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ing agent and pyrolysis
temperature on the pore structure and adsorption
performance of sweet potato vine-based activated
carbon

Wei Wei * and Na Ren

China produces a large amount of sweet potato vines annually that require processing. In this study, sweet

potato vine was used as a precursor to prepare activated carbons with two chemical activating agents

(ZnCl2 and K2CO3). The obtained activated carbons were characterized by N2 adsorption/desorption

isotherms, scanning electron microscopy (SEM), and Fourier transform infrared (FTIR) spectroscopy. The

synthesized activated carbons were subsequently applied for the adsorption of methylene blue (MB). The

effects of the activating agent and pyrolysis temperature on the properties and adsorption capacity of

the activated carbons were investigated. The activated carbon prepared with K2CO3 at 800 °C (CK800)

exhibits the highest surface area (1523.9 m2 g−1) and total pore volume (0.7247 cm3 g−1), and is

composed of micropores and mesopores. In contrast, the sample activated with ZnCl2 at 500 °C

(CZn500) shows a surface area of 1347.2 m2 g−1 and is dominated by mesopores with a mesopore

volume of 1.0953 cm3 g−1. Both activated carbons exhibited high adsorption capacities for methylene

blue. Their adsorption isotherms followed the Langmuir model, with maximum adsorption capacities

reaching 775.2 mg g−1 (CK800) and 400 mg g−1 (CZn500), respectively. The adsorption kinetics were

consistent with the pseudo-second-order kinetic model. This is primarily attributed to their large BET

surface area and high total pore volume. Simultaneously, mechanisms such as electrostatic attraction,

p–p stacking, hydrophobic interaction, and hydrogen bonding also make important contributions to the

materials' high adsorption performance. The prepared materials demonstrate that sweet potato vine can

serve as a biomass feedstock for the production of activated carbon. Different preparation methods can

impart distinct functionalities and physicochemical properties to the activated carbon. By selecting

appropriate activating agents and pyrolysis temperatures, it is possible to successfully produce sweet

potato vine-based activated carbon with high BET specific surface area, large pore volume, and excellent

methylene blue adsorption performance.
1 Introduction

Dyes are extensively utilized across multiple industries
including the textiles, leather, paper, and printing industries.
However, their discharge poses signicant environmental
concerns, as dye contamination not only pollutes water bodies
but also adversely affects aquatic ora and fauna, ultimately
threatening human health through bioaccumulation in the
food chain. The adsorption process serves as an effective
method for treating dye-containing wastewater. Activated
carbon has been widely employed as an adsorbent due to its
excellent adsorption performance. However, its large-scale
application remains limited by high production costs.
nion University, No. 18 Sanqu, Fatouxili,
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241
Recently, researchers have shown growing interest in devel-
oping activated carbons from agricultural and industrial wastes,
owing to their environmental sustainability, cost-effectiveness,
and remarkable adsorption capacity. Various agricultural
waste materials have been investigated as potential precursors,
including sugarcane bagasse,1,2 spent coffee grounds,3 shells,4–8

bamboo waste,9 stones,10–12 seeds,13,14 peels,15–18 stalk19 and
leaves.20,21 Despite the substantial annual production of vine
biomass, its utilization as a precursor for activated carbon
preparation has received minimal attention. Only a limited
number of studies have reported on this.22

China produces over 20 million tons of sweet potatoes
annually, accounting for approximately 30% of the global yield.
During harvesting, only a small portion of sweet potato vines
(SPV) are utilized as animal feed, while the majority has tradi-
tionally been discarded through eld burning – a practice now
prohibited due to its environmental impact. SPV represent an
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra01057a&domain=pdf&date_stamp=2026-04-06
http://orcid.org/0000-0002-8606-0965
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01057a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016020


