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m-137 removal from
contaminated wastewater using bio-based
activated carbon from cassava rhizomes enhanced
with copper hexacyanoferrate
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Nikom Prasertchiewchan,a Wilasinee Kingkamb and Poonnaphob Sopapanc

The presence of radioactive cesium-137 (Cs-137) contaminated in wastewater poses serious environmental

and health concerns. This study presents the synthesis and characterization of activated carbon derived

from cassava rhizomes (CRAC), further composited with copper hexacyanoferrate (CuHCF), for the

removal of Cs-137 from actual wastewater. The cassava rhizome was treated with potassium

permanganate (KMnO4) via a hydrothermal carbonization process (HTC) before being pyrolyzed to

produce high-surface-area activated carbon, which served as a support matrix for CuHCF nanoparticles

known for their high selectivity toward cesium ions. The synthesis of copper hexacyanoferrate and

cassava rhizome (CuHCF/CRAC) composites was achieved through the hydrothermal method. Batch

adsorption tests were performed to assess the removal effectiveness of Cs-137 at a concentration of 10

000 Bq L−1 from real wastewater. The incorporation of 5% w/w of KMnO4 into the CuHCF/CRAC

composites resulted in optimal Cs-137 removal efficiency, exceeding 99%. The improved adsorption

capability was mainly attributed to the oxidative modification introduced by KMnO4, which generated

aromatic (C]C), hydroxyl (–OH), and carboxylate (–COO−) groups, which improved electrostatic

interactions with positively charged Cs ions. Adsorption isotherm and kinetic analyses revealed that the

Freundlich isotherm and pseudo-second-order kinetic models provided the best fit for Cs-137 uptake

across all tested adsorbents. The CuHCF/CRAC(5) composite demonstrated excellent reusability,

maintaining high Cs ion removal efficiencies (>97%) over five consecutive adsorption–regeneration

cycles following acid washing with 0.1 M HCl. Furthermore, adsorption efficiency was notably enhanced

under neutral to alkaline pH conditions. These results highlight the strong potential of CuHCF-based

activated carbon composites for practical applications in radioactive wastewater treatment.
Introduction

Electric Arc Furnace Dust (EAFD) is a by-product generated
during steel production in electric arc furnaces (EAF), particu-
larly when melting scrap steel. It is considered hazardous waste
due to its heavy metal compositions and environmental risks
but it also contains valuable metals, including iron (Fe) and zinc
(Zn), that make it a potential secondary resource.1–3 Recently in
Thailand, EAFD has been discovered to be contaminated with
cesium-137 (Cs-137) due to the accidental contamination of
scrap metals used in the process by radioactive Cs element.4 Cs-
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137 is a radioisotope of signicant concern, noted for its long
half-life of 30.17 years, the emission of gamma rays, and its
solubility in water.5 Akharawutchayanon et al.5 examined the
efficacy of different solvents in the lixiviation process for
extracting Cs-137 from radioactively contaminated EAFD.
Nevertheless, this study produced secondary contaminated Cs-
137 liquid waste. Chemical precipitation, solvent extraction,
ion exchange, electrochemical separation, and adsorption are
some of the potential methods that could be utilized to effi-
ciently remove Cs-137 from liquid radioactive waste solutions.4,6

Adsorption technology is acknowledged as an efficient
technique for eliminating Cs-137 radioactive pollutants from
liquid waste. This benet arises from the production of low
secondary waste, cost-effectiveness, high efficiency, and
stability.7,8 The adsorbent, which includes many categories such
as biosorbents, organic adsorbents, and inorganic adsorbents,
is essential in adsorption technology.9,10 Activated carbon (AC)
derived from biomass or agricultural wastes have attracted
RSC Adv., 2026, 16, 6217–6232 | 6217
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signicant interest as adsorbents owing to their cost-
effectiveness, abundant availability, eco-friendly characteris-
tics, elevated specic surface area, and homogeneous pore size
distribution.11 AC is synthesized via the processes of carbon-
ization and activation. Chemical activation agents such as KOH,
ZnCl2, H3PO4, and KMnO4 are extensively utilized to achieve
a porous structure and enhance its adsorption properties.12

Potassium permanganate (KMnO4) is extensively utilized to
improve the porosity, surface area, and surface functionality of
adsorbent materials, which efficiently adsorb positively charged
Cs ions.13 In our previous study, Sudarat et al.14 modied
commercial activated carbon (CAC) using KMnO4 at different
concentrations of 1%, 3%, and 5% w/v. The maximum
adsorption of Cs-137 achieved with KMnO4 concentration of 5%
w/v, attributed to the carboxyl (–COOH) and carbonyl (>C]O)
functional groups present on the CAC surface.

Cassava rhizome (CR) refers to the underground stem
portion of the cassava plant (Manihot esculenta), which connects
the above-ground stem to the tuberous roots. While cassava is
primarily cultivated for its starchy roots, the rhizome itself is
a less commonly utilized part but still has potential value,
especially in biomass and waste-to-energy applications.15,16 CR
serves as a sustainable and cost-effective precursor to produce
activated carbon due to its high carbon content, making it an
attractive foundational material for adsorbents used in envi-
ronmental remediation.17,18 Nevertheless, the application of CR
is limited due to its higher moisture content. Therefore, to
enhance its utilization efficiency, a hydrothermal carbonization
pretreatment process is necessary.19,20 Various bio-based acti-
vated carbons have been investigated for their effectiveness in
removing Cs ions from aqueous solutions. Khandaker et al.21

examined the adsorptive removal of cesium from aqueous
solutions using oxidized bamboo charcoal. The maximum
adsorption capacity for Cs ions was found to be 55.25 mg g−1.
Moloukhia et al.22 developed biomass activated carbon derived
from coconut shell and altered the surface using H2O2 and
HNO3. The adsorption capacity was determined to be 60.00 mg
g−1 for Cs ions. However, biomass activated carbon shows
limited adsorption capacity for certain radionuclides, including
Cs-137, primarily because it lacks selective functional groups
and possesses weak ion-exchange properties. The identied
limitations hinder its effective use in the treatment of radioac-
tive wastewater.23 To improve the efficiency of activated carbon
in wastewater treatment, composite materials featuring effec-
tive adsorbents for the removal of Cs-137, such as metal hexa-
cyanoferrate (MHCFs), have been suggested.24

Metal hexacyanoferrates represent a category of coordination
compounds that arise from the interaction between metal ions
and hexacyanoferrate anions, typically denoted as [Fe(CN)6]

3−

or [Fe(CN)6]
4−. The compounds exhibit a porous structure,

possess ion-exchange properties, and demonstrate selective
adsorption capabilities for specic metal ions, particularly
radioactive cesium (Cs+).25 Copper hexacyanoferrate (CuHCF)
represents a specic category of metal hexacyanoferrate
compound, characterized by the coordination of copper ions
with hexacyanoferrate anions. This material features a porous,
crystalline structure and is recognized for its selective ion
6218 | RSC Adv., 2026, 16, 6217–6232
exchange capabilities, particularly for cesium ions (Cs+), which
renders it valuable in the elds of nuclear waste remediation
and electrochemical applications.26 Several studies are investi-
gating the composite of CuHCF and carbon-based adsorbents
for removing radioactive cesium from aqueous solutions. Abd-
Elhamid et al.27 synthesized sugarcane bagasse and copper(II)
ferrocyanide composite for the extraction of cesium from
aqueous solution. The composite has a maximum cesium
removal efficiency of 126.00 mg g−1.

