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aracterization of magnetic
carbonaceous materials from bamboo waste and
investigation of their adsorption capability for
cesium ions

Fumihiko Ogata,a Noriaki Nagai,a Taiki Ogawa,a Yugo Uematsu,a

Chalermpong Saenjum,bc Shigeharu Taneid and Naohito Kawasaki *ae

In this work, we prepared a series of magnetic carbonaceousmaterials (CB200F, CB400F, CB600F, CB800F, and

CB1000) fromwaste bamboo (RB) for the removal of cesium ions fromwater. Physicochemical properties such as

pHpzc, specific surface area, and surface functional groups of the prepared adsorbents were evaluated and their

cesium ion adsorption capabilitywas also assessed. Consequently, the amount of cesium ions adsorbedwas in the

following order: CB1000F <RB <CB200F <CB800F <CB600F <CB400F. Additionally, the solid–liquid separation

ability of the prepared adsorbent after adsorption was evaluated. The results showed that CB400F, CB600F, and

CB800F could be easily separated from the sample solution with the action of the magnetic field under our

experimental conditions. Moreover, the effect of parameters, including contact time, adsorption temperature,

and pH, on the adsorption of cesium ions was studied. The adsorption of cesium ions was rapid, and the

equilibrium was reached within 10 min for CB400F. The adsorption capacity decreased with increasing

adsorption temperatures (45 °C < 25 °C < 7 °C), and the optimal pH for removing cesium ions was

approximately 10. Finally, the selectivity of cesium ion adsorption using CB400F was assessed; anions including

chloride ions, sulfate ions, and nitrate ions did not interfere with the adsorption of cesium ions by CB400F.

These results provide valuable information regarding the adsorption of cesium ions using the CB400F from

aqueous media. The suggested treatment in this study significantly contributes to the development of

recycling technology for biomass waste and/or purification of wastewater containing cesium ions.
Sustainability spotlight

In 2015, all member states of the United Nations embraced the sustainable development goals as a component of the 2030 agenda for sustainable development.
This signies that diverse initiatives have been implemented to establish a comprehensive 15 year strategy to attain these objectives. Particularly, goal 6 and goal
12 aim to develop efficient recycling technologies for establishing a sustainable society and reducing waste globally. Therefore, we focused on both the recycling
technology of waste biomass bamboo (raw bamboo, RB) and wastewater purication to prevent clogging in adsorption treatment with adsorbent to establish
a sustainable society and reduce global waste.
1 Introduction

In Japan, the Fukushima Daiichi Nuclear Power Plant accident
occurred in 2011 and it led to widespread radiation release.
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Thus, it aroused the attention of many researchers towards
nding a swi and sustainable technology for the decontami-
nation of the radioactivity in the surrounding environment.1–3

The accident was one of the worst nuclear accidents in nuclear
history due to the release of certain nuclides, notably cesium,
such as 137Cs and 134Cs, into the water environment. The 137Cs
level in Japan was approximately 1–2 × 10−3 Bq L−1 before
2011.4 However, aer 2011 in Japan, the levels of 137Cs and 134Cs
increased to approximately 1.5× 1013 Bq L−1 and approximately
1.8 × 1013 Bq L−1.5 These isotopes are beta and gamma emis-
sion nuclides with a half-life of approximately 2 and 30 years,
respectively. Cesium nuclides have the potential to enter and
accumulate within the human body through the consumption
of contaminated food and/or drinking water.6–9 Consequently,
these can contribute to the development of various diseases
RSC Sustainability, 2024, 2, 2005–2014 | 2005
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including thyroid cancer.10 In addition, cesium nuclides can
crush the biological cells of many organs and affect severe
genetic disorders.11–13 The release of cesium nuclides into the
water environment also resulted in soil contamination and
restricted the advancement of agriculture and animal
tillage.14–18 Therefore, according to the regulations of the
International Atomic Energy Agency, low-rate radioactive
wastewaters are dened as solutions with total radioactivity
below 4.0 × 106 Bq L−1.19

Various treatments have been proposed to prevent the
spread of radionuclides in the biosphere, especially in water
environments, such as membrane separation, evaporation,
adsorption, reverse osmosis, ion exchange, precipitation, and
ltration.19 Among these treatments, adsorption is an easy,
inexpensive, and more effective method, which is generally
selected to adsorb radioactive waste from water
environments.20–23

