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Conventional wastewater treatment methods are often ineffective at fully removing heavy metals, leading to environmental and health risks. These methods are also chemically intensive and costly, emphasizing the need for sustainable alternatives. This study investigated Chlorella sp. biomass as a sustainable solution for removing heavy metals (copper, lead, and zinc) from wastewater in South Africa. The dried biomass was characterized using Energy Dispersive X-ray spectroscopy, Scanning Electron Microscopy, and Fourier-Transform Infrared Spectroscopy. Batch adsorption experiments were conducted under varying conditions: biomass dosage (5–100 mg), pH (3–11), contact time (15–115 minutes), and metal concentrations (0.25–16 mg/L) at 25°C. Adsorption isotherms, kinetics, and thermodynamic properties were also evaluated. The biomass composition revealed carbon, nitrogen, oxygen, phosphorus, and sulfur, with slightly higher nitrogen and sulfur levels than reported. Functional groups such as hydroxyl, carboxyl, carbonyl, amide, and ether were identified by FTIR. Optimal conditions for heavy metal removal were pH 7, 60 minutes of contact time, 12.5 mg biomass dosage, and 0.5 mg/L metal concentration. In wastewater samples, Chlorella sp. biomass achieved 100% removal of copper and zinc and 98% removal of lead. Adsorption followed the Langmuir isotherm for copper (R2 = 0.9888) and the Freundlich isotherm for lead (R2 = 0.976) and zinc (R2 = 0.968). Kinetic studies followed a pseudo-first-order model, and thermodynamic analysis indicated an endothermic and spontaneous adsorption process for copper and zinc, with lead showing complete removal at all temperatures. Chlorella sp. biomass demonstrated high efficiency and sustainability in removing heavy metals from wastewater, offering a promising alternative to conventional methods. Future research should focus on improving removal by combining Chlorella sp. biomass with other microorganisms and scaling up to pilot applications.
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1 INTRODUCTION
Recent global assessments indicate that heavy metal contamination affects drinking water sources for approximately 40% of the lakes and rivers worldwide, highlighting the pervasive nature of this environmental and public health issue (Zamora-Ledezma et al., 2021; Pandey et al., 2023; Piwowarska et al., 2024). Heavy metals such as copper (Cu), cadmium (Cd), chromium (Cr), mercury (Hg), and lead (Pb) are persistent pollutants in water bodies, originating mainly from industrial discharges, agricultural runoff, mining activities, and improper waste disposal (Briffa et al., 2020; Balali-Mood et al., 2021; Naicker et al., 2024) The toxicity of heavy metals poses substantial health risks to human populations. Acute exposures can lead to severe neurological disorders, gastrointestinal disturbances, and cardiovascular diseases (Balali-Mood et al., 2021; Spain et al., 2021). Chronic exposure, even at low levels, is linked to various cancers, kidney diseases, and reproductive disorders (Cherono et al., 2021; Prabakaran and Rajan, 2021). Vulnerable groups such as children, pregnant women, and the elderly are particularly susceptible due to their higher sensitivity to toxic substances and prolonged exposure durations (Briffa et al., 2020; Balali-Mood et al., 2021). In addition to direct health impacts, heavy metals bioaccumulate in aquatic organisms, entering the food chain and posing ecological threats. Fish and shellfish, vital protein sources for millions, can accumulate high levels of these contaminants, leading to food safety concerns and economic impacts on fisheries (Tattibayeva et al., 2022). Furthermore, heavy metal contamination jeopardizes ecosystem health, disrupting aquatic biodiversity and ecosystem services crucial for human wellbeing, such as water purification and nutrient cycling (Briffa et al., 2020; Balali-Mood et al., 2021; Tattibayeva et al., 2022; Naicker et al., 2024; Piwowarska et al., 2024).
Although conventional wastewater treatment processes (e.g., activated sludge, chemical precipitation) and advanced techniques (e.g., reverse osmosis, membrane filtration, ion exchange) can achieve significant heavy metal removal, these approaches face notable challenges (Briffa et al., 2020; Piwowarska et al., 2024). Advanced methods, in particular, are characterized by high operational costs, reliance on chemicals that generate secondary pollution, limited efficiency at low metal concentrations, and complex processes that require skilled operators (Ni et al., 2019; Pfeifer and Skerget, 2020; Cherono et al., 2021; Tattibayeva et al., 2022). As a result, heavy metals often persist in treated wastewater and subsequently contaminate receiving rivers (Naicker et al., 2024). Despite this challenge, studies focusing on heavy metal removal using alternative, cost-effective methods remain limited within regions like South Africa, where heavy metal contamination is a huge environmental problem. This limitation underscores a critical research gap, emphasizing the urgent need to develop and implement efficient, affordable, and environmentally sustainable solutions tailored to the specific environmental and socio-economic contexts of South Africa and similar regions.
In recent years, biological adsorbents, such as microalgal biomass, have emerged as promising alternatives to conventional methods due to their eco-friendly nature, low cost, and high adsorption capacity. Among various microalgae, Chlorella sp. has shown considerable potential owing to their fast growth rates, high surface area, ease of cultivation, and the presence of functional groups (e.g., amide, carboxyl, hydroxyl) on their cell walls that facilitate metal binding (Yadav et al., 2021; Al-Khiat et al., 2023; Ma and Jian, 2023). The processes that govern the sequestration of heavy metals by microalgae like Chlorella sp. include ion exchange, complexation, surface complexation, precipitation, and reduction (Al-Khiat et al., 2023). Despite this promise, significant research gaps remain in understanding the adsorption mechanisms of heavy metals by specific Chlorella strains under varying environmental conditions (e.g., pH, biomass dose, and contact time). Furthermore, previous studies have largely focused on single-metal systems, failing to reflect the complexity of real-world wastewater environments where multiple metals coexist (Pfeifer and Skerget, 2020; Tattibayeva et al., 2020; Al-Khiat et al., 2023).