This study aims to synthesize and characterize CRAC/CuHCF
composites to enhance the efficiency of Cs-137 removal from
contaminated wastewater. Adsorption kinetics were investi-
gated to elucidate the mechanism of Cs-137 uptake on the
surface of the adsorbents. The pseudo-rst-order and pseudo-
second-order kinetic models were applied to describe the
adsorption behavior. Additionally, the Langmuir, Freundlich,
and Temkin isotherm models were employed to evaluate the
adsorption equilibrium in relation to the concentration of Cs-
137. The research focuses on optimizing the synthesis
process, analyzing the physicochemical properties of the
composites, and assessing their adsorption capacity and selec-
tivity toward Cs-137. The ndings are expected to contribute to
the development of a cost-effective, sustainable, and efficient
strategy for treating radioactive wastewater and addressing the
environmental challenges associated with radioactive contam-
ination. Moreover, the potential interference from coexisting
ions such as Na+, K+, and Mg2+ was considered in this study. We
carried out tests using actual EAFD leachate, which naturally
has various competing ions, including alkali and alkaline earth
metals. The results demonstrated that the composite materials
maintained high selectivity for Cs+ even under these competi-
tive conditions. These ndings conrm the material's robust-
ness and practical applicability for Cs-137 removal from
complex wastewater systems.
Experimental
Chemicals and precursor materials

Cassava rhizome (CR) used in this study was obtained from
Uthai Thani province, Thailand. Themodication process of CR
involved the use of potassium permanganate (KMnO4) that was
purchased from KemAus™ Inc., Australia. Copper(II) nitrate
(Cu(NO3)2; Ajax Finechem, Australia) and potassium hexa-
cyanoferrate(III) (K3[Fe(CN)6]; Sigma Aldrich, United States) were
used as precursors to synthesis of pure CuHCF. Sodium chlo-
ride (NaCl) was employed as the solution in the determination
of the point of zero charge (pHpzc), which was supplied by QRëc
Co., Ltd, New Zealand. The pH adjustments were carried out
using hydrochloric acid (HCl; RCl Labscan Ltd, Ireland) and
sodium hydroxide (NaOH; KemAus™ Inc., Australia). Electric
arc furnace dust (EAFD) contaminated with radioactive Cs-137
was obtained from a steel manufacturing facility.
Preparation of activated carbon from cassava rhizome (CRAC)

The cassava rhizome (CR) was thoroughly cleaned using
distilled water, air-dried under sunlight, and then cut into
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08444j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 3

:3
6:

47
 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
pieces. 10 g of CR was mixed with potassium permanganate
(KMnO4) at concentrations of 0%, 1%, and 5% w/w in 10 mL of
distilled water. The samples were pretreatment through
immersion for 24 hours at room temperature. Subsequently, the
samples underwent to treatment in a hydrothermal autoclave at
a temperature of 120 °C and a pressure of 0.15 MPa for 6 hours.
The samples were then allowed to cool to room temperature.
Aer that, the samples were subjected to three washes with
distilled water. All samples were contained in lidded crucibles
and calcined at 400 °C for 1 hour. The activated carbon (AC)
derived from CR were designated as CRAC(0), CRAC(1), and
CRAC(5), corresponding to treatment with KMnO4 concentra-
tions of 0%, 1%, and 5% w/w, respectively. The calculation of
the percent yield of CRAC was performed using eqn (1).28

Yield ð%Þ ¼ mass0

mass1
� 100 (1)

where mass0 and mass1 represented the weight of activated
carbon (g) and the weight of raw material (g), respectively.
Synthesis of pure CuHCF and CuHCF/CRAC composites

The co-precipitation technique was employed for the synthesis
of pure CuHCF. Initially, 120 mL of 0.1 mol L−1 Cu(NO3)2 and
120 mL of 0.05 mol L−1 K3[Fe(CN)6] were added dropwise to
60mL of deionized water while maintaining continuous stirring
for 3 hours. Subsequently, the sample underwent treatment in
an ultrasonic bath for 20 minutes to improve particle disper-
sion. Following the reaction, the suspension was maintained at
room temperature for 24 hours to facilitate complete precipi-
tation. The solution had three washes with deionized water to
remove any remaining impurities. The solid product was sepa-
rated through centrifugation at 6000 rpm for 5 minutes. The
sample was dried at 40 °C for 48 hours, resulting in the
formation of a brown CuHCF powder as the nal product.

The synthesis of the CuHCF/CRAC composite was achieved
successfully through a hydrothermal method. The composite of
copper hexacyanoferrate (CuHCF) and cassava rhizome acti-
vated carbon (CRAC) was executed at a weight ratio of 1 : 1. 0.5 g
of CRAC and 0.5 g of CuHCF were added together with 30 mL of
deionized water. The solution was subsequently placed into
a Teon-lined stainless-steel autoclave for a hydrothermal
reaction at 120 °C for 10 hours. Following this, the solution was
separated via centrifugation and was then dried in an oven at
105 °C for 12 hours. The composites were designated as CuHCF/
CRAC(0), CuHCF/CRAC(1), and CuHCF/CRAC(5), based on the
varying concentrations of KMnO4 used in the process.
Adsorption experiment

A solution containing radioactive Cs-137, with an activity
concentration of 10 000 Bq L−1, was prepared through the
leaching of contaminated electric arc furnace dust (EAFD) with
deionized water and was subsequently utilized in batch
adsorption studies. In the experiment, 0.05 g of CRAC, CuHCF,
and CuHCF/CRAC composites were each added to 10 mL of
EAFD solution and stirred continuously for 24 hours. Following
the adsorption process, the solution was separated by
© 2026 The Author(s). Published by the Royal Society of Chemistry
centrifugation. Each adsorption experiment was conducted in
triplicate to ensure the accuracy of the results. The radioactivity
concentration of Cs-137 in the solution was determined using
gamma spectrometry with a High-Purity Germanium (HPGe)
detector (model GEMC40, Ametek Ortec, USA). The concentra-
tion of radioactive cesium-137 (w, mg L−1) was then calculated
based on eqn (2)–(4).29

C ¼ l� Aav � w

M
(2)

w ¼ C �M

l� Aav

(3)

l ¼ ln 2

t1=2
¼ 0:693

t1=2
(4)

where C represents the radioactivity concentration (Bq L−1), M
denotes the atomic mass (g mol−1), l is the decay constant of
the radioisotope (s−1), and Aav refers to Avogadro's number (6.02
× 1023 nuclei mol−1). The equilibrium adsorption capacity (Qe),
the percentage removal efficiency (R) of Cs-137, and the distri-
bution coefficient (Kd) were calculated using eqn (5)–(7),
respectively.30

Qe ¼ ðC0 � CeÞ
M

� V (5)

R ð%Þ ¼ ðC0 � CeÞ
C0

� 100% (6)

