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Abstract: 

This study presents a sustainable approach for Methylene Blue (MB) dye removal using 

pristine, non-activated biochar derived from orange peel waste via Microwave-Assisted 

Pyrolysis (MAP). The key novelty lies in the systematic comparison of the biochar's 

adsorption performance under both pH-controlled (constant pH 4) and unregulated pH 

conditions, demonstrating that pH regulation is essential for optimizing adsorption efficiency. 

The resulting biochar exhibited a high fixed carbon content (60.89 %), an alkaline surface 

(Point of zero charge (pHpzc) = 11.20, ZPotential = 0.1 mV @ pH 9), and oxygenated 

functional groups. Best MB removal of 83 % was achieved at pH 4, despite the expected 

electrostatic repulsion. Kinetic studies showed the best fit with the Elovich model, indicating 

a heterogeneous surface. The Langmuir isotherm accurately described the equilibrium data, 

revealing a maximum adsorption capacity (qmax) of 20.57 mg g⁻¹ under pH-controlled 

conditions, representing an 83 % increase over the 11.24 mg g⁻ ¹ obtained in the 

unregulated scenario. Thermodynamic analysis confirmed the process is spontaneous (ΔG° 

< 0), endothermic (ΔH° = +4.88 kJ mol⁻¹ at constant pH), and governed by physisorption 

mechanisms, including hydrogen bonding and  interactions. This work demonstrates that 

pristine orange peel biochar generated via MAP is a highly effective adsorbent and highlights 

the critical impact of pH control on improving adsorption capacity and elucidating the 

dominant physisorption mechanisms. 

Keywords: Orange Peel, Microwave assisted pyrolysis, Biochar, Adsorption dynamics, 

Methylene Blue 
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Introduction 

The rapid industrialization and urbanization in recent decades have generated challenges in 

water quality management. In this context, the textile industry stands out as a significant 

contributor, discharging large volumes of industrial effluents containing considerable 

amounts of synthetic dyes. Global annual dye production exceeds 700,000 tons, of which 

approximately 280,000 tons are discharged into water bodies through industrial effluents, 

making the textile industry responsible for about 20 % of global industrial wastewater 

production. Up to 80 % of these dye-polluted industrial wastewaters in most low and middle-

income countries are released without treatment, leading to severe risks for human health 

and aquatic ecosystems, as many are toxic, mutagenic, and carcinogenic1–3. 

Methylene Blue (MB), a cationic dye (Fig. S1), is among the most widely applied synthetic 

dyes, with extensive applications in textile dyeing, paper coating, temporary hair colorants, 

and medical use. Even at concentrations as low as 1 mg L-1, MB can cause a noticeable 

coloration to water bodies, affecting photosynthetic activity, leading to decreased oxygen 

levels and biodiversity. The dye's molecular structure grants it high stability and resistance to 

biodegradation, resulting in prolonged persistence in aquatic environments4. 

Traditional methods for treating dye-contaminated wastewater include coagulation -

flocculation, membrane filtration, chemical oxidation, photocatalysis, and biological 

treatments. However, these methods often face challenges such as high operational costs, 

generation of harmful by-products, and inefficiencies in treating recalcitrant dyes5,6. 

Conventional adsorbents like activated carbon demonstrate excellent dye removal 

capabilities but are often associated with high production costs and environmental concerns. 

As a result, there is a growing interest in developing sustainable adsorbent materials7. 

Biochar (BC), produced through the pyrolysis of biomass under oxygen-limited conditions, is 

emerging as a promising alternative8. Its desirable characteristics such as a high surface 

area, well-developed pore structure, abundant surface functional groups and stability make it 

an effective adsorbent. Moreover, BC production aligns with circular economy principles by 

converting waste materials into valuable products, benefiting from relatively low production 

costs. Among potential waste biomass feedstocks, orange peel (OP) has emerged as a 

promising precursor for BC production. The global citrus processing industry generates over 

12 million tons of OP waste annually, with limited current valorization options9. This abundant 

availability ensures a stable, low-cost feedstock supply. 
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OP's inherent characteristics, including high lignocellulosic content (approximately 50–70% 

by weight), natural porosity, and surface functional groups (particularly pectin and cellulose), 

contribute to the development of BC with enhanced adsorption properties. Furthermore, its 

low ash and high volatile matter content make it suitable for thermochemical conversion 

processes10–12. 

The BC production method significantly influences its physicochemical properties and, 

consequently, its adsorption performance. Microwave-assisted pyrolysis (MAP) represents a 

significant advancement over conventional heating methods. The unique direct heating 

mechanism of microwave irradiation results in rapid, uniform internal heating of the biomass, 

translating to shorter reaction times (typically minutes instead of hours) and reduced energy 

consumption (40–80% lower than conventional heating). This can lead to enhanced pore 

development and superior surface functionality in the resulting BC13–15. The environmental 

benefits of MAP include generating significantly fewer greenhouse gas emissions compared 

to conventional pyrolysis and reducing the overall carbon footprint of BC production. The 

technology's scalability and potential for continuous operation make it particularly attractive 

for industrial applications16. 

Despite growing interest in BC-based adsorption systems, many knowledge gaps remain. 

Specifically, the influence of MAP conditions on the physicochemical properties of OP-

derived BC (BC-OP) and its MB removal performance remains poorly understood. The 

literature related to MAP, OP, and MB adsorption is scarce, although reports exist 

concerning different approaches, such as BC generation for catalyst support or the 

adsorption of other dyes17,18. 

Crucially, previous studies have often overlooked the systematic comparison of adsorption 

efficiency when the solution pH is actively regulated versus when it is allowed to drift 

naturally, especially for materials exhibiting high pHpzc. 

Our work provides a novel contribution by systematically investigating the adsorption of MB 

onto pristine, non-activated BC produced from OP waste via MAP, with a specific focus on 

comparing its performance under pH-controlled versus unregulated conditions, quantifying 

the improvement in adsorption capacity and providing detailed mechanistic insights into the 

non-electrostatic forces governing the process at optimal pH.  