Furthermore, in 2015, all member states of the United
Nations embraced the sustainable development goals as
a component of the 2030 agenda for sustainable development.
This signies that diverse initiatives have been implemented to
establish a comprehensive 15 year strategy to attain these
objectives. Particularly, Goal 6 (clean water and sanitation) and
Goal 12 (responsible consumption and production) aim to
develop efficient recycling technologies for establishing
a sustainable society and reducing waste globally.24 One of these
technologies changes waste biomass into valuable material,
such as an adsorbent. In previous literature, activated charcoal,
including various modied activated carbons, was prepared
from waste biomass, and its characteristics and adsorption
capability of cesium ions from the aqueous phase were
evaluated.25–28

Bamboo is abundant in nature and is a renewable waste
biomass, mostly found in Southeast Asian countries, including
Thailand. A previous study reported that the physicochemical
treatment of bamboo materials can enhance the adsorption
capability of the adsorbate.29,30 Additionally, the calcination of
bamboo has gained attention as an adsorbent due to its
enrichment with a microporous structure and higher surface
area.31 In a separate study, another researcher reported a simple
separation method toward the use of magnetically activated
carbon for preventing clogging in the water purication
process.32,33 Therefore, we focused on both the recycling tech-
nology of waste biomass bamboo (raw bamboo, RB) and
wastewater purication to prevent clogging during the adsorp-
tion treatment with the adsorbent to establish a sustainable
society and reduce global waste.

Based on the current understanding, there is a lack of
research on the utilization of magnetically-activated charcoal
derived from waste biomass bamboo as an adsorbent for
removing cesium ions, despite its signicant potential. There-
fore, the magnetically activated charcoal was prepared from RB,
and its characteristics including pHpzc, specic surface area,
and surface functional groups were investigated. Additionally,
the adsorption capability of cesium ions from aqueous solution
under several experimental conditions such as contact time,
adsorption temperature, solution pH, and the effect of
2006 | RSC Sustainability, 2024, 2, 2005–2014
coexistences using the prepared adsorbent was also addressed
in detail. Finally, the obtained results in this study contribute to
the development of recycling technology for biomass waste and/
or purication of wastewater containing cesium ions.
2 Experimental section
2.1 Materials

RB was obtained from Thailand. Cesium standard solution
(CsCl in water), hydrochloric acid (HCl), sodium hydroxide
(NaOH), and iron(III) nitrate nonahydrate (Fe(NO3)3$9H2O) were
supplied from FUJIFILM Wako Pure Chemical Co., Ltd (Japan).
Potassium chloride, sodium chloride, sodium sulfate, and
sodium nitrate were also purchased from FUJIFILM Wako Pure
Chemical Ind., Ltd (Special grade reagent, Japan).

Calcined bamboo treated with iron(III) nitrate nonahydrate at
different temperatures was prepared using the following
method: RB and iron(III) nitrate nonahydrate were mixed at an
RB/Fe(NO3)3$9H2O mass ratio of 1 : 1.5 in a crucible. Then, the
mixtures were calcined at 200 °C, 400 °C, 600 °C, 800 °C, or
1000 °C for 2 h by KDF S-80 instrument (Denken-Highdental
Co., Ltd, Japan) and the calcination temperature was held for
2 h, and then, the obtained materials were naturally cooled in
this study; the samples were labeled as CB200F, CB400F,
CB600F, CB800F, and CB1000F, respectively.
2.2 Characteristics of raw bamboo (RB) and prepared
samples

The physical and chemical characteristics of both RB and the
prepared samples were evaluated using the following methods:
Scanning Electron Microscope (SEM) images were acquired
using an SU1510 instrument from Hitachi High-Technologies
Co., Ltd, Japan. Fourier-transform infrared (FT-IR) spectros-
copy was also measured using an FT-IR-460Plus spectrometer
(JASCO, Co., Japan). The specic surface area was determined
using a NOVA4200e instrument (Yuasa Ionics, Japan). The point
of zero charge (pHpzc) and surface functional groups, including
acidic or basic functional groups, were also determined
following the methods as detailed in prior studies by Faria
et al.34,35 and Boehm's titration method,36,37 respectively. Finally,
X-ray diffraction (XRD) patterns of CB400F and Fe3O4 were
measured using a MiniFlex II instrument (Rigaku, Japan).
2.3 Adsorption capacity of cesium ions

