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A B S T R A C T

This study explored the adsorption capacity of a physically activated biocarbon derived from the pyrolysis of 
birchwood pellets (ABPB) towards two dyes - methyl orange (MO, anionic) and methylene blue (MB, cationic), at 
pH 2, 7 and 11. Compared to mineral commercial activated carbon (CACmineral), ABPB exhibited lower SSA, pores 
volume and surface; higher external surface and average pore diameter, similar ash content and aromaticity, and 
stronger hydrophilicity and polarity. The maximum adsorption capacity on ABPB was equal to 220 mg/g for MO 
and 91 mg/g for MB after 17 h. Batch tests with variable adsorbent amount (0.5–2.5 g/L) showed for both ABPB 
and CACmineral better results for lower adsorbent dose. Under all tested conditions, ABPB showed higher or 
analogous adsorption capacity compared to CACmineral. Based on the pKa of MB (3.80) and MO (3.46) and on the 
pHPZC of ABPB (5.3), the adsorption was favored at pH 2 for MO and at pH 11 for MB. Kinetics analysis and 
isotherm modelling revealed that, although many different physicochemical interactions occurred between ABPB 
and the dyes molecules, chemisorption is the rate-controlling step and prevalent mechanism. In conclusion, this 
study may provide support to further research aimed at exploring the effect of ABPB’s physicochemical prop
erties on the efficiency and mechanisms of dyes adsorption.

1. Introduction

Dyes occur in wastewater derived from various industrial sectors, 
including paper, textile, leather, and printing [1]. Among wastewater 
treatments applicable for dyes removal, adsorption on commercial 
activated carbon (CAC) stands out due to its superior efficacy compared 
to membrane filtration, photocatalysis, oxidation, and coagulation [2]. 
CACs, porous carbon materials with a non-graphitic structure [3], are 
widely used as adsorbents because of their large specific surface area 
(SSA), pore distribution, and micro-mesoporous structures. CAC’s high 
cost is a significant barrier to its wider application [4]. CAC production 
has relevant environmental impacts due to its energy-intensive 
manufacturing and the use of precursors often concentrated in South
east Asia, leading to long transport routes [5].

Biocarbon (BC), often also called ‘biochar’ when utilized in 
agronomy as soil amendment, is the carbonized solid co-product derived 
from the pyrolysis of waste biomass and it has been shown to offer a 
promising alternative to CAC as sustainable adsorbent [6]. BC has 
gained popularity in wastewater treatment because of its peculiar 

physicochemical characteristic (large SSA, porosity, diverse functional 
groups, and mineral components) [7], which are influenced by the 
source biomass and pyrolysis operating conditions [8]. To achieve 
adsorption capacities comparable to CAC, BC can be activated through 
physical or chemical methods [9], improving SSA and pore structure. In 
this paper, the activated form of biocarbon is referred to as ABC. 
Chemical activation often involves strong alkali or acidic agents [10], 
while physical activation uses CO2 or steam at temperatures up to 900 ◦C 
[11]. This is considered more environmentally friendly and 
cost-effective compared to chemical activation, as it avoids the use of 
harsh chemicals and relies on physical processes [12].

ABC’s ability to adsorb dyes has been previously explored (Table 1), 
focusing on methylene blue (MB), a cationic dye [13], and methyl or
ange (MO), an anionic azo dye [14], as target compounds. Various types 
of biomasses, including wood residues, leaves, and fruit peels, have been 
used as starting materials, with pyrolysis carried out at temperatures 
between 280 ◦C and 800 ◦C. The activation of biocarbon was conducted 
either chemically, using inorganic or organic agents, or physically, using 
CO2. The SSA of the produced ABC ranged from 100 to 900 m2/g (with 
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few references reporting values below 100 m2/g), leading to adsorption 
capacity of 117–643 mg/g for MB and of 80–175 mg/g for MO. About 
the comparison of ABC and CAC performances towards the adsorption of 
MB, Dang et al. (2023) [15] investigated KOH-activated rice husk acti
vated carbon (KN-AC) and CAC for MB. Within the pH range from 2 to 
10, KN-AC exhibited adsorption capacity increasing from 303.5 mg/g to 
359.5 mg/g as pH increased from 2 to 8. CAC exhibited a similar trend, 
with adsorption capacity topping 173.3 mg/g at pH 8. Serban et al. 
(2023) [16] reported the maximum adsorption capacity of CAC for MO 
equal to 129.3 mg/g.