Therefore, this study addressed these gaps by systematically investigating the adsorption of selected heavy metals (Cu, Pb, and Zn) using Chlorella sp. biomass. Unlike heavy metals such as Hg, Cd, and Cr, which are primarily linked to mining, metallurgical processes, and specific industries; Cu, Pb, and Zn are more commonly found in urban wastewater due to their widespread use in plumbing, metal finishing, automotive industries, aging infrastructure, and their non-biodegradable nature (Ni et al., 2019; Briffa et al., 2020; Zamora-Ledezma et al., 2021; Piwowarska et al., 2024). Furthermore, a recent study (Naicker et al., 2024) has reported elevated levels of Cu, Pb, and Zn in South African urban wastewater, further justifying their selection. The research objectives were to: 1) Characterize the functional groups and elemental composition of the biomass to understand its adsorption properties. 2) Optimize conditions for maximum heavy metal removal, including biomass dosage, pH levels, contact times, and metal concentrations. 3) Identify the best-fitting adsorption isotherm models (Freundlich, Langmuir, and Temkin) and analyze the kinetics and thermodynamics of the adsorption process. This research holds significant promise for addressing heavy metal contamination in low-resource settings, particularly in African regions where conventional methods are often inaccessible. Moreover, the findings align with Sustainable Development Goal 6 (Clean Water and Sanitation) by advancing sustainable water treatment practices that can be readily implemented in communities affected by heavy metal pollution (Pachouri et al., 2024).
2 MATERIALS AND METHODS
2.1 Study site, sample collection, storage, and preparation
2.1.1 Study site
The Darvill Wastewater Treatment Plant (WWTP) (29.60125°S, 30.42881°E) in Pietermaritzburg, KwaZulu-Natal, South Africa, was selected as the study site. This WWTP is a major facility designed to treat up to 100,000 m3 of wastewater daily (Umgeni. Annual Report, 2022/2023, 2023). Since its establishment in 1992, the plant has played a crucial role in managing the city’s domestic and industrial wastewater (Sikhakhane, 2001). The plant utilizes a combination of biological filtration and activated sludge process technologies, both of which are key components of secondary treatment, to effectively reduce organic matter and suspended pollutants before discharging the treated wastewater. The treated effluent from Darvill WWTP is released into the Msunduzi River, a significant tributary of the Umgeni River. The Umgeni River is a vital water resource in the region, serving as the primary drinking water source for rural communities in the Valley of a Thousand Hills and eventually feeding into Inanda Dam. This dam is part of the Umgeni-Uthukela catchment and supplies potable water to the Durban metropolitan area, supporting millions of residents and businesses.
2.1.2 Sample collection
The water samples were collected from the effluent point using high-quality plastic containers (PE, Lasec, South Africa) to prevent sample contamination and adsorption on the walls of the container. The containers were then sealed airtight to prevent the heavy metals from oxidizing and forming insoluble compounds in the presence of air (Abd-El-Nabey et al., 2022). A total of five 2-L samples were collected at the sampling point, ensuring sufficient volume for the experiments conducted in this study. Samples were temporarily stored in a cooler box with ice during transportation and kept in a fridge at about 4°C at the laboratory.
2.1.3 Measurements
Parameters such as pH, conductivity, temperature, total dissolved solids (TDS), salinity, and dissolved oxygen (DO) were measured using a portable multiparameter meter (Bante Instruments 900P, China). Before experiments, the wastewater effluent samples underwent filtration using a 55 mm CHM shift filtration paper (F1001 grade, Separations, South Africa) to eliminate large particles.
2.2 Reagents and certified reference material
Purelab ultrapure water with a conductivity of 18.2 MΩ cm was employed to prepare calibration standards, and all glassware was cleaned using a diluted nitric acid solution. The 1,000 mg/L ICP heavy metals CRMs (Copper–Cu, Lead–Pb, and Zinc–Zn) procured from Sigma Aldrich (Johannesburg, South Africa) were used in the analysis.
2.3 ICP-OES instrument calibration
The metal determination in water was conducted using the Varian 720-ES ICP-OES instrument (Varian, Johannesburg, South Africa). The instrument operated at a frequency of 40 MHz, with an RF power of 1.00 kW. A pneumatic concentric nebulizer was utilized, delivering a flow rate of 0.75 L/min, and an inert carrier gas (Argon) was introduced at a rate of 15 rpm (Naicker et al., 2023). The wavelengths acquired were 327.396 nm for copper, 220.353 nm for lead, and 202.548 nm for zinc.
2.4 Validation of the analytical method for the determination of heavy metals
The evaluation of the performance of the analytical methods involved assessments of linearity, limits of detection (LOD), limits of quantification (LOQ), and percentage recovery tests. The ICP-OES calibration and the method linearity assessment were performed using a mixture of heavy metals with concentrations ranging from 0.1 to 20 mg/L. The intensities of ten blank samples (n = 10) were measured. To determine the LODs and LOQs for the specific analytes, these values were calculated as 3 and ten times the standard deviation (σ) of the average of the ten individually prepared blank solutions. The method’s accuracy was evaluated by spiking wastewater effluent samples with 1 mg/L standard containing a mixture of heavy metals of interest. Subsequently, the percentage recoveries were computed using Equation 1:
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2.5 Chlorella sp. culture and maintenance
2.5.1 Cultivation and growth monitoring
The uMgeni-uThukela Water (Pietermaritzburg, South Africa) provided the Chlorella sp. strain (FSB41.2) used in this study, with cultivation routinely done using tris-acetate phosphate (TAP) medium, as outlined by Harris (Harris, 1989). An axenic culture was established by sequential subculturing and purification of single colonies of Chlorella sp. using an acetate-free medium under autotrophic growth conditions with regular culture-based (Nutrient agar) and microscopic (phase contrast) monitoring as reported previously (Adedoyin and Schmidt, 2023). Subsequently, biomass production occurred in a controlled growth environment (approximately 23°C with a 20-hour light-dark cycle) using 1,000 mL Erlenmeyer flasks, each filled with 600 mL of the TP culture medium following autoclaving. The growth of cultures was monitored over time by absorbance measurements at 680 nm using a UV/Visible Spectrophotometer (JENWAY 7310, United Kingdom).
2.5.2 Biomass harvesting and processing
The Chlorella sp. biomass was extracted from the TP culture medium after reaching the late exponential growth phase by centrifugation (3354 g for 15 min) and washed 3 times with distilled water to remove the remaining medium. Following centrifugation, the resulting Chlorella sp. cell pellets were subjected to overnight oven drying at 80°C, since very low or exceedingly high temperatures negatively affect the cell structure (Tattibayeva et al., 2022). Subsequently, an electric grinder (MRC SM-450, Material Research Company, Israel) was used to grind the dried pellet, followed by sieving (KINGTEST sieve shaker VB200/300, Kingtest, China) and storing the dried biomass in a sealed container to prevent rehydration.