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 4
:2

1:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
attractive raw material due to their low cost, abundant avail-
ability, renewability, and environmental friendliness. Chemi-
cally, SPV primarily consist of cellulose, hemicellulose, lignin,
and minor mineral components.23 These characteristics make
SPV a promising precursor for activated carbon production.
Nevertheless, limited studies have explored the utilization of
SPV for this purpose. This study aimed to develop cost-effective
activated carbon from SPV and evaluate its efficacy in removing
textile dyes from aqueous solutions. The production of activated
carbon from biomass typically involves two key steps: carbon-
ization and activation. In this work, we employed a one-stage
method using different chemical activating agents (ZnCl2 and
K2CO3), combining pyrolysis and activation in a single step to
optimize energy efficiency. The results demonstrate that SPV
can be effectively converted into high-quality activated carbon
with large BET surface area and pore volume when processed
with suitable activating agents and optimal pyrolysis tempera-
tures. The resulting activated carbons exhibited excellent
adsorption performance for methylene blue (MB) removal from
aqueous solutions. These ndings collectively demonstrate that
SPV-derived activated carbon represents a promising and cost-
effective adsorbent for practical applications.

2 Materials and methods
2.1 Material and reagents

SPV were collected from a local farm in Beijing, China. The
fresh vines were rst air-dried at ambient temperature, followed
by oven-drying until constant weight was achieved. The dried
material was then ground into ne powder. MB was procured
from Shanghai Chemical Reagent Factory (Shanghai, China). All
other chemical reagents, obtained from Lanyi Chemical
Reagent Company (Beijing, China), were of analytical grade
purity.

2.2 Preparation of activated carbons

The SPV powder was separately impregnated with ZnCl2 and
K2CO3 solutions for 24 hours, using mass ratios of 1 : 2 (SPV :
ZnCl2) and 1 : 1.5 (SPV : K2CO3), respectively. Aer impregna-
tion, the samples were rst air-dried at room temperature, fol-
lowed by oven-drying at 100 °C for 12 hours. The dried mixtures
then underwent simultaneous carbonization and activation
under argon atmosphere at various predetermined tempera-
tures. The resulting products were cooled, washed with deion-
ized water, and nally oven-dried at 100 °C to constant weight.
The obtained activated carbons were labeled as CZnx and CKx,
where ‘x’ represents the carbonization/activation temperature,
and the prexes indicate the activating agent used (ZnCl2 or
K2CO3, respectively).

2.3 Characterization of activated carbons

The surface morphology of activated carbons was examined
using eld-emission scanning electron microscopy (Sigma 300,
Zeiss, Germany). Surface functional groups were characterized
by Fourier-transform infrared spectroscopy (FT-IR, Perki-
nElmer, USA). Pore structure analysis was performed through
© 2026 The Author(s). Published by the Royal Society of Chemistry
nitrogen physisorption measurements using a Micromeritics
ASAP 2020 analyzer (USA). Elemental analysis was performed
using an elemental analyzer (EA 2400 II, PerkinElmer, USA)
operating in CHN mode. Samples were combusted at 950 °C in
an oxygen-rich atmosphere, and the resulting gases (CO2, H2O,
and N2) were separated by frontal chromatography and detected
by a thermal conductivity detector (TCD). Acetanilide was used
as a calibration standard.

For pHPZC determination, selected activated carbons were
added to 50 mL of 0.1 mol L−1 NaCl solution. The initial pH was
adjusted to values ranging from 2 to 11 using 0.1 M HCl or
NaOH solutions. The sealed asks were then agitated in a ther-
mostatic shaker for 48 hours. The pHPZC was identied as the
point where the nal pH curve intersected the initial pH line
(DpH = 0).24

2.4 Adsorption experiments

For adsorption experiments, 50 mg of activated carbon samples
were added to 250 mL glass asks containing 100 mL of MB
solutions at varying concentrations. The asks were agitated in
a thermostatic shaker until adsorption equilibrium was ach-
ieved. Sampling was performed at predetermined time intervals
throughout the experiments. MB concentrations were quanti-
ed using a UV-vis spectrophotometer at 640 nm wavelength,
with reference to a pre-established calibration curve. The
equilibrium adsorption capacity, qe (mg g−1), was calculated
using the following equation:

qe ¼ ðCo � CeÞV
m

(1)

The amount of adsorption at time t, qt (mg g−1) was calcu-
lated by the following equation:

qt ¼ ðCo � CtÞV
m

(2)

where Co, Ce and Ct (mg L−1) represent the MB concentration at
initial, equilibrium and time t, respectively. V is the volume of
the MB solution (L), and m is the mass of the carbon adsorbent
(g).

