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Abstract: The efficient and sustainable removal of organic dyes from wastewater remains a 

critical environmental challenge. In this study, cow hair, an abundant and underutilized 

agricultural waste, is transformed into biochar through a simple pyrolysis process to develop 

an effective and eco-friendly adsorbent for methylene blue (MB) dye removal. The 

physicochemical properties of the cow-hair biochar, including its surface area, porosity, and 

functional groups, were systematically analyzed to understand its adsorption performance. 

Batch adsorption experiments were conducted under varying conditions of pH, initial dye 

concentration, contact time, and pH to evaluate the adsorption efficiency of cow hair biochar. 

The results revealed that the biochar exhibits superior adsorption capacity for MB, driven by a 

combination of electrostatic interactions, π-π stacking, and surface oxygen functional group 

interactions. Using R2 as criteria, the best-fitting model was the Temkin isotherm, indicating a 

monolayer adsorption process with a maximum adsorption capacity surpassing many 

conventional adsorbents, achieving high levels of MB adsorption capacity of 730 mg/g. This 

study highlights the potential of converting cow hair waste into a high-performance adsorbent, 

offering a cost-effective and sustainable solution for dye-contaminated wastewater treatment. 

The findings pave the way for innovative waste valorization strategies and contribute to the 

advancement of green environmental technologies. 
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1. Introduction 

Dyes are used in different industries, such as textiles, plastics, paper, rubber, 

leather, and food, among others, to impart color to different products. The use of these 

substances presents a series of disadvantages, such as their toxicity and persistence in 

nature [1]. This is why the indiscriminate disposal of wastewater contaminated with 

dyes in natural effluents represents a major problem reflected in the impact on both 

the flora and fauna of the affected ecosystems. 

Among the most used dyes, MB is a cationic structure that, although not 

extremely toxic, can produce Heinz bodies, cyanosis, jaundice, and necrosis [2]. Due 

to these reasons, it is used as a model molecule for the study of the use of adsorbents 

for effluent treatment. The global production of MB, estimated at 42,000–49,000 tons 

annually [3], primarily supports medical, laboratory, and industrial applications, 

including its use in treating certain poisonings and as a cell-staining agent. While only 
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a small fraction of the total production is released into the environment, studies suggest 

that 100–500 tons per year may enter water bodies and soils through industrial 

effluents. At high concentrations, MB can harm aquatic ecosystems by disrupting 

photosynthesis and affecting sensitive organisms, though many countries have 

implemented wastewater treatment regulations to mitigate its environmental impact.  

It should be noted that the removal of dyes from wastewater involves a difficult 

task since there is no unified treatment or procedure [1]. Various treatment processes 

have been applied for this purpose, such as photocatalytic degradation [4], 

sonochemical degradation [5], improved micellar ultrafiltration [6], removal by cation 

exchange membranes [7], electrochemical degradation [8], chemical and biological 

degradation [9], among others [10]. However, most of these strategies have high costs 

or can produce subproducts even more toxic than the original one.  Despite the 

numerous physicochemical methods tested, adsorption stands out as the most effective 

option [11,12]. This is attributed to its simple design, ease of operation, high 

efficiency, biodegradability, cost-effectiveness, widespread availability, and capacity 

to handle dyes at higher concentrations [13]. Activated carbons are known for their 

excellent adsorption capabilities for a wide range of organic substances. Nevertheless, 

their high cost can limit their application [14]. This has led researchers to explore more 

cost-effective alternatives, such as carbon, fly ash, silica gel, wool waste, agricultural 

by-products, wood residues, and clay-based materials. The use of biochar as an 

adsorbent material has attracted increasing attention due to its high porosity, large 

surface area, high adsorption capacity, and relatively low cost [15–17]. Biochar can 

be produced from a wide range of biomass sources, including agricultural waste, such 

as cow hair [18]. In 2014, the total annual global leather production reaches 

approximately 24 billion sq. ft tons, 5 billion sq. ft in Europe, and 11.2 billion sq. ft in 

Asian countries [19,20], with the latter being the largest producer. The industry relies 

heavily on the meat sector for raw hides and supplies major markets such as fashion, 

automotive, and footwear. However, it generates significant chemical and organic 

waste, presenting environmental challenges, especially in regions with less stringent 

regulations.  

