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A novel, facilely prepared, recyclable sodium carboxymethyl cellulose—ammonium phosphomolybdate
composite (CMC-AMP) was synthesized by chemical cross-linking and used for Cs* removal. The effects
of adsorbent dosage, pH value, initial Cs* concentration, contact time, temperature and competitive ions

on adsorption were investigated. The results showed that CMC-AMP with good mechanical properties

could effectively adsorb Cs* in a wide pH range. In addition, the adsorption process of CMC-AMP was
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better fitted with the Lagergren first-second model and Langmuir isotherm model. Furthermore, CMC-

AMP can be reused five times using ammonium chloride as the eluent without an obvious decrease in

DOI: 10.1039/c9ra09803h

rsc.li/rsc-advances adsorbent.

Introduction

Radioactive cesium (**”Cs) with a long half-life of 30.1 years and
serious gamma radiation is generally caused by nuclear power
generation, nuclear wastewater and nuclear accidents, and is an
easily diffused pollutant that can accumulate in wildlife and
humans, resulting in increasing morbidity of cancer and
genetic disordered.™* In particular, after the Fukushima nuclear
accident, there was a certain degree of diffusion of **’Cs into the
soil and seawater nearby, resulting in a severe impact on the
surrounding environment.® Therefore, it is urgent to develop
techniques for removing '*’Cs from nuclear wastewater.

At present, there are many developed methods for cesium
removal. In view of the characteristics of nuclear wastewater and
the concentration of cesium in solution, the adsorption method
is more suitable because of its low cost and easy operation.*
Currently, many adsorbents for cesium removal have been
explored, such as Prussian blue (PB),>*” montmorillonite,®°
modified carbon nanotubes,'*"* zeolites and ammonium phos-
phomolybdate (AMP)."*** Among the previously developed inor-
ganic ion adsorbents, ammonium phosphomolybdate (AMP) is
widely used as an ion exchanger because of its excellent selec-
tivity towards cesium ions.”* More importantly, AMP can be
eluted with ammonium salt after adsorbing Cs’,'® which is
beneficial for multiple recycling of the adsorbents. However, due
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absorption activity. The results reveal that CMC-AMP can be used as a low cost and recyclable Cs*

to its microcrystalline structure and fine powder morphology, it is
not suitable for direct adsorption.” Therefore, many researchers
are working on developing supporter materials for immobilizing
AMP powders, such as aluminum," polyacrylonitrile," meso-
porous silica.”® Although gratifying progress have been made,
there are still some problems in the preparation of these
immobilizing materials, such as inferior stability, cumbersome
preparation processes and so on. Therefore, the development of
robust AMP-based adsorbents with favorable adsorption perfor-
mance and facile preparation process is still desirable.

Sodium carboxymethyl cellulose (CMC) is a water-soluble
cellulose extracted from raw cellulose materials by alkalization
or acidification which has been widely used in chemical, light
industry, petroleum, food, medicine, and many other fields.>»*
CMC can form insoluble gel spheres in the presence of multi-
valent metal ions such as Fe**, Cu®" and AI**.>*?* Recently, Zong
et al. synthesized CMC-KCuFC composite microspheres with
Cu*" as a crosslinking agent, and the particles were able to
maintain high stability after separation.”* However, the
secondary pollution caused by the release of trace Prussian blue
would lead to serious threat to the water body.”” In addition,
because of the excessive affinity of PB towards Cs', the Cs'-laden
PB-based adsorbents were difficult to be regenerated and reused,
which were not benign in view of economical benefit.

In this study, a robust and recyclable CMC-AMP composite
was prepared by immobilizing ammonium phosphomolybdate
(AMP) onto sodium carboxymethyl cellulose (CMC) for cesium
removal from wastewater. The robust CMC-AMP composite
could adsorb Cs" at a wide pH range with a maximum adsorp-
tion capacity of 65.42 mg g~ '. More importantly, CMC-AMP can
be facilely reused and recycled using ammonium chloride as
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eluent for five times without significant loss in absorption
activity and selectivity. Thus, CMC-AMP could be regarded as
a potential material for *”Cs removal from wastewater.

