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INTRODUCTION

The toxicity and non-biodegradable charac-
teristics of organic pollutants make them a seri-
ous environmental hazard. Among these contami-
nants, synthetic dyes are particularly concerning, 
as they are widely present in industrial effluents 
from the dyeing, textile, leather, paper, and plas-
tics industries (Lellis et al., 2019). These dyes are 
extremely visible and unattractive even at very 
low concentrations, and they pose harmful, mu-
tagenic, carcinogenic, and allergic concerns to 
human health and ecosystems (Sudarshan et al., 
2023). Several conventional methods have been 
devised for the treatment of industrial wastewater 

polluted with dyes, including coagulation/floc-
culation, chemical oxidation, membrane filtra-
tion, electrodialysis, and ozonation (Dutta et al., 
2021). However, these techniques are often eco-
nomically unfeasible and suffer from significant 
drawbacks, including the generation of hazard-
ous residues or by-products that require further 
management or treatment, excessive reagent and 
energy consumption, and inadequate dye removal 
(Iwuozor et al., 2021).

However, adsorption has become a popu-
lar and successful technique for removing dyes 
from wastewater. Compared to traditional treat-
ment methods, adsorption offers several advan-
tages, including operational adaptability, ease 
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of implementation and design, minimal sludge 
generation, and relatively low setup costs (Ighalo 
et al., 2022). Activated biochar, in particular, has 
been extensively utilized as an adsorbent due to 
its high adsorption capacity, which stems from 
its favorable physical and chemical properties 
(Biswal and Balasubramanian, 2023).

This study aims to explore the removal of 
methyl orange (MO) from aqueous solutions 
through adsorption onto biochar derived from 
the chemical activation of Malus domestica de-
bris collected from Ifrane, Morocco. The biochars 
were prepared using phosphoric acid (H₃PO₄) at 
different impregnation ratios (40%, 70%, and 
100% by mass). The physicochemical charac-
teristics of the biochars were analyzed through 
Boehm titration for surface chemistry, point of 
zero charge (pHpzc) measurements, and thermo-
gravimetric analysis. The pore structure was char-
acterized using methylene blue (MB) adsorption 
and iodine index measurements. The adsorption 
behavior of MO was examined using Langmuir, 
Freundlich, and Temkin isotherm models, while 
adsorption kinetics were evaluated and modeled 
using the pseudo-first-order, pseudo-second-or-
der, and intraparticle diffusion equations.

MATERIALS AND METHODS

The colorant used is Methyl Orange, an an-
ionic (acidic) dye classified within the aminoazo-
benzene family. It functions as a color indicator, 
specifically helianthine, and is extensively uti-
lized in chemical applications. The physicochem-
ical characteristics of MO are detailed in Table 1, 
and solutions were prepared using distilled water.

Preparation and characterization 		
of the biochars

Apple tree (Malus Domestica) debris har-
vested in the locality of Dayet Aoua (Ifrane re-
gion, Morocco), was used as a raw material for 
the manufacture of biochars. After being manually 
crushed in a mortar and sieved to produce particles 
smaller than 600 μm in diameter, they were repeat-
edly cleaned with distilled water to get rid of con-
taminants and dried for 48 hours at 50 °C in an 
oven. This aggregate (20 g) was impregnated with 
a given mass of phosphoric acid (H3PO4) in aque-
ous solution (60 mL) for 4 h at 20 °C to form a 
slip. Impregnation ratios were varied in the follow-
ing range: 40%, 70% and 100%, Ximp expressed 
as a mass percentage being 100 times the ratio of 
the mass of H3PO4 to the mass of precursor (100 x 
mH3PO4 [g]/mMalusDomestica[g]), in order to obtain bio-
chars of different porosity. The suspensions were 
then evaporated in an oven at 110 °C for 24 h. The 
impregnated and dried samples were then activat-
ed for 2 h at 500 °C in a pyrolysis oven (heating 
rate: 15 °C∙min-1) under ambient air. The biochars 
were cleaned in a glass funnel with boiling distilled 
water to get rid of any remaining phosphoric acid. 
Using a Pb(NO3)2 lead nitrate test (0.1 mol∙L-1), 
washing was done until no phosphate ions were 
left in the water. Following three hours of drying 
at 110 °C, the recovered material was crushed and 
sieved to produce particles with a diameter of less 
than 75 μm. Biochars (ABs) prepared with Ximp = 
40%, 70% and 100% were named AB40, AB70 
and AB100 respectively. Several methods have 
been used to characterize our activated biochars. 
The iodine value provides information on the mi-
cropore surfaces (internal surfaces) accessible to 
small molecules and metals. The average iodine 
uptake (mg/g) of each biochar sample was deter-
mined using the following equation:
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	(1)

