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Abstract 

This study investigates the synthesis and application of acid-modified biochar derived from municipal solid 

waste (MSW) for the adsorption of Rhodamine B (RhB) dye from aqueous solution. Biochar was produced 

by pyrolyzing MSW at 450 ͦC and subsequently modified using an acidic treatment to enhance its surface 

properties including porosity and surface functional groups. Characterization of the biochar was performed 

using techniques such as Fourier Transform infrared spectroscopy (FTIR) and Scanning Electron 

Microscopy (SEM). Adsorption experiments were conducted to evaluate the effectiveness of the acid-

modified biochar in removing RhB dye under various conditions including initial dye concentration, contact 

time and adsorbent dose. The results showed that initial dye concentration of 10 mg/L, adsorbent dosage of 

0.4 g and contact time of 100 mins gave the maximum dye removal from the adsorbent. The result showed 

that the modified biochar exhibited a significantly higher adsorption capacity of 20.24mg/g, with the 

adsorption process fitting well with the Langmuir isotherm and Pseudo second-order kinetics. This study 

demonstrates the potential of acid-modified biochar from MSW as an effective and sustainable adsorbent 

for removing organic pollutants like RhB dye from wastewater.   
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Introduction 

The rapid urbanization and industrialization in the 

21st century have led to an alarming rise in 

municipal solid waste (MSW) generation, creating 

significant challenges for waste management 

systems worldwide. In addition to being a disposal 

concern, MSW contains valuable organic carbon 

that can be converted into biochar through 

pyrolysis, offering a promising pathway for waste 

valorization. Biochar, a highly porous and stable 

carbon material, has gained considerable attention 

due to its potential applications in environmental 

remediation, particularly in wastewater treatment 

[1]. Its high surface area, abundant functional 

groups, and ability to adsorb a wide range of 

contaminants make biochar an effective material 

for removing pollutants, including heavy metals, 

organic compounds, and dyes [2,3]. 

Rhodamine B (RhB), a synthetic organic dye 

commonly used in the textile, paper, and food 
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industries, is notorious for its environmental 

persistence and toxicity. It is resistant to 

degradation and can contaminate aquatic 

ecosystems, posing significant risks to human and 

environmental health [4]. Traditional methods for 

dye removal, including chemical oxidation, 

coagulation, and membrane filtration, are often 

costly, produce toxic byproducts, or suffer from 

inefficiencies under certain conditions [5]. As such, 

adsorption techniques using low-cost adsorbents, 

particularly biochar, have emerged as an attractive 

alternative for the removal of dyes from 

wastewater [6]. 

While raw biochar is effective in adsorption, its 

capacity can be further enhanced through surface 

modification. Acid modification is one of the most 

widely used methods to increase biochar's surface 

area and introduce additional functional groups, 

such as carboxyl, hydroxyl, and phenolic groups, 

which improve the material’s interaction with 

organic pollutants like Rhodamine B [7]. By 

increasing the material’s surface charge and 

functional diversity, acid-modified biochar can 

significantly enhance its ability to adsorb dye 

molecules [8]. In recent years, various acids, 

including hydrochloric acid (HCl), sulfuric acid 

(H2SO4), and nitric acid (HNO3), have been utilized 

to modify biochar derived from different 

feedstocks, including agricultural waste, forestry 

residues, and MSW [9]. 

Several studies highlighted the effectiveness of 

acid-modified biochar in adsorbing Rhodamine B. 

For instance, [10] demonstrated that acid-treated 

biochar derived from rice husk exhibited a 50% 

increase in dye removal efficiency compared to 

untreated biochar. Similarly, [2] reported that 

biochar modified with sulfuric acid showed 

significantly enhanced adsorption capacities for 

RhB due to the creation of more reactive sites on 

the surface.  

In addition to dye adsorption, using MSW-derived 

biochar aligns with the growing interest in 

sustainable waste management practices and 

circular economy principles. By valorizing MSW, 

biochar production not only addresses waste 

disposal challenges but also provides a carbon-

neutral material for environmental remediation 

[11]. Furthermore, the acid modification process, 

which introduces environmentally benign 

functional groups, offers an opportunity to improve 

the adsorption efficiency of biochar while 

maintaining it is sustainability credentials. 