In this study, we investigated the adsorption capacity of MB in synthetic waters, employing a 

batch system and pristine BC, synthesized from OP using MAP. The BC-OP was rigorously 

characterized using physicochemical, structural, and morphological techniques. The effect of 
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pH in two scenarios (regulated and unregulated), the adsorbent dose, the initial adsorbate 

concentration, and the temperature were analyzed. The experimental data were interpreted 

using kinetic models and adsorption isotherms, and the thermodynamic parameters' enthalpy 

(ΔH°), entropy (ΔS°), and Gibbs free energy (ΔG°) were also determined to assess the 

feasibility of the adsorption process. 

2. Materials and methods 

2.1. Materials 

OPs were obtained as waste from orange juice production in a central market in Quito, 

Ecuador. For the experiments, MB ≥ 82 %, sodium hydroxide ≥ 98 % (NaOH), and 

hydrochloric acid 37 % (HCl) were utilized, all acquired from Sigma Aldrich. All solutions 

were prepared using ultrapure water (Type 1) 

2.2. Preparation of the raw material 

The OPs were dried at room temperature and subsequently ground using a cutting mill 

(Retsch, SM300) with a 4 mm mesh screen at a speed of 800 rpm. Afterwards, the raw 

material was sieved, separating particles sized between 2.00 and 2.38 mm for further 

processing. 

2.3. Obtaining BC-OP via MAP 

The synthesis parameters were selected based on a previously established protocol 

described in Correa et al., and other relevant studies in this field 17, and were not a subject of 

optimization in this study. The MAP was conducted using a microwave oven (LG, 

MS1536GIR, 2.45 GHz, 1200 W), equipped with inverter technology, operating at a fixed 

power of 50 % (600 W) for a duration of 15 minutes. This specific combination of power and 

time was previously found to be effective for achieving a high degree of carbonization while 

retaining sufficient oxygenated functional groups on the biochar surface, yielding a material 

with favorable properties for adsorption applications. For this process, 100 g of OP were 

weighed into a quartz reactor measuring 58 mm in height and 43 mm in diameter with a 

cover19. The quartz reactor was covered during the entire 15-minute process, which 

physically prevents the ingress of atmospheric oxygen from the surrounding environment. 

The positive pressure generated internally by the evolving gases further ensures that air 

cannot enter the reactor (see Fig. S2).  

2.4. Characterization of OP, BC-OP, and BC-OP-MB 
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Elemental analysis of OP and BC-OP was conducted using an Elementar Vario Macro Cube. 

Thermal stability and proximate composition were determined using a thermogravimetric 

analyzer (Mettler Toledo, TGA1). The samples were heated in an alumina crucible under an 

inert atmosphere (N₂) at a gas flow rate of 25 to 50 mL min-1. The analysis was performed 

using a dynamic temperature ramp ranging from 20 to 100 °C at a heating rate of 20 °C min-

1, followed by an isothermal ramp at 100 °C for 10 minutes. Subsequently, a dynamic ramp 

from 100 to 700 °C was conducted at the same heating rate, and finally, an isothermal ramp 

at 700 °C for 20 minutes in an oxidizing atmosphere, with an air flow rate of 50 mL min-1. 

Furthermore, the surface area and pore volume of BC-OP were determined using BET 

analysis on a chemisorption instrument (Micromeritics, Autochem II 2920). Conductivity 

measurements (EC), pH, point of zero charge (pHpzc), ZPotential (ZP) and Boehm titration 

were carried out following the methodology clearly described in19.  

FTIR spectrometry analysis (PerkinElmer, Spectrum Two) was conducted using potassium 

bromide (KBr) windows to collect spectral data in the range of 4000 - 400 cm⁻¹ for the 

samples of OP, BC-OP, and BC-OP-MB. For the analysis of morphology and elemental 

composition, scanning electron microscopy (SEM) (Philips XL30 ESEM-FEG) equipped with 

Energy Dispersive X-Ray Spectroscopy (EDX) (EDAX Apollo XL-SDD) was employed. 

2.5. Adsorption Experiments 

The adsorption experiments were conducted in a batch system. The residual concentration 

of MB in each sample was determined using a UV-Vis spectrophotometer (Agilent, Cary 60) 

at a wavelength of 664 nm. 

To determine the pH which generates the highest adsorption of MB on BC-OP, five solutions 

of 100 mL of MB with an initial concentration of 100 mg L⁻¹ were prepared across a pH range 

of 2 to 10 in intervals of 2. To each solution, 1.0 g of BC-OP was added, and the mixtures 

were stirred at 200 rpm for 60 minutes. In order to maintain the pH of the solutions, NaOH 

and HCl were added at varying concentrations. 

Once the pH that resulted in the highest adsorption (pH 4) was established, subsequent 

studies on the effects of adsorbent dose, contact time, adsorbate concentration, and 

thermodynamics were conducted using two different procedures:  

Procedure one (constant pH): The solution pH was kept constant throughout all experiments 

using NaOH and HCl solutions at different concentrations.  

Procedure two (unregulated pH), the pH was not regulated after the initial preparation and 

was allowed to drift naturally.  
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All experiments employed continuous stirring at 200 rpm unless stated otherwise, and all 

experimental work was carried out in duplicate. 

To study the effect of adsorbent dose on the adsorption process, 0.5, 1.0, 1.5, 2.0, and 3.0 g 

of BC-OP were weighed and added to 100 mL of a 100 mg L⁻¹ MB solution, which was 

stirred at 200 rpm for 60 minutes. This study was conducted following both procedures one 

and two. 

For the study of the effect of contact time on the adsorption process, 1.0 g of BC-OP was 

weighed and added to 100 mL of a 100 mg L⁻¹ MB solution, maintaining stirring for 15, 30, 

60, 120, and 180 minutes, respectively, following procedure one and repeated using 

procedure two, where 2.0 g of BC-OP was used to study the effect of contact time.  

To study the effect of MB concentration on the capacity of adsorption (qe), solutions of MB 

were prepared at 100 mL with concentrations of 50, 100, 200, 300 and 500 mg L⁻¹, and 1.0 

and 2.0 g of BC-OP were added, respectively, stirring for 60 minutes at a temperature of 293 

K. 

The thermodynamic study was conducted following the same procedures one and two from 

the MB concentration study, but varying the temperature to 278, 308, and 323 K, 

respectively. The temperature was measured using a FLUKE Ti 450 thermal camera.  