2.6 Characterisation of Chlorella sp. biomass
The dried Chlorella sp. biomass was characterized by analyzing its elemental composition, surface properties, and functional groups using Fourier-Transform Infrared Spectroscopy (PerkinElmer Inc., United States), and Scanning Electron Microscopy (SEM Zeiss EVO LS15, Germany) equipped with Energy Dispersive X-ray (EDX) detector. This study also investigated the zero-point charge (pHZPC) of Chlorella sp. biomass. A total of 12.5 mg of biomass was added to Erlenmeyer flasks, each containing 30 mL of 0.1 M sodium nitrate (NaNO3) solution. The pH in each flask was adjusted to values between 2 and 12 using 0.1 M hydrochloric acid (HCl) and 0.1 M sodium hydroxide (NaOH). The flasks were then placed on an orbital shaker for 24 h. Afterward, the pH was measured again, and the change in pH (∆pH) was calculated as the difference between the initial and final pH values: ∆pH = pHi − pHf. Then, the optimization for the adsorption studies was performed by adjusting parameters such as biomass dosage, pH, contact time, and initial heavy metal ion concentration.
2.7 Adsorption studies
2.7.1 Optimization of adsorption conditions
Dried Chlorella sp. biomass (12.5 ± 0.1 mg) obtained from axenic cultures (see Section 2.5 for biomass preparation details) was added to conical flasks containing 30 mL of deionized water. The water was spiked with a mixture of Cu, Pb, and Zn ions, each applied at the same initial concentration within the range of 0.25–16 mg/L. The initial experiments were conducted to optimize adsorption conditions, including biomass dosage, metal ion concentration, pH, and contact time.
2.7.2 Application to real wastewater
The optimal conditions were then applied to real wastewater to assess adsorption performance in a realistic scenario and evaluate the removal efficiency of contaminants in actual water systems. Adsorption behavior was evaluated using Freundlich, Langmuir, and Temkin isotherms, while kinetic studies were assessed using intraparticle diffusion models, pseudo-first-order, and pseudo-second-order kinetics. For isotherm and kinetic experiments, the samples were incubated in a rotary shaker at 150 rpm and 25°C for 60 min. The initial concentrations of heavy metals and the contact time of 60 min were chosen based on the optimization results, which identified conditions that achieved optimal adsorption performance. The temperature and shaker speed were maintained constant throughout the study, as these parameters are widely supported in the literature for ensuring consistency and reliability in adsorption experiments (Li et al., 2020; Pfeifer and Skerget, 2020; Cherono et al., 2021; Tattibayeva et al., 2022; Wang and Guo, 2023). The samples were centrifuged at 3354 g for 15 min to separate the Chlorella cells from the liquid. The liquid samples were then filtered with a 0.22 μm pore size filter (Merck Mille, Germany) and a 30 mm sterile syringe to remove residual algal cells before analysis with ICP OES. The impact of temperature on adsorption equilibrium was explored by altering the temperature within the 298–333 K range (Tang et al., 2017; Shi et al., 2023; Soto-Ramírez et al., 2023).
2.7.3 Adsorption performance calculations
The adsorption process was quantified using Equation 2:
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Where qe is the adsorption capacity (mg/g), C0 is the initial concentration of the adsorbate (mg/L), Ce is the equilibrium concentration of the adsorbate (mg/L), V is the volume of the solution (L), m is the mass of the adsorbent (g).
The degree of removal (R) of heavy metal ions was calculated by using Equation 3:
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Where: RE is the removal efficiency in percentage, C0 is the initial concentration before adsorption, and Ce is the concentration at equilibrium.
2.7.3.1 Kinetic studies
The kinetic models of pseudo-first order, pseudo-second order, and intraparticle diffusion were calculated using Equations 4-6 (Shi et al., 2023; Spain et al., 2021).
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Where: qt: Adsorption capacity at time t (mg/g), qe: Adsorption capacity at equilibrium (mg/g), t: Time (min), k1: Rate constant of the pseudo-first-order kinetics (1/min).
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Where: qt: Adsorption capacity at time t (mg/g), qe: Adsorption capacity at equilibrium (mg/g), t: Time (min), k2: Rate constant of the pseudo-second-order kinetics (1/min).
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Where: qt: Adsorption capacity at time t (mg/g), k: intraparticle diffusion rate constant, t: Time (min), C: is the intercept that represents the boundary layer effect.
2.7.3.2 Isotherm studies
Equations 7-9 were used to calculate Freundlich, Langmuir, and Temkin isotherms:
[image: image]
Where log (qe) is the logarithm of the amount of solute adsorbed per unit mass of adsorbent at equilibrium, log(Kf): is the logarithm of the Freundlich constant, 1/n is the reciprocal of the Freundlich exponent or non-linearity factor, log(Ce): is the logarithm of the equilibrium concentration of the solute in the liquid phase.
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Where qe (mg/g) represents the amount of adsorbate adsorbed at equilibrium, qmax (mg/g) is the maximum adsorption capacity, KL (L/mg) is the Langmuir adsorption constant, and Ce (mg/L) is the equilibrium concentration of the adsorbate.
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Where qe is the amount of adsorbate adsorbed at equilibrium (mg/g), R is the gas constant (8.314 J/mol⋅K), T is the temperature (K), b is the Temkin constant related to the heat of adsorption (J/mol), A is the Temkin isotherm constant, and Ce is the equilibrium concentration of the adsorbate (mg/L).
2.7.3.3 Thermodynamic studies
Thermodynamic parameters were calculated using Equations 10-13:
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Where: ΔG is the Gibbs free energy change (kJ/mol), ΔH is the enthalpy change (kJ/mol), ΔS is the entropy change (kJ/mol), T is the absolute temperature (K), R = Gas constant.
