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ABSTRACT
The rising demand for sustainable bioresources has prompted interest in wastewater-based microalgal cultivation for bioactive compound production. In this study, municipal wastewater (MWW) was evaluated as a sole culture medium for biomass production by the double mutant Chlorococcum humicola MCH4 following ultrasonic pretreatment. Response Surface Methodology (RSM) based on a Central Composite Design (CCD) was employed to optimize ultrasonic intensity (0.2-0.5 W/mL) and exposure time (10–30 min). The model was statistically significant (p = 0.05), with high determination coefficients (R2 = 99.1%, R2adj = 98.4%). Optimal pretreatment conditions were identified at 0.35 W/mL for 20 min, resulting in maximal biomass yield of 3.98 g/L, compared to 1.76 g/ in untreated 50% MWW and 1.32 g L⁻¹ in BBM control. Ultrasonic pretreatment increased dissolved organic matter from 12.41 ± 0.11 to 35.12 ± 0.14 mg/L, while eliminating bacterial colonies (reduced from 272 CFU to 0 CFU), demonstrating its dual role in nutrient solubilization and disinfection. Biomass production using varying UPMWW strengths showed the highest yield at 75% UPMWW (4.29 g/L), significantly higher (p = 0.05) than other concentrations. FTIR analysis confirmed the presence of proteins, polysaccharides, lipids, pigments, and astaxanthin in the biomass, suggesting suitability for value-added bioproducts. To the best of our knowledge, this is the first report characterizing UPMWW-grown double mutant C. humicola MCH4 for sustainable bioactive feedstock production. Overall, UPMWW presents a promising low-cost substrate for circular bioeconomy-driven microalgal bioprocessing.
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1. INTRODUCTION 
As the global population continues to rise and climate change intensifies, there will be an unprecedented need for sustainable food sources that offer more than just basic nutrition. This situation calls for alternative resources-such as microalgae-that can support the functional food sector while meeting the expanding health demands of future generations. Interest in natural health-promoting molecules has risen alongside the expanding market for functional foods and nutraceuticals. Microalgae are now recognized as sustainable and versatile producers of valuable bioactive metabolites, including proteins, lipids, pigments, and polysaccharides with diverse functionalities. These metabolites exhibit notable biological activities, such as antioxidant, anti-inflammatory, antimicrobial, anticancer, and neuroprotective effects. Because of this broad biochemical profile, microalgae serve as excellent natural sources of functional ingredients and natural colorants for food, nutraceutical, and pharmaceutical industries. In addition, evidence from human studies increasingly highlights the positive effects of microalgal supplementation on disease prevention and general health improvement (Oslan et al., 2025).

Microalgae exhibit significantly faster growth rates compared to land plants and are capable of thriving in various aquatic environments, including freshwater, marine habitats, and even wastewater. Despite these advantages, the major barrier to commercializing microalgae-derived products and biofuels remains the high production cost (Lu et al., 2020). Using synthetic nutrient media for large-scale cultivation is not economically feasible, making wastewater a promising low-cost alternative for biomass production. In addition to providing nutrients, wastewater cultivation enables microalgae to remove pollutants through phycoremediation while simultaneously fixing atmospheric CO2 during growth. Nonetheless, the success of nutrient removal and biomass generation is highly dependent on both the characteristics of the wastewater and the microalgal strain used. Wastewater often contains a mixture of organic and inorganic compounds, particularly nitrogen and phosphorus, and excessive levels of these nutrients can hinder microalgal growth rather than support it (Xie and Liu, 2010).

Wastewater is generated from various domestic, agricultural, and industrial activities, and contains a mixture of anthropogenic pollutants along with organic and inorganic substances that enter the environment (Le et al., 2021; Mofijur et al., 2021). If left untreated, these contaminants can lead to severe ecological damage and pose significant health hazards to humans. Consequently, effective wastewater management has become a major priority in many regions to safeguard water quality and ensure sustainable water availability (Abdel-Raouf et al., 2012; Ahmed et al., 2022). Wastewater typically carries a broad spectrum of organic compounds-including carbohydrates, proteins, lipids, and amino acids-along with high levels of inorganic nutrients and diverse microbial populations (Wen et al., 2020; Goswami et al., 2021). For microalgal cultivation, wastewater often requires appropriate pre-treatment to break down complex organic molecules into simpler forms that can be readily assimilated. Moreover, large-scale implementation of such approaches must be both economically feasible and environmentally sustainable (Ahmed et al., 2022). To achieve effective degradation of organic matter, several disintegrations strategies-used either individually or in combination-have been explored, including ultrasonic, thermochemical, and thermo-chemo-sonic treatments, which generally demand high energy inputs. These methods have been shown to successfully decompose various organic pollutants present in wastewater (Guo et al., 2016).

