¢/ Desalination and Water Treatment 314 (2023) 185-198
December
www.deswater.com

() doi: 10.5004/dwt.2023.30117

Removal of cesium by batch and fixed bed column methods using a new
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ABSTRACT

A novel type of ion exchanger polymer nanocomposite was achieved and applied for the removal
of Cs" ions from aqueous media. The ion exchanger polymer nanocomposite was prepared based
on natural polymer with some chemical modification. The reaction was followed by three steps to
prepare the ion exchanger, the first step including the preparation of O-carboxymethyl chitosan
(O-CMC), while the second step is the formation of copper potassium hexacyanoferrates nanoparti-
cles (CuKHCEF). Finally, the prepared CuKHCF was introducing through polymer matrix of O-CMC
to obtain CuKHCF/O-CMC. By Fourier-transform infrared spectroscopy, the composition of the pre-
pared compounds was elucidated. The surface morphology of nanoparticles of CuKHCF and ion
exchanger was reported by scanning electron microscopy. Also, transmission electron microscopy
was used to report the morphology. Also, the thermal stability was studied using thermogravimetric
analysis. A sorption behavior of the ion exchanger toward removal of Cs* ions from aqueous media
was studied at different solution pH, different initial concentration of Cs* ions, time that Cs* ions
contact with ion exchanger and temperature of solution through batch experiments. From obtained
results, the highest capacity was 1.71 mmol/g for Cs"ions at initial concentration 10 mmol/L and shak-
ing time 2 h at temperature 25°C. By studying the adsorption isotherms and the kinetics, Langmuir
model and pseudo-second-order were fitted with this process. Through the data obtained thermo-
dynamic parameters, the nature of sorption process is spontaneous and also endothermic. Also, the
sorption process was also achieved by column technique. At pH 7 and an initial concentration of
4 mmolL, the impact of bed depth and flow rate on the adsorption properties of the composite was
investigated. Models of Thomas and Yoon-Nelson were employed to assess the performance of the
column adsorption. Additionally, it has been shown that 2.0 M KCI may successfully desorb loaded
Cs". Lastly, the synthetic composite was applied successfully five times.
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1. Introduction

The nuclear sector is expanding quickly in response
to the world’s rising energy needs, but this also raises the
issue of how to adequately deal with radioactive waste.
Through the fission of *U in nuclear waste, '¥Cs is created
as radioactive elements. ¥’Cs radioactive is characterized
through long a half-life of around 30.17 y and with a highly
thermal fission nuclide [1,2]. High biological toxicity, great
migratory ability, and solubility are all characteristics of
¥7Cs*. Some organisms were damaged such as liver, cen-
tral nervous system and kidneys through the bioaccumu-
lation of ®’Cs" in soft tissues after it penetrates the human
body [3]. Additionally, ¥"Cs is extensively utilized in the
domains of agriculture, industry, and medicine [4-6]. In
order to get rid of these problems causing for human health
and environment, it is crucial to efficiently extract and
recover radio cesium from radioactive wastewater. Due to
it is easily to transfer and effect of other interfering ions,
the effective extraction of '¥Cs" from complex solutions
continues to be a significant issue.

Cs* ions can be removed from aqueous solutions differ-
ent techniques such as coprecipitation [7], solvent extraction
[8], reverse osmosis [9], adsorption process [10] and ion
exchange [11].

One of the materials which are characterized by high
selectivity and good efficient for Cs* sorption in aqueous
media is the transition metal hexacyanoferrates (MHCFs)
[12]. Due to the similarity between lattice spacing of MHCFs
with hydrated Cs* ion size (3.25 A), this increase the ability
of MHCFs for removing Cs* ion [13,14]. A fine powder shape
MHCFs caused problem observed in using for the removal
Cs*, which is the difficulty of removing these particles from
water by filtration or centrifugation; so, introducing these
particles in supporting polymeric materials is necessary.
MHCFs can be introduced through carboxymethyl cellulose
[15,16], polyvinyl alcohol [17-20], alginate [21] or chitosan
[22,23] as supporting materials. The introducing of MHCF
nanoparticles in polymer matrix was supported by pres-
ence of functional groups. Such polymer is chitosan, which
have some advantages such as cost-effectiveness, availability,
and multifunctional groups for desalination by ion adsorp-
tion [24-26]. The low mechanical properties and low acidic
stability of pure chitosan decrease the ability for using in
a real adsorption process [27-30]. To overcome this defect,
the crosslinking process of chitosan is necessary [31]. This
crosslinking decrease the active sites and the adsorption
nature of the chitosan, which decrease the number amino
groups.

