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Abstract: The objective of this research was to evaluate the biodegradation of municipal wastewater through the cultivation of Haematococcus
pluvialis in a 4-L airlift photobioreactor over a period of 14 days, establishing the relationship between growth kinetics and changes in the
rheological properties of the medium as a potential process monitoring strategy. To identify the ideal inoculum percentage, a unifactorial
experimental design was implemented, where tests were conducted at different levels to determine statistically significant differences between
them based on the biodegradation of organic matter. Three inoculum levels (5, 10, and 15%) were analyzed in 400 mL photobioreactors where
cell growth, total COD, soluble COD, and pH were monitored. Once in the airlift photobioreactor, changes in shear stress and apparent viscosity
were monitored in a range of 0.1-200 rpm, along with cell density growth and pollutant degradation (total COD, soluble COD, total nitrogen, and
total phosphorus) every 2 days for 14 days. Laboratory-scale experiments showed soluble COD removals exceeding 95%, with the 15% inoculum
level statistically showing the highest organic load removal. In the airlift reactor scale-up, a soluble COD removal percentage of 78% was achieved,
and concentrations and concentrations values below the maximum permissible limits established by Mexican regulations (NOM-001-SEMARNAT-
2021) were obtained for phosphorus and nitrogen content. The rheological monitoring showed an affinity to the Herschel-Bulkley model (R? >
0.99), with a decreasing trend observed in the consistency index (k), which decreased from 8.517 x 10~° to 1.453 x 107%, and an increasing trend
in the flow index(n), which rose from 1.583 to 1.905. This improvement is attributed to the reduction of soluble COD to values as low as 180 mg/L
and to the increase in microalgal biomass, which reached up to 1.3 x 107 cells/mL.
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Introduction

In Mexico, the increasing generation of municipal wastewater constitutes a highly relevant environmental and public
health problem. It is estimated that 76.8% (215.5 m3/s) of the wastewater generated was collected in sewage systems,
of which more than 40% does not receive adequate treatment before being discharged into receiving bodies of water
(CONAGUA, 2022), which significantly contributes to the pollution of rivers, lakes, and aquifers. This situation is
aggravated by the limited efficiency of conventional treatment technologies, which present technical and operational
restrictions in the face of the increasing organic load and the presence of inorganic nutrients such as nitrogen and
phosphorus that cause eutrophication of the environment. Furthermore, these systems usually require high energy
demands because, in most cases, they require long periods of time to decompose complex organic compounds, which
limits their effectiveness (Rout et al., 2021).

Another major problem is that these processes generate polluting byproducts; for example, activated sludge systems
produce large volumes of residual sludge that require additional stabilization, dehydration, and final disposal processes
(Wu et al., 2022), which pose environmental risks if not properly managed. On the other hand, conventional biological
treatment generates greenhouse gases, mainly carbon dioxide (CO,), nitrogen oxides (NOy), and methane (CH,4) derived
from the decomposition of organic matter. Taken together, these problems limit long-term sustainability and increase
the need for new treatment alternatives (Singh et al., 2017).

Given this scenario, wastewater treatment with microalgae has emerged as a promising alternative in wastewater
bioremediation processes due to its ability to assimilate organic and inorganic compounds, generate oxygen through
photosynthesis, and produce value-added biomass. In particular, Haematococcus pluvialis is a green microalga of high
biotechnological interest that has demonstrated a remarkable affinity for nutrients such as phosphorus and nitrogen,
as well as efficient biomass accumulation under controlled cultivation conditions during its vegetative phase (Pan et
al., 2021). This species is known for its production of extracellular polysaccharides (EPS), which can induce significant
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transformations in the rheological properties inside photobioreactors, in addition to promoting the aggregation and
sedimentation of suspended and colloidal compounds (Laroche, 2022; Wang et al, 2019).
While it has been shown that microalgae can grow in open environments, to obtain higher yields and better quality
biomass, it is suggested that their propagation be carried out in isolated reactors. The airlift type is an ideal
configuration to promote gentle but effective mixing without the need for moving parts; its hydraulic dynamics favor
the homogenization of the culture, improving the transfer of gases such as CO, and O, (Uyar et al., 2024). Furthermore,
it keeps the microalgal cells in suspension, reducing dead zones, preventing cell damage from shear stress, and
improving the overall efficiency of the process. These particular conditions of controlled flow and continuous aeration
can directly affect the rheological properties of the culture because as cell density increases and biomolecules such as
EPS accumulate, the apparent viscosity of the medium can increase, altering the flow profile (Adesanya et al., 2012).