Several studies have explored the influence of pH on dye adsorption, 
demonstrating that pH can affect both the surface charge of the adsor
bent and the ionization state of the dye molecules. For instance, at lower 
pH values, the surface of ABC tends to become more positively charged, 
enhancing the adsorption of anionic dyes like MO through electrostatic 
attraction. Conversely, at higher pH values, the surface becomes more 
negatively charged, which is more favorable for adsorbing cationic dyes 
like MB. Zeghioud et al. (2022) [14] reported that cationic dyes achieve 
optimal adsorption at pH values above 6, particularly when the pH is 
higher than the pHpzc of the adsorbent. They attributed the lower 
adsorption capacity at low pH to the predominance of undissociated MB 
molecules, since the pKa of MB is lower than the pH, and the adsorbent 
surface remains positively charged. Similarly, Zhang et al. (2020) [24] 
found that the highest adsorption capacity for MO occurred at pH 3, 
attributing this to the strong electrostatic attraction between the nega
tively charged SO3

− groups of MO molecules and the positively charged 
adsorbent surface under acidic conditions.

However, there is limited literature that clearly identifies which ABC 
characteristics more significantly influence dye adsorption performance. 
This gap in knowledge is particularly relevant for applications involving 
varying pH levels, which can impact both the physical and chemical 
properties of the adsorbent and adsorbate. To address this gap, this study 
explores the adsorption capacity of ABC towards dyes at different pH 
values with a focus on its physicochemical properties. In detail, ABC was 
produced from the slow pyrolysis at 500 ◦C of a lignocellulosic biomass 
(birchwood pellets) and physically activated with CO2 at 900 ◦C. This 
product was named ABPB. The ABPB’s features were investigated: SSA, 
pore size and volume, ash and moisture contents, %-wt of C, H, N and S, 
identity of surface functional groups, and point of zero charge. To 

provide results directly comparable with existing literature, MO and MB 
were chosen as reference dyes. The results of batch tests applying 
different dosages of ABPB and pH values were analyzed to investigate 
the adsorption performance utilizing different kinetic and isotherm 
models. This study includes a novel comparative analysis of ABPB and 
CACmineral adsorption capabilities, highlighting key insights into ABPB’s 
potential as an eco-friendly, cost-effective adsorbent for wastewater 
treatment. The novelty of this study lies in its comprehensive analysis of 
ABPB’s adsorption performance towards dyes at different pH levels, 
while systematically comparing it to CACmineral, and investigating how 
specific physicochemical properties of ABPB influence its efficiency as a 
sustainable adsorbent.

Table 1 
Overview of literature data regarding the adsorption of methylene blue (MB) and methyl orange (MO) onto activated biocarbon (ABC), with details about ABC’s 
features (Biomass, pyrolysis temperature, activation agent, specific surface area SSA, and adsorption capacity) (N.A.*: not available).

Dye Biomass Pyrolysis temperature (◦C)/time (min) Activation agent SSA (m2/g) Adsorption capacity (mg/g) Reference

MB Ginkgo leaves 500/120 Steam 503.05 111.63 [1]
​ ​ ​ ​ ​ ​ ​
​ Beech wood residue 650/15 Citric acid 146 117.33 [14]
​ ​ ​ ​ ​ ​ ​
​ Eucalyptus camdulensis 800/180 Not applied N.A.* 123.33 [17]
​ ​ ​ ​ ​ ​ ​
​ Areca residue 600/150 NaOH 105 152.72 [18]
​ ​ ​ ​ ​ ​ ​
​ Pine sawdust 800/60 CO2 906.44 197.47 [19]
​ ​ ​ ​ ​ ​ ​
​ Medulla tetrapanacis 600/60 KCl 307.28 228.62 [20]
​ ​ ​ ​ ​ ​ ​
​ Water hyacinth 300/120 Citric acid 57.08 395 [21]
​ ​ ​ ​ ​ ​ ​
​ Wood sawdust 280/240 H2SO4 2.88 643.74 [22]

MO Neem chips 800/120 FeCl3 N.A.* 80.30 [23]
​ ​ ​ ​ ​ ​ ​
​ Pomelo peel waste 450/60 H3PO4 75.32 147.87 [24]
​ ​ ​ ​ ​ ​ ​
​ Date palm frond waste 700/240 Not applied 431.82 163.13 [25]
​ ​ ​ ​ ​ ​ ​
​ Moringa oleifera leaves 350/120 H3PO4 267.15 175.05 [26]
​ ​ ​ ​ ​ ​ ​
​ Egyptian doum palm shells 500/120 NaOH 33.38 264.92 [27]

Fig. 1. Outline of the pyrolysis rotating horizontal reactor (PYROH).
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2. Materials and methods

2.1. Materials and characterization

Commercial Activated Carbon derived from minerals (CACmineral) 
was purchased from Amtra (Castronno, Italy). Birchwood pellets bio
carbon (BPB) was produced via a pyrolysis rotating horizontal pilot 
plant reactor (PYROH) (Fig. 1), operated at pressure below 5 psi and 
temperature between 450 and 500 ◦C, and fed with 0.3 kg/min of 
birchwood pellets purchased from Northern Flame (St. Catharines, 
Ontario, Canada). Physical activation was performed in a 1.3 m long 
horizontal fixed bed tube furnace equipped with three heating zones 
(Across International, New Jersey, USA). A heating rate of 10 ◦C/min 
was used to reach 900 ◦C, maintained for 3 h, and injecting a constant 
flow of CO2 gas at 2 L/min. The residence time of the CO2 activation gas 
in the tube furnace was approximately 1.3 min. The activated BPB was 
labeled as ABPB.