Experiment
Materials

All reagents used in the experiments were of analytical grade
without further purification. Sodium carboxymethyl cellulose
(CMC) was purchased from Tokyo Chemical Industry Co., Ltd.
Cesium chloride was obtained from Tianjin Jinke Fine Chem-
ical Research Institute. Ammonium phosphomolybdate (AMP),
potassium chloride, sodium hydroxide, ammonium chloride,
ferric chloride and hydrochloric acid were supplied by Sino-
pharm Reagent Co. Ltd.

For safety reasons, CsCl, a non-radioactive Cs (***Cs), was
used in this experiment. 0.1267 g of cesium chloride was dis-
solved in 1000 mL of deionized water to prepare a 100 mg L™ *
Cs" solution. The original solution was diluted into different
concentration gradients of cesium chloride solution. The pH
values of the solutions were adjusted using 0.1 mol L™' NaOH
and 0.1 mol L' HCI and they were measured by a high preci-
sion pH meter (PH-7310, WTW Co., Ltd, Germany).

Preparation of CMC-AMP microspheres

CMC-AMP microspheres were prepared as shown in Fig. 1.
First, 1.5 g of AMP powder was weighed and added into 100 mL
of deionized water, and 1.5 g of CMC was added to form
a uniform yellow sol through mechanical stirring. Then, the
mixed sol was gradually dropped into a 2 wt% FeCl; clear
solution using a syringe, and yellow microspheres were formed
under stirring. The stirring was continued for 12 hours for
sufficient crosslinking. Thereafter, the microspheres were
washed with deionized water for several times. Finally, the
microspheres were dried at 45 °C for 12 hours for further use.

Characterization

FT-IR spectra were analyzed at a range of 4000-400 cm™ ", and

the cumulative scan was performed 16 times (Tensor27,

CMC-AMP

Uniform collosol

Crosslinking

Fig. 1 The preparation process of CMC—-AMP spheres.
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Germany). Surface SEM image analysis was performed on the
samples before and after desorption of CMC-AMP micro-
spheres to determine the changes in the morphology of the
samples (SEM, JSM-IT300LV, Japan). The elemental composi-
tion of the sample was measured by an energy dispersive X-ray
spectrometer (EDX, X-Max20, Oxford Instruments).

Adsorption tests

Batch adsorption tests were conducted in conical flasks con-
taining 100 mL Cs" solution and a certain mass of adsorbent. All
adsorption tests were oscillated on an adjustable temperature
water bath shaker at a constant speed of 200 rpm. At a specific
time, 2 mL of the solution sample was taken from the flasks and
the concentration of Cs" was detected by inductively coupled
plasma optical emission spectrometer (ICP-OES, Prodigy, Lee-
man Corporation, America).

The equilibrium adsorption rate (E) and adsorption capacity
(qe) of Cs" are calculated using eqn (1) and (2), respectively:

G -G
—x1 1
e x 100 1)

E(%) =
(Co—C)V

(2)

where C, and C, are the Cs* concentration at the initial and
certain adsorption time ¢, respectively; V (L) is the volume of the
solution used for the adsorption tests; m (g) is the dry weight of
the adsorbent.

In order to estimate the affinity and selectivity of the adsor-
bent for Cs*, the distribution coefficient (K,) was used, and its
formula can be expressed as follows:

(G—-C)_ V
m

Ky(mL g') = %
t

ge(mg g™) =

(3)

where C, and C, are the Cs' concentrations at the initial and
equilibrium of the solution after adsorption time ¢; V (mL) is the
volume of the adsorption solution, and m (g) is the mass of the
adsorbent.

Desorption and reusability

In this study, adsorption-desorption cycles of CMC-AMP was
performed to test the reusability of the adsorbent. The
adsorption experiment was carried out by using 100 mL of
50 mg L~ Cs* solution and a certain amount of adsorbent for
12 h. Then the Cs-containing CMC-AMP was eluted using
ammonium chloride. After this, the adsorbent was washed
several times with deionized water for the next adsorption-
desorption experiment.