Previous studies have shown that microbial and algal growth in alternative biodegradation systems for wastewater and
semi-solid waste can influence the rheological properties of culture media, suggesting their potential as indirect
monitoring tools (Gutiérrez-Casiano et al., 2022; Estrada-Garcia et al., 2023). However, the relationship between
rheology and growth kinetics in Haematococcus pluvialis has not been thoroughly investigated, particularly under the
complex conditions of municipal wastewater, which present both high organic load and compositional variability.

In this context, this study proposes the use of rheological characterization as a control and monitoring strategy for the
treatment of municipal wastewater with H. pluvialis, linking rheological changes to cell growth dynamics and the
reduction of organic load. It is proposed that changes in rheological properties, particularly in parameters such as the
consistency index (k) and the flow index (n) of the Herschel-Bulkley model, may be correlated with increased cell density
and the efficiency of removing dissolved organic matter (soluble and total COD). This approach not only allows for a
better understanding of the system's physical-biological dynamics, but it can also represent a practical and non-invasive
alternative for real-time operational decision-making.

Materials and Methods
Physicochemical and microbiological characterization of Municipal Wastewater (MWW)

Sampling was carried out using NMX-AA-003-1980 in a wastewater effluent within the flow of the "Rio Blanco" located
in the municipality of Mendoza, Veracruz, Mexico, with a weekly frequency and during the season known as the winter
drought in the period October-December. Physicochemical and microbiological characterization of municipal
wastewater (MWW) was carried out to determine its composition and contaminant potential. Sampling was
maintained until the physicochemical and microbiological parameters showed consistent values between consecutive
samples, with standard deviations within narrow ranges. This criterion was considered indicative of a constant
composition, ensuring a representative and characteristic profile of municipal wastewater during the winter dry season.

The characterization of the wastewater consisted of determining soluble COD (CODs) and total COD (CODy) using the
method of standard NMX-AA-030/1_SCFI-2012; the content of total solids (TS) and total volatile solids (TVS), total
nitrogen (TN) using the Kjeldahl method and total phosphorus (TP) were evaluated according to the Standard Methods
for the Examination of Water and Wastewater 23rd Edition (2017) (APHA et al., 2017), and the determination of pH by
the potentiometric method.

Experiments on the growth of H. Pluvialis

The microalga H. pluvialis was acquired from the company Algae Bank. Initially, the alga was propagated in M1B5
medium until a concentration of approximately 7.5 x 10° cells/mL was reached, sufficient to begin the adaptation and
growth experiments in MWW (Radice et al., 2024). Figure 1 shows the experimental setup for the growth of H. pluvialis
in MWW. To evaluate the efficiency of the bioremediation process, three inoculum levels (5%, 10%, and 15%) were
established in 400 mL photobioreactors with three replicates for each (n=4).

Photobioreactors with different inoculum levels were maintained under constant aeration conditions of 1.2 L/min,
constant temperature (20 *+ 2 °C), and white light at 1000 lux in 12:12 (light:dark) photoperiods. All experiments were
monitored every 3 days for a 14-day period, during which the following parameters were tracked: CODt, CODs, pH, and
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cell count. To identify the optimal inoculum percentage in the 400 mL photobioreactor trials, a unifactorial
experimental design was implemented, in which tests were carried out at different levels to determine statistically
significant differences among them based on the biodegradation of organic matter. Minitab 18.1 software was used
for the statistical analysis.
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Figure 1. Bioconversion experiments using H. Pluvialis.