In this research, a novel type of ion exchanger nano-
composite based on introducing of copper potassium hexa-
cyanoferrate (CuKHCF) nanoparticles in O-carboxymethyl
chitosan (O-CMC) as polymer matrix was achieved and
applied for removal of Cs from aqueous media. The ion
exchanger polymer nanocomposite was obtained based
on natural polymer with some chemical modification. By
Fourier-transform infrared spectroscopy (FTIR), the compo-
sition of the prepared compounds was elucidated, whereas
the surface morphology of nanoparticles of CuKHCF and
ion exchanger was reported by scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM).

Also, the thermal behavior was studied by thermogravi-
metric analysis (TGA). The adsorption behavior of the pre-
pared ion exchanger toward Cs' ions in aqueous media was
studied through batch experiments and column techniques.

2. Synthesis and characterization techniques
2.1. Chemicals

From Merck (India), chitosan was obtained with degree of
acetylation was 0.25. Monochloroacetic acid and isopropanol
were supplied from Sigma-Aldrich (United States). Chloride
of nickel (NiClL-6H,O), sulfate of copper (CuSO,-5H,0),
potassium hexacyanoferrate (K ,Fe(CN)-3H,O) and NaOH
were obtained from Alfa Aesar (China). Cesium chlo-
ride (CsCl), which is non-radioactive and was acquired
from Alfa Aesar (China), was substituted for ¥’Cs due to
its chemical similarities. Without additional purification,
all compounds were used.

2.2. Synthesis

2.2.1. Synthesis of the nanoparticles of copper
hexacyanoferrate

Nanoparticles from CuKHCF was prepared as follows:
a solution of CuSO,-5H,O (10 wt.%) was added dropwise
with stirring into a solution of K,Fe(CN),-3H,O (10 wt.%).
Dropwise the solution of polyvinyl alcohol (PVA) (6% in
100 mL of distilled water) to the above solution and then
left for stirring for 24 h in room temperature. Fine powder
of CuKHCF nanoparticles was filtered and distilled water
was used in washing and then CuKHCF nanoparticles
were dried in room temperature.

2.2.2. Synthesis of O-carboxymethyl chitosan

O-CMC was synthesized by mixing 10 g chitosan (Cs)
in a solution of NaOH (13.5 g in 25 mL distilled water) and
100 mL isopropanol and then left for stirring for 1 h at 30°C.
After 1 h, chloroacetic acid solution (15 g in 20 mL of iso-
propanol) was added dropwise to mixture and the reaction
was stopped by addition of 200 mL of 95% ethyl alcohol.
O-CMC was filtrated and dried at temperature 50°C.

2.2.3. Synthesis of CukKHCF/O-CMC nanocomposite

CuKHCF/O-CMC nanocomposite was obtained through
the dissolving of 2 g of O-CMC in 100 mL distilled water
and then mixed with a solution of 3 g CuKHCF in 100 mL
distilled water with continuous stirring for 24 h. Then solu-
tion of NiCl, was added with stirring for 3 h. Stand the reac-
tion to 3 days. Finally, the nanocomposite was taken out,
with washing by water and at room temperature it dried.

2.3. Adsorption of cesium ions by batch method

For the studies, the tests were carried out with 0.1 g
of CuKHCF/O-CMC nanocomposite in 100 mL of cesium
solution and shake in shaker controlled at 250 rpm at room
temperature except studies at various temperatures. After
equilibrium, CuKHCF/O-CMC was removed from cesium
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solutions after adsorption experiments using a centrifuge.
Hitachi Atomic Absorption Z-6100 Polarized Zeeman (United
Kingdom) is used for detecting the remaining cesium ion
concentrations in solutions were determined by. The pH of
solutions was controlled through using a few drops of HCI
or NaOH. By using Eq. (1) [32], the capacity (q,) (mmol/g)
for the sorption process at equilibrium can be calculated.

(C,-C. )V
=" ¢/ 1
q W @
where C, and C, (mmol/L) are the concentrations of Cs*
at initial and equilibrium, respectively. V' (L) is volume
taken from Cs solution in experiment. The weight of ion
exchanger is expressed through W (g).