The pH effect studies were conducted by mixing 50 mg of
selected activated carbons with 100 mL MB solution. The
solution pHwas systematically adjusted to values between 2 and
10 using 0.1 M HCl or NaOH solutions.

CK800 and CZn500 were regenerated by soaking in a mixture
of 0.1 MHCl and ethanol (50% v/v) with ultrasonic treatment for
30 minutes, followed by washing with deionized water until
neutral. Aer drying, the regenerated samples were reused for
the adsorption of MB to evaluate their reusability.

3 Results and discussion
3.1 Characterization of activated carbons

3.1.1 Characterization of elemental composition and
structure in activated carbons. The elemental composition of
activated carbons is summarized in Table 1. The carbon content
of both samples exhibited an upward trend as the pyrolysis
RSC Adv., 2026, 16, 18232–18241 | 18233

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01057a


Table 1 Elemental analysis results and porosity structures of activated carbons

Samples

Elemental content
(%)

SBET (m2 g−1) Vtotal (cm
3 g−1) Vmicro (cm

3 g−1) Vmeso (cm
3 g−1) Vmi Vt

−1 (%) Vme Vt
−1 (%) Pore size (nm)C N H

CK500 68.17 2.10 1.89 532.9 0.2846 0.2001 0.0845 70.31 29.69 2.14
CK600 72.67 1.92 1.67 684.6 0.3466 0.2722 0.0744 78.53 21.47 2.03
CK700 75.39 0.80 1.53 1193.1 0.5857 0.4368 0.1489 74.58 25.42 1.96
CK800 77.26 0.67 1.46 1523.9 0.7247 0.4266 0.2981 58.87 41.13 1.90
CZn400 58.92 2.28 2.26 671.0 0.3499 0.1279 0.2220 36.55 63.45 2.09
CZn500 60.70 2.10 1.54 1347.2 1.0953 0.000 1.0953 0 100 3.25
CZn600 62.61 2.31 1.62 1186.3 0.8367 0.0262 0.8105 3.13 96.87 2.82
CZn700 70.80 3.41 1.24 932.1 0.7658 0.0168 0.7490 2.19 97.81 3.28
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temperature increased. In contrast, the nitrogen and hydrogen
contents of the CK samples decreased with rising temperature,
whereas those of the CZn samples showed no consistent pattern
of change. These compositional changes are primarily attrib-
uted to the enhanced carbonization/activation and the elimi-
nation of volatile non-carbon components.

Fig. 1 presents the N2 adsorption–desorption isotherms and
corresponding pore size distributions of activated carbons
prepared with different chemical activating agents and pyrolysis
temperatures. As summarized in Table 1, these materials
exhibit distinct BET surface areas, pore volumes, and average
pore diameters. The results clearly demonstrate that the choice
of chemical activator and thermal treatment conditions signif-
icantly inuence the textural properties of the resulting acti-
vated carbons, producing materials with varying surface areas,
pore size distributions, and pore volumes.

The N2 adsorption–desorption isotherms of CK samples
reveal a distinct evolution in pore structure with increasing
carbonization temperature. CK500, CK600, and CK700 display
typical Type-I isotherms, conrming their predominantly
microporous nature, which is further supported by the pore size
distribution and pore volume analyses. In contrast, the
isotherms of CK800 exhibit hysteresis loops characteristic of
Type-IV behavior, indicating the development of mesoporosity.
CK800 features a mixed pore structure comprising both
micropores and mesopores. This is likely attributable to the
collapse of micropores or their blockage by volatiles under high
temperatures. Both BET surface area and total pore volume
demonstrate a positive correlation with pyrolysis temperature,
increasing progressively from 500 to 800 °C. Remarkably, the
sample CK800 achieved a maximum BET surface area of 1523.9
m2 g−1 accompanied by a pore volume of 0.7247 cm3 g−1,
signicantly surpassing commercial activated carbons.25,26