The physicochemical characterization of ABPB included the 
following parameters (all tests conducted in triplicate): SSA and 
porosity, measured via Brunauer-Emmett-Teller (BET) analysis with 
liquid nitrogen at – 196 ◦C using a Nova 2000e surface area and pore size 
analyzer (Quantachrome Instrument, Anton Paar Quanta Tec Inc., 
Florida, USA); content of ash through proximate analysis (ASTM 
D1762-84 standard); surface functional groups (and therefore aroma
ticity, hydrophilicity, and polarity of ABPB) were identified via the H/C, 
O/C, and (O + N)/C atomic ratios [28] using a Fourier-Transform 
Infrared (FTIR) spectrometer (PerkinElmer, Massachusetts, USA); zeta 
potential via a Zetasizer Nano ZSP, Malvern Panalytical, Worcestershire, 
UK; the elemental analysis of the adsorbents using an EA 1112 Series 
CHNS elemental analyzer (Thermo Fisher Scientific, Massachusetts, 
USA). The elemental composition of the adsorbent samples was deter
mined using Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES). The samples were sent to PPB Analytical, Inc. (Toronto, 
Ontario, Canada), where the analysis was performed. The resulting data 
provided concentrations of key elements, including aluminum, barium, 
calcium, chromium, copper, iron, manganese, molybdenum, nickel, 
phosphorous, sulfur, and tin.

All chemical reagents were of analytical grade. Methyl Orange (MO) 
was purchased from Sigma-Aldrich (Burlington, Massachusetts, USA). 
Methylene Blue (MB) was purchased from Caledon Laboratories Ltd. 
(Georgetown, Ontario, Canada). Some characteristics of MO and MB are 
shown in Table 2.

2.2. Adsorption tests

The batch tests involved 50 mL of MO and MB 500 ppm stock solu
tion, with ABPB or CACmineral doses ranging from 0.5 to 2.5 g/L and pH 
equal to 2, 7, and 11. The tests were performed in triplicates at 293 K. 
The samples were filtered through 0.22 μm membranes (Maple Lab 
Systems, Mississauga, Canada) before measuring the residual dyes 
concentration using a UV spectrophotometer (Evolution 220, Thermo
Scientific, Massachusetts, USA) at 464 nm for MO and 668 nm for MB 
[25,30]. The equilibrium contact time was experimentally measured via 
tests involving MO and MB and 1 g/L of ABPB. The adsorption capacity 
of each adsorbent qe (mg/g) and the removal percentage were calculated 
according to eqs. (1) and (2): 

Adsorption capacity (mg / g)= qe =
(C0 − Ce) × V

M
(1) 

Percentage removal (%)=
(C0 − Ce)

C0
× 100 (2) 

where qe: equilibrium uptake capacity of adsorbent (mg/g), C0: initial 
concentration (mg/L) of adsorbate, Ce: equilibrium concentration (mg/ 
L) of adsorbate, V: volume of adsorbate solution (L), and M: adsorbent 
dosage (g).

2.3. Adsorption kinetic modeling

The pseudo-first order (PFO) kinetic, pseudo-second order (PSO) 
kinetic, Elovich, and intraparticle diffusion (ID) models were applied. 
The PFO kinetic model assumes that adsorption rate is proportional to 
the quantity of unoccupied sites [24], and predominantly controlled by 
physisorption [31]. The PSO kinetic model assumes that adsorption is a 
chemical reaction involving creation of covalent bonds between adsor
bent and adsorbate [32,33]. The Elovich kinetic model refers to multi
layer chemisorption [34,35]. However, while the aforementioned 
models are frequently used to depict the overall trend of the adsorption 
process, they are ineffective in describing the variations in the adsorp
tion rate within the process [24]. For this reason, the ID model has been 
implemented to conduct a more comprehensive analysis of the adsorp
tion kinetics by identifying different phases of mass transfer. The ID 
model describes diffusion process of adsorbates inside the adsorbent 
pores, and it can also be used to identify the rate-controlling step of the 
adsorption process [24].

Table 2 
Some properties of methylene blue (MB) and methyl orange (MO) [14,24,29].

Dye Molecular formula Molar mass (g/mol) Molecular structure Solubility at 25 ◦C (mg/L) pKa

MO C14H14N3NaO3S 327.33 pH < pKa 5000 3.46

​ ​ ​ pH > pKa ​ ​

MB C16H18ClN3S 319.85 pH < pKa 43,600 3.80

​ ​ ​ pH > pKa ​ ​

H. Lee et al.                                                                                                                                                                                                                                      
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2.4. Adsorption isotherm modeling

Langmuir, Freundlich, and Temkin models were applied [36]. 
Langmuir model postulates a monolayer adsorption mechanism and 
homogeneous adsorbent surface [37]. Freundlich model describes a 
multilayer adsorption process and adsorbent surface heterogeneity [38]. 
Temkin model postulates that the reduction in adsorption energy on the 
adsorbent surface is a result of the interaction between the adsorbate 
and the adsorbent [24], and it also suggests that this reduction is directly 
proportional to the surface coverage rate.