where: C0 is the original iodine solution’s con-
centration (0.1 mol∙L-1), Cn: is the so-
dium thiosulfate solution’s concentration 
(mol∙L-1), Vn – the volume of sodium 
thiosulfate solution at equivalence (mL), 
VI2: iodine solution dosage volume (10 
mL), Vads: the volume of iodine solution 
adsorbed (20 mL), MI2 – the molecular 
weight of iodine (254 g∙mol-1) and mAB: 
the mass of biochar (g). 

Table 1. Physico-chemical characteristics of methyl 
orange

Parameter Methyl orange

Chemical names

4-benzenesulfonic acid (acid 
form)  

4-sodium benzene sulfonate 
(sodium salt)

Color index CI orange acide 52

Chemical formula C14H14N3O3SNa

Maximum wavelength λmax 463
Logarithmic acidity constant 
pKa

b 3.30

Water solubility at 20°C 
(g∙L-1) 5.20

Molecular size 14.38 x 6.56 x 4.04
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Boehm titration (selective neutralization) was 
used to determine the contents of oxygenated and 
basic groups. pH measurements were performed 
using a pH meter.

Determination of zero charge point pH was 
carried to identify the surface charge of the acti-
vated biochars (AB30, AB60, AB100). The ex-
periment to determine the pHpzc of each adsorbent 
begins by preparing 40 mL of 0.1 M NaNO₃ in 
ten separate Erlenmeyer flasks. The pH values of 
these solutions are adjusted across a range from 2 
to 12 using either 0.1 M HCl or NaOH, monitored 
with a pH meter. Then, 0.15 g of biochar is added 
to each flask, and the mixtures are shaken at 150 
rpm on an orbital shaker at 30 °C for 24 hours to 
reach equilibrium. After equilibrium, the contents 
are filtered, and the final pH values of the filtrates 
are recorded (Candamano et al., 2023). The point 
of zero charge (pHpzc) is determined graphically by 
plotting the final pH (pHfinal) against the initial pH 
(pHinitial), and identifying where the curve intersects 
the line pHfinal = pHinitial (El Alouani et al., 2018).

Thermogravimetric analysis (TGA) was em-
ployed to study how mass changes and heat flow 
occur with changes in temperature in a controlled 
environment. This analytical method is common-
ly used to investigate processes like evaporation, 
combustion characteristics and thermal decom-
position (Fikri et al., 2025). Specifically, in this 
study, we conducted TGA analysis using an STA 
(TG) Thermogravimetric Analyzer. We heated the 
sample at a rate of 5.00 °C per minute until reach-
ing 900 °C, with air flowing through the system 
(Saadatkhah et al., 2020).

XRD analysis was performed using an X’Pert 
PRO diffractometer (Cu-Kα radiation), scanning 
over a range of 2θ angles to characterize the crys-
talline structure of the samples.

Nitrogen adsorption–desorption analyses (3P 
Instruments GmbH & Co. KG) were employed 
to determine the Brunauer-Emmett-Teller (BET) 
surface area, pore volume, and pore size distri-
bution. The specific surface area of the activated 
biochars was calculated using the methylene blue 
index by the Equation 2 and the specific surface 
area of the sample occupied by the MB molecule 
(SMB) using the Equation 3:
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where:	Ce – residual solution concentration at ad-
sorption equilibrium (mg∙L-1), Qe – The 
quantity of adsorbate adsorbed at equilib-
rium (mg∙g-1), KL: adsorption equilibrium 
constant for the Langmuir solute/adsor-
bent pair (L∙mg-1) and Qmax: The highest 
amount adsorbed (mg∙g-1), MB: molecu-
lar surface area (AMB) of 1.30 nm2 and a 
molar mass (MMB) of 319.85g.mol-1 (Hang 
and Brindley,1970).