2.8 Re-usability
Reusability of adsorbents is key for practical and sustainable adsorption processes; reducing new material demand, enabling recovery of adsorbed substances, and supporting cost-efficiency as well as environmental sustainability (Simelane et al., 2024). In this study, desorption was achieved by treating dried Chlorella sp. biomass with 0.05 M Ethylenediaminetetraacetic acid (EDTA) and 0.05 M HCl. EDTA and HCl were chosen as desorption agents due to their complementary strengths. For example, HCl protonates binding sites to release metals like Cu, while EDTA, a chelating agent, effectively desorbs metals like Pb and Zn by forming stable complexes (Zhang et al., 2021a; Chatterjee and Abraham, 2019). A 0.05 M concentration has been reported to be optimal, as it provides effective desorption without risking damage to the biomass, allowing for repeated adsorption-desorption cycles in a safe and sustainable way (Kordialik-Bogacka, 2011; Kumar et al., 2018). In this study, reusability tests were conducted in a manner similar to the adsorption experiments (see Section 2.7). After adsorption, the Chlorella pellets were separated from the supernatant and rinsed three times with ultrapure water. The concentrations of Pb, Cu, and Zn in the supernatant were measured using ICP-OES. The Chlorella pellets were further treated with 50 mL of the eluent agent (either EDTA or HCl) separately and shaken using an orbital shaker at 150 rpm at 25°C for 120 min. After completing desorption, samples were collected and dried in a fume hood to prepare them for the next adsorption-desorption cycle.
2.9 Statistical analysis
Statistical analyses were conducted in Python (version 3.13.1) using Jupyter Notebook (version 7.3.2). A one-way analysis of variance (ANOVA) was performed separately for each factor (pH, contact time, initial concentration, and biomass dosage) to assess their individual effects on removal efficiency. When ANOVA indicated significant differences (p < 0.05), Tukey’s honestly significant difference (HSD) test was applied for pairwise comparisons between factor levels.
3 RESULTS AND DISCUSSION
3.1 Method validation for the ICP-OES instrument
The performance of the ICP-OES was assessed through regression equations from concentrations ranging from 0.1 to 20 mg/L. The correlation coefficients (R2) ranged from 0.9996 to 0.9998, signifying a strong linear relationship between the concentrations assessed and the ICP-OES, indicating exceptional accuracy and precision (Table 1).
TABLE 1 | Method validation parameters established for the ICP-OES instrument (n = 3).
[image: Table 1]When using ICP-OES, selecting optimum wavelengths is paramount for producing accurate and sensitive results as they maximize sensitivity, decrease spectral interferences, and increase measurement precision (Naicker et al., 2023). The LOD and LOQ obtained in this study ranged from 0.06 to 0.255 mg/L and 0.196–0.851 mg/L respectively. This implied a high sensitivity level, affirming the methods’ capability to detect and quantify trace levels of the three analyzed metals effectively. This study assessed precision by repeatability and reproducibility, expressed as %RSD. The results produced %RSD values of less than 1% for all analytes, indicating high precision and reliable performance.
3.2 Characterisation of Chlorella sp. biomass as the adsorbent
3.2.1 Surface morphology
Scanning electron microscopy (SEM) is a powerful tool for visualizing the surface features and morphology of microorganisms such as Chlorella sp. (Nasir et al., 2023). As expected, the cells of Chlorella sp. used even in the dried state, showed an almost intact surface area, enabling the binding of metal ions via interaction with exposed functional groups (Figure 1a) (Spain et al., 2021; Tattibayeva et al., 2022). An image taken after adsorption indicated morphological changes resembling cell shrinkage and increased surface irregularities, suggesting an interaction of the cell surface with metal ions (Figure 1b).
[image: Figure 1]FIGURE 1 | Scanning electron micrograph of dried Chlorella sp. cells before (a) and after (b) metal binding.
3.2.2 Elemental composition and functional groups in Chlorella sp. biomass
The results of the analysis of the elemental composition of Chlorella sp. biomass, which comprises carbon (C), nitrogen (N), oxygen (O), phosphorus (P), and sulfur (S) are shown in Figure 2a. The obtained elemental composition in this study closely aligns with the literature values reported for Chlorella sp. by Mandalam and Palsson, with the exception of slightly higher levels of nitrogen (N) and sulfur (S) in this study (Mandalam and Palsson, 1998). The detected elements are associated with microalgal biomass, such as Chlorella sp., and are key elements present in microalgal proteins, nucleic acids, lipids, carbohydrates, and organic acids (Ma et al., 2020; Yaakob et al., 2021). Organic functional groups, such as carboxyl (-COO) and hydroxyl (-OH), are abundant on the cell surface of Chlorella sp. and are crucial in the adsorption of heavy metals by providing binding sites (Yang et al., 2019). Similarly, nitrogen-containing functional groups such as amide (C-N) associated with cell surface proteins form various interactions with metal ions (Giarikos et al., 2021), which applies as well to phosphate and sulfur-containing groups.
[image: Figure 2]FIGURE 2 | Energy Dispersive X-ray Spectroscopy before adsorption (a) and Fourier transform infrared spectroscopy (b) of Chlorella sp. biomass.
Analytical methods such as Fourier-transform infrared spectroscopy (FTIR) are vital in identifying functional groups present in microbial biomass. For Chlorella sp., the functional groups present in biomass samples analysed included hydroxyl (-OH), methyl (-CH3), carbonyl (C=O), alkene (C=C), carboxyl (-COO), amide (C-N), and ether (C-O) (Figure 2b). These functional groups increase the overall binding capacity and reactivity of Chlorella biomass. This study results agree with the findings of Ahmad et al. (2019), El-Naggar et al. (2020), Sultana et al. (2020), Shi et al. (2023), who reported the occurrence of similar functional groups that play a significant role in heavy metal adsorption. Notably, a shift from 3,270 to 3,281 cm-1 after adsorption was observed in the peak associated with the hydroxyl group, which enables hydrogen bonding interactions (Wohlert et al., 2022; Wang and Guo, 2023). This observed change in peak intensity and broadness confirmed the interactions of hydroxyl groups with metal ions. The observed shift in C-H stretching vibrations from 2,925 to 2,968 cm-1 provided evidence of their involvement in hydrophobic interactions (Barchi and Strain, 2023). The increased intensity, as well as shifts in C=O, C=C, and C-N stretching vibrations from 1,618 to 1,638 cm-1, 1,538 to 1,528 cm-1, and 1,234 to 1,250 cm-1, respectively, suggests the interaction of carbonyl, alkene, and amide groups with metal ions during the adsorption process through metal coordination (Spain et al., 2021; Li H. et al., 2022; Barchi and Strain, 2023). Other noticeable shifts in the carboxyl group (1,407–1,398 cm-1) and ether group (1,036–1,028 cm-1) were observed. The carboxyl groups promote electrostatic interactions through negatively charged sites, and ether groups play a crucial role in the overall surface polarity (Barczak, 2019; Zhang et al., 2019). These results demonstrated a diversity of crucial functional groups present on the dried Chlorella sp. biomass, enabling the complexity of interactions and ultimately impacting the adsorption capacity of the Chlorella biomass for target heavy metals.
