on the previous analysis, it was identified that there is a need to evaluate the hydrothermal carbonization of rice
husk at low and intermediate operational temperatures during moderate times. In this regard, the novelty of this work
lies in performing the HCT at 180, 190, and 200 °C for 1, 2, and 3 hours, seeking a cost-effective process for obtaining
hydrochar as a biofuel. Therefore, the objective of this work is to carry out the hydrothermal carbonization of rice husks
for the production of hydrochar as a biofuel.

Materials and Methods
The materials and methods used during this investigation are described below.
Collection and characterization of rice husk

Rice husk (RH), provided by a food processing plant in Orizaba, Veracruz, Mexico, were used as raw material and this
plant generates approximately 10,000 metric tons per month of rice husk. Usually, the processed RH consists of
domestic rice plus rice imported from countries such as India, Thailand, Vietnam, and Pakistan (SIAP, 2023b). The RH
were transported and stored in the Environmental Engineering Laboratory | of the Technological Institute of Orizaba
for its analysis. As part of the study, a physicochemical characterization was performed in triplicate using the following
methods: pH was determined by TAPPI T252 om-90; moisture and total solids content were determined by gravimetric
method 2540 B; and volatile solids and ashes content were determined by gravimetric method 2540 E. Additionally,
electrical conductivity (EC) was determined using a conductivity meter (HANNA® Instruments, HI98130, USA).
Elemental analysis was also performed using an analyzer (Perkin ElImer, PE2400, USA) to determine carbon, hydrogen,
nitrogen, and sulfur content. Oxygen content was determined by difference using CHNS and ashes.

Application of the hydrothermal carbonization of the rice husk

Because the rice husk had a low moisture content, it was
ground and hydrated at a mass ratio of 1:3 rice husk:water.
After hydration, the moisture content of the rice husk was
75.58 + 2.40%., that represents the minimum moisture
content (70%) for the hydrothermal carbonization process
according to Pagés-Diaz and Huilinir (2020). The
hydrothermal carbonization was carried out in a 1 L high-
pressure stainless steel reactor (Toption Instruments, CF-1,
China), as shown in Figure 1. The reactor were operated at
180, 190 and 200 °C, with different reaction times 1, 2, and
3 hours, respectively.

Determination of the higher heating value

From the elemental analysis and the ashes content, the Figure 1. Hydrothermal carbonization reactor for
higher heating value (HHV) was determined using the obtaining hydrochar from rice husk
Equation 1, employed by Parikh and Chinniwala (2002):

HHV = 0.3491*C+ 1.1783 *H+ 0.1005 * S — 0.1034 * O — 0.015 * N — 0.0211 * Ash (1)

where: C = Carbon (%), H = Hydrogen (%), S = Sulfur (%), O = Oxygen (%), N = Nitrogen (%) and Ash = (%). All percentages
were expressed by weight. HHV values are expressed in MJ/kg.
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Results and Discussion
Characterization of the rice husk and the hydrochars

The following are presented the results of the physicochemical characterization of the RH and the hydrochars in the
Table 1. Based on the pH measurement, the rice husk showed a value close to neutral, similar to 6.5 reported by
Nwajiaku et al. (2018), which is a typical pH value for RH. However, when comparing the moisture content of the RH, a
higher value was obtained in contrast to 7.5 of Hossain et al. (2020) and 9.3 of Steven et al. (2021). Although the
moisture percentage of the RH analyzed in this study was 10.30 £ 0.09%, it was found to be insufficient for the biomass
to undergo the hydrothermal carbonization process, as this process requires at least 70% moisture according to Pagés-
Diaz and Huilifiir (2020). Therefore, it was necessary to hydrate the RH as explained in the previous section.
Furthermore, the 78.71 £ 0.19% of VS content indicates the availability of organic matter present in the sample for
carbonization. Regarding ash content, the value of 21.29 + 0.19% is higher than that reported by Nwajiaku et al. (2018)
with 11.5% and Steven et al. (2021) with 17.6%. It is important to mention that, according to Steven et al. (2021),
between 83.6 and 93.5% of the ash content corresponds to silica present in the RH. The presence of silica in the animal
feed makes this type of waste difficult to manage. The limitations due to its high silica concentration are: 1) animals
cannot digest it, and 2) it is highly resistant to burning (Ojeda-Rodriguez et al., 2024). On the other hand, the electrical
conductivity was 373.67 + 8.08 uS/cm, a value close to 330 puS/cm reported by Nwajiaku et al. (2018).