Results and discussion
Characterization

The FT-IR spectrum of CMC-AMP microspheres is shown in
Fig. 2A. It can be found that the broad and strong absorption
peaks at 3430-3435 cm ' corresponded to the stretching
vibration peak of O-H. The weak absorption peak located near
2921 to 2922 cm ™' was the stretching vibration peak of the C-H

This journal is © The Royal Society of Chemistry 2020
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skeleton (mainly including -CH and -CH,) on the CMC.*® The
four sharp and strong absorption peaks at 1064.5 cm™’,
964.7 cm™ ', 866.7 cm ™', 788.2 cm ™" were characteristic peaks of
[PM0,,04,]> skeleton of Keggin structure of ammonium
phosphomolybdate,"® This indicated that the AMP was
successfully loaded on the CMC substrate. The surface features
of the CMC-AMP microspheres were explored using SEM
(Fig. 2B). As can be seen from the image, the surface of the
CMC-AMP microsphere was wrinkled, which was favorable for
adsorption. In addition, energy dispersive X-ray spectroscopy
(EDX) was used to analyze the elemental composition of the
microspheres. The result is shown in Fig. 2C indicated that the
elements of dispersion in CMC-AMP microspheres are C, N, O,
P, Mo and Fe, which further verified the successful immobili-
zation of AMP in CMC matrix.

Effect of CMC-AMP dosage on Cs" adsorption

In the adsorption process, it is important to determine the
optimum amount of adsorbent. Then, the effect of CMC-AMP
dosage on Cs" adsorption were investigated, and the result are
shown in Fig. 3. It could be seen that the adsorption efficiency
(E) increased with the increasing of CMC-AMP dosage. Mean-
while, the adsorption capacity (g.) decreased with the
increasing of CMC-AMP dosage, which may be caused by the
slower adsorption rate and limited adsorption time. Consid-
ering the E and ¢, the solid-liquid ratio of the subsequent
adsorption experiments was set as 1 g L™

Effect of solution pH on adsorption

Considering that the pH of the solution has an important effect
on adsorption. Therefore, the adsorption experiments with pH
value ranging from 2 to 10 were carried out in this experiment,
and the results are shown in Fig. 4. CMC-AMP exhibited good
stability in the range of pH 2-10. When the pH was lower than 3,
the amount of adsorption was obviously low. When pH was
larger than 4, the adsorption slightly increased with increasing

>
7

Transmittance(%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ™)

Fig. 2 Characterizations of synthesized CMC—-AMP: the FT-IR spec-
trum (A), representative SEM image (B) and EDX spectrum (C).
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Fig. 3 Effect of adsorbent dosage on Cs* adsorption by CMC-AMP.
Adsorption conditions: 100 mg L™ Cs* concentration, 24 h and 298.15
K.

pH and then decreased after pH exceeded 8. At low pH, the
charge of the CMC-AMP surface was positive, and H" and Cs"
were highly competitive for the occupancy of the active sites.
Whereas at higher pH values, the charge on the surface of CMC-
AMP will become negative, resulting in more active adsorption
for Cs". The decrease in the adsorption capacity after pH 8
attributed to the stronger ion strength.™

Effects of initial concentration of Cs* on adsorption and
adsorption isotherm

The effects of different initial Cs* concentrations on adsorption
capacity at different temperatures were investigated and the
results are shown in Fig. 5A. It could be found that the
adsorption capacity of Cs" increased with the initial concen-
tration. The reason was that at a lower initial Cs* concentration,
the amount of Cs* was insufficient, and many adsorption sites
remained unsaturated, so the adsorption capacity was low.
When the initial Cs* concentration increased, the adsorption
sites became saturated gradually and the adsorption capacity
obviously increased. In addition, at different initial Cs"
concentrations, the temperature had a positive effect on the
adsorption capacity of CMC-AMP, and the maximum adsorp-
tion capacity of Cs™ at 323.15 K in 24 h was 64.20 mg g~ .

50

Fig. 4 Effect of pH value on adsorption of Cs*. Adsorption conditions:
100 mg L=*Cs* concentration, adsorbent dose 1 g L%, 24 h and 298.15
K.
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Fig. 5 Effect of initial Cs* concentration on adsorption (A) and
adsorption isotherm model: Langmuir model (B); Freundlich model
(C). Adsorption conditions: adsorbent dose 1 g L%, pH = 7 and 24 h.