These ndings underscore the critical role of pyrolysis
temperature in determining pore characteristics. During
thermal treatment, cellulose, hemicellulose, and lignin undergo
degradation, dehydration, and carbonization, leading to carbon
skeleton aromatization and pore development. The K2CO3

activator decomposes under argon atmosphere to form K, K2O,
CO, and CO2. When the pyrolysis temperature exceeds the
boiling point of potassium (759 °C), metallic potassium diffuses
into the carbon matrix and reacts with the carbon, promoting
18234 | RSC Adv., 2026, 16, 18232–18241
the decomposition of volatile organic compounds and thereby
forming a well-developed porous structure. Simultaneously,
under high-temperature conditions, CO2 can undergo an
oxidation reaction with the disordered carbon present in the
already formed biochar (C + CO2 / 2CO), which selectively
etches the carbon skeleton, gradually forming and expanding
its microporous and mesoporous structures.

The N2 adsorption–desorption isotherms of CZn samples
exhibit Type IV characteristics with distinct hysteresis loops in
the relative pressure range of 0.55–0.99, conrming the pres-
ence of mesoporous structures. These observations are further
supported by the corresponding pore size distribution and pore
volume analyses. The textural properties show a temperature-
dependent trend, where both BET surface area and total pore
volume initially increase with carbonization temperature up to
500 °C before decreasing at higher temperatures. The
maximum values achieved at 500 °C (1347.2 m2 g−1surface area
and 1.0953 cm3 g−1 pore volume) are comparable to meso-
porous carbons (e.g., 1267 m2 g−1 and 0.96 cm3 g−1, respec-
tively) as reported in literature.27 The activation mechanism
involves several key processes: (1) ZnCl2, as a hygroscopic salt,
induces cellular dehydration through osmotic pressure,
enhancing precursor porosity; (2) during pyrolysis, water reacts
with zinc chloride to form zinc oxide hydrate, simultaneously
generating HCl that contributes to pore enlargement; (3)
elevated temperatures (400–500 °C) intensify these reactions,
promoting volatile compound formation and consequent pore
development. The observed surface area reduction above 500 °C
likely results from structural collapse of the porous framework
under excessive thermal treatment.

Table 2 presents a comparative analysis of BET surface areas
and total pore volumes for various biomass-derived activated
carbons reported in previous studies. The results demonstrate
that the SPV-based activated carbons prepared using ZnCl2 and
K2CO3 activation exhibit comparable textural properties to
many other biomass-derived carbons, indicating their potential
for adsorption applications.

3.1.2 Functional groups analysis. The surface functional
groups of the activated carbons were characterized by FT-IR
spectroscopy, as presented in Fig. 2. Spectral analysis indicates
that as the carbonization temperature increases, the intensity of
organic functional groups in the CK samples shows a gradual
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 N2 adsorption–desorption isotherms and pore size distributions of activated carbons prepared with K2CO3 (a and b) and ZnCl2 (c and d) at
various carbonization/activation temperatures.
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weakening trend, and when the temperature reaches 800 °C, the
content of surface functional groups on the carbon material has
signicantly decreased (Fig. 2a). In contrast, the surface func-
tionality of the CZn samples remained relatively stable across
different temperatures (Fig. 2b). The FT-IR spectra exhibit char-
acteristic absorption bands at: 3734 cm−1 (O–H stretching
vibrations, hydroxyl groups); 1700 cm−1 (asymmetric stretching
of C]O bonds); 1537 cm−1 (C]C aromatic ring vibrations);
1160 cm−1 (C–O stretching in ether/ester groups); 875 cm−1 (C–H
bending vibrations). These spectral features conrm the pres-
ence of oxygen-containing functional groups and aromatic
structures on the carbon surfaces. The temperature-dependent
variations in peak intensities reect the thermal stability differ-
ences between the two activation systems.