3.3 Zero-point charge (pHZPC) of Chlorella sp. biomass as the adsorbent
When using Chlorella sp., NaNO3 is preferred over HCl for several scientific reasons. First, NaNO3 provides a stable and neutral ionic environment that does not alter the pH significantly, allowing for the precise determination of the point at which the surface charge of the biomass is neutral (Sočo et al., 2024). HCl, being a strong acid, can dramatically lower the pH, leading to the protonation of functional groups on the biomass surface (Li N. et al., 2022).
The pHZPC represents the pH at which the surface of the biomass has no net charge (Bakatula et al., 2018). At this point, the number of protonated and deprotonated sites is balanced, resulting in minimal adsorption of either cations or anions. For Chlorella sp. biomass, experimental data pinpoint the pHZPC to be near 6, as indicated by a negligible change in pH (ΔpH) (Figure 3). In pH below 5.8, the surface of the biomass is predominantly protonated due to the presence of functional groups such as carboxyl (-COO) and amino (-NH2) groups, which gain protons and become positively charged. This positive surface charge repels metal cations, thereby reducing the biomass’s affinity for adsorbing heavy metals at low pH. Conversely, as the solution pH increases above the pHZPC, these functional groups undergo deprotonation, imparting a net negative charge to the surface. This negative charge facilitates electrostatic attraction between the biomass and positively charged metal ions, thereby enhancing adsorption efficiency (Li N. et al., 2022; Raji et al., 2023). The zero-pH change observed at an initial pH of 2 can be attributed to the extreme acidic environment, where the solution is dominated by a high concentration of free H+ ions. At this pH, functional groups on the biomass are likely saturated with protons, leaving limited capacity for further interaction or buffering against the surrounding H+ (Charazińska et al., 2021). This proton saturation means the biomass cannot effectively neutralize or alter the solution’s pH, resulting in a negligible ΔpH. In some cases, strongly acidic conditions can also alter the structural properties of biomass, potentially reducing its ion-exchange efficiency.
[image: Figure 3]FIGURE 3 | Point of zero charge for Chlorella sp. biomass in 0.1 M sodium nitrate (n = 3 replicates).
3.4 Optimisation of the adsorption of metals to the biomass of Chlorella sp
3.4.1 Effects of the biomass dosage on the degree of removal efficiency
Finding optimum conditions for critical parameters such as biomass dosage is crucial in Chlorella-biomass-based adsorption studies as it ensures cost-effectiveness and enhances the efficiency and environmental sustainability of the process. The results depicting the effect of biomass dosage are illustrated in Figure 4a. The ANOVA results (p < 0.05) showed that biomass dosage significantly affects metal removal efficiencies (Supplementary Table S5).
[image: Figure 4]FIGURE 4 | The effect of biomass dosage (a), pH (b), contact time (c), and metal concentration (d) on the metal removal efficiency of Chlorella sp. biomass with n = 3 replicates. Error bars represent the standard deviations.
Copper removal efficiency decreased as the biomass dosage increased (p < 0.05), with the highest removal being 56% at 5 mg. This could be ascribed to competitive adsorption as the heavy metals were present in a mixture, with the three metals potentially competing for the same available binding sites. These findings align with the observations made by Ni et al. (2019), who documented competitive adsorption behaviour between cadmium and lead, where cadmium showed a decreased adsorption in the presence of lead. This was ascribed to lead’s higher electronegativity and binding affinity, larger hydrolysis constant, atomic weight, ionic radius, and a larger Misono softness value, increasing its binding favourability (Al Hamouz and Ali, 2013; Ni et al., 2019; Musumba et al., 2020). In this study, the Chlorella sp. biomass consistently removed lead and zinc with high removal efficiencies, with maximum values of 86% and 95% recorded at 25 mg, respectively. Tukey’s post hoc test exhibited that adsorption at 25 mg and 50 mg was not significantly different for lead (p = 0.6539) and zinc (p = 0.5255), indicating a plateau in adsorption efficiency at these dosages (Supplementary Table S5). However, the 100 mg dosage led to a significant reduction in zinc removal (p < 0.05) (Supplementary Table S8), likely due to biomass aggregation, which reduces the surface area exposed to the solution, severely impacting adsorption capacity (Pfeifer and Skerget, 2020). A biomass dosage of 12.5 mg was selected for the later experiments. This selection was justified by the nearly identical removal efficiencies observed at 12.5 mg and 25 mg for lead and zinc (above 80%), as well as notably better removal for copper.