Kd ¼ ðC0 � CeÞ
Ce

� V

M
(7)

where C0 and Ce are the initial and equilibrium concentrations
of Cs-137 (mg L−1), M is the mass (g) of the adsorbent, and V is
the volume of the Cs-137 solution (L).
Reusability of CuHCF/CRAC composites

To assess the reusability of the adsorbent, CuHCF/CRAC(5)
composites were subjected to multiple adsorption–regenera-
tion cycles. In each cycle, 0.05 g of adsorbent was added to
10 mL of EAFD solution and stirred continuously for 24 h. Aer
Cs-137 adsorption, the spent adsorbent was regenerated by
desorption using 0.1 M of HCl, followed by thorough washing
with deionized water until the pH stabilized between 6 and 7.
The regenerated adsorbent was then dried at 110 °C for 6 h and
reused in subsequent adsorption cycles. Adsorption efficiency
and the number of regeneration cycles were systematically
recorded throughout the process.
Characterization

The morphology, particle size, and elemental composition of all
samples were characterized using eld-emission scanning
electron microscopy (FESEM, SU8230, Hitachi, Japan) coupled
with energy-dispersive X-ray spectroscopy (EDS, Ultim max,
Oxford Instruments, UK). Fourier transform infrared spectros-
copy (FT-IR) was investigated functional groups and chemical
bonding characteristics, using a Thermo Scientic Nicolet iS50
RSC Adv., 2026, 16, 6217–6232 | 6219
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spectrometer (USA). The phase composition and crystalline
structure of the samples were analyzed via X-ray diffraction
(XRD) using a Bruker D8 Advance apparatus. X-ray photoelec-
tron spectroscopy (XPS) was utilized to determine the elemental
composition and chemical states of surface atoms, using
a Kratos Analytical Ltd AXIS Ultra ULD system (UK). The specic
surface area and pore size distribution were evaluated using the
Brunauer–Emmett–Teller (BET) and the Barrett–Joyner–
Halenda (BJH) methods, respectively, with a Micromeritics
3Flex analyzer. Nitrogen adsorption–desorption isotherms were
recorded at−196 °C following a degassing process, in which the
samples were heated to 120 °C under vacuum for 15 hours to
eliminate residual moisture.
Fig. 1 FESEM images of CuHCF, CRAC and CuHCF/CRAC composites.
Results and discussion
The yield percentage of hydrochar

The yield percentage was determined using eqn (1), and the
calculated values are summarized in Table 1. The increase in
yield percentages of CRAC(0), CRAC(1), and CRAC(5) with rising
KMnO4 concentrations, reaching 21.27%, 21.34%, and 29.05%,
respectively, is consistent with the expected behaviour of biomass
during hydrothermal carbonization. This enhancement is
attributed to the thermal degradation of biomass components
such as cellulose, hemicellulose, and lignin, which is intensied
by the presence of KMnO4 as an oxidizing agent. The pretreat-
ment facilitates more efficient conversion of biomass into
hydrochar, thereby improving yield.31 Furthermore, the thermal
decomposition of KMnO4 resulted in the formation of manga-
nese oxide (MnO2) and potassium oxide (K2O), which exhibit
thermal stability in the temperature range of 300–400 °C, thereby
enhancing the yield percentage of hydrochar.32
Table 2 Elemental compositions of CuHCF, CRAC(5), and CuHCF/
FESEM-EDS analysis

The SEM images in Fig. 1 illustrate the surface morphology and
microstructural characteristics of CRAC, CuHCF, and CuHCF/
CRAC composites. The CRAC(0) morphology displays
a comparatively smooth surface, a porous structure, and frag-
mented particles. The hydrothermal carbonization (HTC)
process enhances the development of a fragmented and porous
structure. In the process of HTC, biomass undergoes treatment
at high temperature and pressure with water, resulting in the
partial decomposition and reorganization of its organic
components.33,34 The addition of KMnO4 at a concentration of
1% w/w during HTC notably affects the surface morphology.
KMnO4 acts as a strong oxidizing agent, facilitating partial
oxidation and surface fragmentation, which results in a more
porous structure with increased surface roughness.35 Increasing
Table 1 The yield percentage of cassava rhizome activated carbon
with addition of KMnO4

CRAC(0) CRAC(1) CRAC(5)

21.27% 21.34% 29.05%

6220 | RSC Adv., 2026, 16, 6217–6232
the KMnO4 concentration to 5% w/w resulted in the formation
of smaller and more uniform pores, suggesting a more compact
and rened porous structure in comparison to the 1% w/w
concentration of KMnO4. The CuHCF nanoparticles exhibited
a smooth surface and a well-dened cubic lattice structure, with
particle sizes ranging from 32 to 152 nm. SEM analysis revealed
that pure CuHCF displayed crystalline and aggregated particle
formations, with a relatively low porosity compared to the
CuHCF/CRAC composites. In composite samples, CuHCF is
well-dispersed, especially in CuHCF/CRAC(1) and CuHCF/
CRAC(5), enhancing the interaction sites for Cs-137. The
combination of CRAC's porous structure and CuHCF's selective
adsorption properties results in superior material performance.

The EDS results presented in Table 2 provide insights into the
elemental composition of CuHCF, CRAC(5), and CuHCF/CRAC(5)
composites. The CuHCF contains a high percentage of carbon
CRAC(5) composites

Materials

Elemental compositions (wt%)

C N O K Mn Ca Fe Cu

CuHCF 56.9 21.1 5.7 0.7 — — 4.0 11.7
CRAC(5) 72.8 — 14.0 11.5 1.5 0.1 — —
CuHCF/CRAC(5) 58.4 7.5 15.2 5.2 1.2 3.0 3.0 6.4

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(56.9%) and nitrogen (21.1%), which reects the presence of
cyanide ligands in its hexacyanoferrate framework.36 The pres-
ence of copper (11.7%) and iron (4.0%) is consistent with the Cu–
Fe coordination characteristic of CuHCF.37,38 Additionally, the
relatively low levels of oxygen (5.7%) and potassium (0.7%)
suggest minial contamination or hydration in the sample.39 The
CRAC(5) exhibits a high carbon content (72.8%), conrming its
identity as a carbon-rich adsorbent.40 The presence of oxygen
(14.0%) suggests the existence of surface functional groups such
as hydroxyl and carboxyl, which can enhance adsorption
capacity.41 The relatively high potassium content (11.5%) likely
originates from plant-based precursors or chemical agents used
during activation.42,43 Trace amounts of manganese (1.5%) and
calcium (0.1%) may be attributed to residual minerals naturally
present in the biomass source.43 The EDS results conrm the
successful formation of the CuHCF/CRAC(5) composite, with
elemental contributions from both CuHCF and CRAC(5). The
presence of Cu, Fe, and N in the composite indicates effective
integration of CuHCF, while the retained porosity and oxygen-
rich surface from CRAC(5) enhance its adsorption potential for
radioactive cesium.