In the present work, cow hair biochar from the tannery industry was used for the 

first time for the adsorption of MB with a high adsorption capacity thanks to its 

physicochemical properties. The study looks at the effects of contact time, MB 

concentration, initial pH, adsorbent concentration, adsorption kinetics analysis, 

equilibrium models, and thermodynamics were also investigated. The adsorption 

capability was further tested with real water samples. 

2. Materials and methods 

2.1. Chemicals and reagents 

Cow-hair material was collected from Arlei’s tannery industry, Corrientes 

(Argentina). Potassium hydroxide (KOH) and hydrochloric acid (HCl, 36.5%–38%) 

were from Cicarelli. MB and ethanol were purchased from Sigma Aldrich. All the 

chemicals were reagent grade and used without further purification. All solutions were 

prepared with ultra-pure water from a Millipore MillQ system. Real samples from the 
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Suquía River were taken directly from the river and used with a previous filtering 

process (paper filter 0.44 µm). 

2.2. Biochar preparation 

The raw cow hair was dried at 80 ℃ for 18 h and used without any further 

purification or washing process. After drying, the cow hair was carbonized at 500 ℃ 

for 30 min in the N2 atmosphere. The obtained biochar was mixed with KOH solution 

with a concentration of 8 wt% to get a 1:1 ratio of biochar: KOH. The mixture was 

magnetically stirred for 2 h and then heated to 80 ℃ until the solvent was fully 

evaporated. The obtained powder was thermally treated at 900 ℃ for 1 h under N2 

atmosphere. In every case, a heating ramp of 5 ℃/min was used. After the sample 

cooled down, it was washed thoroughly with HCl with a concentration of 7 wt% and 

water until neutral pH was reached (Figure 1). As a reference, the same thermal 

process was applied to another sample without the chemical activation. The samples 

are named CHB-NA (non-activated cow-hair biochar) and CHB-A (activated cow-hair 

biochar). KOH activation is well known to easily allow the formation of micropores, 

resulting in high-surface-area biocarbons, which favors the adsorption of contaminants 

[18,21,22]. 

 
Figure 1. Synthesis procedure of CHB-A biocarbon. 

2.3. Materials characterization 

The synthesized biocarbons were characterized by X-ray diffractometry (XRD) 

collected on a Pan-Analytical diffractometer with the Cu-Kα radiation (λ = 1.5406 Å). 

The different biocarbon morphologies were characterized by Scanning Electron 

Microscopy (SEM) with a field emission scanning electron microscope (FE-SEM), 
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Sigma Zeiss (LAMARX facilities). Elemental analysis was performed on an energy-

dispersive X-ray (EDS) spectrometer attached to an FE-SEM. Thermogravimetric 

analysis was performed on a thermogravimetric analyzer (TGA, Q500, TA Instrument 

Corporation) in a nitrogen atmosphere with a heating rate of 10 ℃/min from room 

temperature to 700 ℃. Brunauer-Emmett-Teller (BET) surface area and total micro- 

and mesopore volume of the biochars were measured at least in duplicate by nitrogen 

gas sorption at 77 K using a NOVA 1000e porosimeter (Quantachrome, Boynton 

Beach, FL, USA). The total pore volume was calculated using Gurvich’s rule at p/p0 

= 0.98 [23], while the micropore area and volume were determined using the α-plot 

method with the NPC standard isotherm [24]. UV-Vis determinations were performed 

in a UV/Vis spectrophotometer Jenway (model 6705) using quartz cells. 

2.4. Adsorption experiments 

MB was used as an adsorbate for batch adsorption experiments. The adsorption 

isotherm experiments were performed using an aqueous solution with MB 

concentration variable at room temperature (25 ℃). The MB concentration was 

analyzed by UV spectroscopy. 