3.4.2 Effects of pH on the degree of removal efficiency by Chlorella sp. biomass
Figure 4b illustrates the effect of a varying pH at constant biomass dosage, contact time, temperature, and metal concentration upon the metal removal efficacy. The low removal efficiencies observed at acidic conditions (pH 3-5), particularly for copper and zinc, could be attributed to the protonation of metal binding functional groups (e.g., -NH2, -OH, -SH) in Chlorella biomass, causing them to behave like positively charged species that repel metal cations (Cherono et al., 2021; Tattibayeva et al., 2022). Similarly, several studies reported that low pH promoted competition between metal ions and protons for binding sites, resulting in reduced adsorption of their analytes (Kiruba et al., 2014; Gonte and Balasubramanian, 2016; Shi et al., 2023). Additionally, Almomani and Bhosale documented that the solubility of heavy metals in water increases in acidic conditions, resulting in decreased adsorption rates (Almomani and Bhosale, 2021). The removal efficiencies for copper, lead, and zinc remained relatively stable between pH 7 and 9, with values of 56.35% and 55.75% for copper, 89.68% and 89.86% for lead, and 88.98% and 89.40% for zinc, respectively. Tukey’s post hoc test confirmed that the differences in removal efficiencies between pH 7 and 9 were not statistically significant for copper (p = 0.3207), lead (p = 0.9989), and zinc (p = 0.5604), suggesting an equilibrium point for metal binding within this pH range (Supplementary Tables S1-S4). However, when the pH becomes too basic (pH 11), a decrease in removal efficiencies was observed, particularly for copper and, to a lesser degree, for lead and copper, which can be attributed to the formation of insoluble metal hydroxides, hindering metal adsorption onto binding sites (Al-Saadi et al., 2013; Cherono et al., 2021). These findings match studies by Zhang and Depci et al. (Depci et al., 2012; Zhang, 2011) that assessed the removal of heavy metals employing dairy manure compost and activated carbon derived from apple pulp. The significant drop in adsorption at pH 11, as indicated by Tukey’s post hoc test (p < 0.001), supports that extreme pH conditions negatively impact metal removal efficiency. Thus, pH 7 was chosen as the optimum condition as it helps to prevent the disruption of pH-sensitive biological processes and the accumulation of toxic substances in receiving water bodies, contributing to the overall health and sustainability of the environment.
3.4.3 Effects of time on the degree of removal efficiency by Chlorella biomass
The effect of contact time on removing selected heavy metals was investigated (Figure 4c). An increase in lead and zinc removal efficiencies from 15 to 30 min was observed, attributable to lead and zinc having a larger ionic radius than copper, resulting in stronger interactions with binding sites on the Chlorella sp. cell surface, leading to higher and faster adsorption than small copper ions (Ni et al., 2019). Tukey’s post hoc test confirmed significant differences between 15 and 30 min for lead (p < 0.05) and zinc (p < 0.05), reinforcing the impact of contact time on metal removal efficiency (Supplementary Tables S11, 12). As the contact time increased (45–115 min), the removal of these 2 compounds did not increase substantially, indicating saturated binding sites and the establishment of an equilibrium between metal ions and the binding sites available on the surface of Chlorella biomass. Tukey’s post hoc further confirmed this trend as the results for lead showed that p-values between 45 and 75 min (0.9996), 45 and 90 min (0.0616), and 75 and 90 min (0.1226) were not statistically different (Supplementary Table S11). Similarly, for zinc, the p-values between 45 and 75 min (0.6205), 45 and 90 min (0.9170), and 75 and 90 min (0.1406) were not statistically different.
The copper removal efficiency increased from 30 to 60 min, stipulating different copper binding kinetics for the Chlorella biomass (p < 0.05). However, at ≥75–115 min, slightly lower removal efficacy indicated partial saturation or changes in binding site accessibility. The decrease observed could also indicate desorption, where previously adsorbed copper ions are released from the binding sites back into the solution (Chatterjee and Abraham, 2019). Tukey’s post hoc results for copper showed no significant differences in adsorption between 75 and 90 min (p = 0.9999), 75 and 115 min (p = 0.7975), and 90 and 115 min (p = 9,166), indicating a plateau in adsorption efficiency beyond 60 minutes (Supplementary Table S10). It is important to note that at 15 min, copper removal was not apparent, possibly due to the microalgal biomass not having enough time to adsorb copper ions effectively. Thus, the optimum time was established as 60 min, with maximum removals of 70% observed for copper, 95% for lead, and 100% for zinc.
3.4.4 Effects of metal concentration on the degree of removal efficiency by Chlorella biomass
This study explored the effect of metal concentration on the adsorption by Chlorella sp. biomass to understand the dynamic relationship between initial metal ion concentrations and their adsorption behaviour. For this analysis, the other four variables (e.g., biomass dosage, pH, temperature, and contact time were kept constant (Figure 4d). The ANOVA results (p < 0.05) showed that metal concentration significantly affected the adsorption (Supplementary Table S13). A notable increase in copper removal efficiency was observed, from 37% at 0.25 mg/L to 79% at 1.0 mg/L. This could be due to the increased availability of copper ions at higher concentrations (0.5 and 1.0 mg/L), providing more opportunities for adsorption onto the Chlorella biomass. Tukey’s post hoc test confirmed this trend, revealing a significant increase in adsorption between 0.25 mg/L and 0.5 mg/L (p < 0.05), as well as between 0.25 mg/L and 1.0 mg/L (p < 0.05) (Supplementary Table S14). Al-Homaidan et al. (2015) reported a similar trend when assessing the removal of cadmium ions by dried biomass of Spirulina (Arthrospira) platensis. However, the lead and zinc removal efficiencies from 0.25 mg/L to 1.0 mg/L did not change notably. This can also be ascribed to the abundant availability of the binding sites on the biomass surface at low metal concentrations. Tukey’s post hoc test showed no significant difference in lead and zinc removal between 0.25 mg/L, 0.5 mg/L, and 1.0 mg/L (p > 0.05), supporting the observation that their adsorption remained relatively constant at lower concentrations (Supplementary Tables S15, S16). Above metal concentrations of 1 mg/L, a decrease in copper and zinc removal efficiencies was observed, but to a lesser degree for lead. This is statistically supported by Tukey’s post hoc test, which confirmed significant reductions in copper and zinc removal efficiencies at concentrations above 1 mg/L, with all comparisons yielding p-values < 0.05 (Supplementary Tables S15, S16). The increased concentration of heavy metal ions in the solution may overwhelm the active sites, resulting in heightened competition among available ions for limited binding sites (Musumba et al., 2020). Overall, copper showed lower adsorption, contributing to it being less efficiently removed than the other two metals. Kiruba et al. also reported reduced removal as cadmium concentrations increased due to the saturation of the active sites of the surface-modified Eucalyptus seeds system (Kiruba et al., 2014).
