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The adsorption of phenol and Pb2+ from aqueous solutions was achieved 
using calcined animal waste (cow dung) as a low-cost adsorbent. Fourier 
transform infrared analysis confirmed the involvement of hydroxyl, 
carbonate, and possibly silicate functional groups in the adsorption 
process. Scanning electron microscope images revealed the presence of 
distinct rod-like fibers on the adsorbent surface. Adsorption kinetics 
revealed an increase in pollutant uptake over time, with the effect being 
more pronounced at a higher initial concentration of 280 mg/L. The 
optimal pH for maximum adsorption was identified as 6.5 for phenol and 
4.5 for lead. Langmuir isotherm analysis indicated a higher adsorption 
affinity for lead, with a maximum adsorption capacity of 101 mg/g, 
compared to 89.3 mg/g for phenol. Conversely, the Freundlich isotherm 
model demonstrated a better fit for phenol adsorption. Thermodynamic 
evaluations showed negative ΔG° values, confirming the spontaneous 
nature of the sorption process for both pollutants. The enthalpy change 
(ΔH°) values of 11.6 kJ/mol for phenol and 21.7 kJ/mol for lead validated 
the endothermic nature of the adsorption. These results underscore the 
effectiveness of calcined animal waste as a sustainable and efficient 
adsorbent for eliminating phenol and lead from wastewater. 
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INTRODUCTION 
 

Access to clean water is fundamental to the health and well-being of all living 

organisms on our planet. Water is also vital not only for human survival but also for the 

ecosystems that support diverse forms of life. Clean water facilitates essential functions, 

such as hydration, sanitation, agriculture, and various industrial processes, contributing to 

overall public health and environmental sustainability (Howard et al. 2016; Alshomali 

and Gulseven 2020). Without water in its best form, both humans and wildlife can suffer 

from dehydration, disease, and habitat destruction. Water sources, such as lakes and 

rivers in both developed and developing countries, have experienced significant 

contamination due to various human activities, including fertilizer production, 
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electroplating, leather tanning, sugar milling, textile manufacturing, mining, metallurgical 

processes, and municipal waste management (Akhtar et al. 2021). Industrial discharges 

often release heavy metals and toxic organic pollutants into water bodies, thereby 

severely impacting water quality (Babu and Prasanna 2019). The presence of these 

contaminants poses serious threats to aquatic ecosystems, terrestrial life, and human 

health, making their management and prevention a critical issue (Briffa et al. 2020). 

Industrial wastewater effluents typically contain heavy metals in high 

concentrations, among which are lead, cadmium, arsenic, mercury, and chromium, 

alongside organic pollutants such as dyes (Issabayeva et al. 2017; Thilakan et al. 2022). 

Heavy metals present challenges due to their non-biodegradable nature, toxicity, 

carcinogenicity, and could lead to bioaccumulation within the food chain. Similarly, even 

low concentrations of organic pollutants in water can render it unsafe for human and 

animal consumption (Wang et al. 2020; Vesali-Naseh et al. 2021). Therefore, addressing 

the release of these harmful substances into water systems is of paramount importance. 

Lead is found naturally within the Earth’s crust as an element. Historically it has 

been used for a variety of industrial purposes. However, it is highly toxic. It affects 

human health and the environment even at low concentrations (Kucherova et al. 2017; 

Vesali-Naseh et al. 2021; Wang and Zhang 2021). Water contaminated with lead levels 

exceeding 0.07 mg/g poses health risks that can affect the brain, kidneys, and nervous 

system (Samira et al. 2022). Lead is a non-biodegradable metal that poses important risks 

to both human health and the environment. Its impact includes damage to the nervous 

system, leading to memory problems and impairments in children’s behavior and 

cognitive development. Lead exposure is also related to an increased risk of 

cardiovascular diseases, such as coronary artery and hypertension disease. Additionally, 

it can cause gastrointestinal disturbances, nausea, manifesting as abdominal pain, and 

constipation, as well as respiratory issues, including coughing, difficulty breathing, and 

mucous membrane irritation. Furthermore, lead adversely affects reproductive health in 

both men and women, potentially resulting in fertility challenges (Ettinger et al. 2019; 

Aliyu and Musa 2021; Collina et al. 2022; Kshyanaprava and Alok 2023). Additionally, 

lead has the potential to impact various organs, including the liver, kidneys, and nervous 

system (Chen et al. 2019). The effects of lead are not limited to the biological 

environment alone; they also affect the physical environment through various means, 

such as industrial discharges, mining activities, and the use of lead in plumbing systems. 

All these factors contribute to water pollution, which could pose challenges for aquatic 

organisms (Aliyu and Musa 2021; Collina et al. 2022; Kshyanaprava, and Alok 2023). It 

has been noted that lead exposure can have toxic effects on plant roots, which may result 

in challenges to their growth and development and previous studies suggest that exposure 

to lead may lead to structural changes in plant cells, such as an increase in vacuolar 

volume and modifications in cell shape (Ettinger et al. 2019; Aliyu and Musa 2021).  

Given its toxicity, addressing lead contamination in aquatic systems is crucial due 

to the potential health risks involved. It is important to ensure that lead is thoroughly 

monitored and appropriately removed from wastewater before disposal. In line with 

WHO guidelines, lead levels in wastewater and agricultural soils should remain 

below 0.01 and 0.1 ppm to safeguard public health and the environment (Kinuthia et 

al. 2020).  

Certain industrial process effluents may contain phenol-based compounds, which 

could also potentially pose severe environmental risks. Phenols are known for their high 

solubility in water. Even at concentrations as low as 5 micrograms per liter (5 μg/L), they 
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can contribute to undesirable tastes and odors in water supplies (Sarker et al. 2017). 

Phenol-containing compounds may find their way into bodies of water because of various 

industrial activities, which include the pharmaceutical industry, tanning, textiles, the use 

of disinfectants, coal tar production, gasoline refining, plastics manufacturing, steel 

production, pesticide application, paint usage, domestic wastewater discharge, the paper 

industry, and the disposal of chemicals (Flouret et al. 2018; Hamdy et al. 2023). 

Exposure to phenol through the skin or respiratory tract can pose health risks, including 

potential poisoning. At higher concentrations, it may lead to protein precipitation, which 

can cause direct cellular damage, whereas at lower concentrations, phenol can induce 

protein denaturation (Shen et al. 2019). Because lead and phenol are recognized as 

significant pollutants in water systems, addressing their presence is essential for 

maintaining clean and healthy water. 