Ultrasonic (US) pre-treatment is a physical method widely employed to enhance the breakdown of organic pollutants, typically using ultrasound frequencies ranging from 20 to 100 kHz (Mischopoulou et al., 2016). When ultrasound waves pass through water, they generate cavitation bubbles that rapidly collapse, producing strong shear forces and reactive radicals (Ciggin et al., 2021). These effects contribute to the disruption of organic matter and destruction of microbial cells (Pilli et al., 2011; Zhao et al., 2020). US pretreatment can be applied before using wastewater as a cultivation medium for microalgae intended for biodiesel production, as it offers lower operational costs compared to many alternative pre-treatment methods. It is also favored due to its simple operation, modest energy requirements, and minimal need for complex equipment or technical modifications (Naveena et al., 2015). Several studies have shown that low-intensity ultrasound can enhance biological nutrient removal, particularly nitrogen and phosphorus, and boost the overall metabolic activity of activated sludge (Xie et al., 2008; Xie and Liu, 2010). However, if the ultrasonic power is set too low or excessively high, it may negatively affect biological activity and slow down degradation processes (Schlafer et al., 2002).

In this study, Response Surface Methodology (RSM) based on a Central Composite Design (CCD) was used to evaluate the effects of ultrasonic parameters-specifically ultrasonic intensity and exposure duration—during the pretreatment of municipal wastewater used as the sole cultivation medium for biomass production by the double mutant Chlorococcum humicola MCH4. In addition, the biomass obtained from ultrasonically pretreated municipal wastewater (UPMWW) was characterized using Fourier Transform Infrared (FTIR) analysis.

2. MATERIALS AND METHODS

2.1 Double Mutant Strain 
The green microalga used in this work was a double mutant derived from Chlorococcum humicola. The wild-type strain, C. humicola KMS2 (GenBank Accession No.: PQ650940), was originally isolated as a pure culture from an ancient freshwater lake in Mamandur (12.75°N, 79.99°E), Cheyyar Taluk, Tiruvannamalai District, Tamil Nadu, India (Figure 1). To obtain a double mutant, the wild strain was first exposed to UV-C radiation for 10 min, followed by treatment with 1.5 M ethyl methanesulfonate (EMS). This step-wise mutagenesis produced the double mutant, designated C. humicola MCH4. The mutant culture was routinely maintained in Chu-13 medium (Chu, 1942) and served for all subsequent experiments. The stock culture was grown under continuous white fluorescent illumination (30 µE m-2 s-1) with a 12:12 h light–dark cycle at a temperature of 25 ± 2 °C.
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Figure 1. Geographical map of study area Mamandur lake located in Cheyyar Taluk, Tiruvannamalai District 

2.2 Collection and Dissolved Organic Matter Estimation of Municipal Wastewater
The untreated Municipal wastewater (MWW) was collected from Kanchipuram, Tamil Nadu, India. At the collection site, the raw MWW was initially passed through a 20-mesh sieve to remove coarse particles and large debris. The filtered MWW was then transported to the laboratory and stored at 28 ±2 °C (room temperature) until further use. The dissolved organic matter (DOM) content of the wastewater, both before and after US pre-treatment, was quantified following the procedure described by Khan et al. (2014).

2.3 Optimizing Ultrasonic Pretreatment of MWW
US pre-treatment of MWW was carried out by the method of Dhandayuthapani et al. (2022) using a probe-type sonicator (Lark Innovative Fine Teknowledge, Chennai, India) equipped with a transducer and a 1.2 cm diameter metallic probe. For each experiment, 150 mL of 50% diluted MWW was placed in a 250 mL stainless steel beaker, and the probe was immersed approximately 1 cm into the liquid. Two ultrasonic parameters-power intensity (0.2-0.5 W/mL) and exposure time (10-20 min) were optimized statistically using RSM based on a CCD. The software MINITAB 12 was used to construct the experimental matrix consisting of 13 runs. As presented in Table 1, each independent variable was assessed at two coded levels (low, and high). During US pre-treatment, the temperature of the MWW was controlled by placing the beaker in a water bath to avoid overheating. The UPMWW used as sole medium for biomass production. Each experimental run was performed in triplicates as described in the section 2.4, and biomass concentration was considered as the response variable. BBM and untreated MWW served as the control. Regression analysis and analysis of variance (ANOVA) were applied to the resulting data to determine the statistical significance of the model. Three-dimensional (3D) response surface plots were generated to visualize the interactions between variables. Optimal conditions and predicted biomass yields were obtained by solving the fitted model using MINITAB 12 software. The optimally sonicated MWW was subsequently used for biomass production by double mutant C. humicola MCH4.
Table 1 Independent variables levels of CCD for US pretreatment of MWW 
	Independent Variables
	Code
	Levels