3. Results and discussion

3.1. Characterization of the adsorbents

Activation increased SSA of BPB from 5.3 m2/g to 437.3 m2/g 
(Table 3). ABPB, compared to CACmineral, showed in overall lower SSA, 
micropores surface (Smicro), total pore volume (Vtotal) and micropores 
volume (Vmicro), and higher external surface (Sext) and average pore 
diameter. Based on IUPAC categorization [39], the nitrogen 
adsorption-desorption isotherms of ABPB and CACmineral correspond to 
type I isotherms, observed in microporous (<2 nm) materials with 
limited Sext [40].

The elemental components in ABPB and CACmineral were also 
analyzed by ICP-OES, as shown in Table 5. This analysis reveals signif
icant differences in the concentrations of various minerals between 
ABPB and CACmineral, indicating varying adsorption capacities and 
mineral compositions. Calcium, iron, manganese, nickel, and 

Table 3 
Results of BET analysis of birchwood pellet biocarbon (BPB), activated birchwood pellet biocarbon (ABPB) and mineral commercial activated carbon (CACmineral) (S: 
surface, V: volume).

Adsorbent SSA (m2⋅g− 1) Smicro (m2⋅g− 1) Sext (m2⋅g− 1) Vtotal (cm3⋅g− 1) Vmicro (cm3⋅g− 1) Average pore diameter (nm)

BPB 5.34 – – – – –
ABPB 437.34 362.46 74.88 0.2702 0.188 1.24
CACmineral 584.97 513.95 71.03 0.3317 0.258 1.13

Table 4 
Elemental composition and ash content of activated birchwood pellet biocarbon (ABPB) and mineral commercial activated carbon (CACmineral) (DL: Detection Limit).

Adsorbents Ash [%] Elemental analysis Atomic ratio

ABPB 14.25 76.62 0.05 <DL <DL 9.09 0.001 0.119 0.119
CACmineral 13.51 79.16 <DL 3.91 <DL 3.41 <DL 0.043 0.093

Table 5 
Elemental composition of activated birchwood pellet biocarbon (ABPB) and 
mineral commercial activated carbon (CACmineral) determined by ICP-OES.

Analyte (ppm) ABPB CACmineral

Aluminum (Al) 618.9 1006.2
Antimony (Sb) N.D.a N.D.
Arsenic (As) N.D. N.D.
Barium (Ba) 309.8 72.3
Beryllium (Be) N.D. <LOQb (0.007)
Cadmium (Cd) N.D. N.D.
Calcium (Ca) 25004.3 4828.2
Chromium (Cr) 232.6 <LDQ (0.014)
Copper (Cu) 37.3 N.D.
Iron (Fe) 40916.1 451.8
Lead (Pb) N.D. N.D.
Manganese (Mn) 3981.0 19.6
Molybdenum (Mo) 452.7 14.7
Nickel (Ni) 11904.2 54.6
Phosphorous (P) 5839.2 667.3
Selenium (Se) N.D. N.D.
Sulfur (S) 412.9 170.1
Tin (Sn) 103.7 N.D.
Vanadium (V) <LOQ (0.101) <LOQ (0.101)
Zinc (Zn) N.D. N.D.

a N.D.: Not detected.
b LDQ: Limit of quantification.

Fig. 2. Identification of surface functional groups on activated birchwood pellet biocarbon (ABPB) and mineral commercial activated carbon (CACmineral) via 
FTIR analysis.

H. Lee et al.                                                                                                                                                                                                                                      
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phosphorous were the main mineral components found in the ABPB, 
while aluminum and calcium were the main mineral components found 
in CACmineral. The aluminum (Al) content was notably higher in CAC
mineral compared to ABPB, which may contribute to its structural prop
erties [41]. The calcium and manganese contents were also much higher 
in ABPB compared to CACmineral. Calcium and magnesium are important 
components in the biocarbon, enhancing its chemical adsorption pro
cesses. These elements, particularly in their oxide forms, contribute to 
the basicity of the biocarbon’s surface, enhancing its ability to attract 
acidic pollutants like MO. The presence of these minerals in the bio
carbon leads to mechanisms such as electrostatic interactions, cation 
exchange, and surface complexation promoting the adsorption of 
negatively charged pollutants [41,42]. Singh et al. (2022) [43] observed 
that the release of cations like Ca2+ from biocarbon in aqueous solutions 
suggests ion exchange as a mechanism for dye adsorption. The calcium 
content is much higher in ABPB than in CACmineral. This explains higher 
adsorption capacity of MO onto ABPB despite of lower surface area and 
porosity.