2.4. Cesium adsorption using fixed-bed column technique

As a way to create a uniform and tightly packed bed,
CuKHCF/O-CMC was added to a glass column of 12 mm and
length of 20 cm and used in a continuous adsorption exper-
iment. A breakthrough curve was employed to explain the
performance of fixed bed column and was used to represent
standard concentration, which represents the ratio of effluent
metal concentration to influent metal concentration (C,_,/C ) vs.
time (t), which C_; and C, represent the cesium ions from the
effluent and influent concentrations (mmol/L), respectively.
Adsorption tests at various bed heights (0.8, 1.6, and 2.4 cm),
4 mmol/L individual metal ion concentration, pH 7, and ambi-
ent temperature were performed in order to optimize the col-
umn dynamic. At a constant bed depth of 1.6 cm, the effect
of flow rate (1.0 and 3 mL/min) was investigated. To elimi-
nate air bubbles and clean the adsorbent, sufficient deionized
water was used to wash the column initially in an up-flow
mode. A peristaltic pump (Pump Drive 5101, Heidolph,
Schwabach, Germany) was used to measure the flow rate.
The atomic absorption spectroscopy was employed to calcu-
late the concentration of residual metal ions in the effluent.
The region beneath the graph of adsorbed ions concentration
(C,,) (mmol/L) vs. time (min) was employed to illustrate the
total quantity of metal ions adsorbed (g, ., mmoL) [33,34].
Given by Eq. (2) was the mass transfer zone (At) [34].

At=t —t, @

where t, represents the breakthrough time and ¢, represents
the bed exhaustion time.

Eq. (8) was used to determine the mass transfer zone’s
length, Z [34].

Z = 2[1 _?] ®)

e

where Z denotes the height of the bed in centimeters. From
Eq. (4), the total column adsorption capacity (q,,.) [34]
was determined.

t=t,

FA _ F total

=2 - [ (c,)dt 4
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where A represents the region beneath the plot’s break-
through curve between C , (C, = C, - C_) vs. time (f),
t.. (min) represents the total flow time, and F (mL/min)
is the volumetric rate of flow in mL/min, which might be
derived using a division of the effluent volume (V, mL)
by the total duration (f , min). Eq. (5) determines the

volumetric flow rate F [34].

1%
F:t—eff 5)

total
Eq. (6) was used to get the capacity for equilibrium
adsorption (q,,,,,,) (mmol/g) [34].

exp)
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where W is the O-CMC-CuKFe(CN), total dry weight, g.
Eq. (7) was employed to determine the total quantity of
metal ions provided to the column, m,, (mmoL) [34].
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According to Eq. (8) [34], the total percentage removal
R (%) of Cs* has been given.

R(%) =Tt 100 ®)

mlolal

2.5. Regeneration of columns

During the elution method, 300 mL of a 2.0 M KCl solu-
tion were employed as the eluent and were passed down a
glass column at 5 mL/min flow rate. Following every single
adsorption-desorption cycle, the O-CMC-CuKFe(CN), com-
posite was painstakingly cleaned using deionized water once
again in order to regenerate subsequent studies. Again, the
column supplied using an influent solution under the fol-
lowing experimental circumstances: starting pH is 7, flow
is 1 mL/min, and the bed height is 1.6 cm with a concen-
tration of 4 mmol/L. Adsorption—-desorption experiments
including 5 cycles were performed to evaluate the O-CMC-
CuKFe(CN), composite’s reusability.

2.6. Characterization techniques

In the KBr phase, FTIR for CuKHCF nanoparticles,
O-CMCs and CuKHCF/O-CMCs were identified (Shimadzu
8201 PC). The TGA studies for CuKHCF/O-CMCs were
investigated in a dynamic atmosphere of nitrogen through
SDT Q600 V20.9 Build 20, USA. The CuKHCF and CuKHCF/
O-CMCs morphology was reported using a Quanta FEG
scanning electron microscope-energy-dispersive X-ray spec-
troscopy (SEM-EDX), USA. Also, CuKHCF morphology and
particle size were estimated through TEM (JEOL JEM-1230
TEM, USA). X-ray diffraction (XRD) of CuKHCF nanopar-
ticles and CuKHCF/O-CMCs composite were investigated
with a Diano X-ray Diffractometer (Germany).
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3. Results and discussion
3.1. Synthesis of CukKHCF/O-CMC nanocomposite

Fig. 1 shows that the ion exchanger polymer nanocom-
posite (CuKHCF/O-CMC) was prepared based on natural
polymer with some chemical modification. The reaction
followed by three steps to prepare the ion exchanger, the
first step including the formation of O-CMC, the second
step is the formation copper potassium hexacyanoferrates
nanoparticles (CuKHCF) and finally the prepared CuKHCF
was incorporated through polymer matrix of O-CMC to
obtain CuKHCF/O-CMC. Fig. 2 showed the ion exchange
process between potassium and cesium ions.