Cell density determination was performed using a Neubauer chamber, which has a central 1 mm? grid with 25 squares,
each composed of 16 smaller squares. Its standard depth with the coverslip is 0.1 mm, taking into account the volume
of the central quadrant: 1 mm? * 0.1 mm = 0.1 mm?3 = 10™* mL. Therefore, cell density was determined using Equation
1, taking into account that 25 squares were counted for greater accuracy, and the dilution factor was added as needed.

cellsy number of cells * 250 000
] = number of cells * 10 000 (1)

ld
cell density [ number of squares

Scaling up in airlift photobioreactors

The scaling up of experiments with H. pluvialis was carried out in a self-made airlift photobioreactor with a total volume
of 5.5 Land a functional volume of 4 L. Figure 2 shows the design of the photobioreactor, where commonly used design
parameters can be identified. It has been demonstrated that the correct proportion ratios favor efficient mixing, a
homogeneous environment, and healthy cultivation without the need for mechanical agitation (Zhang et al., 2014). The
main column has a height of 68 cm (h¢). The main column has a height of 68 cm (h.). The section where the gas and
liquid are injected and rise is called the riser, which consists of an internal concentric tube with a diameter of 0.75 in
(dgt) and a height of 51 cm (hg:). This tube, called the draft tube, was strategically placed 5 cm from the bottom of the
photobioreactor (hy) to allow fluid recirculation. The gas sparger was located in this area and operated at a flow rate
of 1.2 L/min.
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— he: Column height : 68 cm
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Figure 2. Design and photo of the photobioreactor used in the process. Adapted from (Li et al., 2022)
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At the top of the photobioreactor, a distance of 5 cm (h:) was established between the top of the inner concentric tube
and the liquid level. In this area, the gas bubbles introduced to generate agitation and flow rise and are released,
resulting in a physical separation between the liquid medium (microalgae) and the unabsorbed gas. For this reason,
this area is called the gas-liquid separator zone (Behin & Amiri, 2023). In the part where there is no gas flow, the liquid
descends by gravity due to the density difference with the ascending zone; this zone is called the downcomer zone
(Mazziero et al., 2022).

To determine the inoculum percentage for scale-up in the airlift photobioreactor, the selected criterion was the ability
to achieve the maximum permissible limits of soluble COD (sCOD) removal in the shortest possible time within the
evaluated period (14 days), while simultaneously avoiding potential inhibition derived from excessive inoculum loads.
The light, ventilation, and temperature conditions remained the same as in the previous phase. Samples were taken
every 48 hours for 14 days to analyze the behavior of CODy, CODs, TN, TP, cell count, and rheological variables.

Rheological variable monitoring was performed using a Brookfield DV2T rotational viscometer with the ULA spindle.
Viscosity (cP), torque (%), shear stress (Pa), and shear rate (s™) values were recorded at different angular velocities,
initially in 1 rpm intervals up to 10 rpm, and subsequently from 10 rpm to 200 rpm. Shear stress was plotted against
shear rate to generate rheograms; these results were then fitted to the Herschel-Bulkley, Ostwald-de Waele, and
Newtonian rheological models (Equations 2-4). From these equations, rheological parameters were obtained, such as
the consistency index (k), the flow index (n), the yield stress (1), and the apparent viscosity (Pa-s).

T=k-y" (2)
t=10+(k-y") (3)
T=n"Yy (4)

Results and Discussion

The results of the physicochemical characterization of the municipal wastewater are shown in Table 1. It should be
noted that the pH can be considered neutral; this is due to several factors such as the presence of organic acids and
bases in the municipal wastewater, fostered by microbiological activity with aerobic and anaerobic bacteria which
produce carbonic acid and ammonia, causing a natural equilibrium tending to self-regulate the medium at a neutral pH
(Huang et al., 2021). The pH value obtained in this study is within the range reported by Pérez-Guzman et al. (2024),
who mention that for municipal effluents the pH reached a value of 8.19; this parameter in both cases remained within
the permissible range according to Mexican regulations (NOM-001-SEMARNAT-2021).

Table 1. Physicochemical characterization of municipal wastewater.