	
	
	Low (-1)
	
	High (+1)

	Ultrasound power density (W/mL)
	A
	0.2
	
	0.5

	Exposure time (min)
	B
	10
	
	30



2.4 Biomass production 
Batch cultivation was carried out in 1000 mL Erlenmeyer flasks containing 500 mL of UPMWW. Before inoculation, the medium pH was adjusted to 7.0 using 1 N HCl or NaOH. Each flask was then inoculated with 8% (v/v) of actively growing C. humicola MCH4 and incubated at 30 ± 1 oC on a rotary shaker at 150 rpm. Illumination was supplied at 90 μE m-2 s-1 following a 10:14 h light–dark cycle for a period of 10 days. At the end of the cultivation, the biomass was harvested from 10 mL of culture by centrifuging the culture at 14,000 rpm for 15 min using a benchtop centrifuge (Remi Model R-8C BL, Mumbai, Maharashtra, India). The resulting cell pellet was rinsed twice with deionized water and centrifuged again to remove any remaining impurities. The cleaned biomass was then used for estimation of biomass, specific growth rate and biomass productivity.

2.4 Estimation of Biomass
The cleaned cell pellet was carefully transferred onto a pre-weighed watch glass. The sample was dried in a hot air oven at 40 oC until a constant weight was achieved. After drying, the watch glass was cooled in a desiccator and weighed again. The dry weight (DW) was calculated using the following equation 1:

Where, Xf is weight of watch glass with dried biomass (g), X0 is the weight of empty watch glass (g) 
2.5 Estimation of Specific Growth Rate and Biomass Productivity
The specific growth rate (SGR) and biomass productivity (BP) of the microalgal culture was calculated using the following equations 2 and 3 respectively:



where Xf is biomass concentration (g/L) at the end of the selected time interval, X0 is biomass concentration at the beginning of the interval, and (t2 – t1) denotes the duration of the time interval (in days).
2.6 Ultrasonic Pretreatment of MWW at Varying Concentrations for Biomass Production
MWW was diluted to different concentrations ranging from 10% to 100% (v/v) using distilled water. Each diluted sample was subjected to US pre-treatment under the predetermined optimal conditions of ultrasonic intensity and exposure time. For each treatment, 150 mL of diluted MWW was placed in a 250 mL stainless steel beaker, and the sonicator probe was immersed approximately 1 cm depth to ensure uniform cavitation. After completion of the US treatment, the pre-treated samples were allowed to cool to room temperature and were subsequently used as culture media for the batch cultivation (Section 2.4) of double mutant C. humicola MCH4. Biomass production was then monitored to evaluate the impact of different MWW concentrations on microalgal growth under standardized cultivation conditions.

2.7 Estimation of Bacterial Population
The bacterial load in the MWW was quantified before and after US pre-treatment using the plate count method. For this, 1 mL of appropriately diluted MWW was spread onto nutrient agar plates and incubated at 35 oC for 24 hours. After incubation, the developed bacterial colonies on each plate were enumerated using a digital colony counter. The bacterial population was expressed as colony-forming units (CFU) and calculated using the following equation 4:


2.8 Fourier Transform Infrared Analysis of Biomass
FTIR spectroscopy was employed to determine the major functional groups present in the dried biomass of C. humicola MCH4 by the method of Sudhakar and Premalatha (2015). For sample preparation, approximately 1.5 mg of dried algal biomass was finely mixed with 100 mg of spectroscopic-grade potassium bromide (KBr) and pressed under vacuum to form a clear pellet. The FTIR spectra were then recorded using an FT/IR-4700 type A spectrometer (JASCO, Tokyo, Japan) over a wavenumber range of 4000–500 cm-1 with a resolution of 4 cm-1, with a clean background serving as the reference. Multiple spectra were collected to verify consistency, and the resulting peaks were compared with standard references to determine the corresponding functional groups.
2.9 Statistical Analysis
All experiments were performed in triplicate, and the results are reported as mean ± standard deviation (SD) based on three independent measurements. The data were subjected to one-way analysis of variance (ANOVA) and Tukey’s HSD Post-hoc test using MINITAB 12 software to determine statistical significance. Differences were considered statistically significant at p =.05.
3. RESULTS AND DISCUSSION
3.1 Ultrasonic Pretreatment Optimization by RSM
The CCD experimental design with 13 runs was used to evaluate the influence of ultrasonic intensity (A) and exposure time (B) on the pretreatment of MWW for enhanced biomass production by double mutant C. humicola MCH4. Biomass concentration was taken as the response variable for each experimental run. The design matrix Table 2, shows the two independent variables of A and B with the observed biomass yields and their corresponding predicted values based on the response surface model. Overall, there was close agreement between experimental and predicted biomass concentrations, indicating that the statistical model reliably captured the effects of the chosen ultrasonic parameters.

Biomass production ranged from approximately 1.98 to 3.98 g/L across the experimental runs. Lower ultrasonic intensity (0.20 W/mL) combined with shorter exposure (10 min) produced minimal biomass of 2.0 g/L, whereas the runs at mid-range intensity and exposure time (e.g., Runs 9-13: 0.35 W/mL, 20 min) produced the highest biomass concentrations overall (3.78–3.98 g/L). The consistency across these replicates and the close fit between experimental and predicted responses demonstrate that the model’s central points were well optimized. Such a plateau in response is common in RSM optimization when approaching the true optimum region, as the interaction effects between intensity and time reach a synergistic balance. These results indicate that moderate ultrasonic intensity applied over average durations can improve wastewater quality for microalgal growth, likely by increasing DOM availability and enhancing nutrient accessibility.

The control medium (BBM) produced 1.32 g/L of biomass, while untreated 50% MWW supported slightly higher biomass production of 1.76 g/L, indicating the presence of utilizable nutrients in MWW. However, biomass production increased markedly after US pretreatment, reaching 3.98 g/L at 0.35 W/mL for 20 min (Run 12), demonstrating that optimized sonication enhanced nutrient availability and improved double mutant C. humicola MCH4 growth performance. Under these conditions, the maximum specific growth rate and biomass productivity were 0.205 day-1 and 0.347 g/L/day, respectively, which were higher than the control (0.0951 day-1; 0.081 g/L/day) and untreated 50% MWW (0.123 µg/L; 0.125 g/L/day). From a mechanistic perspective, ultrasonic pretreatment can disrupt complex organic molecules, enhance solubilization of nutrients, and reduce inhibitory factors in wastewater (Zhao et al., 2020; Malathy et al., 2023). These effects collectively improve the growth environment for microalgae, contributing to increased biomass accumulation. However, excessively high ultrasonic intensity or prolonged exposure could lead to thermal or oxidative stress, potentially damaging algal cells or degrading nutrients (Schlafer et al., 2002). In this study, the selected ranges avoided those negative extremes, as evidenced by the lack of dramatic declines in biomass even at the highest tested intensity/time combinations.
The estimated regression coefficients values of biomass produced from UPMWW using double mutant C. humicola MCH4 are given in the Table 3. The model articulated through the following regression equations (5), which represent biomass production as a function of A and B.
YCODED = 3.8521 + 0.1050A + 0.74950B - 0.8722A2 - 0.4722B2 + 0.1425AB ---------------(Eq.5) 
where, Y is the biomass production (g/L), A and B are the coded values of ultrasonic intensity and exposure time respectively.
Regression analysis showed that the quadratic model was highly significant for predicting biomass production from UPMWW, with R2 = 99.1% and adjusted R2= 98.4%, indicating excellent model fit. Both ultrasonic intensity (A) and exposure time (B) had significant positive linear effects (p = 0.05), while the quadratic terms (A2 and B2) were significantly negative, showing that very high values of A or B reduced biomass yield. The interaction term (A×B) was also significant, indicating synergistic effects between intensity and time. These results suggest that controlled US pretreatment enhances nutrient availability and promotes microalgal growth, whereas excessive sonication may have inhibitory effects (Dhandayuthapani et al., 2022).
The ANOVA results (Table 4) revealed that the regression model for biomass production from UPMWW was highly significant (F = 150.54, p = 0.001), indicating a strong relationship between the US variables and biomass yield. Both the linear (p = 0.001) and quadratic (p = 0.001) components had significant effects, while the interaction term was also significant (p = 0.014), confirming combined influence of intensity and exposure time. The lack-of-fit was not significant (p = 0.262), demonstrating that the model adequately fits the experimental data. Overall, the ANOVA confirms that US pretreatment parameters significantly affect biomass production.
The 3D response surface plot (Figure 2) shows that biomass production increased with rising US intensity and exposure time up to an optimum region. Maximum biomass was observed around moderate intensity (~0.35 W/mL) and exposure time (~20 min). Beyond this range, biomass declined, indicating that excessive sonication may negatively affect growth. The curvature of the surface confirms the significant quadratic effects of both factors and supports the optimized conditions identified through the RSM model.
Table 2. CCD design matrix of US pretreatment of MWW for biomass production by C. humicola MCH4