3.2. Characterization
3.2.1. FTIR spectra of the prepared materials

The spectra of FTIR of O-CMC, CuKHCF nanoparti-
cles and CuKHCF/O-CMC nanocomposite are shown in
Fig. 3a—c. For O-CMC Fig. 3a shows absorption band at
1,630 cm™ for carbonyl group (C=O) present in carboxyl
methyl group, C-H bend appeared at 1,417 cm™, oxygen
bridge stretch at 1,144 cm™ and band at 1,064 cm™ for C-O
stretch. Fig. 3b shows CuKHCF nanoparticles spectrum,
which strong peak at 2,079 cm™ for the C=N group and the
Fe-C stretching appeared at region of 476-593 cm™. Fig. 3c
exhibits the spectrum of CuKHCF/O-CMC nanocomposite,
two strong peaks at 1,627 cm™ for C=O group in carboxyl
methyl group and 2,097 cm™ for the C=N similar to appear
in O-CMC and in CuKHCF nanoparticles, respectively.
From the presence of these bands proved the introducing of
CuKHCEF nanoparticles into O-CMC.
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3.2.2. Morphological studies

The morphology for CuKHCF nanoparticles and
also particle size were reported through studying by
SEM and TEM. Fig. 4a and b show the nanoscale of the
obtained CuKHCF (10-50 nm), which also the cubic shape
was observed. Through SEM images, the morphology of
CuKHCF/O-CMC nanocomposite was observed in two cases
(before and after treatment with Cs solution) (Fig. 5a and c).
Before treatment with cesium solution, there is uniformly
distributed of CuKHCF nanoparticles through O-CMC
(Fig. 5a). After treatment of nanocomposite with cesium
solution, the surface becomes brighter due to the uniformly
distributed of cesium ions after ion exchange with potassium
ions (Fig. 5c). By EDX spectrum analysis, the mechanism
of exchange between Cs ions and K* ions can be proved.
Fig. 5b and d show the EDX spectra of CukKHCF/O-CMC
nanocomposite before and after treatment with cesium solu-
tion, respectively. The percentage of K ions in CukKHCF/O-
CMC nanocomposite before treatment with cesium solution
can be estimated through spectrum in Fig. 5b, whereas this
percentage decreased in CuKHCF/O-CMC nanocompos-
ite after adsorption of Cs* ions and new peak related to Cs
ions appeared (Fig. 5d). The decrease in percentage in K*
ions and appearing peak for Cs* ions proved ion exchange
mechanism between K' ions found in nanocomposite and
Cs'ions found in aqueous media.

3.2.3. X-ray diffraction

XRD for CuKHCF nanoparticles and CuKHCF/O-CMC
nanocomposite are shown in Fig. 6a—c. Fig. 6a shows XRD for
CuKHCF nanoparticles, which showed peaks at 20 of 17.5°,

CH,OCH,COONa* CH,0CH,COO Na*

CH20(I)-| CH,OH Py
0 CICH,COOH 0
OH @) OH OH @) OH
NaOH
NH2 NH2 NH2 NH2
Cs 0-CMCs
1- CUKHCF
2- NiCI2
NH, NH,
OH o) OH
o) o)
CH,OCH,CO0 CH,OCH,COO
Ni CuKHCI Ni
o o
CH,OCH,COO CH,0CH,COO
o] o)
OH o) OH
NH, NH,

Fig. 1. Synthesis of ion exchanger polymer nanocomposite (CuKHCF/O-CMC).
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Fig. 3. Fourier-transform infrared spectroscopy for (a) O-CMC, (b) CuKHCF nanoparticles and (c) CukHCF/O-CMC nanocomposite.

24.9°, 35.9°, 40.1°, 44.2°, and 51.1° according Miller indexes  for O-CMC, which showed peaks at 20 of 15.78, 20.15, 27.77,
of (200), (220), (400), (420), (424), and (440), respectively [35]  33.01, 37.19, 45.50, 56.53 and 66.28. Fig. 6¢c shows the XRD
due to cubic crystal structure of CuUKHCF. Fig. 6b shows XRD  patterns for prepared nanocomposite (CuKHCF/O-CMC),
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(b)

Fig. 4. (a) Scanning electron microscopy and (b) transmission electron microscopy of CukHCF nanoparticles.
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Fig. 5. Scanning electron microscopy-energy-dispersive X-ray spectroscopy for CukKHCF/O-CMC nanocomposite before and after

cesium adsorption.

which having the same peaks that appear in Fig. 6a and
b for CuKHCF and O-CMC. So, the XRD confirms the
introducing of CuKHCEF into the prepared O-CMC.