ABPB and CACmineral showed similar ash content (Table 4), while 
ABPB displayed lower SSA and Smicro compared to CACmineral (Table 3). 
The ash content might be attributed to inorganic mineralization during 
pyrolysis and contaminants in the parent biomass [44]. A significant ash 
content (>20 %) may hinder the formation of micro and mesopores [45] 
and SSA increase during activation. Sewu et al. (2017) [46] demon
strated that high ash content in ABC increased its ion exchange capacity, 
as inorganic minerals in the ash provide additional active sites for 
adsorption. This is effective for cationic compounds, such as MB, due to 
the attraction between the positively charged dye molecules and the 
negatively charged functional groups on ABC surface.

The aromaticity, hydrophilicity, and polarity of adsorbents can be 
assessed by analyzing the H/C, O/C, and (O + N)/C atomic ratios, 
respectively [28]. As H/C ratio decreases, the carbonation level and 
aromaticity increase. An increase in O/C atomic ratio corresponds to 
higher hydrophilicity, while a rise in (O + N)/C atomic ratio results in 
increased polarity. Both ABPB and CACmineral have high levels of 
aromaticity and carbonization due to very low H/C ratios (Table 4). 
Despite their similar aromaticity, higher O/C and (O + N)/C ratios of 
ABPB indicate stronger hydrophilicity and polarity compared to CAC
mineral. This is confirmed by the analysis of the surface functional groups 
on ABPB and CACmineral (Fig. 2). The broad band around 2600–3000 
cm− 1 is attributed to O-H stretching of the carboxylic acid functional 
group [47]. The peaks at 1700–1900 cm− 1 are associated with stretching 
vibrations of the carbonyl group (C=O) [7]. Peaks between 1300 cm− 1 

and 1600 cm− 1 indicate a C=C-C stretch, a feature of an aromatic ring 

structure [48]. The peaks at 1030 cm− 1 show the presence of C-O 
stretching [14]. The presence of a peak at 440 cm− 1 corresponds to 
aromatic C-H stretching [49].

The point of zero charge (pHpzc) is a key parameter for the analysis of 
any adsorbent surface charge properties [24] and therefore to possible 
electrostatic attraction. The adsorbent surface is protonated and posi
tively charged when pH value is lower than pHpzc; otherwise, it is 
deprotonated and negatively charged [50]. Positively charged adsorbent 
surface promotes the uptake capacity of anion pollutants (as MO), while 
negatively charged adsorbent surface favors the adsorption of cationic 
species (as MB). According to the electric charge properties of the 
adsorbent surfaces and of the dyes at different pH values, the solution 
can be modulated to the optimal pH value to increase the adsorption 
performance of the adsorbents for each dye removal. The pHpzc values of 
ABPB and CACmineral were 5.3 and 5.6, respectively (Fig. 3).

3.2. Adsorption tests

Considering the effect of contact time on MO and MB adsorption onto 
ABPB (Fig. 4), the adsorption capacity rapidly increased and then sta
bilized over 17 h, reaching an equilibrium at 220.2 mg/g for MO and 
91.1 mg/g for MB. This is due to the high dye concentration and the 
abundance of available adsorption sites on ABPB surface during the 
initial adsorption stage [48]. The dyes quickly occupy the available 
adsorption sites because of the concentration gradient between the 
liquid and solid interfaces, resulting in a substantial increase in 
adsorption capacity. As adsorption progresses, the quantity of available 
adsorption sites diminishes, and the driving force generated by the 
concentration gradient becomes progressively weaker. This makes it 
more difficult for additional dyes to overdo the mass transfer resistance 
and adhere to the adsorbent surface. Subsequently, the adsorption ca
pacity stabilized, and the adsorption rate slowed progressively until 
equilibrium was reached.

The influence of the adsorbent dosage was examined (Fig. 5), 
observing for both ABPB and CACmineral that an increase in the adsorbent 
quantity led to a reduction in the amount of dye adsorbed per unit mass 
of adsorbent. This was due to an excessive dose of adsorbent, which led 
to a reduction in the quantity of dye adsorbed per unit mass of adsorbent 
[44]. In contrast, the removal rate rose as the dosage of the adsorbent 
increased, as higher dosage of adsorbent leads to an increase in the 

Fig. 3. Zeta potential trends of activated birchwood pellet biocarbon (ABPB) 
and mineral commercial activated carbon (CACmineral).

Fig. 4. Effect of time on methyl orange (MO) and methylene blue (MB) 
adsorption on activated birchwood pellet biocarbon (ABPB). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

H. Lee et al.                                                                                                                                                                                                                                      
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number of adsorption sites available to bond with more adsorbates, 
hence improving the removal rate of dyes [24]. Varying sorbent dose, 
compared to CACmineral, ABPB showed higher or analogous adsorption 
capacity for MO and higher capacity for MB.