This study examines the acid modification of 

biochar derived from municipal solid waste for the 

removal of Rhodamine B dye from aqueous 

solutions. The impact of various acid treatments on 

the physicochemical parameters of biochar and its 

adsorption efficacy is carefully analyzed. This 

study's findings will enhance the creation of more 

efficient and sustainable adsorbents for wastewater 

treatment and provide insights into the twin 

advantages of waste valorization and 

environmental pollution mitigation. This research 

investigates the efficacy of acid-modified biochar 
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obtained from municipal solid waste as an 

economical and efficient adsorbent for the 

elimination of Rhodamine B. 

 

Materials and Methods 

 

Raw material & pretreatment 

Municipal Solid Waste (MSW) was randomly 

gathered from various households. The waste 

primarily consisted of varying amounts of 

materials such as orange peel, banana peel, 

pineapple peel, watermelon rind, potato peel, fish 

bones, animal bones, bread crumbs, chicken 

droppings, and paper scraps. After collection, the 

MSW was thoroughly mixed and washed first with 

tap water, followed by distilled water to eliminate 

any physically attached impurities. The cleaned 

waste was then dried in an air oven at 110°C for 24 

hours. 

Preparation of biochar 

The Pretreated Municipal Solid Waste (MSW) was 

placed in a silica crucible and heated in an air-tight 

furnace (Vecster Ltd, Furnace Division Ecrotherm) 

at 450°C for 5 minutes. The resulting biochar was 

carefully transferred to an airtight container for 

further processing [12] 

Modification of biochar 

About 110 g of biochar was soaked into 300 ml of 

nitric acid at 900C for 4 hours. The modified 

biochar was cooled and repeatedly washed with 

distilled water to remove residual traces of the 

activating agent. After washing, samples were 

placed in a heating/drying oven (Fisher Scientific) 

at 1100C for 24 h. Finally, the modified biochar was 

ground, sieved, and passed through a 0.2 mm sieve 

and then stored in a plastic bottle for further use. 

Characterization of modified biochar 

The surface morphology and characteristics of the 

modified biochar were examined using a 

PHENOM Prox SEM 800-07334 scanning electron 

microscope (SEM) at various magnifications. The 

functional groups on the biochar surface were 

identified using a VERTEX 70/70V spectrometer 

(Agilent Technologies). The point of zero charge 

(pHpzc), which corresponds to the pH at which the 

biochar's surface has a neutral net charge, was 

determined using the pH drift method as described 

by [13]. 

Preparation of adsorbate 

The cationic dye Rhodamine B (C28H31N2O3Cl), 

with a maximum absorption wavelength of 556 nm, 

was used to evaluate the adsorption capacity of the 

prepared biochar. The dye, purchased from 

Revertex Chemicals Limited (Abuja, Nigeria), was 

used. Its chemical structure is shown in Figure 1. A 

stock solution of 1000 mg/L Rhodamine B was 

prepared by dissolving 1 g of the dye in 1000 cm³ 

of distilled water. Working solutions of lower 

concentrations were then prepared through serial 

dilution. Absorbance measurements were taken 

using a UV-Vis spectrophotometer. 
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Figure 1 Chemical Structure of Rhodamine B 

 

Batch adsorption experiment  

A series of batch adsorption experiments were 

conducted in 250 cm³ Erlenmayer flasks, each 

containing 50 mL of Rhodamine B dye solution. A 

measured amount of modified biochar was added 

to the dye solution, with various parameters being 

adjusted, including contact time (20–160 minutes), 

adsorbent dosage (0.1–0.5 g), initial dye 

concentration (10–50 mg/L), and temperature 

(25°C–60°C), while other parameters were kept 

constant. The mixture of modified biochar 

(adsorbent) and Rhodamine B dye solution 

(adsorbate) was sealed in the conical flasks and 

agitated in a temperature-controlled water bath 

shaker (Flask Shaker, Barloworld Scientific 

Limited, Model ST1505A, UK) at 200 rpm. 

