


Valorization of cow bone waste into HCl-activated biochar for the removal of Congo red dye and heavy metals from wastewater



ABSTRACT
[bookmark: _GoBack]The work investigated the potential of biochar derived from cow bones as a low-cost and effective adsorbent for the removal of Congo red dye and heavy metals (Pb²⁺ and Cd²⁺) from simulated wastewater. Cow bone biochar was prepared via pyrolysis at 400 to 700 °C under oxygen-free conditions and activated with hydrochloric acid to enhance its adsorption properties. Unactivated biochar exhibited very low adsorption efficiency (less than 4%) and removed negligible amounts of Congo red. In contrast, HCl-activated biochar achieved a removal efficiency of 88% at 20 mg/L and maintained approximately 50% removal at 100 mg/L, indicating effective adsorption even at high initial concentrations. Biochar adsorbed 59.6% of Pb²⁺ at 20mg/L and 32.2% at 80mg/L of simulated wastewater. It also absorbed 94.45% of Cd²⁺ at 20mg/L and 55.26% at 80mg/L of wastewater. The reduced metal removal at higher concentrations was attributed to saturation of the adsorption location. These results indicated that biochar had a high affinity for Cd ions and had a strong potential to remove dyes and heavy metals from aqueous solutions. This work highlights the utilization of cow bone waste as a precursor for high-performance biochar. Acid-activated cow bone biochar was found to be an effective and low-cost adsorbent for wastewater remediation, indicating its suitability for industrial wastewater remediation. 	Comment by Maher: adsorbed	Comment by Maher:  Cd2+  
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INTRODUCTION
Industrial processes and anthropogenic activities generate industrial effluents, wastewater, and other contaminants into surface and groundwater bodies, and this adversely impacts ecosystems, human health, and water security worldwide (Ibrahim et al. 2021; Saravanakumar et al. 2022; Oladimeji et al. 2024; Rajan et al. 2024; Singh et al. 2024). Among the various pollutants present in wastewater, synthetic dyes and heavy metals have particularly detrimental impacts on water resources (Forgacs et al. 2004; Fu and Wang 2011; Yaseen and Scholz 2019; Kato and Kansha 2024; Mnyango et al. 2025). This is due to their toxicity, persistence, and resistance to conventional treatment methodologies (Li et al. 2023; Patel et al. 2024; Abhisek et al. 2025). Synthetic dyes, e.g., Congo red, are generated during diverse industrial processes such as leather manufacturing, textile manufacturing, and dye manufacture (Al-Tohamy et al. 2022; Siddiqui et al. 2023; Islam et al. 2025). Congo red is a benzidine-based diazo dye characterized by complex aromatic compounds that make it highly stable and resistant to biodegradation (Hernández-Zamora and Martínez-Jerónimo 2019; Khan et al. 2022). Congo red has strong coloration properties that persist even at very low concentrations. When present within the ecosystem, it reduces light penetration, alters photosynthetic activity, and impacts aquatic life (Hernández-Zamora et al. 2014; El-Ahmady et al. 2020; Oladoye et al. 2022; Kağızman et al. 2025).	Comment by Maher: The sentence is too long, cramming too much information into one line (sources of pollution, receptors, effects, references). It would have been better to divide it into two or more sentences to clarify the idea.
Heavy metals (e.g., Pb²⁺ and Cd²⁺) are also found in industrial wastewater. Lead is highly toxic, impacting neurological development in children and causing kidney and cardiovascular problems in adults (Sanders 2009; Hou et al. 2013; Collins et al. 2022; Larsen and Sánchez-Triana 2023; Gonzalez-Villalva et al. 2025). Cadmium is carcinogenic, and its bioaccumulation in biological systems poses long-term health risks (Genchi et al. 2020; Khan et al. 2022; Qu and Zheng 2024; Rani et al. 2025; Rasin et al. 2025). The simultaneous presence of dyes and heavy metals in wastewater is therefore a toxic combination for the ecosystem. Conventional methods used to remove both pollutants fail to eliminate them both efficiently and cost-effectively. 	Comment by Maher: Repetition in references: Replace these references to prevent duplication.
In recent times, adsorption has emerged as a viable strategy for eliminating toxicants from wastewater (Rathi and Kumar 2021; Iqbal et al. 2022; Kato and Kansha 2024; Sharma et al. 2024; Meftah et al. 2025). Adsorption is dependent on the interaction mechanisms between the pollutant to be eliminated and the adsorbent surface of the removing agent (Alkhaldi et al. 2024; Wang et al. 2024; Atangana et al. 2025). The efficiency of pollutant removal in adsorption is highly dependent on the porosity of the adsorbent, the surface area of the adsorbent, and the existence of functional chemical groups with the capacity to bind the contaminants to the absorbent (Ambaye et al. 2021; Yu et al. 2023; Wang et al. 2024; Phiri et al. 2024; Kumari et al. 2025). Commercially activated carbon has high adsorption capacities; however, its high cost precludes frequent use in the removal of dyes and heavy metals from wastewater. There has therefore been increasing interest in the development of cost-effective adsorbents from organic and agricultural waste matter (Haris et al. 2024; Erdem et al. 2025; Shabbirahmed et al 2025; Lukić et al. 2025; Tang et al. 2025). The utilization of such absorbents for wastewater remediation will reduce the load of waste disposal and equally serve as an alternative to expensive commercial adsorbents (Nguyen et al. 2013; Puglla et al. 2020; Le et al. 2021; Ungureanu et al. 2023; Sen 2023; 	Comment by Maher: The sentence is too long, it's best to simplify it.	Comment by Maher: Adsorbent not absorbent (There is a fundamental difference between absorption and adsorption, and this is the crux of the matter).	Comment by Maher: The sentence ends abruptly and is incomplete (this is a phrasing error).	Comment by Maher: Adsorbent not absorbent (There is a fundamental difference between absorption and adsorption, and this is the crux of the matter).