Batch adsorption

Adsorption was studied in batch (stirred tank) 
in Erlenmeyer flasks stirred at 300 tr∙min-1, at room 
temperature (25 °C) and at pH of the reaction me-
dium equal to 4 for MO and 6 for MB. After sepa-
ration of the liquid phase and adsorbent by filtra-
tion through glass microfiber filters (1 μm pores), 
the evolution of filtrate concentration at different 
contact times was monitored using a UV–visible 
spectrophotometer at a wavelength of 460 nm for 
MO (Table 1) and 665 nm for MB. Calculation of 
the adsorbed quantity is given by Equation 4:
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where:	C0 and Ce are respectively the initial and 
equilibrium concentrations (mg∙L-1), m is 
the mass of the adsorbent (g) and V the 
volume of solute (L).

MO adsorption kinetics were studied at the 
initial concentration of 20 mg∙L-1 in contact with a 
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where: KL is the adsorption equilibrium constant 
for the Langmuir solute/adsorbent pair 
(L∙mg-1), C0 is the initial concentration 
(mg∙L-1), Kf and n are Freundlich constants 
that characterize the efficiency of an ad-
sorbent with respect to a given solute.

The adsorption kinetics of methyl orange by 
biochar were examined using pseudo-first order 
(Equation 8), pseudo second order (Equation 9), 
and intraparticle diffusion (Equation 10) models.
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where:	K1 (min-1) is the pseudo-first-order con-
stant, K2 (g∙mg-1∙min-1) is pseudo-second-
order constant, Kint (mg∙g-1∙min1/2) intra-
particle diffusion constant; Qt – is the ca-
pacity for adsorption at time t and Qe – is 
the equilibrium adsorption capacity.

Thermodynamic parameters, such as adsorp-
tion enthalpy (ΔHT), adsorption entropy (ΔST) 
and adsorption free energy (Gibbs energy: ΔGT), 
were determined using the following Equations 
11, 12 and 13:
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where:	KL is Langmuir’s constant (L∙g-1); T is the 
temperature in K and R the universal gas 
constant: 8.314 J∙mol-1∙K-1.

RESULTS AND DISCUSSION

Production yield

Thermochemical activation yields for bio-
chars ranged from 56.7 for 40% impregnation to 
37.4% for 100% impregnation. These yields in-
dicate that the decomposition of organic matter 

increases significantly with the rise in the phos-
phoric acid (Ximp) impregnation. The decrease 
in yield from 56.7 to 37.4% with increasing im-
pregnation ratio from 40 to 100% is attributed to 
increased carbon combustion by excess H3PO4, 
leading to enlargement of micropores into meso-
pores. The impregnation process using 70% phos-
phoric acid results in a yield of 48.2%.

Characterization of biochars

The specific surface area (SMB) values deter-
mined from methylene blue adsorption isotherms 
were 320, 561 and 618 m2∙g-1 for AB40, AB70 
and AB100 respectively.

The specific surface area of the adsorbents 
increases as the chemical activation ratio rises. 
Furthermore, the specific surface area obtained 
through the iodine test follows the trend AB40 
> AB70 > AB100 and increases with phosphoric 
acid concentration, as reported in the literature 
(Zeng et al., 2021). The specific surface areas 
of the activated biochars studied were compared 
with those of other materials from the bibliogra-
phy. The results show that the surface areas of 
biochars synthesized in this study significantly 
exceed those of many previously reported bio-
chars. For instance, biochar derived from corn-
cob exhibited a much lower surface area of only 
56.91 m²/g (Shao et al., 2018), while untreated 
pine sawdust biochar had a moderate surface area 
of 168 m²/g (Chu et al., 2018). Similarly, untreat-
ed oak wood biochar reached 231.15 m²/g (Kim 
et al., 2019), whereas chemically activated bio-
chars showed higher values. Biochar from nori 
activated with ZnCl₂ exhibited a surface area of 
294.2 m²/g (Wang et al., 2020), and lignocellulos-
ic biochar activated with carbon dioxide achieved 
316 m2.g-1 (Kozyatnyk et al., 2021). In contrast, 
the activated biochars in this study, particularly 
AB70 and AB100, displayed superior surface ar-
eas, emphasizing the effectiveness of the activa-
tion process applied here.