In the adsorption process, the equilibrium isotherm is
important for providing the information about adsorption
mechanism. In this study, the experimental data were pro-
cessed using the Langmuir and Freundlich models to describe
the adsorption of Cs* by CMC-AMP in equilibrium state. The
linear expressions of the Langmuir and Freundlich models are
as follows:*3°

Langmuir adsorption isotherm equation

C. 1 C.
J’_

qe B quax

qmax (4)
where g. (mg g~ ") is the amount of adsorption for Cs" at equi-
librium, C. (mg L") is the concentration of Cs* in the solution
at equilibrium; gmay is the adsorption capacity for Cs*(mg g™ %),
b is the Langmuir coefficient related to the affinity of the
binding site (L mg™").

Freundlich adsorption isotherm equation

ge = KFCelln (5)
1
Ing. =In K¢ + Zln C. (6)

where the eqn (6) is the logarithmic form of the eqn (5). Ky is the
Freundlich adsorption equilibrium constant related to the
adsorption capacity; n is a constant related to the adsorption
intensity.

The Langmuir and Freundlich constants are obtained from
the slope and intercept calculated in Fig. 5 and the calculated

B
A 40 F=0.00074x+4.4523

R*=0.99154

s
=20
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Fig. 6 Effect of contact time on adsorption (A); and kinetic models
fitting plots: pseudo-first-order (B); pseudo-second-order (C); intra-
particle diffusion (D). Adsorption conditions: 100 mg L™ Cs*
concentration, adsorbent dose 1 g L™, pH = 7 and 298.15 K.
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data is shown in Table S5.f As shown in Table S5,7 the
adsorption is more likely to follow the Langmuir model (R® >
0.9522), and the calculated maximum adsorption capacity is
72.89 mg g ' at 323.15 K. The above results indicate that the
adsorption process is a monolayer adsorption, that is, adsorp-
tion mainly occurs on the surface of the adsorbent. For the
Freundlich model, the value of n is 3.286, indicating the favor-
able adsorption process.

Effects of contact time on adsorption and adsorption kinetics

The effect of contact time on adsorption of Cs' is shown in
Fig. 6A. In general, the adsorption capacity of Cs" by CMC-AMP
increased with increasing adsorption time, and the adsorption
capacity reached 61.21 mg g~ ' when the equilibrium state was
reached. During the first 60 hours, the adsorption of Cs'
increased markedly. Then the adsorption rate decreases slightly
and finally reached equilibrium. At early stages, there are many
available adsorption sites, resulting in a fast adsorption rate. As
time increased, the free adsorption sites and the Cs" concen-
tration decreased and the adsorption rate became slower.

To further investigate the properties of kinetic adsorption
and mechanism, the most widely used kinetic model Lagergren
pseudo-first-order and pseudo-second-order was used to eval-
uate the experimental data.

Lagergren pseudo-first-order kinetic model**

In(ge — q) = In g. — kit )

where g. and g, (mg g~ ') are the amounts of Cs* absorbed at
equilibrium and time ¢, respectively; and k; represents the
pseudo-first-order constant. The values of k; and ¢g. were
calculated from the slope and intercept plotted by eqn (7) and
shown in Fig. 6B and Table S2.7

Lagergren pseudo-second-order kinetic model*

i = (L) + i [8]
@ \kq’) g

where k, (g mg™"' min~') represents the pseudo-second-order
constant. The values of k, and g. were calculated from the
slope and intercept plotted by eqn (8) and shown in Fig. 6C and
Table S3.t

Intra-particle diffusion model*

—s=50 mg-L'

=-2916.44505x+15.77245
R°=0.97843

s 100 mgL "
60 e
=150 mg'L
—a—200 mg'L"

290 295 300 305 310 315 320 325
Temperature (K)

0.0031 0.0032

I/T(KY

0.0033 0.0034

Fig. 7 Effect of temperature on adsorption (A) and thermodynamic
fitting (B). Adsorption conditions: adsorbent dose 1 g L™, pH = 7 and
24 h.
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g = kat"* + C 9)

where kgi; is the intra-particle diffusion rate constant (mg g "
min~*?), which can be expressed as the slope of the function. C
is the intercept of the function. The functional relationship
between ¢, and ¢*? is shown in Fig. 6D, and the relevant model
parameters are listed in Table S4.f