The pyrolysis of biomass under oxygen-deficient conditions generates biochar, which has found wide applications in environmental remediation (Rangabhashiyam et al. 2022; Kumar et al. 2023; Rajput et al. 2024; Dong et al. 2026). Most biochars are highly porous with a wide surface area, making them particularly optimal for pollutant adsorption. Their chemical activation via activators like hydrochloric acid (HCl) further increases the adsorption properties of the biochar (Ambaye et al. 2021; Pathy et al. 2023; Ren et al. 2023; Zhang et al. 2025; Sun et al. 2025). They also increase the porosity of the biochar surface and the number of acidic functional groups that enhance ionic interactions (Amalina et al. 2022; Lima et al 2025). Biochar from plant residues like rice husk, coconut shells, and sawdust has been investigated in the literature (Chikri et al. 2020; Konneh et al, 2021; Rashad et al. 2023; Rezvani et al. 2025; Lugo-Arias et al. 2026); however, the research on biochar derived from animal bones is limited. Cow bones are particularly rich in carbon and minerals, making them an excellent precursor for biochar production. The subjection of cow bones to pyrolysis and HCl activation increases their surface area, porosity, and adsorbent capacity. 
The work, therefore, aimed to evaluate the adsorption performance of both unactivated and HCl-activated cow bone biochar for the removal of Congo red dye and Pb²⁺/Cd²⁺ ions from simulated wastewater. The adsorption efficiency at diverse contaminant concentrations will be evaluated to provide vital information on the capacity and efficiency of contaminant removal. Via demonstrating the feasibility of valorizing cow bone waste into a contaminant adsorbent, this research contributes to the investigation of effective, low-cost solutions to wastewater remediation. 

MATERIALS AND METHODS
Cow bones were collected from slaughterhouses and washed with distilled water to eliminate impurities. The bones were then dissected into tiny, uniform pieces, which were oven-dried for 24 hours at 105 °C to remove residual moisture. The oven-dried samples were stored in airtight containers to prevent contamination. The dried cow bone samples were heated in a muffle furnace between 400 and 700 °C under oxygen-free conditions. This converted the organic matter within the cow bones into carbon-rich biochar. The material was allowed to cool gradually to room temperature, and the cooled biochar was then ground and sieved to obtain a uniform particle size suitable for adsorption experiments. 
The biochar was then chemically activated using 3M hydrochloric acid, the overall goal being to improve adsorption performance. The chemical activation using HCl involved mixing biochar with the acid solution and allowing it to soak for several hours, the goal being to increase interaction between the acid and biochar. After activation with HCl, the biochar material was thoroughly washed with distilled water until the filtrate reached a neutral pH. This was done to remove residual acid and soluble impurities within the activated biochar. The biochar was then oven-dried at 105 °C and stored in airtight containers. 	Comment by Maher: The best )to enhance the interaction between the acid and the biochar(
Simulated wastewater solutions were prepared by dissolving known concentrations of Congo red dye or heavy metal salts (Pb²⁺ and Cd²⁺) in distilled water. The pH and temperature of the solutions were maintained at conditions similar to those commonly observed in real wastewater. Adsorption experiments were then performed to assess the removal efficiency of the activated biochar. Different time intervals of 15, 20, 40, 60, 80, and 100 minutes were used as the agitation contact time for the experiments. After each experiment, the suspension was filtered through a 0.45 µm membrane filter to remove biochar particles. Congo red dye concentration in solution was measured with a UV–Visible spectrophotometer, while heavy metal concentrations in solution after adsorption were measured using Atomic Absorption Spectroscopy (AAS). 	Comment by Maher: Adsorption