According to Table 2, the percentage of oxy-
genated functional groups in the chemically pre-
pared adsorbent increases with increasing im-
pregnating agent concentration. For AB40, AB70 
and AB100, the percentages of oxygenated func-
tional groups are 6.7%, 8.6% and 7.2% respec-
tively. These values exceed those obtained for 
biochar produced from date palm waste (Usman 
et al., 2015). Indeed, the generation of oxygen or 
sulfur functional groups on an adsorbent surface 
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can enhance adsorption properties by enhancing 
the number of available sites (Dai et al., 2021). 

Boehm titrations of ABs obtained from 40%, 
70% and 100% impregnation ratios (Table 2) 
show fewer basic groups than acidic groups (car-
boxylic and phenolic groups), confirming their 
slightly acidic character.

The pHpzc values of the adsorbents are listed in 
Table 2. Cation adsorption on all adsorbents will 
be favorable at pH values above pHpzc, while an-
ion adsorption will be favored at pH values below 
pHpzc. This is due to the fact that, at a pH below 
pHpzc, the biochar surface is protonated (acidic) 
and positively charged. On the other hand, at a pH 
above pHpzc, the biochar surface is deprotonated 
(basic):it is negatively charged. 

Following chemical activation, pHpzc increas-
es progressively and in proportion to the activa-
tion rate, from 6 (raw biochar) to 6.52, 6.81and 

7.23 respectively for AB40, AB70, and AB100. 
The TGA curves for the biochars (ABs) as shown 
in Figure 1, reveal an initial mass loss occurring 
below 300 °C, which is attributed to the desorp-
tion of bound water, specifically water that is 
physiosorbed in microspores and mesopores. The 
mass losses recorded for impregnation ratios of 
40%, 70%, and 100% are 12.26%, 14.43%, and 
16.12%, respectively. Notably, biochar AB40 ex-
hibits a mass loss of only 12.26%, indicating its 
lower hydrophilicity, as it contains fewer surface 
oxygen groups compared to AB70 and AB100, 
along with a higher proportion of basic groups 
relative to these latter biochars. These observa-
tions corroborate the results previously reported 
by (Boumanchar et al., 2017).The second phase 
of mass loss, observed on the plateau between 
300 °C and 600 °C, can be interpreted as the de-
composition of surface oxygen groups. The mass 

Table 2. Chemical surface properties of the activated biochars

Surface chemical characteristics
Activated Biochars

AB40 AB70 AB100

Phenolic groups (mEq.g-1) 0.007 0.009 0.0014

Carboxylic groups (mEq.g-1) 0.002 0.004 0.006

Total oxygen groups (mEq.g-1) 0.009 0.013 0.0153

Total basic groups (mEq.g-1) 0.0064 0.0012 0.036

Oxygenated functional groups (%) 6.7 8.6 7.2

Specific surface area SMB (m2.g-1) 320.41 560.71 618.48

Iodine index (mg. g-1) 296.48 317.34 362.71

pHpzc 6.52 6.81 7.23

Figure 1. Thermogravimetric analysis of activated biochars (AB40, AB70, AB100)
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losses during this temperature range are 6.44%, 
8.76%, and 7.08% for AB40, AB70, and AB100, 
respectively. The relatively low mass loss of 
6.44% for biochar AB40 is consistent with its 
lower content of oxygenated functional groups, 
quantified at 0.009 mEq∙g⁻¹, alongside its higher 
concentration of basic functional groups. These 
observations corroborate with results reported by 
(Premchand et al., 2024).