The calculation shows that the correlation coefficient of the
pseudo first-order model is higher than that of the pseudo
second-order model. Furthermore, it was found that the g, of
CMC-AMP is multi-linear for the intra-particle diffusion model
of t"> and can be divided into two phases (Fig. 6D). Stage I refers
to diffusion from the bulk solution to the surface of the
adsorbent. Stage II represents the diffusion of ions within the
microporous crystals of CMC-AMP. For the intra-particle rate
constant, kg;¢; is much higher than kq;f,, and surface diffusion is
an instantaneous diffusion phase.** Due to the larger correla-
tion coefficient, the adsorption process is more in line with
pseudo first-order model, indicating that the main adsorption
mechanism of Cs* on CMC-AMP is chemisorption.

Effects of temperature on adsorption and adsorption
thermodynamics

During the adsorption process, temperature has an important
effect on the adsorption effect by affects the diffusion rate of
ions in the solution. Thus, the adsorption of Cs" at a solution
temperature of 293.15 K to 323.15 K were carried out. As shown
in Fig. 7A, at the different initial concentration, when the
temperature increased from 293.15 K to 323.15 K, the adsorp-
tion of Cs" by CMC-AMP microspheres increased with the
increasing temperature, indicating that the adsorption process
was an endothermic reaction. However, in order to reduce
energy consumption, the other experiments were carried out at
room temperature.

In order to further explore the thermodynamic properties of
the adsorption process, enthalpy (AH°, k] mol "), entropy (AS°,
J mol™* K™'), and Gibbs free energy (AG°, k] mol™ ") were
studied in this experiment. And they are calculated by the
following equations:*®

K, (mL/g)

20 50 100 150 200
Cy (mg'LY)

Fig. 8 Effect of competing ions on Cs* adsorption by CMC—-AMP.
Adsorption conditions: Cs* concentration 100 mg L™, adsorbent dose
1gL™% pH =7 24hand298.15K.

This journal is © The Royal Society of Chemistry 2020
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AS®  AH® 1
In Kd = T — R X 7 (10)
AG® = AH" — TAS® (11)

where Ky is the equilibrium distribution coefficient, T (K) is the
thermodynamic temperature, and R is the general gas constant,
which is 8.314 ] mol ' K7, respectively.

The values of In Ky were obtained at different temperatures.
According to the results shown in Fig. 7B, the values of AH® and
AS° are calculated as 24.25 k] mol ' and 131.13 ] mol* K%,
respectively. The values of AG® at different temperatures were
calculated by eqn (11), and the thermodynamic parameters were
shown in Table S1 (see ESI).T

The value of AH® was positive in the adsorption of Cs” by CMC-
AMP, indicating that the adsorption was an endothermic process,
which was consistent with the experimental results of Fig. 7. In
addition, all AG® values were negative at temperatures from 293.15
to 323.15 K, so the adsorption process of Cs* by CMC-AMP was
thermodynamically feasible and spontaneous in nature.

Effects of competing ions on adsorption

In nuclear wastewater, the presence of alkali and alkaline earth
metal ions (e.g. Li", Na", K*, Mg®" and Ca>") affects the absorption
of Cs". Among them, K" has the greatest effect on the adsorption
of Cs" since there is a close radius between K" and Cs".>® There-
fore, in this experiment, K" was selected as the competitive ion of
Cs" to explore the adsorption selectivity of CMC-AMP. In the test
of selective adsorption, the concentrations of K* were ranged
from 20 to 200 mg L' and the concentration of Cs* was kept at
100 mg L~ ". The result in Fig. 8 showed that as the concentration
of K" increased, the adsorption efficiency and distribution coef-
ficient K4 of Cs* decreased. However, the distribution coefficients
of Cs" were always above 4 x 10?, indicating the good selectivity
of CMC-AMP for Cs'. Moreover, the adsorption in ground water
(Table S7t) further suggest the potential application of CMC-
AMP in Cs" adsorption in real water.