	Run Order
	US intensity (W/mL)
	Exposure time (min)
	Biomass (g/L)

	
	
	
	Experimental
	Predicted

	1
	0.20
	10
	2.01±0.07
	2.05

	2
	0.50
	10
	1.98±0.05
	1.98

	3
	0.20
	30
	2.79±0.03
	2.76

	4
	0.50
	30
	3.33±0.08
	3.25

	5
	0.20
	20
	2.88±0.02
	2.87

	6
	0.50
	20
	3.00±0.04
	3.08

	7
	0.35
	10
	2.92±0.06
	2.88

	8
	0.35
	30
	3.76±0.07
	3.87

	9
	0.35
	20
	3.83±0.09
	3.85

	10
	0.35
	20
	3.78±0.07
	3.85

	11
	0.35
	20
	3.88±0.06
	3.85

	12
	0.35
	20
	3.98±0.07
	3.85

	13
	0.35
	20
	3.87±0.08
	3.85



Table 3 Estimated regression coefficients for US pretreatment of MWW for biomass production  
	Variables
	Estimated Coefficients
	t-value
	p-value

	Model
	3.8521
	105.594
	0.001*

	A
	0.1050
	2.927
	0.022*

	B   
	0.4950
	13.801
	0.001*

	A2       
	-0.8722
	-16.500
	0.001*

	B2       
	-0.4722
	-8.933
	0.001*

	A× B        
	0.1425
	3.244
	0.014*


R-Sq = 99.1%     R-Sq(adj) = 98.4%      * Significant at p = 0.05

Table 4 Analysis of variance for US pretreatment of MWW for biomass production 
	Source
	Degree of
freedom
	Sum of
Squares
	Mean
Square
	F-value
	p-value

	Regression
	5
	5.809
	1.161
	150.54
	0.001*

	Linear
	2
	1.536
	0.768
	99.52
	0.001*

	Square
	2
	4.192
	2.096
	271.58
	0.001*

	Interaction
	1
	0.081
	0.081
	10.52
	0.014*

	Residual Error
	7
	0.05
	0.0077
	-
	-

	Lack of fit
	3
	0.032
	0.010
	1.96
	0.262

	Pure Error
	4
	0.021
	0.005
	-
	-

	Total
	12
	5.863
	-
	-
	-


* Significant at p = 0.05
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Figure 2.  3D response surface plot showing the effects of ultrasound intensity and exposure time on pretreatment of MWW for biomass production


3.2 Influence of difference concentration of UPMWW on biomass production
The effect of different concentrations of UPMWW on biomass production by C. humicola MCH4 was evaluated, and the yields obtained are shown in the Figure 3. Biomass concentration increased progressively from 10% to 75% UPMWW, with the maximum biomass recorded at 75% (4.29±0.05 g/L). A further increase to 100% UPMWW resulted in a significant decline (2.57±0.07 g/L), indicating that excessive nutrient and organic load can inhibit algal growth. One-way ANOVA revealed a highly significant effect of UPMWW concentration on biomass yield (F = 578.04, p < 0.001). Tukey HSD showed that 75% UPMWW produced significantly higher biomass than all other concentrations (p= 0.05), indicating that moderate dilution offers optimal conditions, while 100% wastewater imposes inhibitory effects. Similar trends have been documented in previous studies (Malathy et al., 2023), where moderate dilution of wastewater enhanced biomass accumulation by improving light penetration, reducing ammonia toxicity, and balancing nutrient availability, whereas undiluted wastewater suppressed growth due to excessive nutrient stress. These findings support the concept that optimized pretreatment combined with suitable dilution enhances nutrient bioavailability and overall cultivation performance. Overall, the results indicate that 75% UPMWW provides the most favorable conditions for biomass production, while both low-strength and undiluted wastewater are suboptimal for microalgal growth.