The adsorbed amount and removal efficiency (𝜂) were calculated according to: 

𝑞𝑒 =
(𝐶0 − 𝐶𝑒)

𝑚
𝑉 (1) 

𝜂 =
𝐶0 − 𝐶𝑒

𝐶0
× 100% (2) 

where qe is the adsorption capacity (mg/g), C0 and Ce are the initial and equalized 

concentrations of MB (mg/L), m is the adsorbent mass (g), V is the volume (L) of MB 

solution, and η is the removal efficiency [25]. 

The adsorption thermodynamics was analyzed using three different isotherm 

models: Langmuir (Equation (3)), Freundlich (Equation (4)), and Temkin (Equation 

(5)). 

𝐶𝑒

𝑞𝑒
=

1

(𝑞𝑚𝐾𝐿)
+

𝐶𝑒

𝑞𝑚
 (3) 

ln 𝑞𝑒 = ln(𝐾𝐹) +
1

𝑛
ln (𝐶𝑒) (4) 

𝑞𝑒 = (
𝑅𝑇

𝑏𝑇
) ln 𝐴𝑇 + (

𝑅𝑇

𝑏𝑇
) ln (𝐶𝑒) (5) 

where 𝑞𝑒 (mg/g) is the equilibrium adsorption capacity, 𝐶𝑒 (mg/L) is the equilibrium 

concentration of MB solution, 𝑞𝑚  (mg/g) is the maximum adsorption capacity of 

adsorbent, 𝐾𝐿  (L/mg) is the Langmuir constant, 𝐾𝐹  (mg/g) is an indicator of 

adsorption capacity and 𝑛 is an indicator of intensity, 𝑅  is the gas constant, 𝑇  the 

temperature, 𝑏𝑇 is the Temkin constant and 𝐴𝑇 is the Temkin isotherm constant [25]. 

Pseudo-first and pseudo-second-order kinetic models (Equations (6) and (7)) 

were used to analyze the data: 
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𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) (6) 

𝑡

𝑞𝑡
=

1

(𝑘2𝑞𝑒
2)

+
𝑡

𝑞𝑒
 (7) 

where 𝑞𝑒  and 𝑞𝑡  are the amount of adsorbed MB and the equilibrium and 𝑡  time, 

respectively. 𝑘1  and 𝑘2  (mg/g ⋅ h) are the first and second-order rate constants, 

respectively. Adsorption experiments obtained from diverse biochar batches and 

screened under identical conditions were found to display a performance variability of 

< 10% in terms of absorbance. 

3. Results and discussion 

3.1. Material characterization 

The microscopic structure and the composition of CHB-NA and CHB-A were 

evaluated by SEM and XRD measurements, respectively. Figures 2A,B show the 

SEM images of CHB-NA and CHB-A samples, respectively.  

 
Figure 2. SEM images of CHB-NA (A) and CHB-A (B) samples. 

As can be seen in Figure 2B, the activated sample presents a more open structure 

with respect to the non-activated one. The morphology of CHB-A seems as if wrinkled 

nanosheets are connected, forming a structure with open pores indicating a higher 

surface area due to the activation process. A further analysis was performed by XRD, 

Figure 3. For the non-activated sample (Figure 3A), the two typical amorphous 

carbon peaks at 26.5° and 44° are not visible, while other signals coming from 

impurities present in the raw material are evidenced. In the case of the activated sample 

(Figure 3B), the peaks corresponding to the (002) and (101) planes are present, 

indicating graphene-like carbon materials [26]. These results indicate that the 

activation process not only promotes the graphitization but also reduces the amount of 

impurities in the final sample [18]. 
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Figure 3. X-Ray diffractograms for CHB-NA (A) and CHB-A (B). 

The surface area and pore volume of both biochars were examined by N2 

adsorption/desorption isotherms (Figure 4), and the results are summarized in Table 

1. 
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Figure 4. N2 adsorption-desorption isotherm for CHB-NA (red squares) and CHB-A 

(blue circles). 

Table 1. Morphology parameters obtained from N2-sorption analysis. 