In this study, an initial screening experiment was carried out to
evaluate the adsorption capacity of cesium ions using RB and
prepared samples. Cesium ion solution (50 mg L−1, 50 mL) and
each adsorbent (0.05 g) were mixed and reacted at 100 rpm for
24 h at 25 °C. Aer the completion of the reaction, the solution
was ltered through a 0.45 mm membrane lter. The equilib-
rium concentration of cesium ions was subsequently quantied
using an inductively coupled plasma optical emission spec-
trometer (iCAP-7600 Duo, Thermo Fisher Scientic Inc., Japan).
Finally, the quantity of cesium ions adsorbed was calculated by
the differences between initial and equilibrium concentrations.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4 Changes in the adsorption capacity of cesium ions under
several experimental conditions

The assessment of adsorption isotherms was conducted as
follows: cesium ions solutions at different concentrations
(10 mg L−1, 20 mg L−1, 30 mg L−1, 40 mg L−1, or 50 mg L−1, 50
mL) were mixed with 0.05 g of CB400F and then reacted at
100 rpm for 24 h at 7 °C, 25 °C, and 45 °C. For analyzing
adsorption isotherm models, typically, Langmuir (eqn (1)) and
Freundlich (eqn (2)) isotherms were chosen.38,39 The following
equation presents the linearized expression of Langmuir's
isotherm model:

1/q = 1/(qmaxKLCe) + 1/qmax (1)

where q is the quantity of cesium ions adsorbed (mg g−1), qmax is
the maximum quantity adsorbed (mg g−1), Ce is the equilibrium
concentration (mg L−1), and KL is the Langmuir isotherm
constant (binding energy) (L mg−1).

Moreover, the linear form of Freundlich's isothermmodel is:

log q ¼ log Ce þ log KF (2)

where KF and 1/n are the adsorption capacity and strength of
adsorption, respectively.

Next, the effect of contact time on the adsorption of cesium
ions was measured; cesium ion solution at 50 mg L−1 (50 mL)
and CB400F of 0.05 g was mixed and reacted at 100 rpm for
10 min, 1 h, 6 h, 9 h, 15 h, 18 h, 21 h, and 24 h at 25 °C.
Adsorption kinetics were assessed by the pseudo-rst-order
(PFOM, eqn (3)) and pseudo-second-order kinetic models
(PSOM, eqn (4)).40,41

ln(qe − qt) = ln qe − k1t (3)

t

qt
¼ t

qe
þ 1

k2 � qe2
(4)

where qe (mg g−1) is the quantity of the adsorbed cesium ions at
equilibrium, qt (mg g−1) is the quantity of cesium ions adsorbed
at time t, k1 (h

−1) is the overall constant in the pseudo-rst-order
model, and k2 (g mg−1 h−1) is the pseudo-second-order
adsorption constant.

Finally, 50 mg L−1 cesium ion solution at different pH (pH 2,
4, 6, 8, 10, or 12 and 50mL) and CB400F of 0.05 g was mixed and
reacted at 100 rpm for 24 h at 25 °C. The quantity of the
adsorbed cesium ions was calculated using the method
described in Section 2.3. Moreover, electron probe microanal-
ysis was performed both before and aer the adsorption of
cesium ions using a JXA-8530F microanalyzer (JEOL, Japan).

2.5 Effect of coexistences on the adsorption characteristics
of cesium ions

In order to investigate the adsorption selectivity of cesium ions
in an aqueous phase, a complex solution system (50 mL) was
prepared by adding 0.05 g of CB400F. Potassium (potassium
chloride) and sodium (sodium chloride) ions were used as the
interfering cations. Meanwhile, chloride (sodium chloride),
sulfate (sodium sulfate), and nitrate (sodium nitrate) ions were
used as anions in this study. The initial concentration of each
© 2024 The Author(s). Published by the Royal Society of Chemistry
anion and cations was set at 50 mg L−1. The binary solution
systems (cesium ion + cation or anion) were shaken for 24 h at
100 rpm and 25 °C. Aer the adsorption, the sample solution
underwent separation through a 0.45 mm membrane lter. The
concentration of each cation was measured using the iCAP-7600
Duo instrument, while the concentration of each anion was
measured using a DIONEX ICS-900 (Thermo Fisher Scientic
Inc., Tokyo, Japan) following the previously reported experi-
mental conditions.42
2.6 Recycling performance of CB400F for removal of cesium
ions