The XRD diffraction patterns of the raw and 
activated biochars is presented in Figure 2. The 
observed peaks at approximately 2θ = 26° and 
2θ = 37° correspond to the presence of insoluble 
CaCO3 and SiO2 crystals on the biochar surface 
(Jiang et al., 2024). A peak around 2θ = 43° indi-
cates the formation of more stable carbon struc-
tures following activation (Alcazar-Ruiz et al., 
2024). Additionally, the broad and weak nature 
of this peak in the activated biochars (ABs) sug-
gests their predominantly amorphous character 
(Choudhary et al., 2020). An increase in peak in-
tensity following activation indicates structural 
enhancement and increased crystallinity of the 
biochars (Yağmur and Kaya, 2021).

The textural features of the biochars were 
comprehensively evaluated through nitrogen ad-
sorption–desorption isotherm analysis. The re-
sulting pore size distribution and adsorption iso-
therms are illustrated in Figures 3 and 4. Accord-
ing to IUPAC classification, the physisorption 
isotherms of all three H3PO4 activated biochars 
correspond to Type IV with an H4-type hysteresis 

loop observed at relative pressures (P/P₀) > 0.45, 
indicating the predominance of mesoporous 
structures (Ouyang et al., 2023). In contrast, the 
isotherm of the raw biochar is characteristic of a 
Type I profile, confirming its predominantly mi-
croporous nature, with a pore diameter of 1.47 
nm and a low specific surface area of 32 m2/g as 
reported in Table 3. These features suggest a lim-
ited and less accessible adsorption capacity due 
to the narrow pore size (Zhang et al., 2023). By 
comparison, the H3PO4 activated biochars (AB40, 
AB70, and AB100) exhibited significantly higher 
specific surface areas: 208 m2.g-1, 296 m2.g-1 and 
348 m2.g-1, respectively and a more developed 
pore structure. Consequently, methyl orange mol-
ecules were expected to be adsorbed not only onto 
the external surface but also within the internal 
pores of the activated biochars via a pore-filling 
mechanism (Jabar et al., 2022).

Adsorption studies

MO adsorption isotherm

Figure 5 illustrates how the equilibrium con-
centration (Qe = f[Ce]) affects the equilibrium ad-
sorbed quantity. The findings suggest that the iso-
therm follows type L, as per the classification of 
Giles. The empirical Freundlich constants Kf and 
n are difficult to use. They respectively give an in-
dication of the adsorption capacity and the inten-
sity of the adsorption reaction. The coefficients 

Figure 2. XRD patterns of biochars
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Figure 3. N2 adsorption-desorption isotherms of the biochars

Figure 4. Pore size distribution for the biochars

Table 3. BET characteristics of BC and ABs
Biochar type S BET (m2.g-1) Dp (nm)

AB40 208.2665 3.4

AB70 347.6402 4.7

AB100 395.8272 5.3

BC 32.936 1.47

of determination of the models studied presented 
in Table 4 indicate that the Langmuir model fits 
the dye adsorption process very well. The cor-
relation coefficient values are 0.99 for all ABs. 

The maximum adsorbed quantities obtained by 
the Langmuir model for AB40, AB70, AB100 are 
equal to 71.83, 89.87 and 143.65 mg∙g-1 respec-
tively. The Langmuir separation factor values fall 
within the valid range (between 0 and 1). The 
Qmax values of the Langmuir model increase with 
increasing impregnation ratio, thus confirming 
that specific surface area increases as a function 
of impregnation ratio.

The parameter n of the Freundlich model, rep-
resenting surface heterogeneity according to the lit-
erature, ranges from 0 to 1, which would mean that 
the adsorbent surface would present an increasingly 



212

Ecological Engineering & Environmental Technology 2025, 26(10), 205–217

heterogeneous texture for biochars in the follow-
ing order: AB40 > AB70, AB100 (Zhao and Lang, 
2018). When the Freundlich exponent n > 1, this 
indicates that the adsorbate is weakly bound to the 
adsorbent, which is characterized by a low varia-
tion in adsorption free energy. In this study, the 
exponent n < 1 would indicate a strong adsorbate-
adsorbent interaction. The adsorption capacity of 
MO dye on biochars follows the following order: 
AB100 > AB70 > AB40 (Figure 5). The different 
adsorption capacities can be attributed to the differ-
ent textures of these adsorbents. It is important to 
highlight that the Qmax capacity values derived from 

the Langmuir model and reported in previous stud-
ies are generally lower than those determined for 
AB100 in the present study as indicated in Table 5.