 Various approaches have been employed to effectively remove pollutants from 

water. They include filtration, flocculation/coagulation, precipitation, adsorption, 

chemical reduction, ion exchange, electrocoagulation, immobilization, bioremediation, 

and electro-kinetic remediation (Ofudje et al. 2020; Al-Ayed et al. 2022). However, 

many of these methods are costly and often ineffective in completely treating a wide 

range of pollutants. 

Among these techniques, adsorption is widely regarded as a highly effective 

physicochemical method for pollutant removal from wastewater. It involves the transfer 

of a solute from the liquid phase onto the solid surface through physical or chemical 

interactions (Ofudje et al. 2014; Kanamarlapudi et al. 2018). Adsorption stands out due 

to its cost-effectiveness, simplicity, and the ability to regenerate adsorbents, making it a 

preferred choice for wastewater treatment (Adeogun et al. 2012; Ofudje et al. 2014). 

Despite these advantages, the challenge lies in developing adsorbents that are not only 

efficient but also safe and environmentally friendly (Nabipour et al. 2023). A couple of 

adsorbents have been explored for their potential to eliminate lead and phenol from 

wastewater. Examples include carbon nanoparticles impregnated on clay aggregate 

(Ghahremani et al. 2021), lignin-grafted carbon nanotubes (Li et al. 2017), Dijah-Monkin 

bentonite clay (Alexander et al. 2018), acid-treated pyrolytic tire char (Makrigianni et al. 

2015), garlic peel (Muthamilselvi et al. 2016), corn husk activated carbon (Mishra et al. 

2019), and pottery granules (Mohammad et al. 2023). These advancements highlight the 

ongoing efforts to improve the efficiency and ecological compatibility of adsorption 

technologies. 

The adsorption of phenol onto multiwalled carbon nanotubes was investigated by 

Abdel-Ghani et al. (2015). Batch adsorption experiments were used to assess the removal 

efficiency of phenol under varying conditions, with equilibrium achieved within 300 

minutes at an initial concentration of 25 mg/L, an optimal adsorbent dosage of 5 g/L, and 

a neutral pH of 7. The study underscores the efficacy of MWCNTs in adsorbing phenol, 

providing insights into adsorption kinetics and equilibrium behavior, which are crucial 

for optimizing treatment processes targeting phenolic contaminants. The adsorption 

capacity of phenol using activated carbon derived from lignocellulosic agriculture wastes 

of sugarcane bagasse and sawdust was explored by Haitham et al. (2022).  Phenol 

maximum adsorption of 159 mg/g was achieved under optimal conditions, with 

adsorption following a pseudo-second-order kinetic model and fitting the Langmuir 

isotherm, highlighting the potential of waste-derived AC as an eco-friendly and cost-

effective solution for phenol removal from water. Al-Ayed et al. (2022) explored the use 

of treated oil shale ash (OSA) as an adsorbent for lead (Pb²) removal from water. The 
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results showed that adsorption capacity increased with pH, reaching optimal efficiency in 

slightly acidic to neutral conditions. Kinetic analysis revealed that adsorption followed a 

pseudo-second-order model, while equilibrium data fitted the Langmuir isotherm, 

indicating monolayer adsorption. The study on the kinetic of Pb(II) adsorption from 

aqueous medial onto carbon materials was examined by Kucherova et al. (2017). The 

study highlights the crucial role of surface functional groups in enhancing Pb²⁺ adsorption 

and demonstrates that equilibrium time, rate constants, and adsorption capacities vary 

among the tested materials.  

Cellulosic materials that possess homogenous surfaces are among the most 

abundant natural resources available, offering a renewable and biodegradable option that 

is also cost-effective. The bio-based and biodegradable properties of cellulosic materials 

make them valuable for use as adsorbents. Their application and appropriate disposal can 

significantly aid in the enrichment and isolation of environmental pollutants; utilizing 

cellulosic animal waste as an adsorbent offers a promising solution for the removal of 

pollutants in wastewater (Thakur et al. 2020).  

Animal waste, such as cow dung, is a form of lignocellulosic biomass. As such, it 

contains various components, including cellulose in its extensively crystallized form, 

hemicellulose, and lignin in its amorphous state, along with pectin, wax, and several 

additional substances (Puri et al. 2020; Qasim et al. 2021). Recent studies have indicated 

that biomass materials derived from cow dung exhibit favorable porous structures and an 

appealing specific surface area (Chen et al. 2022). A significant portion, around 90%, of 

cow dung remains unused as waste, primarily due to the limited availability of 

professional treatment facilities. Timely and proper management of this waste is crucial, 

as inadequate handling may potentially lead to environmental concerns, including water, 

soil, and air pollution (Wadekar et al. 2020). The benefits of using cow dung as an 

adsorbent extend beyond its low economic value; it also presents an opportunity to 

mitigate certain undesirable properties often associated with it. This study examined the 

potential of utilizing cellulose-based materials derived from animal waste (cow dung) for 

the adsorption of lead and phenol in industrial wastewater.  

 

 

METHODOLOGY 
 
Collection and Preparation of Animal Waste (AW) 

Fresh cow dung was collected from a cow shed in Kara, a locality near Lagos, 

Nigeria, specifically at Kara Market along the Lagos-Ibadan Expressway in Ogun State 

(6.6516° N, 3.3470° E). The collected waste was air-dried for 48 to 72 hours to remove 

excess moisture. Once dried, it was placed in a muffle furnace and heated at 600 °C for 3 

h. After calcination, the material was allowed to cool to room temperature in a desiccator 

to prevent moisture absorption. The cooled calcined waste was then ground into a fine 

powder using a mortar and pestle and labeled as calcined animal waste (CAW). Finally, 

the CAW was stored in an airtight container to prevent moisture uptake and 

contamination. 

 
Characterization of Calcined Animal Waste (CAW) 

The characterization of the adsorbent can be regarded as an essential step to 

realize its structure, surface functional groups, and morphology. To identify the 

functional groups available on CAW surface that may participate in adsorption, Fourier 
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Transform Infrared Spectroscopy (FT-IR) was used. Pellets of the CAW were prepared 

by mixing it with potassium bromide (KBr) powder. The FT-IR analyses were run in the 

range of 4000 to 400 cm⁻¹ (Bruker Optics (TENSOR 27 series, Woodlands, TX, USA). 