3.1.3 SEM and XRD analysis. The surface morphological
structures of the raw SPV and the resulting carbons CK800 and
CZn500 are shown in Fig. 3. The raw material possesses a hier-
archical porous structure, whereas the activated carbon exhibits
a well-developed micro- or mesopore structure. CK800 mainly
shows micropores, while CZn500 is dominated by mesopores.
Both types of activated carbon display smooth surfaces and
uniform pores. The XRD spectra (Fig. S1) show that the acti-
vated carbons are amorphous, and the ZnCl2-activated carbon
© 2026 The Author(s). Published by the Royal Society of Chemistry
contains a small amount of ZnO residue. In practice, sequential
washing with hot ZnCl2 solution, hot ZnCl2–HCl solution, and
hot water—as is common in the activated carbon industry—
would be required to remove such residues prior to application.

3.2 Adsorptive removal of MB using activated carbons

3.2.1 Equilibrium data, isotherm and kinetics modelling.
The adsorption capacities of different activated carbons for MB
were measured, and the results are presented in Fig. S2 of the
supporting materials. The ndings indicate that the adsorption
capacity for MB depends on the activation agent and pyrolysis
temperature. Among the ZnCl2 -activated carbons, CZn500
exhibited the highest adsorption capacity. The adsorbents fol-
lowed a descending order of MB adsorption capacity: CZn500 >
CZn600 > CZn700 > CZn400, which aligns with their BET surface
area and total pore volume trends. Functional groups, pore
structure, and BET surface area are the dominant factors
inuencing adsorption performance. FT-IR analysis conrmed
that the four carbons possess similar functional groups.
Therefore, the variations in MB adsorption capacities among
them are primarily attributed to differences in BET surface area
and total pore volume. The superior adsorption capacity of
CZn500 can be ascribed to its highest BET surface area and pore
RSC Adv., 2026, 16, 18232–18241 | 18235
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Table 2 Pore structure parameters and activation methods of activated carbons from various agricultural wastes

Material Activation method
BET surface area
(m2 g−1)

Total pore volume
(cm3 g−1)

Average pore
size (nm) Reference

Rice husks ZnCl2 749.51 0.9956 1.53 2
Sugarcane bagasse ZnCl2 1386.58 0.9947 1.55 2
Loofah vine KOH 904.6 0.677 2.99 28
Orange peel H3PO4 79.73 0.03 20.1 29
Tamarind seeds KOH 1172 0.618 2.1 13
Spent coffee grounds KOH 827.91 2.7 3
Olive stone H3PO4 710 1.25 11
Sugarcane bagasse KOH 234.58 1
Bamboo biomass Na2SiO 381.6 0.52 5.43 9
Groundnut shell KOH 412 0.322 7
Pine fruit shells H3PO4 1022.13 0.566 2.215 6
Coconut shells NaOH 345 0.2 1.92 8
Palm leave KOH 540 0.261 5.13 21
Khat leaves KOH 340 3.93 3.7 20
Black garlic peels 463.9 0.373 17
Banana peels H3PO4 867 0.032 16
Palm stones CO2 19.53 0.007 1.43 12
Coconut shells Alkali from cocoa pod husks 1250.20 0.61 2.754 30
Plane tree seeds NaOH 1508.6 0.7063 2.0462 26
Cellulose H3PO4 561 31
Commercial activated carbon 1185 0.57 26
Sweet potato vine ZnCl2 1347.2 1.0953 3.25 This work
Sweet potato vine K2CO3 1523.9 0.7247 1.90 This work
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volume, which provide more active sites for adsorption. Simi-
larly, among the K2CO3-activated carbons, sample CK800
exhibited the highest MB adsorption capacity, corresponding to
its largest BET surface area and total pore volume. However,
samples with similar specic surface areas (e.g., CK700 and
CZn600) did not exhibit identical adsorption capacities, indi-
cating that the adsorption process is inuenced by factors
beyond surface area. This discrepancy might be related to
differences in their pore size distributions, particularly in the
micropore region. As shown in Table 1, CK700 possesses
a substantial micropore volume of 0.4368 cm3 g−1, accounting
for 74.58% of its total pore volume, whereas CZn600 has a much
lower micropore volume of only 0.0262 cm3 g−1, withmesopores
Fig. 2 FT-IR spectra of the activated carbons, ACK800 (a) and ACZn500

18236 | RSC Adv., 2026, 16, 18232–18241
dominating its pore structure (0.8105 cm3 g−1, 96.9% of total
pore volume).