Sample SBET (m2/g) SMeso (m2/g) SMicro (m2/g) VPT (cm3/g) VMeso (cm3/g) VMicro (cm3/g) 

CHB-NA 34 20 14 0.03 0.024 0.006 

CHB-A 1468 1191 277 0.88 0.77 0.11 

According to the IUPAC classification, CHB-NA and CHB-A present a type Ⅳ 

isotherm [27], indicating the presence of micro- and mesopores in the structure. 

However, the specific surface area of CHB-A (1468 m2/g) is 44 times higher than that 

of CHB-NA, which is consistent with the higher porosity previously observed by 

SEM. Moreover, the higher VMeso and VMicro obtained for the activated sample highlight 

the importance of the KOH activation [7,18,28] since the higher surface area can 
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promote higher adsorption of MB, while the presence of meso and micropores allows 

the diffusion of MB to the internal part of the carbonaceous structure, playing a crucial 

role in the adsorption capacity of CHB-A [29–31]. 

3.2. Adsorption experiments 

3.2.1. Effect of contact time 

The sorption ability of the activated and non-activated biochars (0.2 g/L) towards 

a 10 mg/L MB solution was studied over a contact time of up to 5 min at ambient 

conditions. The dye uptake was evaluated by UV-Vis spectroscopy, fixing the 

wavelength in 665.5 nm according to the calibration curve performed (Figure S1, 

supporting information). The maximum contact time was determined based on the 

point at which no significant changes in absorbance were observed. This ensured that 

the system had reached equilibrium, allowing for reliable analysis of the adsorption 

process. 

The analysis of absorbance as a function of time for CHB-NA and CHB-A is 

presented in Figure 5. The measurement using commercial activated carbon (AC) is 

included as a reference for the analysis. 
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Figure 5. Absorbance vs. time changes during MB uptake on activated carbon (black 

squares), CHB-NA (full red circles) and CHB-A (empty blue circles). 

As can be seen, after the addition of each carbon material, the absorbance rapidly 

decreases, reaching values of 1.1, 1.3 and 0.1 for AC, CHB-NA and CHB-A, 

respectively. The equilibrium condition was reached after 5 min for every sample. 

Table 2 presents the calculated removal efficiency and adsorption capacity for AC, 

CHB-NA and CHB-A. As can be seen, the highest removal efficiency was obtained 

for CHB-A. The higher the content of oxygenated groups should be associated with 

the highest the removal capacity of the dye as was recently reported by Charmas et al. 

[32]. 
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Table 2. Removal efficiency and adsorption capacity calculated for each sample. 

 AC CHB-NA CHB-A 

removal efficiency (𝜂) 26.3 15.5 95.6 

adsorption capacity (𝑞𝑒) 6.2 3.6 30.5 

3.2.2. Effect of initial MB concentration 

The influence of different initial MB concentrations using a 0.85 g/L dosage of 

CHB-A (the best adsorbent) is shown in Figure 6. As observed, the maximum MB 

uptake for the CHB-A increased from 30 to 570 mg/g. At higher concentrations, the 

increased mass transfer driving force enables a greater number of MB molecules to 

migrate toward the adsorbent surfaces. This facilitates the occupation of binding sites, 

thereby enhancing the adsorption of MB. Note that the MB concentration range was 

chosen to ensure comparability and consistency with earlier studies in the field.  
9
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Figure 6. Removal efficiency (grey bars) and adsorption capacity (red squares) on 

CHB-A in function of the initial dye concentration. 

3.2.3. Effect of CHB-A dosage 

The effect of the adsorbate-to-adsorbent ratio was evaluated, as it is a key 

parameter in optimizing an effective and economical dye remover for wastewater 

treatment. The influence of adsorbent dosage on adsorption was studied by using 

different amounts of CHB-A while maintaining a fixed MB concentration of 500 

mg/L. This approach allowed for the assessment of adsorption efficiency under 

varying adsorbent quantities, providing insights into the optimal conditions for 

maximum dye removal. The results are presented in Figure 7. 
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Figure 7. Removal efficiency of the CHB-A material with respect to the adsorbent 

dose. 