To study the surface morphology of the CAW adsorbent, Scanning Electron Microscopy 

(SEM) (Hitachi, Tokyo, Japan, S-3000H) was used. Samples were coated with a thin 

layer of gold (JFC-1200, Akishima, Tokyo, Japan.) for enhanced conductivity prior to 

analysis. Brunauer-Emmett-Teller (BET) analysis was conducted to measure surface area 

and pore volume using a Quantachrome NOVA 4000e analyzer (Florida, USA). 

 
Preparation of Lead (Pb) and Phenol Solutions 

All chemicals utilized were purchased from Sigma-Aldrich, India and were of 

analytical grade. Lead nitrate (Pb(NO₃)₂) and phenol (C₆H₆OH) were used for the 

adsorbate preparations. An appropriate weight of the adsorbate (1.598 g of Pb(NO₃)₂ and 

1 g of phenol) were dissolved in deionized water for preparation of the stock solution. 

Different concentrations of the pollutant solution were prepared via dilution of the stock 

solution using deionized water. Solution pH was adjusted in the range of pH 4 to 6 for 

optimal adsorption using 0.1M of HCL or NaOH. 

 
Adsorption Study 

Batch adsorption experiments were done through the introduction of a specific 

amount of calcined animal waste (ranging from 0.1 to 0.8 g) into 20 mL of contaminant 

solution within a conical flask. A magnetic stirrer was used to stir the mixture at a 

constant speed for a fixed duration of 120 min to achieve adsorption equilibrium. 

Afterward, separation of the adsorbent from the solution was done through filtration. The 

residual concentrations of lead and phenol in the supernatant were determined, 

respectively, using Atomic Absorption Spectroscopy (AAS) (Thermo Fisher Scientific, 

Waltham, MA, USA) and a UV-Visible spectrophotometer at a wavelength of 270 nm 

(Shimadzu, Japan). Each experiment was performed in triplicate. The adsorbent’s 

adsorption capacity (Qe) (mg/g) was computed using the following equation, 

Adsorption capacity, V
m

CC
Q eo

e

−
=                 (1) 

Percentage adsorbed, 100(%) x
C

CC
Q

o

eo
e

−
=             (2) 

where C0 and Ce are the initial and equilibrium concentration of lead or phenol (mg/L), V 

stands for solution volume used (L), and m denotes the adsorbent mass (g). The same 

procedure was repeated to investigate the impact of various factors at different pH, 

various time intervals, temperature, initial pollutant concentration, and dosage of CAW 

adsorbent used. 

 Statistical analyses were performed using Origin software (OriginLab 

Corporation, Origin 2020 (9.7), Northampton, MA, USA). 

 
Desorption Studies 

To assess the feasibility of the sorption process, sorption-desorption experiments 

were conducted on the used adsorbent. Once equilibrium was reached, the exhausted 

adsorbent was carefully separated, and desorption was carried out using acetic acid. The 

concentration of the washed effluent was then measured using Atomic Absorption 
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Spectroscopy (AAS) (Thermo Fisher Scientific, Waltham, MA, USA) and a UV-Visible 

spectrophotometer at a wavelength of 270 nm (Shimadzu, Japan). This desorption 

procedure was repeated for six cycles, following the same experimental conditions, and 

the percentage desorption (PD) was calculated using the expression below, 

100(%) X
AA

AD
PD =

                                                                                          (3)          
 

where AD represents the amount of effluent desorbed (mg) and AA denotes the amount 

of effluent adsorbed (mg). All experiments were conducted in triplicate, and the mean 

values were recorded. 

 

 

RESULTS AND DISCUSSIONS 
 
FT-IR and SEM Analysis of Calcined Animal Waste  

The animal waste FT-IR analysis before adsorption (Fig. 1a) revealed prominent 

broad peaks observed around 3325 to 3560 cm⁻¹, suggesting that hydroxyl groups were 

present that could originate from adsorbed water molecules or characteristic peaks of 

cellulose, hemicellulose, and lignin (Puri et al. 2020; Yang et al. 2023). Peaks around 

1475 and 895 cm⁻¹ suggest the presence of carbonate (CO₃²⁻) groups. The C=O peak is 

seen at 1726 cm−1, which is attributed to unconjugated ketones and is characteristic of 

hemicellulose vibration (Yang et al. 2020), while the peaks seen at 1015 cm⁻¹ correspond 

to Si–O or C-O groups. After adsorption of lead ions (Fig. 1b), the peaks corresponding 

to –OH group that were seen at 3320 to 3560 cm⁻¹ shifted slightly to lower wavenumbers 

(3250 to 3495 cm⁻¹). This shift indicates the involvement of –OH groups in hydrogen 

bonding or complexation with adsorbed metal ions (e.g., Pb²⁺). The C=O peak seen at 

1726 cm−1 in the calcined material had increased to 1732 cm−1, whereas the peaks around 

1475 and 895 cm⁻¹ shifted slightly to 1471 cm⁻¹ and 892 cm⁻¹, signifying the interaction 

of carbonate groups with metal ions during the adsorption process. Similarly, the peaks 

initially seen at 1015 cm⁻¹ that correspond to Si–O or C-O groups shifted to lower 

frequencies at 1008 cm⁻¹. The interaction between pollutants and the calcined cow dung 

adsorbent involved hydroxyl, carbonate, and possibly silicate groups. These groups are 

essential for forming bonds or coordinating with the adsorbed ions. The SEM images of 

calcined animal waste before adsorption (Fig. 2a) reveal a distinct presence of rod-like 

fibers embedded within the structure and these fibers likely represent organic components 

retained during the calcination process. After the adsorption process (Fig. 2b), the rod-

like fibers observed before adsorption were coated with a thin layer. This coating 

smoothens the surface, thereby reducing the visibility of the original fibrous texture. 

The BET characterization of calcined animal waste revealed its strong potential as 

an adsorbent for wastewater treatment, particularly for removing lead ions (Pb²⁺) and 

phenol. With a high surface area of 304 m²/g, CAW provides a large number of active 

sites for adsorption, enhancing its ability to capture and retain contaminants. Its pore 

volume of 0.158 cm3/g indicates sufficient internal porosity, allowing effective trapping 

of pollutants within the adsorbent structure. Additionally, the pore diameter of 2.22 nm 

classifies CAW as a mesoporous material, making it well-suited for adsorbing both 

organic and inorganic pollutants due to its balanced pore size, which facilitates the 

diffusion of molecules into the adsorbent. Overall, the combination of high surface area, 
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adequate pore volume, and mesoporous structure suggests that CAW is a highly effective 

adsorbent.  