3.2.4. Thermal studies

The degradation stages of O-CMC and nanocompos-
ite were investigated as through TGA (Fig. 7). For O-CMC

(Fig. 7a), three decomposition stages were observed. The first
one is related to the loss of water and started at 41.95°C to
176.67°C. The second stage starts at 179.45°C-325.10°C and
the third step at 325.01°C-965.90°C. Second and the third
stages related to decomposition of polysaccharide main
chain through breaking glycosidic bonds (C-O-C) in addi-
tion to volatile product undergoes evaporation and elim-
ination [36]. Fig. 7b shows that the decomposition steps of
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Fig. 6. X-ray diffraction for (a) CuKHCF nanoparticles,
(b) O-CMC and (c) CuKHCF/O-CMC nanocomposite.

CuKHCF/O-CMC nanocomposite were achieved at tempera-
tures higher than O-CMC. Which first stage was achieved in
range of 42.16°C-203.85°C, while the second stage shifted
to 201.82°C—413°C and the third step at 413.46-966.84.
This shifting in temperatures confirmed the introducing of
CuKHCF in O-CMC matrix that showed change in thermal
properties in addition to increase the stability of prepared
nanocomposite.

Also, differential thermogravimetric analysis (DTG)
curves for O-CMC and nanocomposite were studied. For
O-CMC (Fig. 7a), three peaks were observed. The first peak
at 173°C, which is assigned to water loss found in crystal lat-
tice. The second and third peaks are due to decomposition
of polysaccharide main chain through breaking glycosidic
bonds (C-O-C) in addition to volatile product undergoes
evaporation and elimination, which occurs at 321°C and
501°C, respectively. Also, in DTG for nanocomposite (Fig. 7b),
three peaks are shown but these peaks are shifted to higher
temperatures at 204°C for first peak, 414°C for second peak
and 649°C for third peak than appeared in DTG for O-CMC.
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Fig. 7. Thermogravimetric analysis for (a) O-CMC and (b) CuKH-
CF/O-CMC nanocomposite.

3.3. Uptake of cesium ion using batch technique
3.3.1. Effect of pH of Cs solution

pH of Cs solutions has a great effect in the nature of
sorption process, so it is necessary to study this factor. The
experiments were carried out through fixed the amount of
nanocomposite (0.1 g), volume of cesium solution (100 mL) of
constant concentration (3 mmol/L) in addition to the shaking
time (2 h) at 25°C. But solutions of different pH (2.5-11) were
used. The results obtained from experiments showed that
at the pH increase, the sorption capacity increased until the
highest value at pH 7 and begin to decrease at basic media
(Fig. 8). Atlow pH, low adsorption capacities obtained which
this is may be due to the competition that occurred between
Cs* and H* ions or the dissolution of CuKHCF/O-CMC
nanocomposite in acidic media [32]. Also, results revealed
that in basic media the capacity decreased. One of the fol-
lowing reasons can explain this observation: one of them
is due to generation neutral Cs(OH) or Cs(OH),. Cesium
in both forms has less affinity than positive form (Cs*) [37].
Another reason is partially decomposition of CuKHCF
from the surface of composite in basic medium [38,39].

3.3.2. Influence of the initial Cs concentration on sorption
behavior of CuKHCF/O-CMC nanocomposite

Different concentrations of Cs* ions were treated with
CuKHCF/O-CMC nanocomposite to study the sorption
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behavior of Cs onto nanocomposite. All experiments were
investigated by fixing pH 7, shaking time 2 h and tempera-
ture 25°C but only initial concentration of cesium is changed
(1-14 mmol/L). Fig. 9 shows that the capacity enhanced
with increasing in initial concentration of Cs ions until it
remains constant at initial concentration 12 mmol/L. The
optimum concentration of Cs ions was 10 mmol/L, which it
recorded adsorption capacity 1.71 mmol/g.