Fig. 6 displays the trends of adsorption capacity at different pH 
values using an adsorbent dose of 1 g/L, which led to define pH 2 and 11, 
respectively, as optimal values for MO and MB adsorption on ABPB and 
CACmineral. In details, MO adsorption peaked at pH 2 with 376 mg/g on 
ABPB and 405 mg/g on CACmineral, then declined to 130 mg/g on ABPB 
and 83 mg/g on CACmineral at pH 11 (Fig. 6A). This suggests that the 
adsorption of an anionic dye (as MO) onto ABPB is favored under acidic 
conditions [25], when MO includes Na+ ions and positive groups carried 
by -SO3-, and it exhibits zwitterionic properties when pH is lower than its 
pKa value (3.46) [51]. When pH is below the pHpzc of the adsorbents, 
their functional groups will undergo protonation by reacting with H+

ions. As a result, a strong electrostatic interaction between the nega
tively charged MO and the positively charged adsorbent surface facili
tated adsorption at low pH values. On the other hand, the protonation on 

the adsorbent surface decreased when pH increased, leading to the 
development of a negative charge on the adsorbent surface, as indicated 
by the zeta potential. Also, MO loses Na+ ions and carries only -SO3- ions 
above its pKa value. Thus, the negatively charged adsorbent and MO 
experienced electrostatic repulsion, leading to a decrease in the 
adsorption capacity. Moreover, OH− concentration increased with pH, 
resulting in a competition for adsorption between OH− ions and the 
negatively charged dye. Consequently, in overall, for MO the adsorption 
capacity decreased when pH increased.

Considering MB, adsorption increased with pH (Fig. 6B): at pH 11, 
the adsorption capacities of ABPB and CACmineral were 138 mg/g and 
101 mg/g, respectively, compared to 91 and 80 mg/g at pH 2. This 
happened because of the cationic nature of MB [28]. Under acidic 
conditions the adsorbent surface can become highly protonated and 
positively charged, causing electrostatic repulsion with cationic MB. On 
the contrary, increasing pH leads to a decrease in H+ ions competing for 
adsorption, resulting in enhanced adsorption capacity. At high pH, the 

Fig. 5. Effect of adsorbent dosage on (a) methyl orange (MO) and (b) methy
lene blue (MB) adsorption capacity of activated birchwood pellet biocarbon 
(ABPB) and mineral commercial activated carbon (CACmineral). (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)

Fig. 6. Effect of pH on (a) methyl orange (MO) and (b) methylene blue (MB) 
adsorption capacity of activated birchwood pellet biocarbon (ABPB) and min
eral commercial activated carbon (CACmineral). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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adsorbent surface undergoes deprotonation, facilitating the electrostatic 
attraction towards MB cations. Consequently, overall, for MB the 
adsorption capacity increased when pH increased.

3.3. Kinetics modelling

The results of the kinetics modelling are in Table 6 and in Figs. 7–8. 
For MO, the PSO model exhibited a stronger correlation coefficient (R2 

> 0.981) compared to PFO (R2 > 0.947) and Elovich (R2 > 0.965). PSO 
model predicted the qe value of ABPB for MO (220.8 mg/g), consistently 
with the experimental equilibrium capacity (220.2 mg/g) (section 3.2). 
These kinetic findings suggest that MO adsorption onto ABPB involves 
chemisorption– π-π interactions, electrostatic interactions, and chemical 
reactions between ABC surface and MO molecules [25]. For MB, the 
Elovich model exhibited a greater correlation coefficient (R2 > 0.947) 
compared to PFO (R2 > 0.747) and PSO (R > 0.853). This suggests that 
chemisorption played a major role in MB adsorption on ABPB, as Elovich 
model describes adsorption as a heterogeneous diffusion process 
controlled by reaction rate and diffusion exert [52].

Applying the ID model (Fig. 8), three distinct phases of adsorption on 
ABPB were identified for MO and two phases for MB (Table 6). For both 
dyes, the value of kid,1 i.e., the steeper slope of the initial stage in Fig. 8, 
is greater than those of kid,2 and kid,3. The adsorption process can be 
described as follows. During the initial phase (i.e., film diffusion), the 
adsorption sites on ABPB rapidly become saturated with the adsorbate. 
During this phase, the rapid rate of adsorption is influenced by chemical 
interactions, including electrostatic and chemical bonding, facilitated by 
the abundant supply of active bonding sites (oxygen functionalities) on 
ABC surface. During the second phase (i.e., intraparticle diffusion), the 
dye molecules interact with the adsorption sites located within the pores 
of the adsorbent, and pore diffusion happens. The increased mass 
transfer resistance of these hinders the diffusion of dyes, and the rate 
constant is minor than previous stage. The final phase (i.e., active site 
saturation) occurs when equilibrium is reached. In addition, the fitting 
lines fail to pass through the origin point in Fig. 8, indicating that diverse 
adsorption mechanisms are involved.