Parameter Units Average value Standard
MWW deviation
pH - 7.90 £0.23
TS mg/L 2066 +160
VIS mg/L 1701 +145
cob mg/L 2592 +324
Soluble COD mg/L 785 +123
i mg/L 17 0
™ mg/L 32 4

The wastewater showed high values of CODr and CODs (2595 mg/L and 785 mg/L respectively), which is attributed to
the dry season during which the samples were taken. Both values were above the maximum permissible limit, as were
the total suspended solids, indicating a high organic load. The values obtained are similar to those reported by Ata et
al. (2021), where average COD values of 2367 mg/L were reached in the June—November period and the sampling
points were located at the inlet of untreated water from different treatment plants.
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A TN concentration of 32 mg/L was obtained, which is within the range of 30-35 mg/L reported in the literature for
municipal wastewater (Tang et al., 2023). The amount of TN is directly related to the urea content in human urine,
which is a typical component in the composition of this effluent and increases the nitrogen present, mostly in the form
of ammonium (Simha et al., 2023). The TP content found was 17 mg/L, higher than that reported in the literature (Han
et al., 2021) in the range of 4.3-5.5 mg/L. This is attributable to the high content of detergents and cleaning products,
which contribute synthetic phosphates (Azam & Finneran, 2013). Nitrogen and phosphorus are considered pollutants
that promote the eutrophication of water bodies, causing an imbalance in the ecosystem; however, in bioremediation
systems using microalgae, these nutrients are consumed and tend to be the main precursors of cell growth and
development (De Moraes et al., 2023).

Figure 3a shows the growth assays of H. pluvialis in MWW, where a similar cell density is observed at the beginning of
the experiments in the 3 inoculum levels; however, statistically significant differences were found, indicating that a
higher cell density was achieved with the 5% inoculum. The exponential growth phase was found to begin on day 10,
where a deceleration in the increase of cell density is observed with the highest inocula (10% and 15%). The tendency
of the lower inocula to reach higher cell concentrations is recurrent in wastewater bioremediation systems, as
mentioned by Sales-Pérez et al. (2023b), where they used N. oculata for the treatment of poultry wastewater, varying
the amount of inoculum at 3 levels (10%, 15%, and 20%), obtaining higher cell densities with the lower inoculum, while
the higher inocula showed inhibition. This is generally attributed to the fact that in inocula with high volumes, nutrients
(P, N, and C) are consumed quickly and with greater competition (Khalid et al., 2018). Another factor to consider is that
in systems with high cell density, light access to the culture is reduced, mainly in the area of the photobioreactor walls,
producing a self-shading effect inside, generating inefficient nutrient consumption and producing growth inhibition
(Jeong & Jang, 2021).
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Figure 3. (a) Cell growth kinetics of H. pluvialis in MWW, (b) pH values determined during the growth of H. pluvialis.

Microalgae exhibit their highest growth rate in culture media with a pH between 7.0 and 8.4, a range in which
bicarbonate (HCOs™) constitutes the predominant form of available inorganic carbon (Onyeaka et al., 2021). Figure 3b
shows the variations in pH values during the experiment with the 3 inoculum levels. Similar behavior was found for all
three inoculum levels, where from day 2 onwards there was an increase in pH until day 6. From that day until the end
of the experiment, fluctuations between 10 and 8.5 were recorded. This tendency to alkalinize the medium is
characteristic of microalgae systems and is directly related to the assimilation of carbon present in the wastewater by
the microalgae. During the photosynthesis process within photobioreactors, microalgae rapidly fix CO2 in a reaction
that initiates the Calvin-Benson cycle, ultimately producing carbohydrates (Amaro et al., 2023). This CO2 removal
reaction shifts the carbonate system equilibrium, favoring the dissociation of bicarbonate (HCO3™) and carbonate
(CO3*), which generates hydroxyl ions and causes alkalinization of the medium, as shown in equations 5 and 6 (Abdel-
Raouf et al., 2012).