3.3.2.1. Adsorption isotherm

The mechanism of sorption of Cs ions onto nanocom-
posite can be reported through three isotherm models. First
model is Langmuir, which can be expressed by Eq. (9) [40]:

g = & + L 9)
qe Qmax KQmax

where C, (mmol/L) is the equilibrium concentration of Cs
and g, (mmol/g) is the calculated capacity obtained from
Eq. (1). Q,, (mmol/g) is the obtained maximum capacity
from slope and K (mmol™) is constant of Langmuir. The
parameters obtained from Eq. (9) are collected in Table 1.
R, is one of essential characteristic for Langmuir model that
obtained from the Eq. (10):

R, = !
1+KC,

(10)

where K is Langmuir constant and C; is initial Cs concen-
tration (mmol/L). The isotherm shape can be explained
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Fig. 8. Influence of pH of cesium solution on sorption behavior
of CuKHCF/O-CMC nanocomposite.

according to values of R,. If the value of R, is more than
one, the sorption process is unfavorable. If R, value equal
to zero or one, this process is irreversible [32]. But this pro-
cess becomes favorable in case of values of R, lie between
zero and one. Another important isotherm model namely
Freundlich which assume that the process of sorption is
heterogeneous. Eq. (11) can be used to express the Freundlich
model [41]:

logg=NlogC, +logK, (11)

where K, (mmol/g) and N were pointed to Freundlich con-
stants. Temkin model can be represented by Eq. (12) [42]:

g=BInK, +BInC, (12)

where K, (L/g) and B (J/mol) are constants of equilib-
rium binding and adsorption heat, respectively. From
data obtained from Fig. 10 and collected in Table 1 for all
isotherms models, Langmuir with correlation coefficient
R? = 0.989 was preferred as model that can describe the
sorption behaviors of CuKHCF/O-CMC than other iso-
therm models.

3.3.3. Effect of contact time between CuKHCF/O-CMC nano-
composite with Cs* solution and equilibrium kinetic models

The capacity of Cs* ions onto CuKHCF/O-CMC nano-
composite can be studied as a function of contact time
(15-180 min). The conditions of experiments were optimized
at pH =7, Cs* concentration = 10 mmol/L, and 25°C. Fig. 11
showed that Cs* capacity onto CuKHCF/O-CMC nanocom-
posite was enhanced with increasing in contact time until
achieving an equilibrium state.

q. (mmol/g)
[y

0 T T T T T T T d
0 2 4 6 8 10 12 14 16

C, (mmol/L)

Fig. 9. Sorption behavior of different initial concentration of Cs
onto CuKHCF/O-CMC nanocomposite.

Table 1
Isotherms data for Langmuir, Freundlich, and Temkin models
Metal ion Langmuir Freundlich Temkin
c Qo K R? R, N K, R? K, B R?
S
2.006 0.485 0.989 0.129-0.508 0.327 0.793 0.968 6.068 0.406 0.955
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Fig. 11. Influence of contact time between CuKHCF/O-CMC
nanocomposite with Cs solution on sorption process.

The kinetic of sorption process of Cs' can be investi-
gated by three models, namely pseudo-first-order [Eq. (13)]
[43], pseudo-second-order [Eq. (14)] [44] and intraparticle
diffusion model [Eq. (15)] [45].

K
log(q—g )=logq—| —_ |t 13
og(q—g,)=logq [2.303j (13)
t 1 1
S|t (14)
9, K [q}
q, =Kt*” (15)

where g and g, are the capacities of Cs* (mmol/g) at equi-
librium state and at any contact time (min), respectively.
K ,. (min™)is first-order rate constant, K, (g/mmol-min) is sec-
ond-order rate constant and k,, (mmol/g-min®) is intraparti-
cle diffusion models rate constant. In this work, three models
(Fig.12) were applied to obtain some important parameters
for explaining mechanism of sorption process. From data
found in Table 2, pseudo-second-order kinetic model is fitted
with sorption of Cs onto CukKHCF/O-CMC nanocomposite.

3.3.4. Thermodynamic studies

Sorption efficiency of Cs' onto nanocomposite was
examined at different temperatures (25°C-55°C). Fig. 13
shows that the capacity of sorption of Cs' is increased with
enhancing in solution temperature, which realized that, the
endothermic nature of the process. Also, the natural of pro-
cess can be explained through three thermodynamic param-
eters namely Gibbs free energy (AG°) (kJ/mol), enthalpy
change (AH®) (kJ/mol) and entropy change (AS°) (kJ/mol),
that parameters can be estimated by using Eqs. (16) and (17):

AG?, =-RTInK, (16)
AS? AH?®
an — Sads _ ads (17)

¢ R RT

where T (K) and R (8.314 J/mol'K) are absolute tempera-
ture and universal gas constant, respectively. K, (mL/g) is
equilibrium distribution constant. K, can be calculated by
Eq. (18).