3.4. Isotherms modelling

The experimental data were fitted via Langmuir, Freundlich, and 
Temkin adsorption isotherm models (Table 7). Freundlich model dis
played higher coefficient, suggesting that adsorption onto ABPB 
happened through multiple layers on a heterogeneous adsorbent sur
face. KF indicates the affinity between the adsorbent and adsorbate, and 
the values calculated for MO and MB adsorbed by ABPB were 38.46 and 
40.25, respectively. 1/n is commonly employed in the assessment of 
adsorption control [37], and the values calculated for MO (0.2580) and 
MB (0.1480) fall within the range of 0.1–1 [53], typical of favorable 
adsorption.

3.5. Discussion of the adsorption mechanisms

Based on the obtained results, MO and MB adsorption onto ABPB 

Table 6 
Adsorption kinetic parameters for methylene blue (MB) and methyl orange (MO) 
on activated birchwood pellet biocarbon (ABPB) (qe: adsorption capacity 
(mg⋅g–1) at equilibrium, k1 (min− 1) is the pseudo-first order rate constant, k2 
(g⋅mg− 1⋅min− 1) is the pseudo-second order rate constant, α (mg⋅g− 1⋅min− 1) is 
the initial adsorption rate, β (g⋅mg− 1) denotes desorption constant, which is 
inversely related to the extent of surface coverage and the activation energy for 
chemisorption, C (mg⋅g− 1) is the intercept, which is related to boundary layer 
thickness, kid (mg⋅g− 1⋅min− 1/2) is the intraparticle diffusion rate constant).

Kinetic model MB MO

qe (exp) (mg⋅g− 1) 91.13 220.19

Pseudo-first order qe (cal) (mg⋅g− 1) 76.13 203.90
​ k1 (min− 1) 0.02 0.02
​ R2 0.7466 0.9467

Pseudo-second order qe (cal) (mg⋅g− 1) 83.52 220.77
​ k2 × 10− 3 (g⋅mg− 1⋅min− 1) 0.31 0.11
​ R2 0.8532 0.9811

Elovich α (mg⋅g− 1⋅min) 7.83 16.53
​ В (mg⋅g− 1) 0.08 0.03
​ R2 0.9465 0.9651

Intraparticle diffusion C1 (mg⋅g− 1) 6.53 5.15
​ kid,1 (mg⋅g− 1⋅min− 1/2) 5.77 14.69
​ R2 0.8020 0.9310
​ C2 (mg⋅g− 1) 34.52 109.41
​ kid,2 (mg⋅g− 1⋅min− 1/2) 1.52 4.41
​ R2 0.9499 0.9031
​ C3 (mg⋅g− 1) ​ 176.07
​ kid,3 (mg⋅g− 1⋅min− 1/2) ​ 1.16
​ R2 ​ 0.7790

Fig. 7. Non-linear adsorption kinetics fitting plots for (a) methyl orange (MO) 
and (b) methylene blue (MB) on activated birchwood pellet biocarbon (ABPB). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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happened involving physical and chemical adsorption, with chemical 
adsorption as predominant mechanism. MO adsorption followed the 
PSO kinetic model, indicating that chemisorption is the rate-controlling 
step. Physical adsorption also happened, involving electrostatic in
teractions between the positively charged surface (i.e., H+) of ABPB and 
the negatively charged group (i.e., SO3

− ) on MO [40], with adsorption 
capacity of ABPB enhanced at low pH values. Increasing pH, the pro
tonation on ABPB surface gradually decreases, and a negative charge 
develops for pH values higher than pHpzc (5.3). It generates electrostatic 
repulsion between the negatively charged adsorbent and MO molecules, 
consequently decreasing ABPB adsorption capacity. Other interactions 
may happen among MO molecules and ABPS: pore MO could form 
hydrogen bonds with oxygen-containing functional groups on ABPB 
surface, such as C-O, C=O, -OH; π-π interactions between the graphitic 
structure of the ABPB and the aromatic rings of the MO dye; interaction 
between H bonds from the OH groups and the delocalized π electron 

cloud based on the Yoshida-H bonding mechanism [54]. Overall, it can 
be concluded that MO adsorption on ABPB may be mainly attributed to 
numerous mechanisms happening at the same time, and having relative 
significance depending on conditions below (Fig. 9) and above the pKa 
value (Fig. 10) of MO (i.e., 3.46): electrostatic attraction and pore 
diffusion, hydrogen bonding, Yoshida hydrogen bonding, n-π interac
tion, π-cation interaction, and π-π stacking.