2.6. Data Analysis and Evaluation 

The removal capacity of MB before and after the adsorption process was calculated from the 

data obtained from UV-Vis using equations (1) and (2). 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶𝑜  − 𝐶𝑡  )

𝐶𝑜 
 ∗  100                                            (1) 

𝑞 =
(𝐶𝑜  − 𝐶𝑡  )

𝑊
 ∗  𝑉                                                                          (2) 

Where: q (mg g-1) is the adsorption capacity, C0 (mg L-1) is the initial concentration of MB, Ct 

(mg L-1) is the concentration of MB after the adsorption process, W (g) is the mass of the 

adsorbent, and V (mL) is the volume of the solution. 

To evaluate the adsorption kinetics, the nonlinear models of pseudo-first order (PFO), 

pseudo-second order (PSO), and Elovich were employed19.  

The equations used in the pseudo-first order and pseudo-second order models are shown in 

equations (3), (4) and the Elovich model in (5).  

𝑞𝑡 =  𝑞𝑒 (1 −  𝑒−𝑘1𝑡)           (3) 
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𝑞𝑡 =  
𝑞𝑒

2 𝑘2 𝑡

1 +𝑞𝑒𝑘2 𝑡
          (4) 

𝑞𝑡 =
1

𝛽
𝑙𝑛(𝛼𝛽𝑡 + 1)                                                  (5) 

Where: qt (mg g-1) is the amount of adsorbate adsorbed over time, qe (mg g-1) is the 

adsorption capacity at equilibrium, k1 (min-1) represents the PFO rate constant, k2 (g mg-1 

min-1) represents the PSO rate constant, α (mg g-1 min-1) is the initial adsorption rate, β (g 

mg-1) is the constant related to the activation energy or the extent of occupied sites, and t 

(min) is the time19. 

To evaluate the adsorption equilibrium, the nonlinear models of the Langmuir (6), Freundlich 

(7), and Redlich-Peterson (8) isotherms were employed19,20. 

The dimensionless parameter derived from the Langmuir model, known as the separation 

factor RL (9), allows for a more detailed analysis of whether the adsorption process is 

favorable.   

𝑞𝑒 =
𝑞𝑚𝑎𝑥 𝐾𝐿𝐶𝑒𝑞

1 + 𝐾𝐿𝐶𝑒𝑞 
       (6) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒𝑞

1

𝑛         (7) 

𝑞𝑒 =
𝐾𝑅𝑃𝐶𝑒𝑞

1 + 𝑎𝑅𝑃𝐶𝑒𝑞
𝑔

 
       (8) 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0 
        (9) 

Where: qmax (mg g-1) is the maximum adsorption capacity, KL (L mg-1) is the Langmuir affinity 

constant, C0 (mg L-1) is the initial concentration of the adsorbate, Ceq (mg L-1) is the 

equilibrium concentration of the adsorbate, (mg g-1) (L mg-1)(1/n)) is the adsorption capacity at 

low concentration, 1/n represents the intensity of adsorption, KRP (L g-1) is the constant 

associated with the maximum adsorption capacity, aRP (L mg-1 ) is the constant related to the 

affinity between the adsorbate and the adsorbent, and g is the empirical exponent (0 < g ≤ 1) 

which indicates a transition between Langmuir-type behavior (g→1) and Freundlich (g→0). 

The thermodynamic parameters associated with the adsorption of MB were calculated using 

equations (10), (11), and (12).  

𝛥𝐺0 =  − 𝑅𝑇 𝑙𝑛 𝐾𝑐       (10) 

𝛥𝐺0 =  𝛥𝐻0  −  𝑇𝛥𝑆0       (11) 
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𝑙𝑛 𝐾𝑐 = (−
𝛥𝐻0

𝑅
)

1

𝑇
+

𝛥𝑆0

𝑅
        (12) 

Where: R = 8.314 (J mol-1 K-1) represents the universal gas constant, T (K) is the absolute 

temperature at which adsorption occurs, and Kc represents the dimensionless distribution 

coefficient. These values are determined graphically from the slope and intercept of the plot 

of ln Kc versus 1/T 20,21. 

Finally in Fig. S3 a schematic of the synthesis process of BC-OP via MAP, characterization, 

and adsorption study of MB on BC-OP is shown. 

3. Results and discussion 

3.1. Characterization of OP and BC-OP 

The adsorption of contaminants such as MB is strongly related to the surface chemistry of 

the adsorbent. In the present study, the physicochemical and morphological properties of OP 

and BC-OP were analyzed. Various analytical techniques were employed to determine these 

properties, and the results are presented in Table 1. 

Table 1. Results of the physicochemical and morphological characterization of OP and BC-

OP. 

Parameter OP BC-OP * 

Proximate analysis (wt. % on dry basis) 

Yield MAP (%) - 22.33 ± 2.93 

Moisture (%) 15.77 8.58 

Volatile (%) 43.75 13.11 

Fixed carbon (%) 32.02 60.89 

Total ash (%) 8.46 17.42 

Physicochemical properties 

C% 42.08 ± 1.44 60.84 ± 2.74 

H% 6.46 ± 0.33 0.62 ± 0.07 

O% 41.57 ± 1.83 19.19 ± 2.83 

N% 1.44 ± 0.07 1.95 ± 0.06 

H:C  0.15 0.01 

O:C  0.99 0.32 

C:N  29.22 31.20 

Surface area (m2 g-1) - 6.22 

Total pore volume *10-3 (cm3 g-1) - 3.10 
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pH - 11.90 

pHpzc 3.38 11.20 

ZP (mV) @ pH 9 - -0.1 ± 0.3 

EC (mS cm-1) - 4.38 

* MAP@600 W/15 min. 

 

3.1.1. Proximate analysis  

 

The yield of BC-OP via MAP was 22.33 %, which is comparable to the biomass pyrolysis 

results obtained by other researchers22. 

The comparison of the proximate analysis of OP and BC-OP conducted by TGA is presented 

in Table 1. It can be observed that the moisture content decreases from 15.77 % to 8.58 %, 

and similarly, the volatile matter decreases from 43.75 % to 13.11 %, while the ash content 

increases from 8.46 % to 17.42 %. These values indicate that OP enters the TGA with a 

higher moisture content than BC-OP, and during the thermogravimetric analysis, more 

volatiles are released from OP than from BC-OP obtained via MAP. This also implies that the 

MAP process did not fully carbonize the feedstock, which benefits the presence of functional 

groups on the BC-OP surface which can interact with dissolved adsorbates in fluids intended 

for removal. On the other hand, the increase in the inorganic fraction may enhance the ion 

exchange capacity of BC-OP, which is relevant in systems where ionic interaction is 

expected to be dominant, such as in the adsorption of cationic dyes23,24. 