According to Polanyi's adsorption potential theory,32 the
adsorption potential 3 is inversely related to pore size (dp, nm).
In microporous carbons, the characteristic adsorption energy E0
(kJ mol−1) follows the Dubinin–Stoeckli relationship:33,34

E0 = 15.8/dp (3)

This relationship indicates that micropores (<2 nm) generate
signicantly higher adsorption potentials than mesopores (2–
50 nm). For dye molecules such as MB (molecular dimensions
∼1.4 nm × 0.6 nm × 0.4 nm), the enhanced interaction arises
(b) are the activated carbon after MB adsorption.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images SPV and activated carbons: (a) SPV, (b) CK800, (c) CZn500.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 4
:2

1:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
from the superposition of Lennard-Jones potentials from
opposing pore walls,35 leading to strong adsorption through
micropore lling at low concentrations.36

Thus, the superior adsorption capacity of CK700 (478 mg
g−1) compared to CZn600 (369mg g−1) is related to its abundant
micropore structure, which provides a higher adsorption
potential and facilitates effective micropore lling. In contrast,
the mesopore-dominated structure of CZn600 limits its
adsorption primarily to surface coverage, resulting in a lower
overall capacity despite its comparable specic surface area.

FTIR analysis was conducted to further elucidate the
adsorption mechanism. Aer MB adsorption (Fig. 2), several
new peaks characteristic of MB appeared at approximately 1500,
1417, 1395, 1330, and 880–800 cm−1, corresponding to aromatic
C]C stretching, and C–N stretching/–CH3 bending.37,38

Notably, the peak at 1417 cm−1 shied from its typical position
Fig. 4 Proposed adsorption mechanism of activated carbon for methyl

© 2026 The Author(s). Published by the Royal Society of Chemistry
(ca. 1395 cm−1), indicating electrostatic interactions between
the cationic MB molecules and the carbon surface.39,40 Mean-
while, the aromatic C]C peak at ∼1600 cm−1 exhibited
enhanced intensity and a slight shi, suggesting p–p stacking
interactions between MB and the graphitic microcrystallites of
the activated carbon.41,42 Raman spectra (Fig. S3) show that the
activated carbon is composedmainly of amorphous carbon with
some graphitic crystallites. The effect of solution pH on
adsorption capacity (Fig. 6b) conrms that electrostatic attrac-
tion plays a signicant role, particularly for CZn500, where the
surface charge transitions from positive to negative around its
pHPZC of 6.68. Furthermore, the hydrophobic nature of the
carbon surface promotes hydrophobic interactions with the MB
molecule. These results suggest that MB adsorption is governed
by a combination of p–p stacking and electrostatic interactions,
complementing the physical adsorption associated with the
ene blue.
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Fig. 5 Effects of MB concentration (A) and contact time (B) on the adsorption of onto activated carbons.
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pore structure. Based on the characterization results and
adsorption experiments, a multi-faceted adsorptionmechanism
is proposed, as illustrated in Fig. 4. The MB adsorption capacity
of the prepared activated carbon indicates promising perfor-
mance under the specic batch conditions used in this
study.31,43–48

The activated carbons CK800 and CZn500 were selected for
adsorption studies. The adsorption capacity of CK800 and
CZn500 were maintained about 75% (535.8 mg g−1) and 78%
(304.2 mg g−1) respectively aer four adsorption-regeneration
cycles, showing good reusability. Fig. 5 presents the MB
adsorption isotherms and kinetics for these two materials. The
isotherm data were analyzed using the Langmuir, Freundlich
and Temkin adsorption models to characterize the equilibrium
distribution of adsorbed molecules between the liquid and
solid phases. The calculated isotherm parameters and corre-
sponding correlation coefficients (R2) for tested models are
presented in Table 3. As summarized in Table 3, the Langmuir
isotherm model provided the best t to the experimental data,
demonstrating excellent linearity (R2 = 0.999) across the entire
concentration range studied. This strong correlation suggests
that MB adsorption on both CK800 and CZn500 is reasonably
well described by the Langmuir equation over the tested
concentration range, although biochar and activated carbon
oen possess heterogeneous surfaces.