The adsorption mechanisms for MO and MB are influenced by both 
chemical interactions and the physical characteristics of the adsorbents. 
Among these characteristics, the pore size distribution – especially 
mesoporosity – plays a critical role in the adsorption of larger dye 
molecules like MO and MB. Although ABPB exhibited lower SSA and 
micropore volume compared to CACmineral, its higher external surface 
area and larger average pore diameter indicate a greater presence of 
mesopores, which could enhance adsorption. This structural advantage 
likely explains why ABPB demonstrated higher adsorption capacities for 
both MO and MB under specific conditions, as larger pores allow for 
easier diffusion of these molecules into the adsorbent matrix. Studies 
have shown that adsorbents with higher mesoporosity tend to exhibit 
improved adsorption for larger molecules like MB. For example, Lawtae 
and Tangsathitkulchai (2021) [55] found that an adsorbent with the 
highest mesoporosity achieved the greatest adsorption capacity for MB 
compared to adsorbents with lower mesoporosity. This highlights the 
importance of having a well-balanced pore structure to optimize 
adsorption performance, particularly for larger organic molecules. MB 
adsorption followed Elovich kinetic model, suggesting that chemisorp
tion including external liquid film diffusion, surface adsorption, and 
intra-particle diffusion processes happen. Moreover, several active 
functional groups on ABPB are able to form hydrogen bonds with the 
nitrogen groups in MB [7]. Also, the aromatic structure of the ABPB can 
bond with the benzene ring in the MB molecules via π-π stacking. 
Considering the results of the analysis of the zeta potential at different 
pH values, the highly protonated surface functional groups on ABPB 
reduced the negatively charged active sites in the acidic solution, which 
led to a weakened electrostatic attraction between ABPB and the 
cationic form of MB in solution and inhibited their adsorption. At the 
same time, decreasing pH increased the H+ ability to compete with MB 
for the active sites ABPB surface. On the contrary, the positive charge 
density on ABPB surface decreased due to deprotonation at greater pH 
values, thus enhancing the electrostatic attraction to MB. Therefore, due 
to the significant electrostatic contributions, the adsorption of MB on 
ABPB can be maximized under alkaline conditions. Overall, the 
adsorption mechanism of MB onto ABPB is the result of electrostatic 
interaction, hydrogen bonding, π-π stacking, and physical interaction 
(surface contact and pore diffusion), as schematically illustrated in 
Figs. 11 and 12.

Fig. 8. Intraparticle diffusion kinetic model of (a) methyl orange (MO) and (b) 
methylene blue (MB) on activated birchwood pellet biocarbon (ABPB). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Table 7 
Adsorption isotherm constants for methyl orange (MO) and methylene blue 
(MB) adsorption by activated birchwood pellet biocarbon (ABPB) (qm (mg⋅g− 1): 
the maximum adsorption capacity, KL (L⋅mg− 1): Langmuir constant related to 
the energy of adsorption and affinity of the binding sites, KF (mg⋅g− 1)(L⋅mg− 1)1/ 

n: Freundlich constant representing the adsorption capacity and intensity, (1/n): 
adsorbent system’s favorability and efficiency, aT (L⋅mg− 1): Temkin isotherm 
constant representing the binding constant reflecting the maximum binding 
energy, bT (J⋅mol− 1): Temkin constant.

Isotherm model Dye MO MB

Langmuir qm (mg/g) 153.99 86.92
​ KL (L⋅mg− 1) 0.06 1.19
​ R2 0.7185 0.6932

Freundlich 1/n 0.26 0.15
​ KF ((mg/g) (L/mg)1/n) 38.46 40.25
​ R2 0.9108 0.9083

Temkin aT (L⋅mg− 1) 8.01 137.92
​ bT (J⋅mol− 1) 132.35 287.42
​ R2 0.7895 0.8322
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4. Conclusions

This study demonstrates the potential of physically activated birch
wood pellets biocarbon (ABPB), obtained via pyrolysis and CO2 activa
tion, as a promising adsorbent for MO and MB under varying pH 
conditions. Compared to CACmineral, ABPB exhibited lower SSA, micro
pore volume, and total pore volume, but a larger average pore diameter 

and higher external surface area, which contributed to its favorable 
adsorption capacity for both dyes. ABPB achieved a maximum capacity 
of 220 mg/g for MO and 91 mg/g for MB, with adsorption equilibrium 
reached within 17 h. Under all tested conditions, ABPB showed either 
higher or comparable adsorption capacities relative to CACmineral. The 
adsorption mechanisms varied depending on the pH and dye charac
teristics. For MO, adsorption at pH 2 was driven by electrostatic 

Fig. 9. Possible methyl orange (MO) adsorption mechanisms onto activated birchwood pellet biocarbon (ABPB) below pKa (3.46). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Possible methyl orange (MO) adsorption mechanisms onto activated birchwood pellet biocarbon (ABPB) above pKa (3.46). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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attraction and hydrogen bonding, while at higher pH levels, mechanisms 
such as π-π stacking and pore filling became more significant. For MB, 
adsorption was primarily influenced by electrostatic interactions and π-π 
stacking, with ABPB outperforming CACmineral across all pH levels due to 
its larger mesopores and stronger surface functional groups. The broader 
impact of these findings lies in ABPB’s potential as a sustainable alter
native to CACmineral, particularly for wastewater treatment applications. 
Future research should explore the regeneration and reusability of 

ABPB, as well as the effects of different feedstocks and activation 
methods on adsorption performance. Additionally, testing ABPB in real- 
world wastewater scenarios will help validate its practical applicability 
and environmental benefits.
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