2(HCO3) —» CO%™ + H,0 + CO, (5)

CO2~ + H,0, - 20H™ + CO, (6)
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Microalgae treatments promoted the biodegradation of organic pollutants, converting them into simpler molecules
and using the assimilated carbon for their growth and development (Zhou et al., 2022). Figure 4a shows the COD
removals during the experiments with the 3 inoculum levels, which removed concentrations between 64-74% of COD,
similar to those reported by Abdel-Raouf et al. (2012) who obtained 67% COD removals for biological systems in
wastewater treatment using microalgae. In the removal of total COD, it is common to find a point in these types of
systems where it no longer decreases; this may be due to a combination of several factors, such as the cell lysis process
due to the stress caused by the aeration system, which causes the release of intracellular content, compensating for
the preliminary COD reduction (Qiu et al., 2017). Furthermore, it should be mentioned that in the stationary phase of
cell growth, an equilibrium is reached between the COD removal rate and the biomass generation rate (Sobolewska et
al., 2024), which is organic matter susceptible to degradation, which may explain why no considerable COD reduction
occurred after day 8. Regarding the statistical analysis, no significant differences were observed in tCOD removal among
the three inoculum levels evaluated (one-way ANOVA, p > 0.05, n = 4). Post-hoc comparisons (Tukey’s test) confirmed
the absence of statistically significant pairwise differences. This lack of significant differences may be explained by the
fact that tCOD includes both soluble and particulate organic fractions; while inoculum size can enhance the
biodegradation of soluble organic matter, the particulate fraction tends to be less biodegradable and largely unaffected
by inoculum concentration. Consequently, variations in inoculum percentage exerted only a minor influence on overall
tCOD removal efficiency.
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= 10% 800+ °
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T 1
12 14
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Figure 4. Behavior of the removal of (a) CODr (b) CODs.

Soluble COD (COD;) is mainly composed of dissolved organic compounds and low molecular weight colloidal material
(Ptuciennik-Koropczuk & Myszograj, 2019). Figure 4b shows the removal of CODs with the different inoculum
concentrations evaluated, where a decreasing trend was observed from day 2 onwards, with removals of up to 70% for
all experiments. Between days 2 and 10, fluctuating behavior was observed, with no significant changes in COD levels.
Finally, after day 12, in all cases a decrease is observed until levels below the maximum permissible levels established
in NOM-001-SEMARNAT-2021 (dotted line) are reached, obtaining a total removal of 92% - 99% for the 3 inoculum
levels. However, statistically significant differences (p < 0.05, one-way ANOVA, n = 4) were observed among the
inoculum percentages evaluated. Post-hoc analysis (Tukey’s test) revealed that the highest COD, removal percentages
were obtained with 15%, which is consistent with the findings of Gentili (2014) who obtained a 92.7% removal of COD,
using Scenedesmus sp. in municipal wastewater combined with industrial wastewater. The decrease in COD in
microalgae systems is caused by various factors, one of the main ones being the generation of EPS during microalgae
metabolism. These compounds promote coagulation and the formation of flocs of colloidal particles; this new solid
fraction is removed using mechanical operations such as centrifugation or sedimentation, thus reducing the COD
concentration in the liquid phase (Xu et al., 2023).

Among the tested conditions, the 5% inoculum promoted the highest cell concentration, whereas the 15% inoculum
achieved the greatest sCOD removal. However, only the 10% inoculum simultaneously ensured compliance with the
regulatory discharge limits within the experimental timeframe in the shortest period, without exceeding biomass levels
that could compromise reactor stability. Based on this predefined criterion, the 10% inoculum was selected for the
scale-up experiments.
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Figure 5a shows the results obtained in the airlift photobioreactor with H. pluvialis for the bioremediation of municipal
wastewater; the green line shows cell growth and the blue line shows the decrease in CODs over 14 days. The cell
growth curve shows that the 0-6 day period was an adaptation phase; after that, a maximum concentration of 1.3 x 10’
cells/mL was reached. Robles-Heredia et al. (2016) reported a similar maximum growth of 1.18 x 107 cells/mL of
Chlorella vulgaris in an 11 L airlift photobioreactor. However, in this case, a lower cell concentration was obtained
compared to experiments with 400 mL photobioreactors. This result is a common phenomenon when scaling up
biological systems and can be explained by several interrelated factors affecting the availability of light, gases, and
nutrients (Benner et al., 2022; Xu et al., 2009).