Regarding the behavior of the hydrochars, their pH values are below 4, as shown in Table 1, indicating acidic behavior
due to the increased temperature and the reaction time of the HCT process. These values are consistent with Masoumi
et al. (2021) findings that hydrochars have an acidic pH. It is noteworthy that the moisture content of the hydrochars
is lower than that of the RH, because after the hydrothermal carbonization process, the process water was removed
from the hydrocarbons by evaporation over two to three hours at 105 °C. A moisture content of less than 10% is a key
criterion for evaluating the HHV of a biofuel. The moisture content (%) of the hydrochars ranged from 5.43 + 0.04 to
8.28 £ 0.19, as shown in Table 1. The percentages of TS, VS and ash are proportional to the moisture content. It can be
observed in the Table 1 that all hydrochars presented values above 90% for TS, obtaining ranges of 74.44 +0.16 to 75.36
+ 0.05 for VS (%) and 24.64 + 0.05 to 25.56 + 0.16 for ash (%). By comparing with the literature, Yang et al. (2021),
carbonized RH at 200 °C and 2, obtaining an ash content of 21.99%; while Nakason et al. (2017), obtained hydrochar at
200 °Cduring 1, 2 and 3 h, reporting 20.9, 21.2 and 21.6% ash, respectively. Electrical conductivity shows an increasing
trend with increasing temperature and time. This increase is due to the structural arrangement of the carbon atoms
conferred by the HTC; at higher temperatures, the hydrochar structure becomes even more defined, allowing for
improved electron flow (Selvaraj et al., 2025). This is further supported by the amount of carbon obtained in the
elemental analysis, as well as the conversion to a solid through the production of primary carbon (Ischia et al., 2024).

Table 1. Physicochemical characterization of the rice husk and the hydrochars obtained under different operational conditions

pH Moisture (%) TS (%) VS (%) Ash (%) EC (uS/cm)

Rice husk 6.79 £ 0.01 10.30 £ 0.09 89.70 £ 0.09 78.71+£0.19 21.29+0.19 373.67 £8.08
1h 3.88+0.01 7.49 +£0.20 92.51£0.20 75.04 +0.38 24.96 +0.38 559.67 +7.02

180 °C 2h 3.69 +0.00 7.89 +£0.54 92.11 £ 0.54 75.03 £0.22 2497 £0.22 729.67 £2.52
3h 3.85+0.04 6.91+0.22 93.09 £0.22 75.36 £ 0.05 24.64 +0.05 781.00 + 6.56

1h 3.69 +0.03 6.17 £ 0.01 93.83 £0.01 75.06 + 0.07 24.94 +0.07 678.33 +16.01

190 °C 2h 3.73+0.10 5.43+0.04 94.57 £ 0.04 74.94 +0.09 25.06 +0.09 703.00 + 6.93
3h 3.68 +0.01 6.55+0.12 93.45+0.12 75.08 +0.16 2492 +0.16 789.33 +41.86

1h 3.86 +0.02 6.05 + 0.05 93.95 +0.05 74.82 +0.12 25.18 +0.12 792.67 £6.81

200 °C 2h 3.84+0.02 5.78 £ 0.05 94.22 £ 0.05 74.44 £ 0.16 25.56 +0.16 766.67 +12.90
3h 3.65+0.02 8.28+0.19 91.72 £0.19 74.74 £0.20 25.26 +0.20 663.67 + 8.33
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Elemental analysis and HHV evaluation

Regarding the elemental analysis of the RH, the C content was 36.70 * 0.42%, which contrasts with the value reported
by Hossain et al. (2020), which was 25.9%. The percentages of HNS are similar to those found by Hossain et al. (2020),
that were 4.7, 0.6 and 0.3%, respectively. However, Steven et al. (2021) mention a similar C content of 36.60%, but
higher percentages of H (5.83%) and N (3.31%). The presence of CHON in the RH, especially C, is highly favorable for
hydrochar, as it is a solid residue rich in C. The reason why the properties of the RH evaluated in this research differ
from those reported in the literature can be attributed to the fact that the processed rice in this case study, and
therefore its waste, consists of domestic rice plus rice imported from countries such as India, Thailand, Vietnam, and
Pakistan (SIAP, 2023b); these are cultivated under different environmental conditions, including soil type, climate of
each growing region, and planting and harvesting seasons.