FTIR analysis

The functional groups of all samples were characterized using
FTIR spectroscopy, as shown in Fig. 2, with spectra recorded in
the wavenumber range of 650–4000 cm−1. Fig. 2a presents the
Fig. 2 FTIR spectra of (a) CRAC and (b) CuHCF/CRAC composites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
FTIR spectra of CRAC samples prepared with varying concen-
trations of KMnO4 at 0%, 1%, and 5% w/w. The spectrum of
CRAC displays shoulder peaks at approximately 1565 cm−1 and
1375 cm−1, corresponding to the C]C stretching vibrations of
aromatic rings and the –C–OH bending vibrations of hydroxyl
groups, respectively.44–46 A distinct carbonyl (C]O) peak at
around 1667 cm−1 is observed in CRAC(0) but disappears in the
spectra of KMnO4-modied activated carbons (CRAC(1) and
CRAC(5)). This disappearance is attributed to the strong
oxidizing nature of potassium permanganate, which reacts with
hydroxyl and carboxyl groups, thereby reducing the carboxyl
content.47 Additionally, a weakened peak near 1120 cm−1

corresponds to C–O stretching vibrations,48,49 while the peak at
873 cm−1 is associated with C–H bending vibrations.50 Fig. 2b
shows FTIR spectra of all CuHCF/CRAC composites. The FTIR
spectra of the CuHCF/CRAC composites exhibit sharp peaks at
approximately 2171 cm−1 and 2100 cm−1, which correspond to
Fe3+–C^N–Cu2+ and Fe2+–C^N–Cu2+ stretching vibrations,
respectively. These peaks conrm the presence and uniform
distribution of iron oxidation states within the synthesized
materials.51 A peak at 1400–1604 cm−1 is attributed to carbox-
ylate (–COO−) vibrations, indicating antisymmetric stretching
of the functional group.30 A broad peak near 3381 cm−1 corre-
sponds to O–H stretching vibrations. This indicates the pres-
ence of hydroxyl groups. The 1348 cm−1 region is more
commonly associated with C–O bending.52
XRD analysis

Fig. 3 shows the XRD patterns that provide the crystalline
phases present in the CRAC, CuHCF, and CuHCF/CRAC
composites. The XRD patterns of CRAC samples exhibit
distinct and broad peaks at approximately 24.3° and 43.4°,
which correspond to the (002) and (100) planes, respectively.
These peaks are indicative of a graphitized carbon structure,
suggesting partial ordering within the carbon matrix.53,54 The
diffraction peak observed at approximately 14.8°, correspond-
ing to the (110) plane of cellulose, indicates the presence of
residual cellulose in the cassava rhizome-derived activated
carbon.55,56 Peaks at approximately 26.6° and 27.8°, assigned to
the (111) and (101) planes, respectively, are attributed to
elemental silicon (Si) and silicon dioxide (SiO2, quartz).57,58

Additionally, diffraction peaks at approximately 29.3°, 31.6°,
35.9°, 39.4°, 47.5°, and 48.5°, corresponding to the (104), (006),
(110), (113), (018), and (116) planes, respectively, conrm the
presence of calcium carbonate (CaCO3), which originates from
the natural mineral content of cassava rhizome, as identied by
JCPDS card no. 05-0586.58,59 Furthermore, diffraction peaks
observed at approximately 30.1° and 38.3°, corresponding to the
(−220) and (−330) planes, respectively, indicate the presence of
calcium silicate (CaSiO3), as referenced by JCPDS card no. 42-
0550.58

Following the modication with KMnO4, the original
diffraction peaks continued to be observable. New peaks asso-
ciated with MnO2 were also produced because of the reduction
of KMnO4. The analysis of CRAC(1) and CRAC(5) revealed peaks
at around 18.3°, 25.7°, and 37.8°, which align with the (200),
RSC Adv., 2026, 16, 6217–6232 | 6221
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Fig. 3 XRD spectra of (a) CRAC and (b) CuHCF/CRAC composites.
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(220), and (211) planes, respectively. This observation conrms
the existence of a-MnO2 in a tetragonal phase, as referenced in
JCPDS no. 44-0141.60 A diffraction peak observed at 40.7°, cor-
responding to the (220) plane, validated the synthesis of MnO
(JCPDS card no. 07-0230).61 Additional peaks at 2q = 23.3° and
32.5°, attributed to the (111) and (333) planes, were indicative of
K2O.62

Fig. 3b presents the XRD spectra of CuHCF, which displays
characteristic diffraction peaks at approximately 15.5°, 17.6°,
24.7°, 29.6°, 35.6°, 39.9°, 44.3°, 51.3°, 54.4°, and 57.8°. These
peaks are indexed to the (111), (200), (220), (311), (400), (420),
(422), (440), (600), and (620) planes, respectively, in accordance
with JCPDS card no. 86-0513.63 The CuHCF/CRAC composites
also exhibit distinct diffraction peaks of CuHCF, conrming
that the composites retain a face-centered cubic (FCC) crystal
structure with high crystallinity. The presence of vacant sites
within this lattice facilitates the mobility of Cs+ ions, thereby
enhancing their insertion into the crystalline framework.37
Fig. 4 XPS spectra of all samples. (a) Survey spectra, (b) Cu 2p, (c) Fe
2p, (d) Mn 2p, (e) O 1s, (f) N 1s, (g) Ca 2p, (h) K 2p, and (i) C 1s regions.
XPS analysis

Fig. 4 shows the XPS spectra used to analyze the elemental
composition and oxidation states of the samples. Fig. 4a shows
the survey data of CRAC(5), CuHCF, and CuHCF/CRAC(5),
which include characteristic peaks of Cu 2p, Fe 2p, Mn 2p, O
1s, N 1s, Ca 2p, K 2p, and C 1s. The Cu 2p spectra of CuHCF and
6222 | RSC Adv., 2026, 16, 6217–6232
CuHCF/CRAC(5) are illustrated in Fig. 4b, revealing a prom-
inent Cu 2p3/2 peak at approximately 932, 935, and 937 eV,
assigned to Cu+, Cu2+, and the Cu2+ satellite peak, respectively.
The Cu 2p1/2 peaks appeared at 953, 955, and 957 eV, corre-
sponding to Cu+, Cu2+, and the Cu2+ satellite peak, respec-
tively.39,64 Fig. 4c depicts the Fe 2p3/2 spectra of CuHCF and
CuHCF/CRAC(5), conrming the coexistence of Fe2+ (708 eV)
and Fe3+ (710 eV). The Fe 2p1/2 peaks at 721 and 723 eV further
verify the presence of Fe2+ and Fe3+, respectively. Additionally,
CuHCF exhibited Fe3+ satellite peaks at 711 and 724 eV.39,64
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 BET surface area, total pore volume, and average pore
diameter of CRAC, CuHCF, and CuHCF/CRAC composites

Sample
BET surface
area (m2 g−1)

Total pore volume
(cm3 g−1)

Average pore
diameter (nm)