The results indicate that even at the lowest concentration of CHB-A, the removal 

efficiency is maximum (82%) and increases rapidly to 100%. On the other hand, they 

vary from 730 to 133 when the amount of adsorbent increases. Analyzing Equation 

(1) used to calculate it, it is possible to note that increasing the amount of CHB-A is 

possible to enhance the dye uptake. 

3.2.4. Effect of pH on the MB adsorption 

The impact of the initial pH of a 500 mg/L MB solution was evaluated using 0.8 

g/L of CHB-A, and the results are presented in Figure 8. The minimum and maximum 

removal efficiencies were observed at pH 2 and pH 10, respectively. The lower 

adsorption efficiency at acidic pH levels may be attributed to competition between H+ 

ions and dye molecules for the active sites on the biochar surface. Between pH 4 and 

10, only a slight increase in removal efficiency was noted, suggesting that MB 

adsorption is relatively insensitive to initial pH variations. However, at pH values 

below the isoelectric point of MB (7.2) [33], the solution likely maintains an overall 

positive charge, leading to electrostatic repulsion and reduced MB uptake. 
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Figure 8. Effect of initial pH of MB solution on dye removal efficiency of CHB-A. 
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To further investigate the possible mechanism of MB adsorption, the final pH of 

the solutions was also measured (Table S1). In all cases, an increase in pH was 

observed. This change was more pronounced at lower initial pH values (ΔpH = 3 at 

pH = 2) compared to higher initial pH values (ΔpH = 0.2 at pH = 10). This 

phenomenon can be attributed to the higher proton consumption associated with the 

functional groups present on the biochar. At lower pH levels, the presence of positive 

charges does not favor the adsorption of the dye onto CHB-A. Nevertheless, despite 

the electrostatic repulsion and/or competition between H+ ions and MB molecules for 

adsorption sites, a removal efficiency of 96% was achieved at pH = 2. This indicates 

the involvement of additional mechanisms in the MB adsorption process. Similar 

findings have been reported [34,35], suggesting that MB adsorption can alter the 

isoelectric point of adsorbents. 

3.2.5. Adsorption kinetics analysis 

Pseudo-first-order and pseudo-second-order kinetic models were tested to fit the 

data presented in the 3.2.1 section. According to the obtained results, the pseudo-

second-order kinetic model is the best for the analysis of the adsorption mechanism. 

The representative plots and the model parameters are shown in Figure 9, Figure S2, 

and Table 3, respectively. For a better comparison, commercial activated carbon is 

also included in the table.  

0 2 4 6

0.00

0.05

0.10

0.15

0.20

t/
q

t

t (min)

a = 1/(k2*q
2
e)

k2 = 6.0 mg/g h

b = 1/qe

qe = 31.63 mg/g

CHB-A

A
0 2 4 6

0.0

0.2

0.4

0.6

0.8

1.0

B

AC

t/
q

t

t (min)

a = 1/(k2*q
2
e)

k2 = 55.2 mg/g h

b = 1/qe

qe = 5.94 mg/g

 
Figure 9. MB adsorption kinetic onto CHB-A (A) and AC (B) fitted into the pseudo-second-order model. 

Table 3. Kinetic parameters for MB adsorption onto CHB-A and AC. 

Sample 𝒒𝒆 (mg/g) 𝒌𝟐 (mg/g⋅h) R2 

CHB-A 31.63 6.0 0.99997 

AC 5.94 55.2 0.9992 

The pseudo-second-order kinetic model predicted a 𝑞𝑒 = 31.63 mg/g and 𝑘2 = 

6.0 mg/g⋅h for CHB-A with a correlation of 0.99997 and 𝑞𝑒 = 5.94 mg/g and 𝑘2 = 55.2 

mg/g⋅h with R2 = 0.9992 for AC. The high R2 and the coherence between the calculated 

𝑞𝑒 and the experimental one indicates the suitability of pseudo-second-order kinetic 

model for the adsorption of MB on each material. 𝑘2 plays an important role as a time 

of scaling factor, that is, when its value is relatively high, the time required for the 
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system to reach an equilibrium state is relatively short, a contrary situation occurs for 

small constants [36,37]. In our case, the smaller 𝑘2 value obtained for the CHB-A 

material, could be related with several rate limiting aspects that affect the adsorption 

mechanism. To know the detailed aspects of the adsorption process of MB on CHB-

A, the interparticle diffusion (IPD) model was used: 

𝑞𝑡 = 𝑘𝑝𝑡0.5 + 𝐶 (8) 

where 𝑞𝑡 (mg/g) is the adsorption amount at 𝑡; 𝑘𝑝 is the rate constant of the diffusion 

model in particles, and 𝐶 is the constant associated with the boundary layer effect [38]. 