194

D.A. Fadel et al. | Desalination and Water Treatment 314 (2023) 185-198

0.2 - (a) 120 - (b)
0 4 100 A
-~ 80 -
= -0.2 - -
v o F 60 |
S -04 1 - 40 1
g -0.6 - 20 -
-0-8 L] 1 0 L] L] L] T T T 1
0 50 100 0 30 60 90 120 150 180 210
t (mins) t (mins)
27 (c)
—_
2015 -
[=]
g 14
g
&-0.5 N
0 L] L) T T T T T 1
0 2 4 6 8 10 12 14 16
t0.5

Fig. 12. Models of (a) pseudo-first-order, (b) pseudo-second-order and (c) intraparticle diffusion.

Table 2

Parameters for pseudo-first-order, pseudo-second-order and intraparticle diffusion

Metal ion Pseudo-first-order Pseudo-second-order Intraparticle diffusion
c g (mmol/g) K, (1/min) R? Q K, R? k., R?
s
1.433 0.021 0.985 2.0695 0.016 0.994 0.149 0.822
5.52 C,-C
55 Kﬁi( o C), v (18)
5.48 ¢ W
5.46 A
o 441 AH®, AS° and AG®°,, are collected in Table 3. From these
M 5.42 1 parameters, we concluded that the process is endothermic
g 553; 1 due to AH® = 5.4078 kJ/mol > 0. That is meaning that the
536 increasing in the solution temperature support the sorp-
534 tion process of Cs*. The spontaneity and randomness of
532 - this process is realized due to negative values AG® , and
53 . . . . . . \ positive value of AS®_ , respectively.
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
UT (K1) 3.4. Fixed-bed column sorption

Fig. 13. Distribution coefficient for the Cs* ions sorption onto
nanocomposite at different temperatures.

Table 3

The dynamics of sorption column operation can be
determined in large part by the timing and nature of the

Obtained parameters for thermodynamic studies of sorption Cs* ions through the synthesized nanocomposite

Metal ion -AGZ,_ (KJ/mol) AR, (kJ/mol) AS?, (kJ/mol) R?
298 K 313K 318K 323K
Cs 13.200 14.140 14.468 14.751 5.4078 0.0625 0.9962
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breakthrough. The breakthrough curves were created by
graphing C_/C vs. V. for Cs(I) sorption onto composite at
different bed depths (0.8, 1.6, and 2.4 cm). At a fixed bed
height of 1.6 cm, the impact of 1 and 3 mL/min flow rates
was investigated. A fixed concentration of Cs* solution was
prepared (C, = 4 mmol/L) where the pH was optimally
adjusted to be of 7. In Figs. 12 and 13 the breakthrough
curves are displayed. Egs. (2)—(8) were employed to calcu-
late the composite sorption capacity (g,) and removal per-
centage (R %) from the breakthrough curves. The findings
are displayed in Table 4.

3.4.1. Influence of bed height

Cs* adsorption was investigated on a continuous flow
rates of 1 mL/min in a fixed bed column, 4 mmol/L Cs* con-
centration, pH = 7, and different bed heights (0.8, 1.6, and
2.4 cm). Table 4 provides the breakthrough analyses, and
Fig. 14 displays the breakthrough curves for Cs' sorption
at various heights of the beds. After the breakthrough point
in various curves, the adsorption of Cs* persisted, and there
would be a sharp rise in C_/C, then steadily moves creating
an S-shaped curve. As indicated in Table 4, the breakthrough
time (t,) and exhaust time (t), increased when the height of

Ceff./ Co

0 100 200 300 400 500 600 700 800 900

Effluent volume (mL)

Fig. 14. Breakthrough curves for Cs* adsorption onto compos-
ite; flow rate is 1 mL/min, starting concentration is 4 mmol/L,
the operating temperature is 25°C, pH is 7 and different bed
heights (0.8, 1.6, and 2.4 cm).