 
Fig. 1. FT-IR analysis of calcined animal waste (a) before and (b) after adsorption 

 

 
 
Fig. 2. SEM analysis of calcined animal waste (a) before and (b) after adsorption 

 
Effects of Initial Metal Concentration and Contact Time 

The adsorption of phenol and lead (Pb) from aqueous solutions onto calcined 

animal waste (CAW) is influenced by factors such as initial pollutant concentration and 

contact time. This study evaluated the adsorption capacity of CAW for phenol and lead 
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across a concentration range of 40 to 280 mg/L and contact times from 10 to 160 min 

(Figs. 3 and 4). At an initial concentration of 40 mg/L, phenol adsorption reached 5.30 

mg/g, while lead adsorption was 7.03 mg/g after 10 min. Over time, these values 

increased to 9.24 mg/g for phenol and 21.0 mg/g for lead at 120 min. The initial rapid 

adsorption can be attributed to an abundance of vacant active sites on the CAW surface. 

As the process continued, the adsorption rate decreased as these sites became occupied, 

leading to equilibrium. Despite the slower rate, the total adsorption continues to increase 

over time (Mustapha et al. 2019; Upendra et al. 2023). 

 

 
 

Fig. 3. Effect of contact time and pollutants concentration on the adsorption of phenol by CAW 

 

At a higher initial concentration of 280 mg/L, the adsorption capacities were 

substantially greater at all contact times. For instance, phenol and lead adsorption reached 

26.0 and 31.2 mg/g, respectively, at 10 min, and further increased to 86.1 and 95.7 mg/g 

at 120 min. This enhanced performance is attributed to the higher concentration gradient 

between the solution and the adsorbent surface, which intensified the driving force for 

adsorption. Consequently, CAW demonstrated superior pollutant removal efficiency at 

higher concentrations compared to lower ones (Mustapha et al. 2019; Upendra et al. 

2023). The rise in the quantity of phenol and lead adsorbed with time suggests that the 

pollutant molecules were gradually diffusing into the porous structure of the animal 

waste, and more adsorption sites became occupied over time. However, the rate of 

increase in adsorption diminished after a certain period, indicating that the system was 

nearing its saturation point (Upendra et al. 2023). The data show that at both 
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concentrations, the amount of the pollutants adsorbed increased with time, but the 

increase was more pronounced at the higher initial concentration of 280 mg/L. This can 

be explained by the fact that at higher concentrations, the driving force for the adsorption 

process is greater, allowing more phenol and lead molecules to interact with the available 

adsorption sites on the calcined animal waste (Ofudje et al. 2020; Upendra et al. 2023). 

In contrast, at lower concentrations (40 mg/L), the adsorption sites become saturated 

more slowly, and as a result, the increase in adsorption with time is less substantial. 

 
Fig. 4. Effect of contact time and pollutants concentration on the adsorption of Pb by CAW 

 

Adsorption of Phenol and lead as a Function of pH 
Solution pH is known to play a vital role in adsorption processes, influencing both 

the ionization state of the adsorbate and the charge on the adsorbent surface. This 

comparative analysis examined the effect of pH on the adsorption of phenol and lead (Pb) 

by calcined animal waste based on the provided data in Fig. 5. For phenol, the percentage 

adsorption increased from 53.7% to 75.9% as the pH rose from 1.5 to 6.5. However, at a 

pH of 8.5, the adsorption percentage decreased to 48.8%. However, for lead, the 

percentage adsorption increased from 57.9% to 82.8% as the pH rose from 1.5 to 4.5. 

However, at a pH of 8.5, the adsorption percentage decreased to 55.2%. The reason for 

the decrease in lead (Pb²⁺) adsorption by cow dung at pH 8.5 to 55.16% could be due to 

the fact that at higher pH levels (above ~7 to 8), lead ions (Pb²⁺) tend to form insoluble 

lead hydroxide Pb(OH)2, thus reducing the availability of free Pb²⁺ ions for adsorption 

onto cow dung. This precipitation process competes with adsorption, leading to a decline 

in adsorption efficiency. Also, at higher pH, the sites for adsorption may become 

negatively charged, which can lead to electrostatic repulsion between Pb(OH)₃⁻ or 
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Pb(OH)₄²⁻ species and the adsorbent surface, thus decreasing adsorption efficiency.  The 

value of the point of zero charge (pHpzc) for the calcined animal waste adsorbent was 

determined to be 4.3 and above this value, the surface charge of the adsorbent shifts from 

positive to negative, affecting the adsorption behavior of both phenol and lead. In the 

case of lead adsorption for instance, the increase in adsorption from 57.9% to 82.8% as 

pH rose from 1.5 to 4.5 suggests that at lower pH levels, the adsorbent surface was 

positively charged, leading to electrostatic repulsion between Pb²⁺ ions and the surface. 

However, as pH approached 4.5, the surface charge became higher than the pHpzc, 

allowing for increased Pb²⁺ binding due to reduced repulsion and stronger complexation 

with available functional groups. Beyond pH 4.5, lead adsorption may decrease (as 

observed at pH 8.5 with only 55.2% adsorption) due to the formation of insoluble 

Pb(OH)₂ precipitates, reducing the number of free Pb²⁺ ions available for adsorption. 

For phenol adsorption, the increase in phenol adsorption from 53.7% to 75.9% as 

pH rose from 1.5 to 6.5 indicates that phenol adsorption benefited from a more negatively 

charged adsorbent surface. Since phenol is a weak acid (pKa ~9.9), at lower pH, it 

remains largely non-ionized, making adsorption more dependent on hydrophobic 

interactions rather than electrostatic attraction. At pH 6.5, the surface is largely 

negatively charged (above pHpzc), leading to enhanced adsorption due to hydrogen 

bonding or π-π interactions. However, at pH 8.5, adsorption decreased (48.8%). This is 

attributed to the fact that phenol molecules may deprotonate, becoming negatively 

charged (phenolate ion), leading to electrostatic repulsion from the negatively charged 

adsorbent surface (Mishra et al. 2019; Haitham et al. 2022).  

Mishra et al. (2019) in a study on phenol adsorption by activated carbon of corn 

husk origin, noted that the percentage removal of the activated carbon prepared at 250 °C, 

phenol increased from 55% to 81% as the pH increased from 4 to 6, whereas, for the 

adsorbent derived at 500 °C, the removal efficiency increased from 78% to 98% when the 

pH was increased from 4 to 7.l 

Haitham et al. (2022) investigated phenol adsorption using a lignocellulose-

derived activated carbon from agricultural wastes and noted a rise in adsorption capacity 

as the pH was increased from 2 to 4. This enhancement could have been related to 

electrostatic interactions, where the positive surface charge of the activated carbon 

attracted the adsorbate molecules at pH 2. However, at pH levels above 4, the adsorption 

efficiency declined due to electrostatic repulsion between the negatively charged carbon 

surface. 