These findings are consistent with previous studies that have reported similar results; an 

analysis on the characterization of OP feedstock found a moisture percentage of 10.45 %, 

while another study determined that the fixed carbon content in OP is 19.80 %10,25,26. 

The obtained thermograms are presented in Fig. 1. In the comparison of the results obtained 

for OP and BC-OP it is clearly observed in the DTG of Fig. 1 a) four characteristic peaks for 

the thermal decomposition of biomass, which consist of water loss and the decomposition of 

hemicellulose, cellulose, and lignin. In contrast, the DTG of Fig. 1 b) after the MAP process 

shows only two peaks, corresponding to water loss and the decomposition of residual lignin.  
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Fig. 1. TGA and DTG curve of a) OP and b) BC-OP. Experimental conditions: Inert 

atmosphere (N₂), dynamic temperature ramp ranging from 20 to 100 °C at a heating rate of 

20 °C min-1, isothermal ramp at 100 °C for 10 minutes, dynamic ramp from 100 to 700 °C, an 

isothermal ramp at 700 °C for 20 minutes with an air flow rate of 50 mL min-1. 

 

3.1.2. Elemental Analysis.  

The results of the elemental analysis are shown in Table 1 in the physicochemical properties 

section. Significant changes in the chemical composition of OP after the MAP process can 

be observed, such as an increase in carbon content from 42.08 % in OP to 60.84 % in BC-

OP. This indicates that the thermal treatment promoted the removal of volatile compounds, 

contributing to enhanced thermal and chemical resistance of the material, with a surface rich 

in organic compounds. On the other hand, a significant decrease in hydrogen content from 

6.46 % to 0.62 % and in oxygen content from 41.57 % to 19.19 % was observed, indicative 

of the loss of volatile organic material, including CO₂ and H2O, while maintaining a certain 

amount of oxygenated groups on the surface of the material. These results could positively 

influence the adsorption of cationic compounds and enhance the electrostatic interaction on 

the surface of BC-OP27. Regarding the nitrogen content, a slight increase from 1.44 % to 

1.95 % was noted, which may be due to the transformation of nitrogenous compounds 

present in OP into more condensed and complex forms, a product of the Maillard 

reaction28,29. 

The mass ratios H:C and O:C of OP and their transformation into BC-OP decreased, 

indicating a dehydrogenation and aromatization of the material during pyrolysis. This 

resulted in a more condensed and stable structure, ideal for adsorption applications aimed at 

retaining organic compounds or heavy metals through physicochemical mechanisms. These 
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ratios serve as indicators of the quality of the obtained biochar30,31. Additionally, a slight 

increase in the N:C ratio was observed after the MAP, as previously mentioned32.  

The results of the BET surface area analysis for BC-OP, with particle sizes ranging from 2.00 

to 2.38 mm, yielded a value of 6.22 m2 g-1 and a total pore volume of 3.10 × 10-3 cm3 g-1. The 

BC-OP has an average pore diameter of 1.26 µm, determined using the PoreVision 

software33 (see Fig. S4). This diameter is significantly larger than that of a MB molecule (1.7 

x 0.76 x 0.33 nm), suggesting that the biochar possesses an adequate capacity for 

adsorbing MB molecules, thereby facilitating their retention in wastewater treatment 

applications32–34. 

3.1.3. Determination of pH, pHpzc, ZP and EC 

The pH of OP was determined as 3.38, while the pH of BC-OP was 11.9. This elevated pH is 

a result of the ashes of BC-OP being released into the water, raising the pH, as well as the 

EC. As higher pyrolysis temperatures volatilize more biomass, more ashes remain, 

influencing pH and EC35. For EC a value of 4.38 mS cm-1 was found, which is in the range of 

values found in the literature, which oscillate between 0.4 and 54.2 mS cm-1 36. 

As the most important factor of sorption processes on biochar are the functional oxygen and 

nitrogen groups, determining the pHpzc is of utmost importance. This parameter describes the 

surface polarity of the biochar. If the pH surrounding the biochar particle is lower than the 

pHpzc, the surface is positively charged, while on a higher pH, the surface is deprotonated 

and thus, negatively charged. In the present case, it would be optimal to work at a pH higher 

than the pHpzc determined, as the MB molecule is a cation (MB+)37. Fig. S5 shows the pHpzc 

value determined for BC-OP (11.20), which is in agreement with the results from Albalasmeh 

et al., 202038.  

To further investigate the surface charge, the ZP was measured at pH 9, yielding a value of -

0.1 mV (see Fig. S6). This result indicates that even at a pH below the pHpzc, the biochar 

surface is essentially neutral to slightly negative, which can be attributed to the deprotonation 

of strong acidic functional groups like carboxylic acids. 

 

3.1.4 Boehm titration  

The Boehm titration is a simple method used for the quantitative analysis of oxygen 

functional groups of carbon materials. The results of the Boehm titration of BC-OP are shown 

in Table 2. The total acidity determined as 470.04 µmol g-1 can be separated into 221.65 

µmol g-1 carboxylic groups and 248.39 µmol g-1 lactonic groups, which can interact in anionic 

form with cationic species like MB+. The value for the phenolic groups found was negative, 

which can be explained as in Breen et al.39, as a possible interaction with cations released 
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from the ash content of BC-OP. Thus, the amount of phenolic functional groups could not be 

determined. These data were obtained by applying the direct titration methodology. In Fig. 

S7 a schematic is shown illustrating the Boehm titration neutralization of oxygen functional 

groups according to their acidity using multiple bases with different pKa. 

Table 2. Boehm titration of oxygenated functional groups of BC-OP.  