RESULTS AND DISCUSSION	Comment by Maher: The research lacks characterization of biochar before and after activation, (SEM) to determine the change in porosity, or (FTIR) to determine the functionally active groups that formed after activation.
Table 1 presents the results of the adsorption performance of unactivated biochar obtained from cow bone waste for the removal of Congo red dye from wastewater. 

 Table 1: Adsorption performance of unactivated biochar obtained from cow bone waste for the removal of Congo red dye from wastewater 
	Initial conc. of Congo red dye wastewater (mg/L)
	Equilibrium conc (mg/L)	Comment by Maher: Conc.
	Amount adsorbed (mg/L)
	Percentage adsorbed (%)

	20.00
	19.28
	0.72
	3.59

	40.00
	38.83
	1.17
	2.92

	60.00
	58.03
	1.97
	3.28

	80.00
	76.86
	3.14
	3.92

	100.00
	96.06
	3.96
	3.94



The results indicated that adsorption occurred at all the tested concentrations of Congo red dye in wastewater (20 to 100mg/L). However, the percentage adsorption remained low (2.92 to 3.94%), indicating an overall very low efficiency of adsorption. At an initial dye concentration of 20mg/L, the equilibrium concentration reduced to 19.28mg/L, implying that 0.72mg/L of dye was adsorbed. The removal efficiency here was 3.59%. When the initial concentration increased to 40mg/L, the amount of dye adsorbed increased to 1.17mg/L, and the percentage adsorption decreased to 2.92%. This reduction in percentage adsorption in spite of the increment in adsorption amount was attributed to the unavailability of active adsorption locations on the unactivated biochar surface. A similar trend was observed when the initial concentration was increased to 60 mg/L.  Here, 1.97mg/L of dye was removed, and the percentage adsorption was 3.28%. An increment in the initial concentration to 80mg/L lead to adsorption values of 3.14 mg/L (with an adsorption percentage of 3.92), whereas an increment of the initial concentration to 100mg/L led to adsorption values of 3.96 mg/L (with an adsorption percentage of 3.94%).
The results indicate that the total amount of dye adsorbed increased with an increase in initial dye concentration, a result of the increasing concentration gradient between the dye solution and the adsorbent surface. However, the adsorption percentage was very low (2.92 to 3.94%), indicating that the adsorption capacity of unactivated cow bone biochar was very low. Hence, although biochar derived from cow bones had the potential to adsorb Congo dye, the chemical/thermal activation process might be vital in increasing adsorption efficiency.  	Comment by Maher: due to
	Table 2 presents the results of the adsorption performance of Congo red dye from wastewater using 3m HCl-activated biochar produced from cow bone waste at 45 °C. 

 Table 2: Adsorption performance of Congo red dye from wastewater using 3m HCl-activated biochar at 45 °C. 
	Initial conc. of Congo red dye wastewater (mg/L)
	Equilibrium conc (mg/L)	Comment by Maher: conc.
	Amount adsorbed (mg/L)
	Percentage adsorbed (%)

	20.00
	2.40
	17.60
	88.00

	40.00
	6.47
	33.53
	83.80

	60.00
	14.51
	45.49
	75.82

	80.00
	38.46
	41.54
	51.00

	100.00
	50.55
	49.45
	49.50



The results indicated that the HCl-activated biochar exhibited higher adsorption efficiencies compared with unactivated biochar (Figure 1). This demonstrates the role of chemical activation in improving adsorption capacity. The amount of dye adsorbed increased with an increment in initial dye concentration. The percentage adsorption, on the other hand, decreased with increasing dye concentration. 


Figure 1: Comparison of the percentage removal of dye at different initial concentrations (20–100 mg/L) using unactivated cow bone biochar and HCl-activated cow bone biochar. The results show significantly improved adsorption efficiency after acid activation.