To elucidate the recycling performance of CB400F, the
adsorption/desorption capability of cesium ions was demon-
strated. First, 100 mg L−1 cesium ion solution (50 mL) and
CB400F of 0.1 g were mixed and reacted at 100 rpm for 24 h at
25 °C. The quantity of cesium ions adsorbed was also calculated
using the method described in Section 2.3. Aer adsorption,
CB400F was collected, dried at 50 °C, and used for desorption
experiments. The desorption experiments were performed
according to the following methods. Collected CB400F (0.05 g)
was mixed with a desorption solution such as distilled water,
1 mmol L−1 sodium hydroxide solution, or 1 mmol L−1 hydro-
chloric acid solution (50 mL). The reaction solution was shaken
at 100 rpm for 24 h at 25 °C. Aer desorption, the solution was
then ltered through a 0.45 mmmembrane lter. Subsequently,
the concentration of cesium ions was measured using the iCAP-
7600 Duo instrument. The desorption capacity was calculated
using the equilibrium concentrations.
3 Results and discussion
3.1 Characteristics of RB and magnetic carbonaceous
material (CB) adsorbents

The SEM images of RB and the prepared CB samples are pre-
sented in Fig. 1. The RB surface exhibited a dense and con-
stricted morphology; compared to CB samples, the number of
pores on the CB surface increased with increasing calcination
temperatures. In particular, the CB400F, CB600F, and CB800F
models were composed of porous material with a rougher
surface and looser structure. Furthermore, in Fig. 2, the FT-IR
spectra of the prepared samples are presented. Some CB
samples showed a broad and intense band within the range of
3200–3600 cm−1 due to the presence of free and hydrogen-
bonded OH stretching vibrations. Additionally, a prominent
peak in the spectral range of 1500–1700 cm−1 was observed,
indicating the presence of C–O carbonyl stretching vibrations.
In Table 1, the pHpzc, specic surface area, and the amount of
acid or basic functional groups of CB samples are presented.
The value of pHpzc increased from 5.4 to 9.7 with increasing
calcination temperatures, and a similar trend was observed in
the value of specic surface area. Furthermore, the values of
CB400F, CB600F, and CB800F were greater than those of other
samples. Finally, the amount of acid or basic functional groups
of RB was 0 or 0.81 mmol g−1, respectively, and the amount of
basic functional groups decreased with increasing calcination
RSC Sustainability, 2024, 2, 2005–2014 | 2007
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Fig. 1 SEM images of the prepared samples.

Fig. 2 FT-IR spectra of the prepared samples.

Fig. 3 Adsorption capacity of cesium ions. Initial concentration:
50 mg L−1, sample volume: 50 mL, adsorbent: 0.05 g, temperature:
25 °C, contact time: 24 h, 100 rpm.
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View Article Online
temperatures. These changes were consistent with the results of
FT-IRs.

3.2 Amount of cesium ions adsorbed using RB and CB
samples

Fig. 3 shows the adsorption capacity of cesium ions. Under our
experimental conditions, the amount adsorbed followed this
order: CB1000F (0.08 mg g−1) exhibited the lowest adsorption,
followed by RB (0.1 mg g−1), CB200F (0.4 mg g−1), CB800F
(0.8 mg g−1), CB600F (10.1 mg g−1), and CB400F (12.8 mg g−1).
The characteristics of both RB and CB samples suggest that the
specic surface area plays a signicant role in enhancing the
Table 1 Characteristics of the prepared samples

Samples RB CB200F

pHpzc 5.4 5.1
Specic surface area (m2 g−1) 3.3 14.0
Amount of acid functional groups (mmol
g−1)

0 0

Amount of basic functional groups
(mmol g−1)