3.5 Kinetic studies
The results of adsorption kinetics model coefficients using the dried biomass of Chlorella sp. as a biosorbent are presented in Table 2. The pseudo-first-order kinetic model produced a calculated equilibrium adsorption capacity close to the experimentally determined values, suggesting the accuracy and reliability of the model’s predictive capabilities. The rate constant (k1) for copper illustrated a slow adsorption process (0.045 min-1), while lead and zinc exhibited fast adsorption rates (0.117 and 0.131 min-1, respectively). This can be ascribed to lead and zinc possessing larger electronegativity, hydrolysis constant, atomic weight, ionic radius, and Misono softness values than copper (Al Hamouz and Ali, 2013; Ni et al., 2019; Musumba et al., 2020). The coefficient of determination (R2) ranged from 0.9979 to 0.9974, indicating a perfect fit of the first-order model to the experimental data. The pseudo-second-order kinetic model yielded a slightly less accurate fit for copper, lead, and zinc. The calculated equilibrium adsorption capacities were closer to the experimental values for all 3 metals. The obtained rate constants (k2) indicated slow copper adsorption and a faster lead and zinc adsorption process. The coefficients of determination values were greater or equal to 0.987 for all three metals. For the intraparticle diffusion model, copper showed slower intraparticle diffusion - Kdiff, while lead and zinc exhibited faster rates. The lower R2 values (0.611–0.884) relative to the first and second-order models confirm that intraparticle diffusion alone cannot be the only controlling factor. Thus, the pseudo-first-order kinetic model was the best-fitted model.
TABLE 2 | The results of adsorption kinetics model coefficients for three metals and Chlorella sp. biomass as a biosorbent.
[image: Table 2]3.6 Isotherm studies of adsorption
The isotherm results in Table 3 shed light on the distribution of heavy metal ions between the surface of Chlorella sp. cells and the aqueous phase. The Freundlich isotherm results exhibited favourable adsorption behaviours for the 3 heavy metals. The Freundlich exponent (1/n) values were below one for all heavy metals, suggesting that a heterogeneous surface in view of available adsorption sites characterized the adsorption of the heavy metal ions (Abin-Bazaine et al., 2022). The Freundlich constants obtained for the heavy metals affirmed the adsorption capacities. The high R2 values obtained collectively confirmed the suitability of the Freundlich model, which suggests heterogeneous and multi-layered adsorption onto Chlorella biomass (Saleh, 2022). However, copper exhibited highly favoured adsorption according to Langmuir isotherms compared to Freundlich, as evidenced by a substantially higher R2 value of 0.988, indicating monolayer adsorption on a homogeneous surface (Kalam et al., 2021). The dimensionless separation factor (RL) values were less than 1 but greater than zero, indicating favourable adsorption. When the RL values are less than 1, the adsorption is favourable, meaning that the adsorbent material efficiently removes these target analytes from the solution (Selahle et al., 2022). The Temkin isotherm parameters provided information about the interaction strengths between the heavy metal ions and the surface of dried Chlorella sp. cells. Different Temkin constants (KT) indicated varied levels of interaction strength, with lead and zinc showing higher strength. The R2 values obtained (0.8–0.927) exhibited a reasonable fit of the Temkin model.
TABLE 3 | The results of Freundlich, Langmuir, and Temkin models biosorption isotherms for three metals and Chlorella sp. biomass as biosorbent.
[image: Table 3]3.7 Thermodynamic studies of adsorption
Table 4 presents the effect of temperature on copper and zinc adsorption. For copper and zinc, the adsorption thermodynamic parameters calculated illustrate endothermic processes, indicated by the positive enthalpy change (ΔH) of 48.80 kJ/mol for copper, 9.48 kJ/mol for zinc, matching data reported by Musumba et al. (2020). Increased enthalpy during adsorption was denoted by the positive entropy change (ΔS) of 163.74 kJ/mol for copper and 43.63 kJ/mol for zinc, matching a study by Saleh (2022). For the same compounds, negative Gibbs free energy change (ΔG) values (−0.20 kJ/mol to −5.81 kJ/mol) were obtained across tested temperatures, along with via high R2 values (0.989, 0.933), signifying the spontaneous nature of copper and zinc adsorption onto Chlorella biomass, confirming the reliability of the model employed and the data resulting from it.
TABLE 4 | Adsorption thermodynamics of copper and zinc onto Chlorella sp. biomass.
[image: Table 4]3.8 Re-usability
Initially, all metals show high removal efficiencies; however, distinct declines occurred in subsequent cycles, with notable differences between the two treatments.
3.8.1 Desorption efficiency of EDTA
For EDTA (Figure 5a), there is a rapid decline in removal efficiencies, particularly by Cycle 2, suggesting that the employed EDTA concentration has limited effectiveness in desorbing metals from the biomass after the first cycle. This is likely because lead (Pb) and zinc (Zn) exhibit strong binding affinities to functional groups, such as carboxyl, hydroxyl, and amino groups, on the Chlorella sp. biomass surface (Al Hamouz and Ali, 2013; Ni et al., 2019; Musumba et al., 2020). These metals form strong ionic bonds or stable complexes that require more energy to disrupt. EDTA at the tested concentration may have acted as a weaker chelating agent, failing to fully break these bonds, leaving residual metals that progressively reduce the biomass’s adsorption capacity over cycles. Thus, increasing the EDTA concentration could potentially improve desorption efficiency by providing a stronger chelating effect. Supporting this, Kumar et al. (2018) reported that desorption capacity increased with higher EDTA concentrations when desorbing cadmium. Other studies have similarly shown that the desorption efficiency of HCl improves with higher concentrations (Wu et al., 2015; Zhang et al., 2021b).
[image: Figure 5]FIGURE 5 | Effect of (a) 0.05 M ethylenediaminetetraacetic acid and (b) 0.05 M hydrochloric acid on the regeneration process and removal efficiency of Chlorella biomass (sample dose: 12.5 mg, temperature: 25°C, time: 120 min) with n = 3 replicates.