CuHCF 316.89 38.51 1.35
CRAC(0) 2.80 0.0072 2.47
CRAC(1) 2.35 0.0121 3.71
CRAC(5) 6.02 0.0370 4.26
CuHCF/CRAC(0) 61.54 0.1176 2.23
CuHCF/CRAC(1) 64.29 0.1508 2.51
CuHCF/CRAC(5) 88.31 0.1548 1.66
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Fig. 4d presents the Mn 2p spectra of CRAC(5) and CuHCF/
CRAC(5), showing Mn 2p3/2 peaks at approximately 641, 642,
and 644 eV, and Mn 2p1/2 peaks at around 652, 654, and 656 eV,
respectively.65,66 The peaks near 641 eV (Mn 2p3/2) and 652 eV
(Mn 2p1/2) are attributed to Mn2+ species in MnO. Peaks at
approximately 642 eV and 654 eV correspond to Mn4+ in MnO2,
while those at 644 eV and 656 eV are associated with Mn7+ in
KMnO4.67 The O 1s spectra (Fig. 4e) of the three adsorbents
exhibited peaks at approximately 531, 532, and 533 eV, corre-
sponding to C]O, C–OH, and O]C–O bondings, respectively.
Furthermore, CRAC and CuHCF/CRAC(5) showed an additional
peak at 530 eV, indicating Mn–O bonds derived from KMnO4

modication, whereas CuHCF displayed a peak at 535 eV,
attributed to H2O in gas phase.68–70 Fig. 4f shows the N 1s
spectra of CuHCF and CuHCF/CRAC(5), with peaks observed at
398, 399, 400, and 401 eV, corresponding to C^N, C–N]C,
N–(C)3, and p–p* excitation, respectively.39,71 Fig. 4g displays
the Ca 2p spectra of CRAC(5) and CuHCF/CRAC(5), where peaks
at 347 eV (Ca 2p3/2) and 350 eV (Ca 2p1/2) were assigned to CaO
and CaCO3 groups, supporting the XRD analysis results that
conrmed the presence of CaO and CaCO3 phases.72,73 The K 2p
spectra of the three adsorbents (Fig. 4h) exhibited peaks at
around 293 eV (K 2p3/2) and 296 eV (K 2p1/2), corresponding to
K–O groups.74,75 Finally, Fig. 4i illustrates the C 1s spectra of the
three adsorbents, with peaks at 284, 286, and 288 eV, assigned
to C–H/C–C, O–C–O, and O]C–O, respectively. Additionally,
C]O was observed at 287 eV for CRAC and CuHCF/CRAC(5),
while CRAC(5) also exhibited a p–p* excitation peak at
289 eV.70,76 Overall, the detailed XPS analysis conrmed the
successful incorporation of CuHCF onto CRAC, the coexistence
of multiple oxidation states of transition metals, and the pres-
ence of functional groups that contribute to the enhanced
adsorption properties of the composite materials.
Fig. 5 N2 adsorption–desorption isotherms of (a) CRAC and (b)
CuHCF/CRAC composites.
Specic surface area and pore size distribution

The BET surface area, total pore volume, and average pore
diameter of CuHCF, CRAC, and CuHCF/CARC composites are
presented in Table 3. The CuHCF nanoparticles exhibited the
largest BET surface area and pore volume, measuring 316.89 m2

g−1 and 38.51 cm3 g−1, respectively, indicating substantial
adsorption capacity. CRAC alone exhibits low porosity.
However, modication with KMnO4 signicantly enhances the
pore volume and increases the average pore size, with
improvements becoming more pronounced as the KMnO4

concentration increases. This improvement is due to the strong
oxidative effect of KMnO4, which enhances the breakdown of
organic components in the precursor and generated of MnO2

particles. These MnO2 deposits contribute to increased surface
roughness, reduced particle size, and elevated surface area.77

The CuHCF/CRAC composites show signicantly improved
surface area and pore volume compared to CRAC alone, though
not as high as pure CuHCF. The pore diameter varies, with
CuHCF/CRAC(5) showing a decrease compared to CuHCF/
CRAC(0) and CuHCF/CRAC(1) composites, possibly due to
structural densication. The incorporation of CuHCF into
activated carbon resulted in a signicant enhancement of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
BET surface area, primarily due to the increased porosity and
the introduction of additional active adsorption sites. The
presence of CuHCF not only reduced the particle size but also
improved key surface properties, including surface area, pore
volume, and average pore diameter. Consequently, the
composited activated carbon exhibited enhanced adsorption
performance, offering a well-balanced combination of physical
structure and chemical functionality that effectively improved
cesium ion removal efficiency.

The BET surface area and total pore volume of pristine
CuHCF decreased aer compositing with CRAC due to partial
pore blocking and surface coverage. However, adsorption
RSC Adv., 2026, 16, 6217–6232 | 6223
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performance in selective ion systems is not solely dictated by
surface area. In this study, Cs+ adsorption is primarily governed
by ion-exchange and coordination within the open-framework
structure of CuHCF rather than physical adsorption.37,38 Sup-
porting CuHCF on activated carbon improves nanoparticle
dispersion, structural stability, and prevents aggregation,
ensuring accessibility of Cs+ exchange sites. Despite reduced
BET values, the CuHCF/CRAC composites exhibited superior
Cs+ removal efficiency compared to pristine CuHCF, high-
lighting that chemical affinity and selectivity outweigh surface
area effects. Similar trends have been reported, where decreased
surface area aer composite formation did not compromise
adsorption performance due to enhanced active site utilization
and mass transfer.78–80

The N2 adsorption–desorption isotherms and pore sizes
distribution of CRAC, CuHCF, and CuHCF/CRAC composites
was illustrated in Fig. 5 and 6, respectively. As shown in Fig. 5a
and b, all samples exhibited type IV nitrogen adsorption–
desorption isotherms, characteristic of mesoporous materials.
Moreover, the hysteresis loops observed were classied as type
H4, which is typically associated with narrow slit-like pores. The
presence of H4-type hysteresis in both CRAC and CuHCF/CRAC
composites suggests the existence of microporous–mesoporous
structures, likely arising from the aggregation of plate-like
particles or the formation of narrow pore channels. The pore
Fig. 6 Pore size distribution of (a) CRAC and (b) CuHCF/CRAC
composites.

6224 | RSC Adv., 2026, 16, 6217–6232
size distribution proles of all samples (Fig. 6a and b) exhibit
multiple peaks within the range of 2 to 50 nm, conrming the
presence of mesoporous structures. These distributions reect
the coexistence of various mesopore sizes, which may result
from differences in material composition, surface modication,
or structural aggregation.81–83
Inuence of contact time on the Cs-137 adsorption behavior

The adsorption equilibrium was investigated bymixing 0.05 g of
adsorbent with 10 mL of Cs-137 solution under continuous
stirring. The concentration of Cs-137 in the solution was
monitored at various time intervals: 1, 2, 3, 4, 5, 6, 12, 18, 24, 30,
36, 42, and 48 hours, to assess the adsorption kinetics and
determine the equilibrium point. A rapid adsorption of Cs-137
was observed during the initial 6 hours, followed by a gradual
increase. Equilibrium was attained at 24 hours for CRAC(1),
CuHCF and all CuHCF/CRAC composites. In contrast to
CRAC(0) and CRAC(5), which required nearly 42 hours to ach-
ieve adsorption equilibrium. The quicker saturation of CuHCF
and CuHCF/CRAC composites occurred in the rst 6 hours, that
can be attributed to their porous framework and the abundance
of active sites that enhance ion mobility, resulting in strong
interactions between Cs ions and the available surface vacan-
cies. Beyond this stage, the adsorption rate slowed as the active
sites became progressively occupied, reducing the number of
accessible sites. Once equilibrium was approached, the Cs-137
concentration in the solution stabilized, and the adsorption
rate leveled off at a steady state,84,85 as shown in Fig. 7.
Radioactive Cs-137 removal efficiency