MO adsorption kinetics (contact time effect)

For the three ABs in this study, Figure 6 indi-
cates that QmaxAB100 > QmaxAB70 > QmaxAB40 and 
that the contact time required to establish equilib-
rium is around 90 minutes (1h 30 min). This shows 
that adsorbent performance is linked to the impreg-
nation ratio. The validity of the kinetic models is 
examined on the basis of the value of the linear 

Figure 5. Adsorption isotherms of orange methyl by activated biochars

Table 4. Parameters of methylorange adsorption isotherms by activated biochars in Langmuir, Freundlish and 
Temkin models

Parameter
Biochar

AB40 AB70 AB100

Langmuir isotherm

Qmax (mg. g-1) 71.83 89.87 143.65

KL (L.mg-1) 0.03 0.35 0.18

R2 0.99 0.99 0.99

Freundlish isotherm

n 0.43 0.22 0.39

Kf 7.84 36.45 36.58

R2 0.99 0.99 0.98

Temkin isotherm

B (L.g-1) 14.96 15.53 27.29

A 7.02 5.40 4.39

R2 0.94 0.97 0.97
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coefficient of determination R2 and the calculated 
theoretical adsorbed quantities (Qe,the) reported in 
Table 6. For the intraparticle diffusion model, the 
value of the coefficient of determination obtained is 
between 0.92 and 0.98, indicating a relatively low 
correlation. By contrast, application of the pseudo-
first-order model leads to coefficients of determi-
nation of the order of 0.96. In contrast, the coeffi-
cients of determination of the pseudo-second-order 
kinetic model are between 0.98 and 0.99, and thus 
closer to 1 than for all other models. The values of 
Qe,the estimated by the first-order kinetic and intra-
particle diffusion models (Table 6) differed from 

the experimental values. For the pseudo-second-
order model, the value of the adsorption rate (h) 
increases with increasing impregnation ratio, and 
the values of adsorbed quantities Qe,the calculated 
by the pseudo-second-order model are comparable 
to the experimental values Qe,exp. This shows that 
the adsorption kinetics are perfectly described by 
the pseudo-second-order kinetic model for the ABs 
studied (Figure 7). Kinetic analyses carried out by 
other researchers have also demonstrated that the 
pseudo-second-order model accurately describes 
the adsorption behavior of orange methyl dye on 
biochar (Yu et al., 2018).

Table 5. Methyl orange adsorption capacity of AB100 activated biochar compared with the capacity of adsorbents 
documented in the literature

Adsorbent name Qmax (mg. g-1) Reference

Sulfactant-modified pineapple leaf 47.62 (Kamaru et al., 2016)

Biochar from chicken manure 41.49 (Yu et al., 2018)

Geothite 55 (Munagapati et al., 2017a)

Banana pseudo steam-based hydrogel 9.47 (Bello et al., 2018)

Cu2O particles 96.42 (W. C. J. Ho et al., 2017)

Graphene oxide 16.83 (Robati et al., 2016)

Chitosan beads 84 (Munagapati et al., 2017b)

Activated carbon from coconut shell 3 (Islam et al., 2016)

Calcinated organic matter-rich clays from Egypt 34.48 (Zayed et al., 2018)

Biochar

AB40 71.83

This studyAB70 89.87

AB100 143.65

Figure 6. Methyl orange adsorption kinetics by activated biochars (ABs)
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According to Table 7, the findings demon-
strated that adsorption capacity tends to rise as 
the temperature increases and the ΔH° values for 
the three types of biochar (AB40, AB70, AB100) 
are all positive (31.36 kJ/mol-1 to 35.70 kJ/mol-