Samples were taken at predetermined intervals, 

centrifuged, and the supernatant was separated 

from the adsorbent by filtration using Whatman 

No. 41 filter paper. The concentration of 

unabsorbed dye was then measured using a UV-Vis 

spectrophotometer, operating at the maximum 

absorption wavelength of 556 nm for Rhodamine 

B. The removal efficiency of RhB and the amount 

of dye adsorbed per unit weight of modified 

biochar (qt in mg/g) were calculated using the 

following equations: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓ficiency %

=
Co − Ct

Co
  × 100 − − − (1) 

   

Adsorption Amount (mg. g − 1) =
(Co−Ct)

Co
×

V

m
− − − − − − − ( 2) 

 

Where, Co (mg. g-1) is the initial Rhodamine B 

concentration (mg/L); Ct (mg/L) is the Rhodamine 

B concentration at time t (min); And V (L) is the 

volume of Rhodamine B solution; and m (g) is the 

weight of Biochar (adsorbent) used. 

 

Kinetics of Rhodamine B adsorption onto 

modified biochar 

To investigate the mechanism and characteristics 

of the adsorption of Rhodamine B dye onto 

Modified Biochar, two kinetic models. The pseudo 
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first-order kinetics model of [14,15] pseudo 

second-order were used to test the experimental 

data. The linear form of the pseudo first-order rate 

expression is given as; 

ln(qe − qt) = 𝑙𝑛𝑞𝑒 − 𝑘1t      − − − − − (3) 

   

Where, k1 (min-1) is the rate constant of the pseudo 

first order adsorption, qe is the equilibrium 

adsorption capacity and qt is the amount of 

adsorbate adsorbed at time. The pseudo second-

order kinetic model is expressed by the following: 

t

qt
=

1

𝐾2𝑞𝑒2
+

1

𝑞𝑒
× t        − − − − − −(4) 

Where, k2 (g/(mg-min)) is the rate constant of the 

pseudo second-order model, qe is the equilibrium 

adsorption capacity (the maximum amount 

adsorbed) and qt is the amount adsorbed at time.  

 

Adsorption isotherms 

Adsorption isotherms provide crucial information 

that reveals the equilibrium relationship between 

the adsorbate concentration in the liquid phase and 

the solid phase at a constant temperature. Two 

isotherm models, Langmuir, and Freundlich 

equations, were chosen to describe the equilibrium 

characteristics in this study. 

The linear form of Langmuir isotherm is given by 

the following Eq. (5): 

Ce

qe
=

1

𝑞𝑚𝐾𝐿
+

Ce

𝑞𝑚
− − − −(5) 

Where qe and qm are the corresponding adsorption 

capacity and maximum adsorption capacity (mg g-

1), respectively, Ce is the concentration of the RhB 

solution at equilibrium (mg L-1), and KL is the 

Langmuir constant (L mg-1). 

The Freundlich isotherm is described by the 

following Eq. (6): 

Logqe = log KF +
1

n
log Ce − − − −( 6) 

Where, KF (L g-1) and n are the Freundlich 

constants that indicate the adsorption capacity and 

adsorption intensity, respectively. 

 

Adsorption thermodynamics 

The effect of temperature is paramount and a major 

factor influencing the adsorption, the temperature 

was monitored in the range of 250- 600. The change 

in Gibb’s free energy, enthalpy and entropy of 

adsorption were calculated using the following 

equations, 

∆G° = −RT ln Kc − − − − −  (7)  

Where R is the gas constant, Kc is the equilibrium 

constant and T is the temperature According to 

van't Hoff equation; 

lnKc = ∆H°
RT⁄ + ∆S°

R⁄ − − − − (8)   

Where ΔSO and ΔHO are change in entropy and 

enthalpy of adsorption respectively. A plot of Kc 

versus 1/T was plotted and values of ΔSO and ΔHO 

were evaluated from the slope and intercept of van't 

Hoff plots. 

 

Results and Discussion 
 

Characterization 

The point of zero charge (pHzpc) of a solid surface 

refers to the pH at which the concentrations of 

acidic and basic functional groups on the surface 

are balanced. Adsorption of cations is favored at 

pH values above the pHzpc, while anion adsorption 

is favored below it. In this study, the pHzpc of the 
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modified biochar was determined to be 6.65, as 

shown in Figure 2. The pHzpc is closely related to 

the one found in shells of Jatoba, which was pH 

6.25 [16] and well below that of waste processing 

mustard oil, which was pH 9.0 [17] but well above 

that of waste radish which was pH 3.4 [18] and seed 

of AleuritesMoluccana which was 5.84 [19].  