Figure 5a shows the behavior of CODs during the 14 days of experimentation in the bioremediation system with the
airlift-type photobioreactor. A significant decrease in COD, was observed from day 2 until reaching values close to the
maximum permissible limits from day 12, and by day 14 a maximum removal of 80% was achieved. This reduction can
be explained by a series of synergistic mechanisms of a biological and physicochemical nature that operate
simultaneously during the process. Firstly, during microalgal photosynthesis, CO, is used for biomass generation and
the production of molecular oxygen (0,). The O, acts as a terminal electron acceptor for heterotrophic bacteria that
degrade dissolved organic compounds of low molecular weight such as volatile fatty acids, simple carbohydrates, and
hydrosoluble proteins (Mathew et al., 2022). This is complemented by the secretion of EPS, which, as already
mentioned, act as natural flocculants that also promote the coagulation of colloidal particles, that is, they transform
the COD;s into a particulate fraction that is easily removed by sedimentation or filtration.
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Figure 5. Behavior of the bioremediation process using H. pluvialis within the airlift FBR: (a) Removal of CODs and cell growth; (b)
Consumption of TP and TN.

The reduction of TP and TN in bioremediation systems represents a key component for the efficient treatment of
wastewater, especially given the need to comply with environmental regulations in order to counteract eutrophication
(Whitton et al., 2015). Figure 5b shows the decrease in concentration of TP (black line) and TN (red line), where removal
percentages of 77% and 89% were obtained, respectively, both complying with the maximum permissible limits
established by Mexican regulations (NOM-001-SEMARNAT-2021). It should be noted that this process was carried out
under conditions characteristic of maintaining the vegetative phase of H. pluvialis, which favored the assimilation and
consumption of these nutrients because, in this physiological phase, it has a high demand for nutrients to sustain the
synthesis of essential biomolecules (Nahidian et al., 2018). In this study, the greatest reduction in phosphorus and
nitrogen was observed during the active growth phase (between days 10-14), indicating that removal was mainly
dominated by biological processes. Firstly, the nitrogen presents in the municipal wastewater in the form of ammonium
(NHz*), nitrate (NO3~), and other organic forms, was incorporated by the microalgae for the synthesis of amino acids,
proteins, nucleic acids, and pigments (Vega, 2018). On the other hand, phosphorus is absorbed as orthophosphate
(PO4*") and used in the formation of ATP, membrane phospholipids, and nucleic acids through phosphorylation (Su,
2020).

It has been demonstrated that the design of the photobioreactor directly influences the efficiency of bioremediation
systems that use microalgae for wastewater treatment (Fu et al., 2019). The proposed design configuration and
parameters allowed for continuous and smooth mixing, which prevented the presence of dead zones and cell shearing,
and also promoted homogeneous distribution of light and nutrients. This increased the efficiency of the cultivation and

REB&S 2025, 7(2), 1-12. https://doi.org/10.56845/rebs.v7i2.566 7



https://doi.org/10.56845/rebs.v7i2.566

Renewable Energy, Biomass & Sustainability (REB&S) @ ALDESER

reaction conditions, allowing the processes of organic matter degradation, cell growth, and nutrient consumption to
develop more efficiently, especially compared to static or poorly aerated systems.

In wastewater bioremediation systems that use microalgae, the incorporation of monitoring and control tools is
fundamental to increasing process efficiency. In this context, rheology emerges as a valuable tool for evaluating the
real-time state of the microalgal culture and its influence on the operation of the photobioreactor. This perspective is
especially relevant in airlift-type photobioreactors, where the movement of the culture depends exclusively on the flow
dynamics induced by aeration. Figure 6a shows the flow curves of the initial and final samples extracted from the
photobioreactor during the bioremediation process. An increase in shear stress is observed in the final sample (blue
line) compared to the initial sample due to the increase in biomass concentration during the photobioreactor's
operation period. As the microalgae grew, a denser and more structured medium was generated. This higher cell
concentration implies a greater resistance to flow, which translates into a higher shear stress, shifting from near-
Newtonian to non-Newtonian behaviors.
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Figure 6. Initial and final rheological monitoring during the bioremediation process: (a) Rheogram (b) Apparent viscosities.