According to the Langmuir model calculations, the
maximum adsorption capacities of CK800 and CZn500 are
775.2 mg g−1 and 400.0 mg g−1, respectively. To investigate the
adsorption mechanism, two kinetic models – pseudo-rst-order
and pseudo-second-order – were employed to analyze the
adsorption process. The results demonstrate that MB
Table 3 Isotherm model parameters for the adsorption of MB onto CK8

Samples

Langmuir Freundlich

qmax (mg g−1) KL (L g−1) R2 KF ((mg g−1) (L m

CK800 775.2 0.364 0.999 734.689
CZn500 400.0 1.923 0.999 242.759

18238 | RSC Adv., 2026, 16, 18232–18241
adsorption followed the pseudo-second-order kinetic model,
with the corresponding parameters summarized in Table 4.

To further elucidate the rate-controlling steps, the kinetic
data were tted to the intraparticle diffusion model (Fig. S4 and
Table 5) and Boyd model (Fig. S5). The adsorption process of
CK-800 toward the target adsorbate exhibits a distinct three-
stage characteristic, governed by a combined rate control of
lm diffusion and intraparticle diffusion. The tting results of
the intraparticle diffusionmodel show that in the rst stage, the
rate constant kid1 = 544.29 mg g−1 h−0.5 and the intercept C1 =

126.62 > 0, indicating that lm diffusion (boundary layer effect)
dominates the initial stage with a fast adsorption rate. In the
second stage, the rate constant decreases to kid2 = 174.90 mg
g−1 h−0.5 and the intercept C2 = 308.59 > 0, suggesting that
intraparticle diffusion becomes the main rate-controlling step,
while lm diffusion still contributes. In the third stage, the rate
constant approaches zero (kid3 = 1.29), indicating that adsorp-
tion reaches equilibrium. The progressive decrease in rate
constants (kid1 > kid2 [ kid3) and the gradual increase in
intercepts (C1 < C2 < C3) across the three stages are consistent
with the typical characteristics of multi-step adsorption.
Meanwhile, the Boyd plot is nonlinear and does not pass
through the origin, further conrming that intraparticle diffu-
sion is not the sole rate-controlling step, and that the micro-
porous structure of CK-800 hinders pore diffusion, causing
deviation from the ideal Fickian diffusion behavior. Integrating
the results from both models, the adsorption process of CK-800
is governed by a combined control of lm diffusion and intra-
particle diffusion, with hindered diffusion within the micro-
porous structure being the fundamental reason for the reduced
intraparticle diffusion rate.
00 and CZn500

Temkin

g−1)1/n) n R2 KT (L g−1) B (J mol L−1) R2

29.507 0.987 5.19 × 1011 23.610 0.983
8.326 0.600 1.06 × 104 28.132 0.754

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Kinetic model parameters for the adsorption of MB onto CK800 and CZn500

Samples

Pseudo-rst-order model Pseudo-second-order model

qe (mg g−1) k1 (h
−1) R2 qe (mg g−1) k2 (g mg−1 h−1) R2

CK800 7.258 0.635 0.339 438.6 0.1165 0.999
CZn500 176 0.324 0.939 383.1 0.385 0.999

Table 5 Fitting parameters of the Webber–Morris intra-particle diffusion model

Samples

First stage of intra-particle diffusion Second stage of intra-particle diffusion Third stage of intra-particle diffusion

Kid1 (mg g−1 h−0.5) C1 R2 Kid2 (mg g−1 h−0.5) C2 R2 Kid3 (mg g−1 h−0.5) C3 R2

CK800 544.29 126.62 0.964 174.90 308.59 0.932 1.29 433.82 0.284
CZn500 207.93 0.5422 0.9903 85.84 168.85 0.9997 12.12 319.06 0.9531