 

Figure 2. The pH of zero charge of the Adsorbent 

The surface morphology of the modified biochar 

before and after adsorption was examined using 

scanning electron microscopy (SEM), as presented 

in Figure 3. A noticeable change in surface 

structure was observed: prior to adsorption, the 

biochar exhibited a smooth surface with distinct 

pores. After the adsorption of Rhodamine B dye, 

the surface became rough and uneven. This 

transformation occurred because the pores on the 

biochar surface became clogged with dye particles, 

leading to a less uniform texture. 
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Figure 3. SEM Images of Modified Biochar Before and After Adsorption (1000× Mag.)

Additionally, large pores with rough cavities were 

observed on the biochar surface, which could be 

attributed to the modification of the adsorbent 

material (MSW) or the dehydration and oxidation 

of organic compounds during the carbonization 

process. These gives established the range size of 

mesoporous materials are well-suited for the 

adsorption of dyes. The porous structure of the 

biochar is likely responsible for the increased 

specific surface area, and these irregularities and 

pores reduce mass transfer resistance, thus 

facilitating the diffusion of dye molecules and 

improving biosorption efficiency. Previously 

reported work identified such pores as medium for 

dye removal [20]. 

The FT-IR spectra of the biochar before and after 

dye adsorption are shown in Figure 4. A broadband 

of around 3300 cm⁻¹ is attributed to O-H stretching 

vibrations, while a peak at 2850 cm⁻¹ corresponds 

to C-H aliphatic stretching. A band at 2140 cm⁻¹ 

indicates C=C stretching, and a peak at 1665 cm⁻¹ 

represents C=O stretching vibrations. Additionally, 

C-O stretching was observed at 1050 cm⁻¹. The 

intensities of all these peaks slightly increased after 

the adsorption of Rhodamine B, indicating the 

involvement of functional groups in the adsorption 

process. 

Before After

SEM Images of Modified Biochar Before and After Adsorption (1000× Mag.)
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Figure 4. Absorption bands and FTIR Spectra of Modified Biochar Before and After Adsorption 

 

Effect of contact time 

The effect of contact time on the adsorption process 

was evaluated in a batch system, with time 

intervals ranging from 20 to 160 minutes. The 

experiment was conducted using a fixed initial 

concentration of Rhodamine B (100 mg/L), an 

adsorbent dosage of 0.1 g, and a room temperature 

of 27°C. Contact time was identified as a key factor 

influencing the adsorption capacity of the 

adsorbent. The results showing the amount of 

Rhodamine B adsorbed onto the modified biochar 

at different contact times are presented in Figure 5. 

The findings reveal that the adsorption rate was 

initially rapid, with the amount of dye adsorbed 

increasing quickly during the early stages of the 

process. This fast adsorption continued until 

equilibrium was reached, after which the rate 

slowed down or declined. The initial rapid uptake 

of the dye can be attributed to the availability of the 

most accessible active sites on the surface of the 

modified biochar [21]. 

Absorption bands and FTIR Spectra of Modified Biochar Before and After Adsorption
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Figure 5: Effect of Contact Time

Effect of adsorbent dose 

The effect of adsorbent dosage was investigated on 

each adsorbent at different dosages under the 

following conditions: Initial Concentration 100 

mg/l, Contact time 30 minutes and temperature 

27oC. The effect of the adsorbent dose is presented 

in Figure 6. The result shows the percentage of the 

amount adsorbed with adsorbent dosage ranges 

from (0.1- 0.5 g) for modified Biochar. The result 

clearly shows that the removal efficiency (amount 

adsorbed) of Rhodamine B was initially increasing 

with the increase in dosage of the produced biochar 

until it reached a stage after which insignificant 

increases were noticed, the amount adsorbed 

gradually increased from around 60% to 90%, as 

adsorbent increases from 0.1 g to 0.3 g. 

Subsequently, a negligible increase was observed 

when the dosage was further increased. 

However, an increase in available surface 

adsorption site enhances Rhodamine B removal 

when the adsorbent dosage was increased [22] 

subsequent saturation of adsorption sight as well as 

overlay of adsorbent may have resulted in removal 

equilibrium/reduction in percentage removal [23]. 