The Cs-137 removal efficiency performance of CRAC, CuHCF,
and CuHCF/CRAC composites was shown in Fig. 8a. The results
demonstrate that the incorporation of CuHCF signicantly
enhances the adsorption of cesium ions. Among the tested
materials, CuHCF/CRAC(5) exhibited the highest removal effi-
ciency at 99.15%, followed by CuHCF/CRAC(1) at 98.58%,
CuHCF/CRAC(0) at 98.22%, and pure CuHCF at 98.09% aer 24
hours of adsorption. Corresponding adsorption capacities were
Fig. 7 Effect of contact time of all samples on the adsorption of Cs-
137.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Removal efficiency and adsorption capacity and (b) distri-
bution coefficient of Cs-137 solution using the CRAC, CuHCF, and
CuHCF/CRAC composites over 24 hours.
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6.06 × 10−7, 6.03 × 10−7, 6.01 × 10−7, and 6.00 × 10−7 mg g−1,
respectively. In comparison, the Cs-137 removal efficiencies of
CRAC(0), CRAC(1), and CRAC(5) were 63.63%, 88.81%, and
81.82%, with respective adsorption capacities of 3.89 × 10−7,
5.43 × 10−7, and 5.00 × 10−7 mg g−1. The improved perfor-
mance of CRAC(1) and CRAC(5) is attributed to KMnO4-medi-
ated pore structure enhancement. However, excessive KMnO4

led to MnO2 accumulation, which obstructed pore accessibility
and reduced adsorption efficiency. The superior performance of
CuHCF/CRAC(5) synthesized via hydrothermal treatment is
Table 4 The comparison performance of activated carbon/MHCF comp

Material Synthesis method Analyze

GO/CS/Cu-PBA In situ synthesis Cs-137
BM/KNiFC Immobilization Cs-137
AC/Ni-HCF Impregnation Cs-137
CF/CuHCF Immobilization CsCl
CF/CoHCF Immobilization CsCl
CF/NiHCF Immobilization CsCl
MWCNTs/Cu-HCF Co-precipitation CsCl
CuHCF/AC Impregnation CsCl
CuHCF/CRAC(5) Hydrothermal Cs-137

a Noted: GO is graphene oxide, CS is chitosan, Cu–PBA is potassium c
hexacyanoferrate, AC is activated carbon, Ni–HCF is nickel hexacya
hexacyanoferrate, CoHCF is cobalt hexacyanoferrate, NiHCF is nickel hex

© 2026 The Author(s). Published by the Royal Society of Chemistry
likely due to the synergistic effects of multiple factors. First,
MnO2 formed on the CRAC surface contributes to cesium
adsorption, as manganese dioxide is known for its high affinity
toward cesium ions.86,87 Second, hydrothermal treatment effec-
tively removes impurities from the activated carbon surface,
improving composite purity and enhancing the accessibility of
active sites.88–90 Third, the composite materials introduce
additional functional groups, such as manganese oxides,
carboxyl, and carbonyl groups, which provide more active sites
for cesium ion trapping, thereby increasing adsorption
capacity.14,86,87 The small difference in Cs-137 removal efficiency
between pristine CuHCF and CuHCF/CRAC(5) can be attributed
to the intrinsically high ion-exchange selectivity of CuHCF
toward cesium ions, which dominates the overall adsorption
behavior. In this system, CuHCF acts as the primary active
phase for Cs+ capture and already achieves near-complete
cesium removal due to its strong affinity. Therefore, the incor-
poration of CRAC mainly serves as a supporting matrix that
improves material dispersion and provides additional adsorp-
tion sites, resulting in only a marginal enhancement in removal
efficiency. The adsorption performance of the materials was
assessed using the distribution coefficient (Kd), which quan-
ties the affinity of the adsorbent for target ions in solution, as
shown in Fig. 8b. A higher Kd value indicates stronger ion
uptake and more effective adsorption. Among the tested
samples, CRAC(0) exhibited the lowest Kd value of 0.35, indi-
cating relatively limited adsorption efficiency. Upon compos-
iting with CuHCF, the Kd values improved signicantly: CuHCF/
CRAC(0) reached 11.01, CuHCF/CRAC(1) increased to 13.87,
and the highest value of 23.41 was observed for CuHCF/
CRAC(5). This notable enhancement suggests that the integra-
tion of CRAC contributes to improved surface accessibility and
structural characteristics, thereby facilitating more efficient
cesium ion adsorption. The results conrm the synergistic
effect of CRAC and CuHCF in enhancing the overall adsorption
performance of the composite materials.

Table 4 summarizes the performance of activated carbon in
adsorbing Cs ions from CsCl and Cs-137 solutions. In this
study, cassava rhizome activated carbon (CRAC) was prepared
via hydrothermal carbonization with KMnO4, then composited
osites for CsCl and Cs-137 adsorptiona

R (%) Qe (mg g−1) Ref.

— 64.7 91
93 — 92
98 — 93
— 70.3 94
— 24.9 94
— 37.4 94
85 310 36
— 101.5 23
99 6.06 × 10−7 This work

opper hexacyanoferrate(II), BM is biochar, KNiFC is potassium nickel
noferrate, CF is chitosan bers, CuHCF and Cu-HCF are copper
acyanoferrate, and MWCNTs is multiwalled carbon nanotubes.

RSC Adv., 2026, 16, 6217–6232 | 6225
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Fig. 10 Effect of adsorbent dosage on the removal efficiency of Cs-
137 using CuHCF/CRAC(5) composites over 24 hours.
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with CuHCF, resulting in a 99.15% removal efficiency for
CuHCF/CRAC(5) aer 24 hours. Various synthesis techniques,
such as in situ synthesis, immobilization, impregnation, acti-
vation, and co-precipitation, have previously been employed to
produce activated carbon with high Cs+ adsorption capabilities.
However, the current study demonstrates superior performance
in Cs-137 adsorption, highlighting its strong potential for
practical application in wastewater treatment.

Inuence of pH on the Cs-137 adsorption

The point of zero charge (pHpzc) is the pH at which the surface
of a material carries no net electrical charge, indicating
a balance between positive and negative surface charges. As
shown in Fig. 9a, the pHpzc values for CuHCF, CuHCF/CRAC(0),
CuHCF/CRAC(1), and CuHCF/CRAC(5) were approximately 5,
5.5, 7, and 7, respectively. The increase in pHpzc with higher
KMnO4 concentrations is attributed to the oxidation-induced
functionalization of the carbon surface.14 Below the pHpzc, the
adsorbent surface is positively charged, while above this point,
it becomes negatively charged.95

The acidic or alkaline nature of radioactive wastewater
necessitates evaluating the inuence of pH on Cs+ ion adsorp-
tion.96,97 As shown in Fig. 9b, the removal efficiency of Cs-137 by
CuHCF/CRAC composites was investigated across a pH range of 3
to 12. The results indicate that the maximum removal efficiency
Fig. 9 (a) pHpzc and (b) effect of pH on the Cs-137 adsorption of
CuHCF/CRAC composites.