Table 2. Results of the elemental analysis and the higher heating value of the rice husk and the hydrochar obtained under
different operational conditions

C (%) H (%) N (%) S (%) 0 (%) HHV (MJ/kg)

Rice husk 6.79 £ 0.01 10.30+£0.09 89.70 £ 0.09 78.71+0.19 21.29+0.19 373.67 £8.08
1h 39.14+0.94 5.25+0.05 0.57 £0.02 30.08 +£0.97 16.21+0.50

180 °C 2h 38.59+0.04 5.09 £ 0.04 0.59+0.03 30.75+0.04 15.76 £ 0.04
3h 39.39+0.46 4.69 +0.06 0.58 £0.00 28.69+0.52 15.75+0.29

1h 40.53 £ 0.63 4.77 £0.46 0.45+0.26 29.31+0.84 16.21+0.86

190 °C 2h 39.71+0.57 4.92 +0.09 0.25+0.01 30.05 £ 0.65 16.03 £ 0.38
3h 39.50 £ 0.65 4.71+0.07 0.30+0.02 30.56 +0.71 15.65+0.39

1h 39.41+0.24 4,77 £0.03 0.30+0.00 30.33+0.28 15.71+0.15

200 °C 2h 40.67 £0.29 4.79+0.02 0.23+£0.00 28.75+0.28 16.33+0.10
3h 41.00£0.41 4.71+0.03 0.26 £ 0.02 28.77 +£0.40 16.36+0.14

For the elemental analysis of the hydrochars, the carbon content ranged from 39.14 + 0.94 to 41.00 + 0.41% under the
different operating conditions, as shown in Table 2. Yang et al. (2021) reported a very similar value of 41.56%, while
Nizamuddin et al. (2018) and Hossain et al. (2020) found 47.2% carbon. Table 2 also shows a trend of decreasing H,O
and O, concentrations as temperature and reaction time increase, due to the dehydration and decarboxylation
reactions responsible for these decreases (Masoumi et al., 2021; Yang et al., 2021). The increase in C percentages and
the decrease in H and O percentages, as a result of the HTC, are due to the decomposition of the RH; that is, as H and
O are eliminated as H,0 and CO,, C concentrates in the hydrochar. Finally, the N concentration was very low compared
to CHO, while S was absent.

Evaluating the HHV, Table 2 shows that the RH was 14.34 + 0.09 MJ/kg, which is the reference value for analyzing the
trend of using higher HTC severities to obtain hydrochar with HHV values higher than the initial biomass. The highest
HHV value was 16.36 + 0.14 MJ/kg for hydrochar obtained at 200 °C for 3 h. Comparing these results with other authors,
Nizamuddin et al. (2018) reported 16.10 MJ/kg for hydrochar obtained at 220 °C for 30 minutes, while Hossain et al.
(2020) found a value of 20.27 MJ/kg at 180 °C for 20 minutes, but with a very low ash content, equivalent to 9.4%. The
similarities or differences in the results of this research compared to other authors can also be attributed to the region
where the rice was cultivated, the agricultural practices used for rice cultivation, and the physicochemical composition
of the RH as a component of the hydrochars. Finally, the hydrochars processed by HTC from the RH can be used for
heat and electricity generation through combustion, replacing fuels such as charcoal.

Conclusions

The purpose of this work was to perform the hydrothermal carbonization of rice husk from a food processing plant to
produce hydrochars as a biofuel using different operating conditions for hydrothermal carbonization. It is important to
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highlight that rice husk is a residue with low moisture content, which had to be hydrated for the HCT, but possess
valuable characteristics, including their carbon content, thus allowing for the utilization of a biomass that currently
lacks an adequate management plan. Characterization of the hydrochar revealed that it is an acidic product with a high
ash content, attributed to the amount of silica inherent in rice husks. HHV of the hydrochars values ranged from 15.71
to 16.36 MJ/kg, indicating that it is possible to improve the HHV of rice husk through HTC. The hydrothermal
carbonization process proved to reduce the volume of rice husks and yield a biofuel such as hydrochar.
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