Moreover, it is well understood that the number of 

available adsorption sites & the surface area 

increase by increasing the adsorbent dose and 

therefore, result in an increase in the amount of 

adsorbed dyes [24]. 
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Figure 6 Effects on Adsorbent Dose 

Effect of initial concentration 

The effect of initial concentration was evaluated 

under different initial concentration (10 – 50 mg/L) 

with the following condition: Adsorbent dose (0.1 

g), Contact time of 30 minutes and temperature of 

27oC. The effect of initial concentration is 

presented in Figure 7. The result revealed that 

when initial concentration was increased from 10 

to 30 mg/L removal efficiency of RhB dye 

decreased from 97 to 70 % and 40 to 25 % 

respectively. The result also showed that removal 

efficiency was found to decrease progressively 

when the initial concentration was increased from 

10 to 50 mg/L. It was also witnessed that 

adsorption of lower concentrations of dyes reached 

equilibrium earlier than those with higher 

concentrations. Furthermore, adsorption was 

reached remarkably rapidly within a range of 10 to 

30 min. This might be due to the fact that biochar 

produced at higher temperatures is rendered highly 

absorptive in nature [25]. Such dehydrated biochar 

takes up water rapidly when subjected to water 

solutions containing dye for adsorption. This leads 

to an interaction of the dissolved dye molecules 

with the surface moieties in the adsorbate, thereby 

leading to prompt adsorption of synthetic dyes. A 

similar observation was reported by [25], where the 

removal of Malachite Green (MG) dye was found 

to be 95% percent within 40 minutes at pH 5 and 

temperature 25oC. Rapid adsorption of dyes by 

biochar may prove advantageous for its probable 

commercial application for adsorptive removal of 

dye-containing effluents. 
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Figure 7. Effects on Initial Concentration 

Kinetic studies 

The adsorption kinetics and model parameters 

provide crucial insights for the design and 

modeling of adsorption processes. The kinetic 

model parameters for Rhodamine B (RhB) 

adsorption onto the adsorbents used are presented 

in Table 1. The correlation coefficient for the first-

order model was found to be relatively low, with a 

value of 0.465. The experimentally determined 

equilibrium adsorption (qeexp) differed 

significantly from the calculated values (qecal) for 

the pseudo-first-order kinetics, indicating that the 

adsorption of Rhodamine B onto the biochar-

modified biochar (BMB) did not follow first-order 

kinetics. Similar findings were reported by [26] and 

[27] who studied kinetic models of Cd removal by 

AC derived from wood and olive stone, 

respectively. Moreover, [28], who investigated the 

removal of Pb from single and competitive 

solutions by AC produced from Van apple pulp, 

reported results that are in agreement with those 

reported in the current research. 

In contrast, the correlation coefficient for the 

pseudo-second-order model was much higher, 

reaching 0.999 (Table 1). The calculated 

adsorption capacities (5.0) closely matched the 

experimental values (4.89), showing strong 

agreement. These findings suggest that the 

adsorption of Rhodamine B dye follows a second-

order kinetic model. This observation supported 

the assumption that the adsorption could 

predominantly be due to chemisorption [29]. 
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Table 1. Kinetic Model 

Kinetic Models  Constant Values  AMB 

______________________________________________________ 

Pseudo First Order  qe (exp) mg/g   21.93   

    qe (cal) mg/g   5.260   

    K1 min-1   0.031   

    R2    0.465   

Pseudo Second Order  qe (exp) mg/g   4.89   

    qe (cal) mg/g   5.0   

    K2    0.1732    

    R2    0.999 

 

Figure 8 Pseudo First order kinetics adsorption model of RhB on AMB 
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Figure 9 Pseudo Second order kinetics adsorption model of RhB on AMB 

Adsorption isotherms 

Adsorption isotherms provide crucial insights into 

the equilibrium relationship between the 

concentration of adsorbate in the liquid phase and 

its concentration in the solid phase at a constant 

temperature. In this study, two isotherm models—

Langmuir and Freundlich—were used to describe 

the equilibrium characteristics. The constants for 

each model, along with the corresponding 

adsorption isotherm parameters, are presented in 

Table 2. This table summarizes the Langmuir and 

Freundlich adsorption constants observed for the 

uptake of Rhodamine B (RhB) dye in the 

experiment. 