0.81 0.87

2008 | RSC Sustainability, 2024, 2, 2005–2014
adsorption capacity of cesium ions in the aqueous phase.
Nevertheless, additional research is imperative to comprehen-
sively understand the adsorption mechanism of cesium ions
when employing these prepared samples. Recently, some
studies have focused on a separation method toward the use of
magnetic carbon for preventing clogging during the water
purication process.32,33 Thus, the efficiency of solid–liquid
separation using CB samples was evaluated in this study. Fig. 4
shows the effective separation of CB400F, CB600F, and CB800F
from the sample solution due to the action of the magnetic
eld, suggesting the potential utility of prepared CB samples in
water purication for solid–liquid separation. In addition, the
existence of Fe3O4 in CB400F was measured by XRD patterns
(Fig. 5). As a result, the peaks of Fe3O4 were clearly detected in
CB400F. Therefore, CB400F showed the efficiency of solid–
liquid separation under our experimental conditions. These
data support the abovementioned results and discussion.
3.3 Effect of contact time on the adsorption of cesium ions
using CB400F

The time course for the adsorption of cesium ions is shown in
Fig. 6, it indicates a rapid adsorption rate with equilibrium
achieved within 10 min for CB400F. This rapid cesium ion
adsorption can be explained by the availability of active sites on
the adsorbent surface, which indicates that rapid initial
adsorption (within 9 h) was likely due to the outer surface
binding, while slower adsorption (aer 9 h) was likely due to
inner surface binding.43,44
CB400F CB600F CB800F CB1000F

7.8 8.8 9.9 9.7
50.6 50.5 56.9 24.1
0.10 0.07 0.13 0.02

0.83 0.08 0.11 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photographs of sample solutions after adsorption.

Fig. 5 XRD patterns of CB400F and Fe3O4.

Fig. 6 Time course of adsorption of cesium ions. Initial concentration:
50 mg L−1, sample volume: 50 mL, adsorbent: 0.05 g, temperature:
25 °C, contact time: 10 min, 1 h, 6 h, 9 h, 15 h, 18 h, 21 h, and 24 h,
100 rpm.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 2
:3

8:
39

 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
Additionally, PFOM and PSOM were used to comprehend the
adsorption mechanism of cesium ions. Among the two applied
kinetic models, the PFOM model appears unsuitable for
describing the adsorption of cesium ions with CB400F (Table 2).
According to this model, the correlation coefficient was not high
(0.752), and the theoretical value of adsorption at equilibrium
© 2024 The Author(s). Published by the Royal Society of Chemistry
(12.8 mg g−1) is signicantly different from the experimental
value (2.8 mg g−1). In contrast, under our experimental condi-
tions, the PSOM exhibits a higher correlation coefficient of
0.992. Additionally, the adsorption capacity of cesium ions ob-
tained from this kinetic model is closely aligned with the
experimental value (12.6 mg g−1). Therefore, these results
indicate that the pseudo-second-order adsorption mechanism
could explain the adsorption of cesium ions by CB400F.

3.4 Effect of initial concentration and temperature on the
adsorption of cesium ions using CB400F

Fig. 7 shows the adsorption isotherms of cesium ions at
different temperatures. The amount adsorbed increased with
decreasing adsorption temperatures (45 °C < 25 °C < 7 °C).
These results demonstrate that the adsorption process of
cesium ions is exothermic. The adsorption isotherms parame-
ters are presented in Table 3; the data clearly show that the
Langmuir model (correlation coefficient: 0.906 to 0.929) is more
appropriate than the Freundlich model (correlation coefficient:
0.752 to 0.939) for the adsorption of cesium ions. Moreover, the
Langmuir adsorption isotherm proves to be a valuable tool for
calculating the maximum quantity of cesium ion adsorption.
The maximum amount quantity (qmas) increased with
decreasing adsorption temperatures [45 °C (11.0 mg g−1) < 7 °C
(20.7 mg g−1)]; these phenomena showed similar trends in the
adsorption isotherms (Fig. 6). Finally, cesium ions were easily
adsorbed onto the CB400F surface when 1/n was in the 0.1–0.5
range.45 Conversely, when 1/n was >2, cesium ions did not easily
adsorb onto the surface of CB400F. In this study, the value of 1/n
was 0.4–0.8, indicating that cesium ions were easily adsorbed
onto CB400F under our experimental conditions.