1), suggesting that adsorption is endothermic in 
nature and the forces responsible for adsorption 
are mainly van der Waals along with π–π inter-
actions (Nguyen et al., 2023). Moreover, entro-
py (ΔS°) is relatively high (around 51 to 52 kJ/
mol-1. K-1), suggesting that the adsorption pro-
cess may lead to increased disorder in the sys-
tem (Chen et al., 2022). Finally, for all biochar 
types (AB40, AB70, AB100), ΔG∘ is positive 
and increases with temperature, indicating non-
spontaneous adsorption and increasing energy 
dependence, respectively. Overall, the adsorp-
tion of methyl orange (MO) onto the activated 
biochars likely involves multiple mechanisms, 
including electrostatic attraction at low pH 

Table 6. Parameters of the kinetic model of methyl 
orange adsorption by activated biochars

Parameter
Biochar

AB40 AB70 AB100

Qe,exp (mg.g-1) 31.10 43.31 47.72

Pseudo first  order kinetics

Qe,the (mg.g-1) 21.88 35.08 29 .68

K1 (min-1) 0.011 0.013 0.018

R2 0 .97 0.99 0.96

Pseudo second  order kinetics

Qe,the (mg.g-1) 34.88 45.08 49.28

K2 (g.mg-1.min-1) 0.001 0.002 0.002

R2 0.98 0.99 0.99

Weber and Morris intraparticle diffusion

Qe,the (mg.g-1) 17.12 28.98 31.48

Kint 2.17 2.49 2.70

C 4.60 14.62 15.88

R2 0.98 0.92 0.94

Figure 7. Experimental adsorption capacity of orange methyl by activated biochars compared with model-
calculated adsorption capacities

Table 7. Thermodynamic characteristics of MO adsorption onto ABs

Biochar △H° (KJ.mol-1)
△S° △G° (KJ.mol-1)

(KJ.mol-1.K-1) 17°C 25°C 45°C

AB40 31.36 51.27 16.48 16.07 15.05

AB70 32.51 51.78 17.49 17.07 16.04

AB100 35.70 52.42 20.49 20.07 19.02
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between the protonated biochar surface and the 
anionic sulfonate groups of MO, π–π stacking 
interactions arising from their aromatic struc-
tures, and hydrogen bonding between MO and 
surface functional groups (Chen et al., 2020). 
Furthermore, the porous structure of the activat-
ed biochars may facilitate dye retention through 
a pore-filling mechanism (Lu et al., 2021).

CONCLUSIONS

This study demonstrates that biochar de-
rived from Malus domestica debris, when acti-
vated with phosphoric acid, serves as an efficient 
adsorbent for the elimination of methyl orange 
(MO) from aqueous solutions. The physico-
chemical characterization of the activated bio-
char revealed a high specific surface area (348 
m²·g⁻¹) and an iodine index of 363 mg·g⁻¹, indi-
cating well-developed porosity conducive to ad-
sorption. Additionally, the point of zero charge 
(pHpzc) values of the majority of biochars were 
below 7, confirming their slightly acidic surface 
nature, which can influence adsorption interac-
tions. Chemical analysis using Boehm titration 
demonstrated that phosphoric acid activation 
enhances the presence of functional groups, 
predominantly phenolic and carboxyl groups, 
which contribute to the adsorption mechanism. 
Equilibrium adsorption studies confirmed that 
the Langmuir isotherm model best describes 
the adsorption process, suggesting monolayer 
adsorption onto homogeneous active sites. Fur-
thermore, based on the experimental results, 
equilibrium adsorption kinetics followed a pseu-
do-second-order model and the thermodynamic 
analysis indicated that adsorption is endothermic 
and primarily governed by physical interactions, 
with increasing temperature favoring MO up-
take. The adsorption of methyl orange onto ac-
tivated biochars involves electrostatic attraction 
and π–π interactions. The porous structure also 
promotes dye retention through a pore-filling 
effect. These findings emphasize the significant 
potential of Malus domestica-derived biochar as 
a sustainable, cost-effective alternative for dye 
removal from wastewater, offering a viable solu-
tion to mitigate water pollution. Future research 
should explore its performance in real waste-
water treatment applications and investigate its 
adsorption efficiency for a broader range of or-
ganic pollutants.
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