Figure 3. Influence of different concentration of UPMWW on biomass production by

3.3 Bacterial Growth in untreated MWW and UPMWW
MWW was subjected to US pretreatment at 0.35 W/mL for 20 min, and untreated wastewater served as the control. After treatment, 1 mL of each sample was spread onto LB agar plates under aseptic conditions and incubated at 35 oC for 24 h. The untreated sample showed heavy bacterial growth, with 272 colonies counted, whereas the UPMWW showed no visible bacterial colonies. These findings demonstrate that ultrasound can effectively act as a disinfecting step in wastewater and aquaculture systems. The cavitation forces generated during sonication disrupt and lyse microbial cells, thereby reducing viable bacterial populations (Broekman et al., 2010; Malathy et al., 2023).
3.4 DOM of untreated MWW and UPMWW
A significantly higher DOM level (37.04 ± 0.08 mg/L) was recorded in 75% MWW treated at 0.35 W/mL for 20 min compared to untreated MWW (13.98 ± 0.04 mg/L). This increase indicates that US pretreatment enhances DOM release in wastewater. The US process disrupts microbial cell walls and releases intracellular compounds through cavitation, thereby elevating soluble organic content in the medium. The presence of higher soluble organic fractions can support enhanced utilization of organic carbon and improve biomass or metabolite production, as previously reported (Guo et al., 2016; Malathy et al., 2023).
3.5 FTIR analysis of biomass of C. humicola MCH4
The FTIR spectrum (Figure 4) of C. humicola MCH4 biomass cultivated in 75% UPMWW exhibited several characteristic absorption bands corresponding to major biochemical constituents including proteins, carbohydrates, lipids, astaxanthin, and accessory pigments. A broad absorption peak detected at 3450.18 cm-1 indicates O–H stretching vibrations, commonly associated with hydroxyl groups present in polysaccharides, proteins, and carotenoids. Such broad hydrogen-bonded O–H signals are typical in microalgal spectra due to the presence of carbohydrates and carotenoids (Liu et al., 2019; Azman et al., 2021). The peak at 1605.02 cm-1 corresponds to amide I (C=O stretching), while the band around 1411.11 cm-1 is related to amide III and C-N stretching, confirming the presence of structural and enzymatic proteins in the biomass. Similar protein-associated peaks have been widely reported in green microalgae FTIR profiles (Grace et al., 2020).
A notable absorption band at 1023.91 cm-1 corresponds to C–O–C and C–O stretching vibrations typical of polysaccharides, reflecting the carbohydrate-rich nature of the cell wall and metabolic reserves. Polysaccharide signals in this region are consistently reported for microalgae and are indicative of extracellular polymeric substances (Liu et al., 2019). Together, these results indicate that C. humicola MCH4 cultivated in 75% UPMWW retained normal biochemical integrity with substantial amounts of proteins, polysaccharides, lipids, and carotenoids. The presence of these biomolecules demonstrates that nutrient-rich UPMWW can support high-quality biomass production suitable for value-added applications such as nutraceuticals, and natural colorants. To the best of our knowledge, this is the first study to report FTIR characterization of UPMWW-grown double mutant C. humicola MCH4 for the sustainable production of bioactive compound feedstocks. 
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Figure 4 FTIR spectrum of biomass of C. humicola MCH4
4. CONCLUSION
This study demonstrated that UPMWW provides a cost-effective and environmentally sustainable medium for cultivating the double mutant C. humicola MCH4. Optimization through CCD-RSM identified 0.35 W/mL and 20 min as the most favorable US parameters, resulting in significantly enhanced biomass production compared to untreated wastewater and BBM controls. The pretreatment process effectively increased dissolved organic matter availability while simultaneously suppressing bacterial contamination, thereby improving algal growth performance. FTIR analysis confirmed the presence of key biochemical constituents such as carotenoids, proteins, and polysaccharides, indicating the suitability of UPMWW-grown biomass for bioactive compound and feedstock applications. To the best of our knowledge, this is the first report on FTIR characterization of UPMWW-grown double mutant C. humicola MCH4 for sustainable bioactive feedstock production. Overall, the findings highlight UPMWW as a promising low-cost substrate for microalgal bioprocessing, supporting circular bioeconomy strategies by integrating wastewater valorization with high-value biomass production.
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