Fig. 11 Effect of initial Cs-137 concentration on its removal efficiency
using CuHCF/CRAC(5) composites over 24 hours.

6226 | RSC Adv., 2026, 16, 6217–6232
of CuHCF, CuHCF/CRAC(0), CuHCF/CRAC(1), and CuHCF/
CRAC(5) is realized at the pH of 7, 9, 9, and 9, respectively.
This enhancement is attributed to electrostatic interactions
Fig. 12 The possible adsorption mechanism for Cs-137 adsorption
onto CuHCF/CRAC composites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between the positively charged Cs+ ions and the negatively
charged adsorbent surface at pH values above the pHpzc.91,98

Inuence of dosage on the Cs-137 adsorption

Fig. 10 illustrates the effect of adsorbent dosage on Cs-137
removal using CuHCF/CRAC(5) composites, tested at varying
amounts of 0.025, 0.05, 0.075, and 0.10 g. The experiments were
conducted in 10 mL of Cs-137 solution with an initial activity of
10 000 Bq L−1 over adsorption period of 24 hours. The results
Table 5 The value parameters of adsorption kinetic models for Cs-137

Sample Qe (exp) (10
−7)

Pseudo-rst-order

k1 (10
4) Qe (10

CuHCF 6.01 12.07 148.66
CRAC(0) 3.89 4.86 6.46
CRAC(1) 5.43 16.58 16.87
CRAC(5) 5.00 5.25 9.34
CuHCF/CRAC(0) 6.01 16.51 14.10
CuHCF/CRAC(1) 6.03 6.01 265.09
CuHCF/CRAC(5) 6.06 7.00 415.43

a Note: exp denotes the experiment.

Fig. 13 (a) The linear pseudo-first-order kinetic model and (b) the
linear pseudo-second-order kinetic model of all samples for Cs-137
adsorption.

© 2026 The Author(s). Published by the Royal Society of Chemistry
indicate that complete removal of Cs-137 was achieved at an
adsorbent dosage of 0.10 g aer 24 hours. This enhanced
removal efficiency is attributed to the increased number of
active sites available at higher adsorbent masses, which facili-
tates more effective binding of cesium ions. In essence, as the
adsorbent dosage increases, the surface area and number of
adsorption sites become sufficient to accommodate all Cs ions
present in the solution.84,85

Inuence of initial concentration on the Cs-137 adsorption

The effect of initial Cs-137 concentration on its adsorption by
CuHCF/CRAC(5) composites was examined using 0.05 g of
adsorbent in 10.0 mL of Cs-137 solution, with initial concentra-
tions of 3,388, 6,800, 10 015, 16 800, 20 800, and 27 030 Bq L−1.
The adsorption experiments were conducted over 24 hours. As
shown in Fig. 11, both the removal efficiency and adsorption
capacity decreased with increasing initial Cs-137 concentration.
This trend is attributed to the saturation of active sites on the
adsorbent surface at higher concentrations, where the number of
available adsorption sites becomes insufficient to bind all Cs ions
present. In other words, the limited quantity of active sites
restricts cesium uptake when the solution concentration is high.85

Adsorption mechanism

The adsorption of Cs+ onto the CuHCF/CRAC composite
adsorbent involves a combination of mechanisms, contributing
to its enhanced removal efficiency. Fig. 12 shows the possible
adsorption mechanism of Cs-137 onto the CuHCF/CRAC
composites. The CRAC surface contains negatively charged
functional groups, such as hydroxyl, carbonyl, and carboxyl/
carboxylate. Additionally, the CuHCF contains carboxylate
(–COO−), cyanide (–C^N), and carbonyl (–C]O) groups.
Adsorption mechanisms of Cs+ removal is primarily driven by
the followed:37,38,91,98–101

� Electrostatic interaction: the Cs+ ion is attracted to the
negatively charged surface groups of the material.

� Ion exchange: the Cs+ ion exchanges with H+ or other
cations bound to the surface.

� Surface complexation: the Cs+ ion forms complexes with
the functional groups.

� Coordination interaction: the formation of coordination
bonds between Cs+ and electron-donating atoms.
removala

Pseudo-second-order

6) R2 k2 (10
−4) Qe (10

−7) R2

0.9547 55.20 6.05 1
0.9952 2.60 4.24 0.9987
0.9072 6.24 5.85 0.9999
0.8967 3.84 5.12 0.9991
0.9814 5.44 6.10 1
0.9208 115.13 6.08 1
0.9311 187.23 6.08 1
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� Physisorption: the preliminary adsorption of Cs+ ions onto
the surface.

� p–p interaction: a non-covalent contact occurring between
aromatic rings and p-electron clouds.

These mechanisms work synergistically to enhance Cs+

removal efficiency, especially when the adsorbent is engineered
with high surface area, tailored porosity, and abundant func-
tional groups.
Adsorption kinetics

The adsorption kinetics of Cs-137 removal were investigated to
elucidate the underlying adsorption mechanisms on the
surfaces of all synthesized samples. To analyze the experimental
data, both the pseudo-rst-order and pseudo-second-order
kinetic models were applied. These models are commonly
used to describe the rate and nature of adsorption processes.
The kinetic parameters were determined by tting the experi-
mental data to the respective equations, eqn (8) for the pseudo-
rst-order model and eqn (9) for the pseudo-second-order
model. This approach enabled a comparative evaluation of
the adsorption behavior and provided insights into the domi-
nant kinetic mechanisms governing Cs-137 uptake by the
adsorbents.102

logðQe �QtÞ ¼ logðQeÞ �
�

k1

2:303

�
(8)

t

Qt

¼ 1

k2Qe
2
þ t

Qe

(9)

where Qe is the equilibrium adsorption capacity (mg g−1), Qt is
the adsorption capacity at time (mg g−1), t is time (min), k1 is the
rate constants for the pseudo-rst-order kinetic model (min−1),
and k2 is the rate constants for the pseudo-second-order kinetic
model (g mg−1 min−1). Fig. 13a and b present the kinetic tting
of the pseudo-rst-order and pseudo-second-order models for
Cs-137 adsorption onto CRAC, CuHCF, and CuHCF/CRAC
composites, respectively. The k1, k2, Qe, and determination
coefficient (R2) for all adsorbents were calculated from the
slopes and intercepts of the linear plots, as summarized in
Table 5. The R2 values of the pseudo-second-order kinetic model
were closer to 1 than those of the pseudo-rst-order kinetic
model. The results demonstrate that the pseudo-second-order
model offers a superior match for these adsorbents, indi-
cating that chemisorption is the predominant process for Cs-
137 adsorption.103,104
Fig. 14 (a) Langmuir adsorption isotherm, (b) Freundlich adsorption
isotherm, and (c) Temkin adsorption isotherm of all samples for Cs-137
adsorption.
Adsorption isotherms

The adsorption equilibrium of Cs-137 was assessed utilizing the
Langmuir, Freundlich, and Temkin isotherms. Fig. 14 illus-
trates the linearized graphs of the isotherms for Cs-137
adsorption onto CRAC, CuHCF, and CuHCF/CRAC compos-
ites. The isotherm parameters obtained from the tting of each
model are presented in Table 6.