The results are presented in Figure 10. 
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Figure 10. Intra-particle diffusion model for MB adsorption on CHB-A (A) and AC (B). 

Both carbons present a three-region plot, which is associated with a first rapid 

adsorption towards active sites on the surface of the absorbent, a second gradual 

diffusion of MB molecules towards the pores of the absorbent material and a third 

stage that corresponds to the diffusion from macro to micro pores [39]. As can be seen 

from Table S2, the values of the rate constant for the particle diffusion model are 

lower for all AC settings, indicating an increase in diffusion resistance at all stages 

with respect to CHB-A settings. This is consistent with the studies on surface area and 

pore volume performed. 

3.2.6. Adsorption equilibrium isotherms analysis 

The isotherm’s plot of the three isotherms analyzed (Langmuir, Freundlich, and 

Temkin) is presented in Figure S3. The parameters extracted from the model are 

shown in Table 4. Using R2 as criteria, the best-fitting model is Temkin, indicating 

that the adsorption is characterized by a uniform distribution of binding energies, up 

to a maximum binding energy. 

Table 4. Isotherm parameters for MB adsorption onto CHB-A. 

Langmuir Freundlich Temkin 

𝑞𝑚 85.91 𝑛 0.52 𝑏𝑇 10 

𝐾𝐿 0.54 𝐾𝐹 135 𝐴𝑇 2.19 

R2 0.44 R2 0.60 R2 0.85 
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Even though the Temkin model could not perfectly describe the adsorption 

characteristics, the parameter 𝑏𝑇, related to the adsorption strength, can still serve as 

a reference to understand the adsorption process. In ion-exchange mechanisms, the 

typical binding energy ranges from 8 to 16 kJ/mol during chemisorption processes, 

whereas in physisorption, the value is generally below −40 kJ/mol. These energy 

values provide valuable insights into the nature of the adsorption mechanism, 

distinguishing between physical and chemical interactions. In this study, the 𝑏𝑇 value 

of 0.001 kJ/mol indicates that the adsorption process of MB onto CHB-A implies both 

chemi- and physisorption [40].  

A comparative analysis was conducted to evaluate the adsorption capacity of 

various bio-adsorbents and CHB-A for the removal of MB dye Table 5.  

Table 5. Comparison of adsorption capacity of CHB-A with other systems. 

Adsorbent 𝒒𝒎 (mg/g) MB concentration Ref 

Magnolia Grandiflora Linn leaf biochar  78.6 200 mg/L [41] 

Ball milled bagasse biochar  354 50 mg/L [42] 

Sheep manure biochar 238.31 50 mg/L [43] 

Modified rice straw biochar 50.27 100 mg/L [44] 

Bamboo biochar 48.14 150 mg/L [45] 

CHB-A 570  500 mg/L This work 

Among the compared biochar, CHB-A demonstrated the highest MB adsorption 

capacity, far outperforming all other adsorbents listed. Although Magnolia Grandiflora 

Linn leaf biochar exhibited higher adsorption capacity compared to bamboo and 

modified rice straw biochar, it was significantly outperformed by ball-milled bagasse 

biochar and sheep dung biochar. However, the adsorption capacity of CHB-A was 

notably higher, even at a higher concentration of MB. The exceptional performance of 

CHB-A can be attributed to its higher specific surface area, abundance of active sites, 

and the presence of more functional groups, which together enhance its adsorption 

capabilities.  