To further conrm the adsorption of cesium ions onto
CB400F surface, the elemental distribution of cesium (Cs) onto
CB400F before and aer the adsorption was evaluated (Fig. 8).
Based on the results, the amount of cesium (Cs) increased aer
the adsorption treatment. This indicates that cesium ions were
adsorbed onto the CB400F surface and supports the adsorption
phenomenon mentioned above in this experiment.

Finally, many studies have successfully been able to remove
cesium ions from the aqueous phase using various types of
biomass adsorbents,46–51 and these were compared with this
study (Table 4). This demonstrated that CB400F exhibited
superior performance in removing cesium ions from the
aqueous phase (except for nitric acid-modied bamboo char-
coal and Mucilaginous seeds of Ocimum basulicum).

3.5 Effect of pH on the adsorption of cesium ions using
CB400F

Fig. 9 shows the adsorption capacity of cesium ions at different
pH conditions. The study found that higher cesium ion adsorp-
tion was achieved at pH 10 compared to other pH conditions, and
adsorption was seriously interrupted at lower pH (<4). There are
two underlying reasons contributing to this phenomenon: the
competition of H3O

+ with cesium ions, as well as the electrostatic
repulsion between cesium ions and the positively charged surface
of CB400F (the value of pHpzc is 7.8). Similar adsorption
RSC Sustainability, 2024, 2, 2005–2014 | 2009
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Table 2 Fitting results of kinetic data using PFOM and PSOM

Sample qe,exp (mg g−1)

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

K1 (h
−1) qe,cal (mg g−1) R2 K2 (mg g−1 h−1) qe,cal (mg g−1) R2

CB400F 12.8 0.07 2.8 0.752 0.08 12.6 0.992

Fig. 7 Adsorption isotherms of cesium ions at different temperatures.
Initial concentration: 10–50 mg L−1, sample volume: 50 mL, adsor-
bent: 0.05 g, temperature: 7 ( ), 25 ( ), and 45 ( ) °C, contact time:
24 h, 100 rpm.

Fig. 8 Elemental distributions of cesium (Cs) before and after
adsorption. Initial concentration: 50 mg L−1, sample volume: 50 mL,
adsorbent: 0.05 g, temperature: 25 °C, contact time: 24 h, 100 rpm.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 2
:3

8:
39

 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
mechanisms have already been reported in previous studies.52,53

Conversely, it is assumed that under basic conditions, the
adsorption of cesium ions was also signicantly inuenced
under an alkaline state (>10), possibly due to the formation of
cesium hydroxide. Furthermore, the presence of negative ions in
cesium hydroxide (Cs(OH)2

−) might increase an electrostatic
repulsion among hydroxide ions or the negatively charged
surface of CB400F, inhibiting cesium ion adsorption.53,54

3.6 Effect of coexistences on the adsorption of cesium ions

Fig. 10 shows the effect of coexistence on the adsorption of
cesium ions. The amount of adsorbed cesium ions onto CB400F
in a single solution system was 12.8 mg g−1, while the amount
adsorbed in a cation complex solution system clearly decreased.
Furthermore, the amount of cesium ions adsorbed in an anion
complex solution system was signicantly unchanged
compared to the single solution system. These phenomena
indicate that anions, including chloride ions, sulfate ions, and
nitrate ions, have a limited impact on the adsorption capacity of
cesium ions using CB400F. Consequently, CB400F exhibits
Table 3 Fitting results of isotherm data using Freundlich and Langmuir

Sample Temperature (°C)

Langmuir isotherm model

KL (L mg−1) qmax

CB400F 5 5.3 20.7
25 26.6 21.1
45 10.8 11.0

2010 | RSC Sustainability, 2024, 2, 2005–2014
potential utility as an effective adsorbent for the removal of
cesium ions from aqueous solutions.

3.7 Cesium ions adsorption/desorption capacity of CB400F

CB400F's capacity for desorption of the adsorbed cesium ions was
assessed using various desorption solutions such as distilled
water, 1 mmol L−1 sodium hydroxide solution, or 1 mmol L−1

hydrochloric acid solution. The desorption percentages of cesium
ions from CB400F using distilled water, 1 mmol L−1 sodium
hydroxide solution, or 1 mmol L−1 hydrochloric acid solution
were 0%, 48.5%, or 0%, respectively. The optimal pH condition
for the removal of cesium ions was approximately 10 in Section
3.5. Therefore, adsorbed cesium ions were easily desorbed under
acidic conditions. The results show that hydrochloric acid solu-
tion is the suitable solution for the desorption of cesium ions
from CB400F under the explored experimental conditions.