Desorption and reusability

After adsorption, the cesium-laden CMC-AMP (CMC-AMP-Cs)
was eluted using NH,CI as a desorption solution. Firstly, the

4 2 2 8

g (mg'p)

¥ & s

05 1 Ls 2
CNH S mol LY

Fig. 9 Effect of different concentrations of NH4Cl on the elution of
cesium from CMC-AMP (A); regeneration performance of CMC-AMP
for five consecutive times (B).
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Table 1 Comparison between synthesis mechanism, synthesis process and adsorption capacity of Cs* uptake on various AMP composite

materials

Adsorption capacity
Materials Synthesis mechanism  Synthesis conditions (mgg™ Ref.
Pure AMP — — 87.7-135.6 36
AMP/alumina Gel entrapment Heated to 95 °C 10-12 18
AMP/zirconium phosphate  Precipitation Digested at 50 °C under stirring 7.7 37
AMP/silica Cross-linked Heated to 90 °C and sol-gel for 3 days 37.63 + 0.38 38
SM-AMP20 Sequential annealing Heated to 90 °C and sequential cooling 15.48 39
AMP/silica gel Coagulation Heated to 90 °C and washed with trichloroethylene = 47.84 40
CMC-AMP Cross-linked Room temperature 65.4 This work

effect of NH,Cl concentrations on the desorption performance
was studied. It can be seen from Fig. 9A that as the concentra-
tion of NH4CI solution increased, the desorption rate of Cs"
firstly increased and then decreased. When the concentration of
NH,CI solution was 1 mol L™, the desorption rate of Cs” was
the highest, which was 93.27%. Therefore, 1 mol L™ NH,CIl
solution was selected as the eluent.

After desorption, the adsorbent was washed for several times
with deionized water for the next use. A total of 5 adsorption-
desorption cycles were performed to test the reusability and
stability of the adsorbent. Fig. 9B shows that there was almost
no decrease in adsorption capacity over multiple cycles, and
CMC-AMP remained stable during this process. This indicates
that CMC-AMP composites have good reusability in cycle
experiments, which helps to reduce the cost in application.

The CMC-AMP after five-times reused were characterized by
FT-IR, SEM and EDX to further determine their stability. The FT-
IR spectra in Fig. S1Af showed that there was no significant
change in the CMC-AMP stretching vibration peak before (a) and
after (b) desorption, indicating that the chemical structure of the
adsorbent did not change obviously after the desorption experi-
ment. The SEM image (Fig. S1Bt) shows that the surface of CMC-
AMP was slightly rougher than that before absorption. EDX
analysis showed that the signal of element cesium was clearly
observed on the surface of CMC-AMP-Cs (Fig. S1C and Table
S6t), which further suggest the affinity of CMC-AMP toward Cs".

Comparison of various adsorbents for Cs"

The adsorbents synthesized in this work were compared with the
reported materials to evaluate the performance of CMC-AMP and
the results are shown in Table 1. It was found that the CMC-AMP
developed in this study had lower reaction temperature and mild
reaction conditions than other reported AMP composites, indi-
cating that the method was cost effective and easy to be popular-
ized. In addition, the adsorption capacity of CMC-AMP was
comparable and much larger than some AMP-based composites. In
summary, CMC-AMP could be accepted as a promising adsorbent
with potential application in cesium removal from wastewater.

Conclusions

In this study, a robust and recyclable CMC-AMP composite
adsorbent was prepared for Cs* removal from aqueous solution.

6144 | RSC Adv, 2020, 10, 6139-6145

Under the optimal adsorption conditions, the maximum
adsorption capacity of the CMC-AMP could reach 64.20 mg g~ .
The composite could effectively adsorb Cs" at a wide range of
pH value and the adsorption process was found to be sponta-
neous and endothermic. The investigated adsorption processes
fit pseudo first-order model and Langmuir isotherms respec-
tively. In the presence of K*, the distribution coefficients of Cs"
were always relatively high, indicating that CMC-AMP was
highly selective for Cs’. More importantly, CMC-AMP had high
reusability and stability and could be efficiently eluted and
recovered by ammonium chloride solution, and reused for five
times without significant loss in adsorption properties. There-
fore, the CMC-AMP composite are expected to be with potential
applications in the treatment of Cs” from nuclear wastewater.
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