In the case of the lead ions, at lower pH levels, the adsorbent surface was likely 

protonated, which limited lead adsorption due to electrostatic repulsion between 

positively charged lead ions and the protonated surface of CAW. As the pH was 

increased to 4.5, this competition diminished, and the lead ions were able to bind more 

effectively to the negatively charged functional groups on the CAW. Both adsorbates 

experienced reduced adsorption at pH 8.5. For phenol, this is due to ionization and 

repulsion, whereas for lead, it is due to hydroxide precipitation (e.g., Pb(OH)₂) and 

increased repulsion. 
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Fig. 5. Function of pH on the removal of phenol and lead ions by CAW 

 
Effects of Adsorbent Dosage 

The adsorbent dosage plays a crucial role in the adsorption process, as it 

determines the availability of active sites for the adsorbate and influences the overall 

efficiency of pollutant removal. In this study, the effect of calcined biomass dosage on 

the adsorption of phenol and lead (Pb) was evaluated, as illustrated in Fig. 6. For phenol, 

the adsorption percentage increased from 52.5% to 78.0% as the dosage of calcined 

animal waste (CAW) biomass increased from 0.1 g to 0.6 g, before declining to 68.8% at 

a dosage of 0.8 g. Similarly, for lead, the adsorption percentage rose from 56.1% to 

84.2% as the biomass dosage increased from 0.1 g to 0.5 g, and then it decreased to 

75.8% at 0.8 g. The initial rise in adsorption efficiency with increasing dosage can be 

attributed to the greater availability of active sites on the surface of the calcined biomass, 

providing more opportunities for the pollutants to bind (Mustapha et al. 2019; Akinhanmi 

et al. 2020; Ademoyegun et al. 2022).  

  Additionally, at higher dosages, there is less competition between adsorbate 

molecules for the adsorption sites, which facilitates greater removal. At higher dosages 

(0.8 g), the adsorption percentage began to decrease slightly. This could be due to 

saturation of adsorption sites, as a large portion of its adsorption sites is already occupied, 

and the additional biomass does not provide a corresponding increase in available sites 

(Mustapha et al. 2019; Ofudje et al. 2020). Both phenol and lead exhibited increased 

adsorption with increasing biomass dosage, but the optimal dosage for phenol (0.6 g) was 

slightly higher than for lead (0.5 g). Mishra et al. (2019) observed similar behavior 

during phenol adsorption studies using activated carbon derived from corn husk. They 

observed that increasing the dosage to 3 g/L had little to no impact on the removal 
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efficiency and, in some cases, caused a slight decrease. They attributed this to the 

agglomeration of adsorbent particles at higher concentrations, which resulted in larger 

particle sizes and a subsequent reduction in the specific surface area and available active 

binding sites. 

 

 
 

Fig. 6. Function of CAW dosage on the removal of phenol and lead ions by CAW 

 
Effects of Temperature 

Temperature plays a crucial role in determining the rate and extent of adsorption. 

The effect of temperature on the adsorption process depends on the characteristics of both 

the adsorbent and the adsorbate. The analysis of how temperature affects the adsorption 

of phenol and lead (Pb) by calcined animal waste is shown in the data provided in Fig. 7. 

For phenol, the percentage of adsorption increased from 54.2% at 25 °C to 79.8% at 45 

°C, and then it decreased to 75.9% at 60 °C. For lead (Pb), the percentage of adsorption 

increased from 59.8% at 25 °C to 87.2% at 50 °C, and then it remained constant 

thereafter. The rise in adsorption with temperature from 25 °C to 45 °C or 50 °C is likely 

due to the increased kinetic energy of the pollutant molecules. Additionally, at higher 

temperatures, the number of available adsorption sites on the calcined animal waste 

might increase, or the surface energy of the adsorbent could improve, leading to more 

efficient phenol and lead ions adsorption. At higher temperatures (60 °C), the physical 

structure of adsorbent might start to degrade, reducing the number of active sites 

available for adsorption and heat may cause some of the adsorbed contaminant molecules 

to desorb from the adsorbent surface (Sobik-Szołtysek et al. 2021). This phenomenon 

might have explained why adsorption processes at elevated temperatures leads to 

decrease in the uptake process.  
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Fig. 7. Function of temperature on the removal of phenol and lead ions by CAW 

 

Comparatively, both phenol and lead showed an increase in adsorption with rising 

temperature, but phenol showed a slight decrease at 60 °C, while lead adsorption reached 

a maximum at 50 °C and did not change with further increases in temperature. The 

optimal temperature for phenol adsorption was 45 °C, whereas for lead it was 50 °C and 

this difference suggests that the adsorption processes for phenol and lead are not identical 

and may involve different mechanisms or binding energies. 

 

Kinetics Examinations 
Pseudo-first-order kinetic model 

The pseudo-first-order kinetic model (PFOKM) presumes that the rate of 

adsorption is directly proportional to the number of unoccupied sites. The linear equation 

form of the model and the key parameters analyzed include (Mustapha et al. 2019; 

Haitham et al. 2022), 

tkInqqqIn tte 1)( −=−
        (4)

 

where qe exp and qe cal are the experimentally and calculated determined equilibrium 

adsorption capacity (mg/g), respectively, and k1 is the rate constant for PFOKM (min−1). 

The Sum of Squared Errors (% SSE) measures the difference between experimental and 

calculated values and lower values indicate better accuracy. The expression for this error 

analysis is given in the equation below (Ofudje et al. 2017; Ogundiran et al. 2022): 
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The values obtained from the plots in Fig. 8a are shown in Table 1. Both 

adsorbates showed strong adherence to the PFOKM based on the values of R2, but phenol 

adsorption exhibited a slightly better and more consistent fit. This view is supported from 

the values of % SSE, with phenol adsorption showing lower % SSE values, suggesting 

that the PFOKM better predicted its adsorption behavior compared to lead. This was also 

corroborated by the closeness in the values of the experimental adsorption capacity when 

compared with the calculated adsorption capacity for phenol. Lead exhibited higher k1 

values, implying a faster approach to equilibrium, possibly due to the ionic nature of lead 

ions, which facilitates quicker binding to active sites. 