3.8 Adsorption mechanism of cesium ions using CB400F

Previous studies have reported the adsorption mechanism
between an adsorbent and heavy metal in detail.55,56 Therefore,
models

Freundlich isotherm model

(mg g−1) R2 log KF 1/n R2

0.929 0.1 0.8 0.870
0.906 0.03 0.7 0.939
0.908 0.3 0.4 0.752

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the adsorption capacity of cesium ions with other reported adsorbents

Adsorbents
Adsorption capability
(mg g−1) pH

Temperature
(°C)

Initial concentration
(mg L−1)

Contact time
(h)

Adsorbent
(g L−1) References

Coal and chitosan 3.0 — Ambient 3.9 24 5–10 46
Coconut shell-activated carbon 0.76 7.3–10.0 — 10–30 24 0.67–3.3 47
Bamboo charcoal 0.17 4.0 20 100 6 1.0 48
Nitric acid-modied bamboo charcoal 45.87 4.0 20 100 6 1.0 48
Brewery's waste biomass 10.1 4.0 30 1064 3 2 49
Pre-treated arca shell biomass 3.93 1–7 20 � 2 10–500 0.17–7 0.1–15.0 50
Mucilaginous seeds of
Ocimum basulicum

160 — 28 10 000 2 25 51

CB400F 12.8 — 25 50 24 1.0 This study

Fig. 9 Adsorption capacity of cesium ions at different pH conditions.
Initial concentration: 50 mg L−1, sample volume: 50 mL, adsorbent:
0.05 g, temperature: 25 °C, contact time: 24 h, 100 rpm.

Fig. 10 Effect of coexistence on the adsorption of cesium ions. Initial
concentration: 50 mg L−1, sample volume: 50 mL, adsorbent: 0.05 g,
temperature: 25 °C, contact time: 24 h, 100 rpm.

Fig. 11 The schematic mechanism of cesium ions adsorption using
CB400F.
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we briey summarized the schematic mechanism of cesium
ions adsorption using CB400F (Fig. 11). The adsorption mech-
anisms can mainly be divided into two processes in this study.
One is cesium ions are adsorbed by the CB400F surface due to
the surface area and/or surface charge (physisorption). Another
is electrostatic attraction occurring between the surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
functional groups and cesium ions (chemisorption). However,
further studies are necessary to elucidate the adsorption
mechanism of cesium ions in detail using CB400F.
4. Conclusions

In this study, magnetic carbonaceous materials derived from
waste bamboo were prepared, and the ndings demonstrate
that the adsorption capability of cesium ions using CB400F
(12.8 mg g−1) was higher compared to other prepared adsor-
bents (0.08–10.1 mg g−1). Additionally, CB400 exhibited supe-
rior performance in achieving solid–liquid separation during
water purication. The optimization of the factors, including
contact time (within 10 min), temperature (45 °C < 25 °C < 7 °C),
and pH (approximately 10), on cesium ion adsorption using
CB400 was determined. In addition, the adsorption process
followed the pseudo-second-order model (correlation coeffi-
cient: 0.992). The experimental adsorption data are well-tted
by the Langmuir model (correlation coefficient: 0.906–0.929)
compared to the Freundlich model (correlation coefficient:
0.752–0.939). To conrm the adsorption of cesium ions onto the
CB400F surface, the elemental distribution of Cs onto the
CB400 surface was evaluated before and aer the adsorption
treatment. The intensity of Cs was observed to exhibit an
RSC Sustainability, 2024, 2, 2005–2014 | 2011
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increase following the adsorption process in comparison to its
initial state. Finally, anions, including chloride ions, sulfate
ions, and nitrate ions, exhibited limited inuence on the
adsorption capacity of cesium ions using CB400F. Conse-
quently, CB400F demonstrates promise as a valuable adsorbent
for the removal of cesium ions from aqueous solutions.
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