F. GROUP nCSF (µmol g-1) 

Carboxylic 221.65 

Lactonic 248.39 

Phenolic -245.80 

Total acids 470.04 

 

3.1.5 Analysis SEM/EDX 

The scanning electron microscopy (SEM) images are shown in Fig. 2 and Supplemental 

information 2 (S2). Comparing the micrograph of OP with that of BC-OP, significant changes 

resulting from the MAP process can be observed. In the image of OP, a relatively rough and 

compact surface is noted, with little porous structure, characteristic of natural lignocellulosic 

biomass, exhibiting low surface area40. 

For the BC-OP image, a highly porous surface is observed, featuring cracks and internal 

channels with a broad distribution of pore sizes. These characteristics indicate a structural 

reorganization induced by the removal of volatile components during MAP, which enhances 

accessibility to active sites on the surface of the material. The fractured texture and presence 

of pores are consistent with previous studies on biochars derived from agricultural residues, 

demonstrating that thermal treatment favors the development of more complex and stable 

porous structures32,41. 
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Fig. 2. SEM micrograph, EDX spectra and elemental mapping of a) OP, b) BC-OP, c) BC-

OP-MB1.0 and d) BC-OP-MB0.5.  

Analyzing the images of MB adsorption on BC-OP-MB1.0 (1.0 g of biochar in 100 mg L⁻¹ MB 

solution) and BC-OP-MB0.5 (0.5 g of biochar in 100 mg L⁻¹ MB solution), revealed changes 

in surface porosity and roughness compared to BC-OP. Both images show altered surface 

morphology, seemingly caused by the conditions during the MB adsorption process. In the 

results from the EDX analyses and elemental mapping, clear differences indicate the 

changes that occurred during the MB adsorption process on BC-OP compared to BC-OP 

and OP. Additionally, the presence of nitrogen, sulfur, and chlorine in the respective EDX 

spectra confirm the presence of MB on the surface of BC-OP, suggesting molecular 

interactions. Meanwhile, the relative decrease in potassium and calcium after adsorption 

could be related to the electrostatic competition between the metallic cations present in BC-
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OP and the MB+ 5. The complete quantitative results for the 4 samples are presented in the 

supplemental information S2.  

3.1.6. FTIR spectra analysis  

The FTIR spectra of OP and BC-OP are compared with those of BC-OP subjected to a MB 

adsorption process (BC-OP-MB) and are shown in Fig. 3. In the spectrum of OP, a broad 

absorption band is observed between 3500 and 3000 cm-1, indicating the presence of 

stretching vibrations of -OH groups, characteristic of cellulose, pectin, hemicellulose, and 

lignin. The band at 2920 cm-1 is attributed to the stretching vibrations of C-H bonds from -

CH3 and -CH2 groups. Additionally, the band at 1731 cm-1 identifies the stretching vibrations 

of carbonyl (C=O) groups present in organic compounds, including pectin, hemicellulose, 

and lignin. The absorption bands in the range of 1300 to 1000 cm-1 correspond to the 

stretching vibrations of C-O bonds from carboxylic acids, esters, alcohols, and pyranoses. 

When comparing the FTIR spectrum of OP with that of BC-OP, the same absorption bands 

are observed, albeit with slight changes in displacement and intensity, demonstrating the 

decomposition of certain surface groups during pyrolysis. The FTIR spectrum following the 

adsorption of MB in aqueous solution, referred to as BC-OP-MB, exhibited significant 

alterations in various bands, indicating that the functional groups on the surface of BC-OP 

actively participated in the adsorption of MB42. 
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Fig. 3. FTIR spectra of OP, BC-OP and BC-OP-MB.  

 

4. Adsorption study of MB on BC-OP 

4.1. Effect of solution pH 

The best adsorption percentage found was 83 % at pH 4 (see fig. 4). Given the high pHpzc of 

BC-OP (11.2), electrostatic repulsion of the cationic MB+ (pKa = 3.8) might be expected to 

reduce adsorption at this moderately acidic pH. However, the strong removal observed 

suggests that non-electrostatic interactions, such as hydrogen bonding and  -  stacking / n-

 interactions, are the primary drivers of adsorption. A more comprehensive explanation 

synthesizing the ZP results, thermodynamic parameters, and proposed physisorption 

mechanisms is described in Section 4.6.  
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Fig. 4. Influence of pH on the percentage of adsorption of MB on BC-OP. Experimental 

conditions: pH range (2, 4, 6, 8, 10), BC-OP dose = 1g ; Vsol. = 100 mL; C0 MB = 100 mg 

L⁻ ¹; T = 293 K; stirring speed = 200 rpm; time = 60 min. 

4.2. Effect of adsorbent dosage 

 

Fig. 5. Influence of adsorbent dosage of BC-OP on adsorption percentage: a) under 

constant pH conditions, b) without pH regulation. Experimental conditions: BC-OP dose = (5, 
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10, 15, 20 25, 30) g L⁻ ¹; Vsol. = 100 mL; C0 MB = 100 mg L⁻ ¹; T = 293 K; stirring speed = 

200 rpm; time = 60 min. 

Fig. 5 illustrates the relationship between the dosage of the adsorbent BC-OP (g L-1) and the 

percentage of MB adsorption under constant pH conditions as well as without pH regulation 

at a concentration of 100 mg L⁻¹ MB. According to Ho and McKay 43, a higher number of 

available active sites on BC-OP enhances interaction with MB, resulting in an increased 

adsorption capacity. This behavior is clearly observed in Fig. 5 a and b, at 10 (g L-1) and 20 

(g L-1), respectively. At these adsorbent doses, the percentage of adsorption reaches a state 

of equilibrium. A notable difference between the conditions with constant pH and without 

regulation suggests that pH is a critical factor in the efficiency of the adsorption process. This 

study aimed to determine the differences between controlling or not controlling the pH during 

the MB adsorption process, as there are no reports related to this parameter for this type of 

material. The results depicted in Fig. 5 demonstrate that controlling the pH during the 

adsorption process is essential for optimizing interactions between the adsorbent and the 

adsorbate, facilitating the protonation or deprotonation of functional groups on the adsorbent 

44,45. 