3.8.2 Desorption efficiency of HCl
Unlike EDTA, the use of 0.05 M HCl (Figure 5b) resulted in a slightly slower decline in removal efficiencies, suggesting that HCl is more effective at regenerating the biomass for reuse. The acidic environment created by HCl protonates the biomass’s functional groups by donating protons (H+ ions) to surface groups like carboxyl and hydroxyl on the Chlorella sp. biomass (Chatterjee and Abraham, 2019; Zhang et al., 2021b; Yadav et al., 2022). This protonation reduces electrostatic interactions between the biomass and adsorbed metal ions, facilitating metal desorption by weakening the strong bonds with lead and zinc (Martínez et al., 2023). Additionally, HCl promotes ion exchange between hydrogen ions (H+) and the adsorbed metal ions, releasing metals like lead, zinc, and copper more effectively (Qasem et al., 2021). Although HCl demonstrated slightly better performance, after repeated cycles, 0.05 M HCl may still be insufficient to fully disrupt all metal-biomass interactions, particularly for Pb and Zn, which may require a stronger acid or longer desorption time. Moreover, the observed decline in adsorption in later cycles may also be attributed to alterations in the biomass’s surface chemistry, such as damaged physical structure, degraded functional groups, reduced surface area, and decreased porosity, diminishing the biomass’s adsorption capacity in future cycles. Additionally, the desorption process lasted only 2 h, which may not have been sufficient to fully desorb all metal ions, especially Pb and Zn, which form stronger bonds with the biomass. Extending the desorption time could potentially enhance removal efficiency, particularly for metals that bind tightly. The results further indicated that 0.05 M HCl maintains higher removal efficiencies for copper across cycles compared to EDTA. The protonation effect weakens copper’s coordination bonds with the biomass surface (Chatterjee and Abraham, 2019), and HCl also supplies chloride ions, which can form soluble CuCl2 complexes, facilitating copper desorption. This enables the biomass to retain its adsorption efficiency for copper across cycles, resulting in better overall performance with HCl as the desorption agent.
3.8.3 Future optimization strategies
The results of this study showed that while Chlorella sp. offers promise for heavy metal removal, its reusability is limited by a decline in adsorption efficiency after multiple cycles. The slower decline observed with HCl suggests that it may be a more effective desorption agent compared to EDTA. Future studies should focus on optimizing desorption processes, including adjusting desorption times and concentrations, to improve long-term effectiveness. Additionally, exploring ways to maintain or enhance the biomass’s structural integrity and surface properties could help retain its adsorption capacity in subsequent cycles.
3.9 Real wastewater effluent samples analysis
The collected wastewater effluent samples’ physicochemical properties were measured to assess the water quality (Table 5). The samples showed, at the time of sampling, a low dissolved oxygen (DO) content, which was below the recommended limits by the USEPA (6–9 mg/L) and DWAF (7.5 mg/L) (Department of Water Affairs and Forestry, 1995). Such low levels can be ascribed to oxygen consumption by reducing agents (e.g., hydrogen sulfide) as well as biological processes taking place in the presence of organic or inorganic electron donors driving microbial respiration. In addition, aquatic organisms can be negatively affected as copper, lead, and zinc toxicity increases at low DO (Kang et al., 2019; Olabode et al., 2020). At the time of sampling, the temperature of the Darvill effluent was found to be 24.7°C, which would impact the rate and extent of metal adsorption based on thermodynamic grounds (e.g., increased molecular movement and collision frequency) as well as biochemical reactions taking place in water. The pH value is another important parameter affecting the availability of heavy metals. For example, acidic pH levels enhance the solubility of heavy metals, increasing their availability in water. In contrast, alkaline pH levels reduce heavy metals solubility via the production of less soluble hydroxide compounds (Saalidong et al., 2022). However, the pH value of the water sample was 7.39, which is within the acceptable range for discharging domestic and industrial (Department of Water Affairs and Forestry, 1999). (Balali-Mood et al., 2021; Cherono et al., 2021; Prabakaran and Rajan, 2021; Spain et al., 2021) for discharging domestic and industrial wastewater into water bodies (Clean Water Team CWT, 2020). The measured conductivity was 538 µS. This value suggests the presence of dissolved ions, including the possibility of heavy metals (Clean Water Team CWT, 2020). The salinity was 0.27 psu, which agrees with the results of Kunene and Mahlambi (Kunene and Mahlambi, 2019), who reported 0.3 psu for the same site. Total dissolved solids (TDS) denote the overall concentration of dissolved substances, including inorganic salts and other small quantities of organic matter. High TDS can suggest a possibility for the presence of high levels of heavy metals since TDS serves as a carrier for dissolved substances, including heavy metals. In this study, 272 mg/L was obtained.
TABLE 5 | Darvill WWE physicochemical parameters and removal efficiencies for copper, zinc, and lead by dried Chlorella sp. biomass with n = 3 replicates.
[image: Table 5]The study found lead concentrations of 0.0547 mg/L and zinc concentrations of 0.143 mg/L in Darvill wastewater effluent samples, both of which exceed the South African regulatory limits for discharge into water resources (0.01 mg/L for lead and 0.1 mg/L for zinc). Copper levels were below the detection limit. To assess removal efficiency, wastewater effluent samples were spiked with an optimum concentration of 0.5 mg/L of copper. Excellent metal removal performance was demonstrated for the effluent samples using Chlorella sp. biomass, achieving greater than 98% removal for all heavy metals, signifying that Chlorella sp. is indeed a promising, sustainable, and reliable adsorbent for heavy metal removal in real-world applications.
4 CONCLUSION
Characterization of Chlorella sp. biomass revealed functional groups (carboxyl, hydroxyl, methyl, carbonyl, and amide) essential for heavy metal adsorption. The maximum removal of copper, zinc, and lead was achieved at pH 7, with a 60-min contact time and an initial concentration of 0.5 mg/L, where 12.5 mg of biomass removed over 80% of zinc and lead, highlighting its potential for effective heavy metal bioremediation. Adsorption kinetics followed a pseudo-first-order model, while Freundlich isotherms described lead and zinc adsorption, while copper adsorption was described by Langmuir isotherm. Such results indicate efficient and favorable adsorption under the tested conditions. Thermodynamic analysis indicated endothermic, spontaneous, and entropically favorable adsorption. Copper and zinc were completely removed in real wastewater, while lead achieved 98% removal.
The results underline Chlorella sp. biomass as a promising bioremediation tool for heavy metal removal from wastewater samples. However, exploring mechanisms tied to adsorption, such as intracellular degradation, bioaccumulation, and metal detoxification, will be crucial for enhancing the efficiency of Chlorella sp. Furthermore, future studies should focus on optimizing desorption and increasing the structural integrity of Chlorella sp. biomass to enhance its long-term reusability. Expanding this research to pilot and full-scale applications will be essential for translating laboratory success into real-world solutions. The collaboration between researchers, industry stakeholders, and policymakers will help integrate these innovative approaches into sustainable water treatment practices, thus contributing to global environmental goals.
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