Figure 6b shows the apparent viscosity profiles of the initial and final samples from the microalgae treatment in the
airlift photobioreactor. An increasing trend in apparent viscosity was observed in the final sample. It has been
demonstrated that a moderate increase in apparent viscosity can be interpreted as a positive indicator of the process,
as it evidences active growth, high cell productivity, and possible capture of dissolved organic matter in the liquid phase
(Attar et al., 2023). This behavior, accompanied by initial, intermediate, and final variations in rheological parameters
such as the consistency index (k) and the flow index (n) obtained from correlations with the models, allows the
establishment of process control zones where the system is identified as having reached its maximum efficiency in both
contaminant removal and biomass production. Similarly, the analysis of these parameters facilitates the determination
of critical operating conditions that indicate the appropriate time to perform biomass extraction, thereby avoiding
system saturation or losses in treatment efficiency.

The results of the rheological variables according to the commonly used models are shown in Table 2; the flow index n
was greater than 1 in all the samples analyzed, therefore they were considered dilatant. In this case, the Herschel-
Bulkley model had the correlation coefficient closest to unity, and therefore provided the best fit to the data. An
increasing trend in the flow index n was observed during the sampling period, reaching a maximum value of 1.905 on
day 14. This suggests that as microalgal biomass accumulates, these structures compact and reorganize under agitation,
causing an increase in apparent viscosity at higher deformation rates. This behavior is similar to that reported by
Gutiérrez-Casiano et al. (2022), who conducted a rheological monitoring of wastewater bioremediation from a poultry
processing plant using Chlorella vulgaris in an airlift photobioreactor over 16 days. In the three samplings recorded
(initial, intermediate, and final), the index n increased during the first 8 days of the process, which was related to the
exponential phase of cell growth. In the last sampling, a slightly lower n value was recorded compared to the
intermediate value, attributable to the decrease in cell-to-cell interactions and the generation of EPS due to the cell
death phase. Therefore, an increase in n can be considered an indirect indicator of the accumulation of active biomass
and the structural complexity of the system.
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Table 2. Rheological parameters during the biodegradation process

Day Model Ty K n R?
Ostwald de Waele - 8.517e-005 1.583 0.9937
0 Newton - 0.001792 - 0.9356
Herschel Bulkley 0.01985 3.186e-005 1.758 0.9974
Ostwald de Waele - 8.831e-005 1.573 0.9918
2 Newton - 0.001754 - 0.9347
Herschel Bulkley 0.02242 2.845e-005 1.773 0.9968
Ostwald de Waele - 9.607e-005 1.554 0.9933
4 Newton - 0.001729 - 0.9388
Herschel Bulkley 0.01907 3.725e-005 1.721 0.9970
Ostwald de Waele - 9.657e-005 1.564 0.9884
6 Newton - 0.001834 - 0.9325
Herschel Bulkley 0.02860 3.047e-005 1.764 0.9963
Ostwald de Waele - 0.0001231 1.517 0.9871
8 Newton - 0.001828 - 0.9385
Herschel Bulkley 0.02894 2.309e-005 1.818 0.9947
Ostwald de Waele - 0.0002362 1.422 0.9736
10 Newton - 0.002139 - 0.9405
Herschel Bulkley 0.04577 2.884e-005 1.758 0.9872
Ostwald de Waele - 0.0001213 1.521 0.9817
12 Newton - 0.001839 - 0.9334
Herschel Bulkley 0.03566 1.961e-005 1.844 0.9938
Ostwald de Waele - 0.0001264 1.520 0.9792
14 Newton - 0.001905 - 0.9313
Herschel Bulkley 0.04199 1.453e-005 1.905 0.9949

The correlation between the flow index (n) and cell density revealed a logarithmic relationship (equation 7), as shown
in Figure 7a, with a determination coefficient of R?> = 0.9182. This strong correlation suggests that the rheological
behavior of the treated effluent within the reactor is closely associated with the development and accumulation of
microalgal biomass. Specifically, the increase in cell density from 1.7 x 108 to 1.2 x 107 cells/mL resulted in a progressive
rise in the flow index from 1.74 to 1.90. The logarithmic fit highlights that the greatest variations in the flow index occur
at lower cell densities, whereas at higher concentrations the system tends to stabilize.