4.3. Effect of contact time 

To evaluate the effect of contact time on the adsorption of MB onto BC-OP, three kinetic 

models were employed: PFO, PSO, and Elovich. The results are presented in Fig. 6 and 

Table 3 which show that the Elovich model provides the best fit when the pH is constant, 

with an R2 value of 0.991 and a Chi2 of 0.123. This high R2 value indicates that the model 

effectively captures the complexity of the adsorption process, suggesting that the surface of 

BC-OP is heterogeneous and that the active sites possess different activation energies 

throughout the adsorption process. The parameter α = 410.980 indicates a high initial 

adsorption capacity, while β = 1.318 suggests that the rate of adsorption decreases as the 

active sites become occupied46. In comparison to the Elovich model, the PSO model also 

demonstrates a good fit, with an R2 value of 0.984 and a Chi2 of 0.217. This suggests that 

the adsorption is largely governed by the occupation of multiple active sites43. However, the 

lower Chi2 value in the Elovich model indicates that, although the PSO is suitable, it does not 

accurately describe the adsorption process in this system.  
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Fig. 6. Contact time for the adsorption process of MB onto BC-OP: a) under constant pH 

conditions, b) without pH regulation. Experimental conditions:  a) BC-OP dose = 10 g L⁻ ¹, b) 

BC-OP dose = 20 g L⁻ ¹. a) and b): time 15, 30, 60, 120 and 180 min.; Vsol. = 100 mL; C0 MB 

= 100 mg L⁻ ¹; T = 293 K; stirring speed = 200 rpm. 

In the case of the PFO model, the R2 values for both constant pH and unregulated pH were 

lower, reaching 0.948 and 0.986, respectively, along with Chi2 values of 0.706 and 0.051. 

This suggests that the model is not suitable for describing this adsorption process. These 

findings are consistent with the literature, which indicates that this model is less effective in 

systems where the interactions are more complex47-49. 

The comparison of results for constant pH and unregulated pH for the PSO model reveals 

that, when pH is controlled, the qe reaches 8.663 mg g-1, which is significantly higher than the 

value of 4.480 mg g-1, obtained with unregulated pH.  

The qe values under unregulated pH conditions indicate that the BC-OP surface adapts to 

changing environmental conditions50. This finding suggests that the variability of pH affects 

the availability of active sites on the biochar44. 

Table 3. Adsorption kinetics parameters for MB in the BC-OP. 

PFO 

Condition qe 

(mg g-1) 
k1 

(min-1) 
Chi2 R2 

Constant pH 7.836  
  

1.863  0.706 0.948 

Unregulated pH 4.240 0.111 0.051 0.986 
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PSO 

Condition qe 

(mg g-1) 
k2 

(g mg-1 min)-1) 
Chi2 R2 

Constant pH 8.663  0.026  0.217 0.984 

Unregulated pH 4.480 0.050   0.017 0.995 

Elovich 

Condition 
α 

(mg g-1 min-1) 

β  

(g mg-1) 

Chi2 R2 

Constant pH 410.980  1.318  0.123 0.991 

Unregulated pH 253.510  2.600 0.004 0.999 

 

4.4. Adsorption isotherm studies 

The adsorption isotherm models of Langmuir, Freundlich, and Redlich-Peterson, shown in 

Table 4 and Fig. 7 were applied to study the equilibrium of the adsorption process of MB on 

BC-OP. The results obtained for the Langmuir model yielded qmax values of 20.57 mg g-1 for 

a constant pH and 11.24 mg g-1 for an unregulated pH, indicating that BC-OP has a 

significantly higher adsorption capacity in the constant pH scenario. This represents a 

substantial quantitative improvement (approximately 83 % increase) achieved solely by 

maintaining the optimum pH of 4. This key finding demonstrates that at a constant pH of 4, 

the adsorption process is heavily favored by the formation of stronger, targeted non-

electrostatic interactions between the biochar and MB, a finding that addresses the necessity 

of defining optimal operating conditions for practical application50,51. 

Table 4. Isotherm parameters of MB adsorption on BC-OP. 

Langmuir 

Condition qmax 

(mg g-1) 
KL 

(L mg-1) 
Chi2 R2 

Constant pH 20.570 0.014 0.401 0.989 

Unregulated pH 11.241  0.033  0.748 0.952 

Freundlich 
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Condition KF 

((mg g-1) (L mg-1)(1/n)) 
1/n Chi2 R2 

Constant pH 1.171 0.492  0.282 0.981 

Unregulated pH 1.229  0.426  0.100 0.993 

Redlich-Peterson 

Condition KRP 
(L g-1) 

aRP 
(L mg-1) 

g Chi2 R2 

Constant pH 0.340  0.039 0.849 0.498 0.991 

Unregulated pH 482.960  392.100   0.576  0.134 0.993 

 

 

Fig. 7. Equilibrium isotherms of the adsorption process of MB on BC-OP for a) constant pH, 

b) unregulated pH. Experimental conditions: a) BC-OP dose = 10 g L⁻ ¹, b) BC-OP dose = 20 

g L⁻ ¹. a) and b): C0 MB = 50, 100, 200, 300 y 500 mg L⁻ ¹, Vsol = 100 mL; T = 293 K; stirring 

speed = 200 rpm; time = 60 min. 

With the data obtained from the Langmuir model adjustment, at different concentrations of 

MB at constant pH and unregulated pH for BC-OP the following was obtained: the separation 

factor RL is less than 1 in both scenarios presented in Table 5, indicating that adsorption is 

favorable under both conditions. A RL value less than 1 suggests that the adsorption is 

spontaneous, while a RL value greater than 1 indicates that the adsorption is not 

spontaneous52. 

Table 5. Results for the separation factor RL for the Langmuir model at different 

concentrations of MB at constant pH and unregulated pH for BC-OP. 
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Separation Factor RL 

C0 (mg L⁻¹) MB 50 100 200 300 500 

Constant pH 0.597 0.426 0.270 0.198 0.129 

Unregulated pH 0.377 0.377 0.132 0.092 0.057 

The Freundlich model describes the adsorption process on heterogeneous surfaces53. The 

results of the study reveal important information about the adsorption capacity of BC-OP and 

the influence of pH regulation. The KF values are similar under both pH conditions, 

suggesting a comparable adsorption capacity. The values of 1/n are found to be between 0 

and 1 in both cases, confirming that the adsorption process is favorable54. 

The Redlich-Peterson model combines characteristics of both Langmuir and Freundlich, 

showing a good fit in both scenarios. However, the model suggests more complex 

interactions in the unregulated scenario, as evidenced by the high values of KRP and aRP
55. 