3.2.7. Adsorbent regeneration and reusability 

The real application of an adsorbent is dependent on the possibility of 

regenerating and reusing it. For this, the reusable performance of CHB-A was 

evaluated. The regeneration was done according to Martis et al. [46]. Briefly after the 

MB adsorption, the sample was sonicated with ethanol solvent and washed by 

centrifugation 5 times. After that, the CHB-A was dried at 80 ℃ until constant mass, 

and a new adsorption test was performed using MB 500 mg/L. The results are 

presented in Figure 11 and show that even after six cycles, the CHB-A adsorbent 

retained 86.8% of its MB removal efficiency. This reduction in performance may be 

associated with the gradual depletion of active adsorption sites on the surface of the 

composite or potential surface damage over time [47–49].  



Materials Technology Reports 2025, 3(1), 2109.  

13 

1
0
0

.0

1
0
0

.0

1
0
0

.0

1
0
0

.0

9
9
.8

8
8
.6

6
3
.7

1 2 3 4 5 6 7

0

20

40

60

80

100

120

R
e
m

o
v
a
l 
E

ff
ic

ie
n
c
y
 (

%
)

Cycle  
Figure 11. Removal efficiency in function of the number of regeneration cycles. 

3.2.8. Proposed mechanism of MB adsorption 

According to the results presented above, it can be stated that the adsorption 

process of MB on biocarbon is a complicated process. It may involve: external liquid 

film diffusion, surface adsorption, and intraparticle diffusion. Based in the 

experimental-DFT study presented by Yu et al. [50] in 2024, the interaction between 

the biochar and the MB molecule is principally due to H-bonding, p–p and electrostatic 

interactions between the CHB-A and MB. Pore filling could also be predicted by the 

intraparticle diffusion model, where three regions were observed indicating that the 

intraparticle diffusion could also be controlled by, for example, liquid film diffusion 

and/or adsorption reaction [43] (Figure 12). 

 
Figure 12. Diagram of the complex adsorption mechanism of MB onto CHB-A. 

3.2.9. MB adsorption using contaminated water 

The MB adsorption of CHB-A was further tested with real water samples from 

the Suquía River contaminated with MB to know the practical utility. The CHB-A 

biochar reduced the MB dye concentration from 500 mg/L to 1.03 mg/L using only 

0.005 g of adsorbent for 5 min at room temperature. Compared to the solutions 

prepared with ultrapure water, the removal efficiency was 99.8%, and the adsorption 
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capacity was 508 mg/g. The smaller value could be attributed to the presence of other 

interfering polluting compounds. 

4. Conclusions 

This study demonstrates the exceptional potential of cow-hair-derived biochar as 

a highly effective adsorbent for the removal of MB from aqueous solutions. The 

activated biochar exhibited a high specific surface area of 1468 m2/g and remarkable 

porosity, attributed largely to KOH activation, which played a critical role in 

enhancing porosity and sample purity. Adsorption experiments confirmed that CHB-

A outperformed commercial activated carbon, achieving an equilibrium adsorption 

capacity of 730 mg/g. This superior performance is credited to its high porosity and 

the presence of oxygen functional groups. The adsorption process was well-

characterized by the Temkin isotherm model, indicating a uniform distribution of 

binding energies, while the pseudo-second-order kinetic model provided the best fit 

for understanding the adsorption mechanism. The pH analysis reveals a complex 

mechanism for MB adsorption on CHB-A, which may include a combination of 

hydrogen bonding, electrostatic and Van der Waals interaction, among others. 

Notably, CHB-A retained its high removal efficiency even after six regeneration 

cycles, surpassing most biochars reported in the literature for MB adsorption. 

Additionally, its performance was validated using contaminated water from the Suquía 

River, highlighting its practical applicability. Given the abundance of cow hair as an 

agricultural byproduct and the impressive results achieved, this biochar represents a 

cost-effective, sustainable, and environmentally friendly solution to the challenge of 

dye-contaminated water treatment. 

Supplementary materials: UV-spectrum and the corresponding calibration curve of 

MB, Fitting of MB adsorption kinetic with the pseudo-second-order model, isotherm 

analysis and tables with pH analysis and the IPD model’s results are presented. 
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