The Langmuir isotherm model assumes that 

maximum adsorption occurs when a saturated 

monolayer of adsorbate molecules is formed on the 

adsorbent surface, with no interactions between the 

adsorbed molecules [21]. As shown in Table 2, the 

adsorption of Rhodamine B onto the adsorbent 

follows the Langmuir isotherm, as indicated by the 

higher regression coefficient (R² = 0.999). These 

high values confirm that the adsorption process is 

well described by the Langmuir model. The 

maximum adsorption capacity (qmax) was found to 

be 20.24. Additionally, the value of the separation 

factor (RL) was between 0 and 1, which suggests 

that the uptake of RhB is favorable [21]. 

On the other hand, the Freundlich isotherm model, 

which describes a heterogeneous adsorption 

process, showed lower regression coefficients (R²) 

of 0.6457 compared to the Langmuir model, as 

presented in Table 2. The Freundlich constant (KF) 

for RhB adsorption was found to be 5.64. Higher 

KF values typically indicate better adsorptive 

removal and stronger affinity of the adsorbent 

material used [30]. 
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Table 2 Parameters of Langmuir and Freundlich isotherms. 

__________________________________________________________ 

Isotherm Parameters Constants   AMB  

Langmuir   qmax(mg/g)   20.24  

    KL     2470.36  

    RL    0.4951   

    R2    0.999    

Freundlich   KF    5.642    

    n    2.320   

    R2    0.6457   

 

 

 

 

 

 

 

 

 

 

Figure 10. Langmuir Isotherm for AMB Adsorption 
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Figure 11. Freundlich Isotherm for AMB Adsorption 

Adsorption thermodynamics 

The effect of temperature is a crucial factor 

influencing the adsorption process. In this study, 

temperature was varied within the range of 25°C to 

60°C. The thermodynamic parameters, including 

the changes in free energy (ΔGo), enthalpy (ΔHo), 

and entropy (ΔSo), are presented in Table 3. The 

negative values of ΔGo indicate that the adsorption 

process is spontaneous. Furthermore, the more 

negative the ΔGo value, the more energetically 

favorable the process becomes (-1868.45 – 2086.99 

kJ/mol) [31]. The positive value of ΔSo suggests an 

increase in disorder or randomness at the solid-

liquid interface during the adsorption of 

Rhodamine B (RhB) onto the adsorbent’s active 

sites [32]. This implies a strong affinity between 

the dye and the adsorbent, and indicates that 

significant changes occur in the internal structure 

of the adsorbent as a result of the adsorption [33]. 

The negative ΔHo values indicate that the 

adsorption process is exothermic in nature. The 

values of ΔSo and ΔHo were determined from the 

slope and intercept of the van't Hoff plots shown in 

Figure 11. 
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Table 3 Thermodynamic Parameters 

Adsorbent ΔHo (kJ/mol) ΔSo (J/mol/K) 

 

Temperature 

(K) 

ΔGo (kJ/mol) 

 

ABM -7.67  6.24 298 -1868.45 

   303 -1899.66 

   308 -1930.88 

   313 -1962.11 

   318 -1993.33 

   323 -2024.55 

   328 -2055.77 

   333 -2086.99 

 

 

Figure 11. Van’t Hoff Plot for Adsorption of RhB onto AMB 

 

Conclusion 

The experimental results demonstrated that biochar 

derived from the pyrolysis of municipal solid waste 

is an effective and low-cost adsorbent for the 

removal of the cationic dye Rhodamine B. The 

point of zero charge (pHz) value was determined to 

be 6.65 highlighting its suitability for cationic dye 

adsorption. Surface morphological properties were 

analyzed using Scanning Electron Microscopy 

(SEM) and Fourier Transform Infrared 

Spectroscopy (FTIR). Batch experiments revealed 

that the adsorption kinetics followed the pseudo-

second-order model, while equilibrium data 

aligned with the Langmuir Isotherm. 

Thermodynamics analysis indicated that the 

adsorption process is predominantly 

chemisorption, spontaneous and exothermic in 

nature. 
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