 

Table 1. Parameters of Kinetic for Phenol and Lead Adsorption by CAW 

  Phenol  

Pseudo-
first 

order 

Co (mg/L) 40 80 120 160 200 240 280 

Qe exp (mg g-1) 19.2 38.4 48.30 59.3 68.2 79.4 87.465 

Qe cal (mg g-1) 19.1 38.0 45.0 61.1 69.2 83.0 88.0 

k1 (min-1) 0.015 0.024 0.076 0.113 0.224 0.598 1.025 

R2 0.998 0.997 0.994 0.989 0.996 0.997 0.998 

% SSE 0.004 0.005 0.030 0.014 0.007 0.020 0.003 

Pseudo-
second 
order 

Qe cal (mg g-1) 32.8 45.3 56.3 76.3 82.7 85.3 97.0 

k2 (g mg-1 
min-1) 0.479 0.562 0.741 1.061 1.384 2.372 3.026 

R2 0.955 0.946 0.963 0.977 0.970 0.958 0.976 

% SSE 0.316 0.081 0.074 0.128 0.095 0.033 0.049 

Intra-
particle 

diffusion 

Kp (mg g-1 
min-0.5) 1.648 1.937 3.264 7.074 9.345 13.089 15.204 

C1 (mg g-1) 0.075 1.894 3.159 4.586 5.042 5.893 6.362 

R2 0.987 0.994 0.984 0.994 0.955 0.963 0.978 

  Pb  

Pseudo-
first 

order 

Co (mg/L) 40 80 120 160 200 240 280 

Qe exp (mg g-1) 21.0 46.4 57.5 69.3 78.5 84.6 95.7 

Qe cal (mg g-1) 27.2 41.9 49.7 80.3 94.1 101.5 113 

k1 (min-1) 0.155 0.475 0.732 1.279 1.324 1.613 2.105 

R2 0.998 0.986 0.994 0.968 0.956 0.981 0.936 

% SSE 0.132 0.043 0.061 0.071 0.089 0.089 0.081 

Pseudo-
second 
order 

Qe cal (mg g-1) 20.7 46.0 54.1 71.0 79.0 82.1 97.0 

k2 (g mg-1 
min-1) 0.202 0.443 0.725 1.451 1.524 1.714 2.241 

R2 0.989 0.996 0.993 0.997 0.987 0.989 0.996 

% SSE 0.008 0.004 0.027 0.011 0.003 0.013 0.006 

Intra-
particle 

diffusion 

Kp (mg g-1 
min-0.5) 8.02 10.9 18.1 25.0 31.7 33.2 39.0 

C1 (mg g-1) 0.328 0.624 0.947 1.228 1.831 2.093 2.836 

R2 0.987 0.988 0.989 0.944 0.995 0.963 0.974 

 

Pseudo-Second-Order Kinetic Model 
The pseudo-second-order kinetic model can be represented by the expression in 

Eq. 5 (Mustapha et al. 2019; Haitham et al. 2022): 
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where k2 is the rate constant for the pseudo-second-order adsorption (g/mg·min), and all 

other parameters are as previously defined. The plot for this model is shown in Fig. 8b, 

and its values are presented in Table 1.  Both adsorbates showed substantial adsorption 

capacities, but lead had more consistent experimental and calculated qe values, whereas 

phenol showed a larger variation between the experimental and calculated values, 

indicating potential complexities in its adsorption process. Regarding the strength of R2, 

lead adsorption generally showed a better fit to the PSOKM, with higher values, 

suggesting that the adsorption process for lead is more homogeneous and follows a 

second-order kinetic model more closely than phenol. Additionally, lead adsorption 

showed a lower % SSE, which means the PSOKM is a more accurate predictor for lead 

adsorption compared to phenol, though the model can still be applicable to phenol.  

 

 
 

Fig. 8a. Kinetic plots of pseudo-first-order for phenol and lead adsorption by CAW 
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Fig. 8b. Kinetic plots of pseudo-second-order for phenol and lead adsorption by CAW 
 

 
 

Fig. 8c. Kinetic plots of intra-particle diffusion for phenol and lead adsorption by CAW 
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Intra-Particle Diffusion Kinetics Model 
The intra-particle diffusion model is often used to describe the rate-limiting step 

of adsorption, which is the diffusion of adsorbate molecules into the pores of the 

adsorbent. The key parameters and the linear form of this model are calculated using Eq. 

6 (Ofudje et al. 2017; Ogundiran et al. 2022). 

ipt CtKQ += 2
1

        (7) 

In Eq. 7, Kp denotes the Intra-particle diffusion rate constant (mg/g·min1/2), which 

represents the rate at which the adsorbate diffuses into the biochar particles, and Ci is the 

intercept, which is indicative of the initial concentration gradient and can suggest whether 

the adsorption is controlled by diffusion within the particles or surface adsorption. The 

parameters were deduced from the plots represented in Fig. 8c, and their values are listed 

in Table 1. For lead adsorption, the values of the Kp ranged from 8.02 to 39.0 

mg/g·min1/2, indicating a relatively higher rate of diffusion into the pores of the biochar, 

suggesting that lead ions are diffusing more efficiently through the biochar structure. In 

the case of phenol adsorption, the values of the Kp ranged from 1.65 to 15.2 mg/g·min1/2, 

which is lower than for lead, indicating that phenol diffusion into the biochar particles 

was slower compared to lead ions. Phenol showed a higher Ci than for lead ions 

indicating a higher concentration gradient, particularly at lower concentrations and this 

suggests that for phenol, the adsorption process might involve a stronger surface 

interaction before diffusion occurs. Both phenol and lead showed good fits to the intra-

particle diffusion model with high R2 values, coupled with strong correlation with the 

PFOKM, and with the PSOKM. This indicates that the adsorption rate is primarily 

controlled by the diffusion and interaction of adsorbate molecules occurs within a porous 

network (Hubbe et al. 2019). This suggests that pore diffusion and surface interactions 

within the adsorbent structure play a significant role in governing the adsorption process. 

 
Adsorption Isotherms 
Langmuir isotherm model 

The Langmuir isotherm model is widely used to describe adsorption processes 

that occur on homogeneous and finite adsorption sites, where each site can hold only one 

adsorbate molecule or ion (Langmuir 1918; Haitham et al. 2022). The Langmuir equation 

and the key parameters of the isotherm include (Langmuir 1918; Haitham et al. 2022) the 

following: 

e

mme

e C
QbQq

C 11
+=

                  (8) 

The separation factor or dimensionless constant (RL) is also given as (Mustapha et al. 