In a microalgae-based bioremediation system, a decrease in the consistency index (k) has been demonstrated to be a
positive indicator of the removal of colloidal organic matter from wastewater (Schneider and Gerber, 2014). The
consistency index remained constant in the range of 3 x 10~ — 2.3 x 107 during the first 10 days of the process;
however, from day 12 to day 14, it decreased to a value of 1.453 x 107°. These values can be related to the results
obtained from the decrease in COD, since between days 2 and 10 the values fluctuated between 500 mg/L and 400
mg/L, until days 12 and 14, when a downward trend was observed. The behavior of this correlation is shown in Figure
7b, where the relationship between the consistency index (K) and the CODs concentration exhibited a logarithmic fit
(Equation 8) with a correlation coefficient of R? = 0.8144, indicating a consistent association between both variables.
Nevertheless, the R? value lower than 0.9 suggests that the relationship is not fully explained by soluble COD
concentration alone. This can be attributed to the fact that organic matter comprises both biodegradable and non-
biodegradable compounds, the latter being metabolically unavailable but potentially contributing indirectly to the fluid
viscosity. At the beginning of the process, the microalgal biomass primarily consumes biodegradable organic
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compounds; however, as the process progresses, the degradation rate decreases due to the predominance of non-
biodegradable organic matter and only a minor fraction of biodegradable compounds.

1.954 4%10-5 -
1.90 <
T 5 ax105{ ¢ T ee ®
- °
3 1.854 £ P
2 g 2x10°+ e
2™ 0.0463In(x)+1.1221 § y=1e-05In(x)-4-05 *
i y=0.0463In(x)*1. ‘2 1%x10°5-] 2
17547 R2=0.9182 g R?=0.8144
: o
1.70 T T T T T 0 T T T T T T 1
0 2.5x108 5x108 7.5%x10¢ 1x107 1.25%107 800 700 600 500 400 300 200 100
Cell growth [cel/mL] CODg [mg/L]
y=0.0463In (x) +1.1221 (7) y=1e—-05In(x) —4e — 05 (8)
(a) (b)
Figure 7. Correlation of (a) Flow index with cell density (b) Consistency index with CODs.
Conclusions

The MWW proved to be a suitable medium for the growth of H. pluvialis. Furthermore, adaptation tests showed that
at low inoculum concentrations, inhibition phenomena caused by high substrate competition and self-shading are
avoided. On the other hand, in the 400 mL photobioreactor experiments for the 3 inoculum levels evaluated, the
organic matter content was effectively reduced, achieving removals greater than 64% of total COD and 92% of CODs.

During the scale-up in the airlift photobioreactor, removals close to 80% of CODs were obtained, and effective
consumption of N and P was achieved, with both parameters remaining below the maximum permissible ranges
according to Mexican regulations (NOM-001-SEMARNAT-2021). This confirms that the implementation of the airlift
photobioreactor with the proposed configuration favored the optimal development of the culture, increasing the
efficiency of pollutant removal and cell productivity.

The rheological monitoring carried out simultaneously with the kinetics of pollutant removal showed a dilatant
behavior (n>1) characteristic of systems that use microalgae, and the affinity for fitting with the Herschel-Bulkley model
allowed for establishing relationships of change with the rheological parameters of consistency index (k) and flow index
(n). Monitoring these variables offers an indirect but robust approach to evaluate the physiological state of the culture,
biomass accumulation, and the efficiency of soluble organic matter removal, which makes rheology a strategic control
tool for the wastewater treatment process with the microalga H. Pluvialis.
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