In Fig. 7, the adsorption trends in both scenarios are observed. The results from the models 

indicate that BC-OP exhibits a better adsorption capacity at constant pH conditions. The qmax 

values are notably higher in this scenario, suggesting that maintaining a constant pH of 4 

maximizes the availability of active sites and enhances the adsorption interactions between 

BC-OP and MB. 

The reported qmax of BC of OP and other biomasses for MB adsorption are shown in Table 6. 

Table 6.  Comparison of the qmax of BC-OP and other adsorbents of MB and other dyes. 

Reference 

 Biomass Used 

Synthesis / 

Pyrolysis 

Conditions 

Pollutant / 

Application 

Result (qmax or Main 

Finding) 

Hanafi et al. 

(2024)56 

Blend: Orange 

Peel + 

Watermelon 

Rind 

Microwave assisted  

activation with ZnCl2

. 

 

Crystal Violet 

(CV) Methylene 

Blue (MB) 

qmax 137.8 mg g-1 (CV) 

200.7 mg g-1 (MB) 

Lam et al. 

(2017)42 Orange Peel 

2 step MAP + 

chemical activation 

(KOH / NaOH). 

Malachite 

Green (MG) 

qmax 28.5 mg g-1 
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Amin et al. 

(2019)57 

 

 

Orange Peel 

vs. Banana 

biomass 

 

 

Conventional slow 

pyrolysis at 800 °C. 

 

 

MB 

 

 

qmax > 90 mg g-1 

(Orange peel was 

superior to Banana). 

Pseudo-second-order 

kinetics. 

Jawad et al. 

(2024)18 

 

Blend: Orange 

Peel + 

Watermelon 

Rind 

Microwave 

activation (800 W, 

20 min) with H3PO4. 

 

MB 

 

 

qmax 225.2 mg g-1 (pH 

10, 25 °C). 

Endothermic and 

spontaneous process. 

Gurer et al. 

(2021)58 

Bitter Orange 

Peel 

 

Chemical activation 

with ZnCl2 or H3PO4 

carbonized at 450 or 

550 °C. 

MB 

 

 

qmax 90.58-108.9 mg g-

1 

Nuryana et 

al. (2020)33 

Coconut Shell 

 

MAP (550/650 W, 

15-25 min). No 

chemical activation. 

MB 

 

qmax 0.6875 mg g-1 

Our study Orange Peel 

MAP (600 W, 15 

min) MB 

qmax 20.57 mg g-1 

 

4.5. Thermodynamics study. 

 

Fig. 8. Effect of initial concentration of MB on the adsorption capacity of BC-OP at various 

adsorption temperatures for a) constant pH and b) unregulated pH. Experimental conditions: 

a) BC-OP dose = 10 g L⁻ ¹, b) BC-OP dose = 20 g L⁻ ¹, a) and b): T = 293, 308, 323 K, C0 

MB = 50, 100, 200, 300 y 500 mg L⁻ ¹.; Vsol = 100 mL; stirring speed = 200 rpm; time = 60 

min. 
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Table 7. Thermodynamic parameters.  

 

Unregulated pH 

Temperature 

(K) 

ΔG0 

(kJ mol-1) 

ΔH0 

(kJ mol-1) 

ΔS0 

J mol-1 K-1 

293.15 -32.40 

2.21 118.14 308.15 -34.26 

323.15 -35.94 

Constant pH 

Temperature 

(K) 

ΔG0 

(kJ mol-1) 

ΔH0 

(kJ mol-1) 

ΔS0 

J mol-1 K-1 

293.15 -32.24 

4.88 126.41 308.15 -33.92 

323.15 -36.05 

 

The thermodynamic parameters of the adsorption process were determined by studying the 

system at temperatures of 293.15, 308.15, and 323.15 K. Fig. 8 shows the effect of initial 

concentration of MB on the adsorption capacity of BC-OP carried out at various adsorption 

temperatures for constant and unregulated pH. These data are very important for the 

prediction of the mechanism of adsorption. This was done by relating the Gibbs free energy 

(ΔG°) to the Van't Hoff equation (12), which also allowed for the estimation of the 

thermodynamic parameters of enthalpy (ΔH°) and entropy (ΔS°)21. Table 7 shows that the 

values of ΔG° at all temperatures studied are negative and decrease as the temperature 

increases in both scenarios. This indicates that the adsorption of MB on BC-OP is a 

spontaneous and thermodynamically favorable process at higher temperatures5,59. This 

behavior is characteristic of endothermic processes, as observed in this study. The positive 

values of ΔH° of 2.21 kJ mol-1 for the unregulated pH and 4.88 kJ mol-1 for the constant pH 

system) confirm that the adsorption is endothermic60,61. This endothermic nature suggests 

that an input of energy is required for the process to occur, which may be due to the 

desolvation of the MB+ cation and the reorganization of the adsorbent-adsorbate interface61. 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



 

24 
 

Furthermore, the magnitude of ΔH° is clearly below 40 kJ mol-1, which rules out a 

mechanism based on chemisorption and supports a process dominated by physisorption62, 

where electrostatic interactions,  - interactions, n- interactions, Van der Waals forces, 

and hydrogen bonds prevail. 

Likewise, the values of ΔS° are positive 118.14 J mol-1 K-1 and 126.41 J mol-1 K-1, 

respectively, indicating an increase in molecular disorder at the adsorbent-adsorbate 

interface. This increase in entropy can be attributed to the release of solvate water 

molecules from both the MB+ ion and the surface functional groups of BC-OP during the 

adsorption process, which enhances the degrees of freedom in the system and favors the 

spontaneity of the process63,64. 

4.6. Proposed mechanism of adsorption of MB onto BC-OP 

The results of this research are schematically presented in Fig. 9, supported by findings 

obtained through various characterization techniques, as well as kinetic, equilibrium, and 

thermodynamic studies. In the FTIR analysis, the spectra of BC-OP and BC-OP-MB showed 

significant changes in the adsorption bands, suggesting interactions between the surface 

functional groups present on the surface of BC-OP and the dye. The SEM-EDX analysis 

revealed characteristic peaks of nitrogen, sulfur, and chlorine in the BC-OP-MB, elements 

corresponding to the structure of the MB molecule which were not detected in the EDX 

spectra of BC-OP and OP. 