2019), 

)1(

1

i

L
bC

R
+

=

                    (9) 

where Ci stands for initial adsorbate concentration (mg L-1). These constants were 

evaluated from Fig. 9a and their values are listed in Table 2. Qmax is the maximum 

adsorption capacity, representing the total amount of adsorbate required to form a 

complete monolayer on the adsorbent surface in mg/g, and RL is the separation factor, 

which indicates the favorability of the adsorption process.  
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Table 2. Parameters of Isotherms for Phenol and Lead Adsorption by CAW 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 9a. Plot of Langmuir on the adsorption of phenol and lead ions by CAW 
 

Isotherms Parameters Phenol Lead (Pb) 

Langmuir 

Qmax (mg/g) 89.34 101.242 

RL (mg/L) 0.221 0.071 

R2 0.956 0.998 

Freundlich 

KF (mg/g) 48.115 55.613 

1/n 0.335 0.177 

R2 0.998 0.984 

Temkin 
KT (L g−1) 0.502 0.565 

B (J mol−1) 26.213 33.948 

R2 0.959 0.966 

Dubinin-Radushkevich 

Qs (mg/g) 47.362 66.052 

E (kJ/mol) 4.205 10.196 

R2 0.970 0.976 
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Fig. 9b. Plot of Freundlich on the adsorption of phenol and lead ions by CAW 
 

 
 

Fig. 9c. Plot of Temkin on the adsorption of phenol and lead ions by CAW 
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Fig. 9d. Plot of Dubinin-Radushkevich on the adsorption of phenol and lead ions by CAW 

 
The higher Qmax (101 mg/g) for lead suggests that calcined animal waste had a 

greater capacity for lead adsorption than for phenol, for which Qmax was 89.3 mg/g. This 

may be due to the fact that the adsorbent had more affinity towards lead ions when 

compared with phenol. The RL value for phenol and lead were 0.221 and 0.071, 

respectively, indicating highly favorable adsorption especially for the lead ions. This 

might be due to the compatibility of the calcined animal waste surface with phenol 

molecules, potentially influenced by molecular size, shape, and specific interactions. 

While both adsorbates showed strong adherence to the Langmuir isotherm, lead 

adsorption exhibited a better fit based on the values of the coefficient of determination 

(R2) compared to phenol. This suggests that lead adsorption may more closely follow the 

assumptions of the Langmuir model, including homogeneous sites and independent 

interaction of adsorbate molecules with the sites. 

 

Freundlich Isotherm Model 
This model describes sorption on heterogeneous surfaces and assumes multilayer 

sorption in which adsorption heat and affinities over the surface distribution is not 

uniform. The equation and the key parameters of the Freundlich model include 

(Freundlich 1906; Mustapha et al. 2019), 

eFe InC
n

InKInq
1

+=         
(10) 

where Kf denotes the Freundlich constant, representing the adsorption capacity of the 

adsorbent, and 1/n, which is the adsorption intensity, indicates the favorability of the 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Ngueagni et al. (2025). “Cow dung for Pb & phenol,” BioResources 20(2), 3923-3952.  3943 

adsorption process. The parameters were deduced from Fig. 9b and their values listed in 

Table 2.  

The Kf value for phenol was 48.1, while that of lead was 55.6, indicating that the 

adsorption capacity of CAW for phenol was lower than that for phenol. The higher Kf 

value for lead suggests that CAW had a greater overall capacity to adsorb lead ions 

compared to phenol and this may be due to the stronger electrostatic interactions between 

the negatively charged functional groups on cow dung and the positively charged lead 

ions. Comparing the adsorption intensity (1/n) shows that the calcined animal waste had a 

stronger adsorption affinity for lead ions compared to phenol. This difference might arise 

from the nature of the interaction, with lead ions forming stronger bonds with the 

functional groups on the calcined animal waste surface than the weaker Van der Waals or 

hydrophobic interactions with phenol. Both phenol and lead adsorption processes aligned 

well with the Freundlich isotherm model, but phenol adsorption exhibits a slightly better 

fit (R2 = 0.998). This suggests that phenol adsorption on CAW might involve a more 

heterogeneous surface distribution of adsorption sites compared to lead adsorption. 

 
Temkin Isotherm Model 

This model assumes that the adsorption heat declines linearly with surface 

coverage due to these interactions (Al-Ghouti and Da’ana 2020). The equation and the 

key parameters of the Temkin isotherm include (Günay et al. 2007; Al-Ghouti and 

Da’ana 2020), 

e
T

T
T

e InC
b

RTInK
b

RTq +=        (11) 

where KT is the Temkin constant related to the binding energy of adsorption as higher 

values for this constant indicate stronger binding between the adsorbate and the 

adsorbent, and RT/bT which can be represented by B is the Temkin constant related to the 

heat of adsorption. Here larger RT/bT values suggest stronger adsorption interactions. 

These parameters presented in Table 2 were obtained from the information described in 

Fig. 9c. 

 The slightly higher KT value for lead (0.565) suggests stronger initial interactions 

with lead ions compared to phenol molecules (0.502). This might be due to specific 

adsorption mechanisms, such as electrostatic interactions, that play a more significant 

role in phenol adsorption. The higher B value for lead (B = 33.9) suggests that the 

adsorption process for lead involves stronger overall interactions, likely due to 

electrostatic attractions between the negatively charged functional groups on CAW and 

the positively charged lead ions when compared with phenol (B = 26.2). Both adsorption 

processes align well with the Temkin model, but lead adsorption exhibits a slightly 

stronger adherence (R2 = 0.966) than phenol adsorption (R2 = 0.959). This suggests that 

the Temkin assumptions about adsorbate-adsorbate interactions are slightly more 

applicable to lead adsorption. 

 
Dubinin-Radushkevich (D-R) Isotherm Model 

The Dubinin-Radushkevich (D-R) isotherm model describes adsorption processes 

based on the porosity of the adsorbent and the energy of adsorption and it is particularly 

useful for distinguishing between physical and chemical adsorption mechanisms 

(Samarghandi et al. 2009). The equation and the key parameters of the D-R isotherm 

include (Samarghandi et al. 2009; Al-Ghouti and Da’ana 2020), 
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where Qs is the theoretical adsorption capacity (mg/g), representing the amount of 

adsorbate that can be adsorbed by the adsorbent, Polanyi potential is given as ε and E 

denote the mean free energy of adsorption (kJ/mol). The values obtained from the plots in 

Fig. 9c are listed in Table 2.  