The Langmuir isotherm model assumes that adsorption is
conned to a monolayer over a homogeneous surface with
a nite number of identical sites, devoid of interactions among
6228 | RSC Adv., 2026, 16, 6217–6232
adsorbed molecules.18,105 The Langmuir adsorption isotherm
model is represented by the subsequent equation:

Ce

Qe

¼ 1

KLqm
þ Ce

Qm

(10)

where Ce is the concentration of adsorbate solution (mg L−1), Qe

is the equilibrium adsorption capacity of absorbate (mg g−1), KL

is the Langmuir isotherm equilibrium constant (L g−1), and Qm

is the maximum adsorption capacity of absorbate (mg g−1).
Fig. 14a presents the linearized Langmuir adsorption isotherm,
plotted as Ce/Qe versus Ce. The low coefficients of determination
(R2) values obtained for all adsorbents, indicated that the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Value parameters of the Langmuir, Freundlich, and Temkin adsorption isotherms

Sample

Langmuir Freundlich Temkin

KL (L mg−1) Qm (mg g−1) R2 KF (L mg−1) n (L mg−1) R2 KT (L mg−1) B R2

CuHCF 4.12 43.86 0.8661 2.40 1.23 0.9990 61.76 5.53 0.9259
CRAC(0) 162.60 59.52 0.8807 7.38 1.07 0.9979 3.10 3.95 0.9647
CRAC(1) 71.71 97.09 0.7080 2.12 1.07 0.9984 8.51 5.48 0.9414
CRAC(5) 63.43 56.82 0.9123 5.28 1.11 0.9985 6.04 4.88 0.9526
CuHCF/CRAC(0) 6.79 40.16 0.9523 3.93 1.23 0.9998 34.45 5.34 0.9457
CuHCF/CRAC(1) 0.36 31.35 0.9409 8.21 1.32 0.9996 52.58 4.98 0.9434
CuHCF/CRAC(5) 0.57 18.15 0.9320 342.29 2.02 0.9962 301.40 3.30 0.9326
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Langmuir isotherm did not adequately describe the adsorption
behavior of Cs-137 on the tested adsorbents. This suggests that
the adsorption behavior of Cs-137 does not follow the
assumptions of monolayer adsorption on a homogeneous
surface proposed by the Langmuir isotherm.

The Freundlich adsorption isotherm was commonly applied
to describe adsorption processes on heterogeneous surfaces and
to account for multilayer adsorption. As an empirical model, it
assumes that adsorption occurs on sites with varying affinities
and that the adsorption capacity increases with the equilibrium
concentration of the adsorbate.18,105 The Freundlich adsorption
isotherm model was expressed by the following equation:

log Qe ¼ log KF þ 1

n
log Ce (11)

where KF was the Freundlich equilibrium constant (Lmg−1), which
reects the adsorption capacity of the adsorbent and n indicates
the adsorption intensity or surface heterogeneity. The linear form
of the Freundlich isotherm was illustrated by plotting logQe versus
logCe, as displayed in Fig. 14b. The R2 values derived from the
Freundlich isotherm plots were 0.9962 for CuHCF/CRAC(5), 0.9996
for CuHCF/CRAC(1), 0.9998 for CuHCF/CRAC(0), 0.9990 for
CuHCF, 0.9985 for CRAC(5), 0.9984 for CRAC(1), and 0.9979 for
CRAC(0). The ndings reveal a signicant correlation nearing 1,
implying that these adsorbents align more closely with the
Freundlich isotherm model rather than the Langmuir isotherm
model. This nding indicates that the adsorption of Cs-137 onto
CRAC, CuHCF, and CuHCF/CRAC composites occurs through
multilayer adsorption on heterogeneous surfaces.
Fig. 15 Reusability study of the CuHCF/CRAC(5) composites on Cs-
137 adsorption.

© 2026 The Author(s). Published by the Royal Society of Chemistry
The Temkin adsorption isothermmodel effectively describes
the interactions between the adsorbent and the adsorbate
during the adsorption process. Unlike other models, the Tem-
kin isotherm accounts for indirect interactions among adsor-
bed species, which inuence the adsorption behavior. Which
the heat of adsorption decreases linearly with increasing
surface coverage due to adsorbate and adsorbate interac-
tions.18,105 The Temkin adsorption isotherm model was
expressed by the following equation:

Qe = B lnKT + B lnCe (12)

where B is the related to binding energy, and KT is the equi-
librium binding constant corresponding to the maximum
binding energy. The binding energy can be calculated using the
following eqn (13).

B ¼ RT

bT
(13)

where R is the universal gas constant, T is the absolute temper-
ature, and bT is the Temkin adsorption isotherm constant. The
Temkin adsorption isotherm was plotted as Qe versus lnCe, as
shown in Fig. 14c. The results showed that the Cs-137 adsorption
did not follow the Temkin adsorption isotherm model. It indi-
cated that the interaction between adsorbent and adsorbed
species also exists during adsorption process.

Reusability of CuHCF/CRAC composites

The reusability and long-term adsorption performance of the
CuHCF/CRAC(5) composites were investigated through succes-
sive adsorption–regeneration cycles. Initially, the composite
was applied for Cs-137 adsorption and subsequently regene-
rated by acid treatment with 0.1 M HCl. The regenerated
material was then reused for Cs ion adsorption at an initial
activity concentration of 10 000 Bq L−1. As shown in Fig. 15, the
CuHCF/CRAC(5) composites maintained consistently high Cs-
137 removal efficiencies over ve consecutive cycles, achieving
removal percentages of 99.06%, 98.80%, 98.10%, 97.79%, and
97.06% from the rst to the h cycle, respectively.

Conclusions

This study successfully developed a high-efficiency composite
adsorbent, copper hexacyanoferrate supported on activated
carbon derived from cassava rhizomes (CuHCF/CRAC), for the
RSC Adv., 2026, 16, 6217–6232 | 6229
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removal of radioactive cesium-137 (Cs-137) from contaminated
wastewater. The preparation method, which involved treating
the cassava rhizome with potassium permanganate (KMnO4) via
a hydrothermal carbonization process, was crucial for
enhancing the support matrix. The composite containing the
optimized amount of 5% w/w KMnO4 (CuHCF/CRAC(5)) ach-
ieved the highest adsorption capability, demonstrating
a remarkable Cs-137 removal efficiency exceeding 99% from
real wastewater (at 10 000 Bq L−1). This signicant improve-
ment in adsorption was primarily attributed to the oxidative
modication introduced by the KMnO4 treatment, which
provided more accessible surface sites and enhanced structural
features on the bio-based activated carbon support, thereby
facilitatingmore efficient capture of cesium ions by the selective
CuHCF nanoparticles. The sustained Cs ion removal efficiency
of CuHCF/CRAC(5) aer multiple adsorption–regeneration
cycles conrm its high reusability and practical potential for
repeated application in radioactive Cs-137 remediation. The
CuHCF/CRAC composites is conrmed to be an efficient, bio-
based adsorbent for the removal of radioactive Cs-137 from
contaminated wastewater, making it a promising and cost-
effective material for application in diverse environmental
and industrial contexts.
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