The high adsorption efficiencies observed at reduced initial concentration indicated that 3M HCL activation enhanced the adsorption properties of the cow bone biochar.  Acid activation increased the surface area, improved pore structure, and generally enhanced the interaction between the adsorbent surface and the Congo red dye molecules.  On the other hand, the reduced absorption efficiencies at high concentrations indicated a saturation of the available adsorption locations and a competition among the dye molecules for the limited active sites on the biochar surface.	Comment by Maher: Adsorption
Table 3 presents the adsorption performance using 3m HCl-activated biochar for the removal of lead (Pb²⁺) ions from aqueous solution.

Table 3: Adsorption of Pb ion using 3M HCl-activated biochar produced from cow bone	Comment by Maher: Pb2+ ions  Wherever it is found
	Initial conc. of Congo red dye wastewater (mg/L)	Comment by Maher: The data pertains to lead ions. This is an unacceptable error and indicates inaccuracy.
	Equilibrium	conc (mg/100ml)	Comment by Maher: mL
	Amount adsorbed (mg/100ml)
	Percentage adsorbed (%)

	20.00
	8.08
	11.92
	59.60

	40.00
	22.61
	17.39
	43.48

	60.00
	37.53
	22.47
	37.45

	80.00
	54.24
	25.76
	32.20



The results indicated that biochar was able to remove Pb ions from solution, although adsorption efficiency decreased with an increase in initial concentration. This was attributed to the increasing number of Pb ions competing for a limited number of active adsorption locations. High concentrations increased the mass transfer driving force, leading to an increment in the quantity of ions adsorbed. However, this led to competition for the limited active sites, reducing the removal efficiency. 
Table 4 presents the adsorption performance using 3m HCl-activated biochar for the removal of cadmium (Cd²⁺) ions from aqueous solution.

Table 4: Adsorption of Cd ion using 3M HCl-activated biochar produced from cow bone
	Initial conc. of Congo red dye wastewater (mg/L)	Comment by Maher: The data pertains to cadmium ions. This is an unacceptable error and indicates inaccuracy.
	Equilibrium	conc (mg/100ml)	Comment by Maher: mL	Comment by Maher: Conc.
	Amount adsorbed (mg/100ml)
	Percentage adsorbed (%)

	20.00
	0.31
	19.69
	98.45

	40.00
	13.42
	26.58
	66.45

	60.00
	26.07
	33.93
	56.55

	80.00
	35.79
	44.21
	55.26

	100.00
	49.68
	50.32
	50.32



The results indicated that biochar was able to remove Cd ions from solution, although adsorption efficiency decreased with an increase in initial concentration. Similar to Pb, this was attributed to an increasing number of Cd ions competing for a limited number of active adsorption locations (Figure 2).  	Comment by Maher: Cd2+ ions  Wherever it is found


Figure 2: Comparison of the percentage removal of Pb and Cd ions at different initial concentrations (20–80 mg/L) using HCl-activated cow bone biochar. The results show significantly improved adsorption efficiency for Cd, indicating a high affinity of Cd ions for the biochar surface.	Comment by Maher: Pb2+ and Cd2+  Wherever it is found


These results, therefore, indicated that HCL-activated cow bone biochar had the potential to serve as a low-cost adsorbent for the removal of dyes, Pb, and Cd ions from contaminated wastewater. 	Comment by Maher: Pb2+ and Cd2+  Wherever it is found


Conclusion
This work evaluated the potential of biochar generated from cow bone waste to remove Congo red dye. Pb²⁺, and Cd²⁺ from solution. Unactivated biochar had very low efficiencies for Congo red dye (< 4%), while HCl-activated biochar showed significant increments in adsorption efficiencies. The adsorption efficiency for HCl-activated biochar used to remove Pb²⁺ from simulated wastewater solution varied from 59.6% at 20mg/L to 32.2% at 80mg/L of simulated wastewater. The absorption efficiency for the removal of Cd2+ varied from 98.25% at 20mg/L to 50.32% at 80mg/L. The stronger adsorption of Cd2+ implied a higher affinity of the activated biochar for cadmium ions. This was possibly a result of favorable electrostatic interactions and ion exchange processes.	Comment by Maher: Adsorption
	This work has therefore contributed to the field of sustainable waste management by converting an agricultural waste product into material for remediating wastewater. This work has also indicated that acid activation of biochar improves overall adsorption efficiencies. Dyes and heavy metal contaminants resulting from industrial processes and anthropogenic activities pollute water bodies. The development of a low-cost and effective adsorbent in the form of cow bone biochar, therefore, offers a practical strategy for the remediation of contaminated waterbodies, while at the same time, solving the problem of animal waste disposal. 	Comment by Maher: The sentence is a bit long; its length can be reduced slightly.
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