The Qs value for phenol and lead ions are 47.4 mg/g and 66.1 mg/g, respectively, 

with the value for lead significantly higher than that for phenol and this could be due to 

stronger electrostatic interactions between lead ions and the functional groups on the cow 

dung surface. The E value for phenol was 4.20 kJ/mol and falls within the range for 

physisorption, for lead ions, the value was 10.2 kJ/mol, which is indicative of 

chemisorption (Ofudje et al 2017). Regarding the strength of R2 value, both phenol and 

lead adsorption processes conformed well to the D-R isotherm model, but lead adsorption 

exhibited a slightly better fit (R2 = 0.976). This suggests that the assumptions of the D-R 

model, such as energy distribution across adsorption sites, align more closely with lead 

adsorption behavior. Table 3 revealed the effective performance of calcined cow waste 

adsorption capacity with others in literature towards the adsorption of lead and phenol. 

 

Table 3. Comparative Performance of the Adsorption Capacity of Calcined Cow 
Waste with Previous Literature 

Pb2+ (mg/g) 

Modified chitosan/Vermiculite adsorbents 98.5 Salih et al. (2022) 

Pottery granules 9.47 Mohammad et al. (2023) 

Carbon materials 26.5 Kucherova et al. (2017) 

Lignin-grafted carbon nanotubes 23.6 Li et al. (2017) 

Dijah-Monkin bentonite clay 8.7 Alexander et al. (2018) 

Lignite 61.4 Mlayah et al. (2021) 

Carbon nanoparticle impregnated on clay 
aggregate 

22.8 Ghahremani et al. (2021) 

Shanghai silty clay 26.5 Wang and Zhang (2021) 

Calcined cow dung 101.2 This study 

Phenol (mg/g) 

Modified chitosan/Vermiculite adsorbents 67.1 Salih et al. (2022) 

Multiwalled carbon nanotubes 32.2 Abdel-Ghani et al. (2015) 

Hexamethylene bis-pyridinium dibromides 41.9 Luo et al. (2015) 

Garlic peel 14.5 Muthamilselvi et al. (2016) 

Acid-treated pyrolytic tire char 51.9 Makrigianni et al. (2015) 

Phragmites australis 29.6 Shi et al. (2018) 

Corn husk activated carbon 7.8 Mishra et al. (2019) 

Calcined cow dung 89.3   This study 

 

Analysis of Thermodynamic Constants  
The parameters deduced from the thermodynamic investigation, such as free 

energy change (ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°), offer insights 

into the spontaneity, energy requirements, and disorder during the adsorption process. 
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These parameters for phenol and lead adsorption were obtained using the equations 

below (Adeogun et al. 2012; Strachowski and Bystrzejewski 2015; Mustapha et al. 

2019), 
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where Kd is the equilibrium constant. The parameters were deduced from Fig. 10, and 

their values depicted in Table 5.  

The ΔG° for phenol and lead ranged from -1.04 to -7.65 kJ/mol, and from -0.92 to 

-5.03 kJ/mol, suggesting a spontaneous process (Strachowski and Bystrzejewski 2015; 

Mustapha et al. 2019). The values of ΔH° for phenol and lead were 11.6 and 21.7 kJ/mol, 

indicating that the adsorption process was endothermic, requiring heat to proceed 

(Strachowski and Bystrzejewski 2015; Mustapha et al. 2019). The higher ΔH° for lead 

suggests that its adsorption requires more energy input, which could be due to stronger 

interactions or additional energy needed to overcome specific binding mechanisms. The 

values of ΔS° obtained were 3.56 and 5.83 J/mol·K phenol and lead, reflecting a little rise 

in randomness at the solid-liquid interface during adsorption. 

 
Fig. 10. Thermodynamic plots for phenol and lead adsorption by CAW 
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Table 5. Analysis of the Parameters from Thermodynamic of Phenol and Lead 
Adsorption by Calcined Animal Waste 

Phenol Pb 

T 
(°C) 

ΔG 
(kJ/mol) 

ΔH 
(kJ/mol) ΔS (J/mol·K) ΔG (kJ/mol) ΔH (kJ/mol) 

ΔS 
(J/mol·K) 

25 -1.04   -0.92   

30 -1.51   -1.25   

35 -2.12   -1.76   

40 -3.24 11.65 3.56 -2.06 21.72 5.83 

45 -5.42   -2.64   

50 -6.32   -4.26   

60 -7.65   -5.03   

 
 

Desorption Studies 
The desorption study results indicate a gradual decline in the efficiency of phenol 

and lead (Pb²⁺) desorption over six cycles (Fig. 11), suggesting a reduction in the 

adsorbent’s capacity in the course of cycles of regeneration. Initially, 72.5% of phenol 

and 77.2% of lead were desorbed, but by the fifth cycle, these values dropped to 52.5% 

and 56.1%, respectively. This decline suggests that some contaminants become more 

strongly bound to the adsorbent over time, likely due to structural changes, or pore 

blockage. The higher desorption efficiency for Pb²⁺ compared to phenol implies that lead 

ions may interact more weakly with the adsorbent than phenol, which likely forms 

stronger π-π interactions or hydrogen bonds.  
 

 
Fig. 11. Percentage desorption plots for phenol and lead adsorption by CAW 
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CONCLUSIONS 
 

The potential of utilizing cellulose-based materials derived from animal waste 

(cow dung) for the adsorption of lead and phenol was investigated and the following are 

the highlights from the findings: 

1. The adsorption efficiency was significantly impacted by initial pollutant 

concentration, pH, adsorbent dosage, temperature, and contact time. 

2. Phenol adsorption more closely followed the pseudo-first-order kinetic model, 

while lead adsorption aligned with the pseudo-second-order model. Good fits were 

also achieved based on the interparticle diffusion model. The overall finding was 

that kinetics was mainly governed by rates of diffusion into a network of pores. 

3. Langmuir isotherm analysis demonstrated the strong adsorption capacity of calcined 

cow dung-derived materials, favoring lead over phenol. 

4. Adsorption of both phenol and lead was spontaneous and endothermic. 

5. After the adsorption process, structural changes were confirmed from FT-IR and 

SEM analysis. 

 

Conclusively, calcined animal waste-derived adsorbents present a promising, eco-

friendly solution for removing lead and phenol from industrial wastewater, with high 

efficiency and practical applicability. 
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