The results from the Boehm titration corroborate the presence of oxygenated functional 

groups on the surfaces of BC-OP, which facilitate hydrogen bonding, n- interactions, and 

electrostatic interactions that are crucial for the removal of cationic contaminants like MB+.  

The overall adsorption mechanism of MB onto BC-OP is dominated by physisorption, 

supported by multiple lines of evidence: 

1) Thermodynamic evidence: The low magnitude of the positive ΔH° values (+4.88 kJ 

mol-1 for constant pH) confirms that the process is endothermic and strongly supports 

a physisorption mechanism, as ΔH° values are clearly below 40 kJ mol-1. 

2) Surface charge mitigation: The pH study demonstrated maximal removal at pH 4, 

despite the high pHpzc (11.20). This is explained by the ZP measurement at pH 9, 

which yielded a value of -0.1 mV. This near-neutral result suggests that the surface 
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positive charge below the pHpzc is weak or negligible, thereby minimizing electrostatic 

repulsion and allowing non-electrostatic forces to dominate. 

3) Non-electrostatic interactions: The predominant interactions include hydrogen 

bonding,  - stacking and n- interactions. Hydrogen bonding is formed between 

the oxygen containing groups (e.g. -OH and -COOH) on the BC-OP surface and the 

nitrogen atoms in MB molecules. Furthermore, the aromatic structures of MB enable 

 - stacking with the aromatic regions of the biochar carbon matrix, while lone pair 

electrons on oxygen atoms in functional groups can participate in n- interactions 

with the π orbital system of MB. 

This detailed mechanistic understanding, particularly the identification of hydrogen bonding 

and  - interactions as the primary adsorption drivers at a seemingly unfavorable acidic pH 

of 4, constitutes a significant novelty of this work. It challenges the simplistic assumption that 

electrostatic repulsion should dominate below the high pHpzc (11.20), revealing that 

controlled pH conditions effectively enhance non-electrostatic pathways, thereby optimizing 

the utility of MAP-derived OP biochar. 
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Fig. 9. Proposed adsorption mechanism of MB onto BC-OP. 

 

A critical factor in the utilization of any adsorbent is its stability and the potential for leaching 

secondary pollutants65. The biochar studied herein is derived from clean agricultural waste, 

and its synthesis does not involve harsh chemicals, contributing to its inherently clean 

nature. The high ash content (17.42%) is responsible for the elevated pH of 11.90, which 

may affect the solubility of various inorganic constituents. Future research will quantify the 

leaching of inorganic cations, such as potassium (K) and calcium (Ca), to further evaluate 

environmental safety. 

Although the fundamental characteristics of this biochar suggest it is a sustainable material, 

comprehensive safety testing remains essential in future investigations. Such assessments 

will target the leaching of dissolved organic carbon (DOC), heavy metals, and polycyclic 

aromatic hydrocarbons (PAHs) under different water conditions. These studies will be 

required to establish the environmental suitability of the biochar for practical applications in 

water treatment. 

 

6. Conclusion  
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This study successfully demonstrated the formation of BC-OP from OP via MAP and 

evaluated its efficacy as an adsorbent for MB removal from aqueous solutions. The MAP 

process yielded 22.33 % BC-OP, leading to a significant increase in carbon content from 

42.08 % to 60.84 % and a decrease in hydrogen and oxygen content, indicative of enhanced 

thermal and chemical resistance and material aromatization. The resulting BC-OP exhibited 

an alkaline pH of 11.90 and a pHpzc of 11.20, alongside a suitable average pore diameter of 

1.26 m for MB molecule adsorption. Furthermore, Boehm titration and FTIR analysis 

confirmed the presence of oxygenated functional groups (predominantly carboxylic and 

lactonic groups), which are crucial for interacting with cationic contaminants like MB+. 

Regarding the adsorption performance, the solution pH was identified as a critical factor, with 

a maximum MB adsorption of 83 %, achieved at an initial pH of 4. This suggests that despite 

the biochar's high pHpzc, a moderately acidic environment promotes hydrogen bond,  and 

ninteractions. Increasing the adsorbent dose enhanced the adsorption capacity, reaching 

equilibrium at 10 g L-1 under constant pH conditions and at 20 g L-1 without pH regulation, 

highlighting the importance of pH control for optimal efficiency. Kinetic studies revealed that 

the Elovich model provided the best fit for MB adsorption under constant pH conditions (R2 = 

0.991), indicating a heterogeneous surface with varying activation energies. The PSO model 

at the same conditions showed a good fit (R2 = 0.984), suggesting that the adsorption rate is 

largely controlled by the occupation of multiple active sites. Notably, the qe determined from 

kinetic models was higher in the constant pH scenario (8.663 mg g-1) compared to 

unregulated pH (4.480 mg g-1). Conversely, adsorption isotherm analysis indicated that the 

Langmuir model best described the equilibrium data under constant pH conditions, yielding a 

higher qmax of 20.57 mg g-1 compared to 11.24 mg g-1 for unregulated pH. The RL values, 

being consistently below 1, confirmed that the adsorption process is favorable and 

spontaneous under both regulated and unregulated pH conditions. The Freundlich model 

further supported adsorption on a heterogeneous surface, with 1/n values between 0 and 1 

affirming favorable adsorption. Thermodynamic investigations confirmed that the adsorption 

of MB onto BC-OP is a spontaneous and thermodynamically favorable process, as indicated 

by the negative values of ΔG°, which became more negative at higher temperatures. The 

positive values of ΔH° (2.21 kJ mol-1 for unregulated pH, 4.88 kJ mol-1 for constant pH) 

confirmed the endothermic nature of the process, suggesting an energy input is required for 

optimal interaction. Furthermore, the magnitude of ΔH° (< 40 kJ mol-1) strongly supports a 

physisorption-dominated mechanism, involving electrostatic interactions,  interactions, n-
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 interactions, Van der Waals forces, and hydrogen bonds. The positive values of ΔS° further 

indicated an increase in molecular disorder at the adsorbent-adsorbate interface, promoting 

spontaneity.  

We can conclude that the biochar derived from OPs through MAP represents a promising, 

effective, and sustainable adsorbent material for the removal of MB from wastewater, 

aligning with principles of a circular economy and addressing critical environmental 

challenges. 
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