Fig. 6 The pHPZC of activated carbons (a) and effect of solution pH on MB adsorption onto activated carbons (b).
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For the mesoporous CZn-500, the adsorption process toward
the target adsorbate is dominated by intraparticle diffusion.
The tting results of the intraparticle diffusion model show
three distinct linear stages. In the rst stage, the intercept C1 =

0.5422 is very close to zero, indicating that lm diffusion
(boundary layer effect) makes a negligible contribution in the
initial stage. In the second stage, the rate constant decreases to
kid2 = 85.84 mg g−1 h−0.5, and intraparticle diffusion becomes
the main rate-controlling step. In the third stage, the rate
constant kid3 = 12.12 mg g−1 h−0.5 remains relatively high
compared to microporous materials, reecting the favorable
diffusion properties enabled by the mesoporous structure. The
Boyd plot exhibits good linearity (R2 = 0.931) with an intercept
of 0.278, further conrming that intraparticle diffusion is the
predominant rate-controlling step, with only a minor contri-
bution from boundary layer effects.

In comparison with the microporous material CK-800, which
exhibits a combined control mechanism of lm diffusion and
intraparticle diffusion, the mesoporous structure of CZ500
effectively reduces pore diffusion resistance, leading to
adsorption behavior that more closely approximates the ideal
intraparticle diffusion-controlled model.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2.2 Effect of pH. The solution pH can inuence the
adsorption performance by altering the surface charge charac-
teristics of the adsorbent. Fig. 6b presents the pH-dependent
adsorption behavior of MB on CZn500 and CK800 across the
pH range of 2–10. As the pH value increases, the adsorption
capacity shows a slight increase, with this growth trend being
more pronounced under lower pH conditions. The point of zero
charge (pHPZC) determinations (Fig. 6a) revealed values of 6.68
for CZn500 and 8.9 for CK800. When solution pH exceeded
these pHPZC values, the adsorbent surfaces acquired a net
negative charge, facilitating enhanced electrostatic attraction
with the cationic MB molecules. Conversely, at pH conditions
below the pHPZC, the positively charged adsorbent surfaces
exhibited reduced affinity for MB due to electrostatic repulsion.
These ndings demonstrate that electrostatic interactions play
a role in the MB adsorption mechanism.
4 Conclusion

Activated carbons were prepared from SPV using ZnCl2 and
KCO3 as activating agents, respectively. Their performance as
adsorbents was then evaluated for the removal of MB from
RSC Adv., 2026, 16, 18232–18241 | 18239
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aqueous solutions. Experimental results demonstrate that the
prepared activated carbons possess high surface areas and total
pore volumes. The activated carbon synthesized with K2CO3

predominantly features micropores at lower temperatures,
while exhibiting a micro-mesoporous composite structure at
elevated temperatures. As the pyrolysis temperature increases,
the specic surface area and total pore volume of activated
carbons both show an increasing trend. The sample prepared at
800 °C achieved a surface area of 1523.9 m2 g−1 with a total pore
volume of 0.7247 cm3 g−1. In contrast, the ZnCl2-activated
carbon exhibits a mesopore-dominated porous structure, with
the sample treated at 500 °C showing the highest specic
surface area and mesopore volume, reaching 1347.2 m2 g−1 and
1.0953 cm3 g−1, respectively. Both the activated carbons
exhibited exceptional adsorption performance for methylene
blue. The adsorption process was inuenced by initial dye
concentration, contact time, and solution pH. The adsorption
process was well described by the Langmuir isothermal model,
suggesting a homogeneous monolayer adsorption. Kinetic
studies indicated that the adsorption followed pseudo-second-
order kinetics.

This approach effectively addresses the challenges related to
the disposal and management of agricultural waste. Further-
more, it contributes to lower production costs, diversies the
raw material sources for activated carbon, and may offer
potential for supporting the treatment of dye-contaminated
wastewater.
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