Table 4

195

the bed rose. Hence, a rise in the Cs* removal percentage (R
%) was noted. This rise in removal % could be caused by the
rise in binding sites on the composite existing for adsorp-
tion. Also, it takes longer for the transfer zone to get to the
end of the column so that Cs* might have more time to come
into touch with the composite. In light of this, a bigger mass
transfer zone will arise from raising the height of the bed
as seen in Fig. 14, as the breakthrough curves will be rather
gradual. In contrast, at a fixed flow rate as the bed length
extended, Z value increased. Tripled the length of the bed
results in the overall removal percentage (R %) of Cs* went
raised by 25% because a bigger volume of Cs* solution may
receive treatment and a greater proportion will adsorb of
Cs* at longer beds (Table 4). The maximal saturation of the
all adsorbent’s active sites dose by metal ions and the wide
ending mass transfer region must be connected to the rise
in percentage removal. Additionally, the bed capacities were
enhanced from 0.96764 to 1.212 mmol/g by using a rise of
0.8 to 2.4 cm in the depth of the bed. These findings support
earlier research findings [46,47].

3.4.2. Influence of flow rate

The composite’s breakthrough curves for removing
Cs* at various flow rates of (1,3 mL/min) via a Cs* concen-
tration of 4 mmol/L, pH =7, and a column with bed height
of 1.6 cm are shown in Fig. 15. Table 4 lists the parameters
for breakthrough curves. The findings proved that raising a
flow rate ranging from 1 to 3 mL/min produced a decrease
in both the time of exhaustion (¢) and the time of break-
through (t), with a changes in the breakthrough curves
towards the low time span.

In general, when the flow rate was lower, the Cs* adsorp-
tion grew with longer times of contact. Raising the flow rate
prevents all Cs* from having ample time to pass via the pores
of the composite from the solution, resulting in a reduction
in Cs* removal. Nevertheless, rising from 1 to 3 mL/min of
flow rate results in a 7% (Table 4) reduction in the percent-
age removal of Cs* because Cs* exited the column before it
reached equilibrium. Table 4 displays how when the flow
rate raises, the capacity for adsorption at equilibrium (g,)
decreases. So, in this investigation, the 1 mL/min flow rate
with the maximum capacity for adsorption (q,) would be
utilized. In addition, with varied flow rates, Z length val-
ues are near, because may be related to the same cause
that both the time of exhaustion (f) and the time of break-
through (¢,) get shorter as flow rate rises [48].

Parameters for column data, Yoon-Nelson and Thomas model constants at various bed heights and flow rates (C, =4 mmol/L)

Variables Calculated parameters Thomas model Yoon-Nelson model
Metal F z Tl q, R% Z, q, K., R? Ko T (min) R? Tep
ion (mL/min) (cm) (mmoL) (mmol/g) (cm)  (mmol/g) (L/mmol-min) (min™) (min)
1 0.8 048382 0.96764 3456 0.7543 1.033 0.00725 0.9232 0.029 128.855 0.9232 116.87
1 1.6 114408 1.14408 55 1.2923 1.214 0.0049 0.9916 0.0196 313.857 0.9916 300.32
CsI) 1 24 181744 1212 59.784 1.7684 1.265 0.003475 09814 0.0139 47437 0.9814 475.625
1 1.6 1.14408 1.14408 55 1.2923 1.214 0.0049 0.9916 0.0196 313.857 0.9916 300.32
3 16 06115 0.6115 4777 14 0.6309 0.024525 0.9949 0.0981 52.5790 0.9949 53.333
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Fig. 15. Breakthrough curves for Cs* adsorption onto compos-
ite; starting concentration is 4 mmol/L, bed height is 1.6 cm,
pH =7 and at 25°C and different flow rates (1 and 3 mL/min).

3.4.3. Breakthrough curves models

The experimenting findings concerning the pattern
of the solute interaction were shown, as well as the break-
through curves were estimated, using a variety of models
of theory, including the models created by Yoon—Nelson as
well as Thomas [49-51].

3.4.3.1. Thomas model

As a way to find out the composite specific sorption
capacity at equilibrium and kinetic constant at various
influent flow rates as well as bed depths, this data was fit-
ted to the modeled of Thomas [52]. In order for this model
to work, it is assumed that (i) there is no axial dispersion in
the fixed bed column and (ii) this sorption process is charac-
terized by a pseudo-second-order reaction rate theory that
lowers the Langmuir isotherm at equilibrium. Eq. (19) gives
the Thomas model’s linearized form:

ln[co 1] — KThqu _ KThCO \ (19)
f

C E E eff

eff

where g, is the adsorption capacity of Cs* ion on the com-
posite in millimoles per g, K, is the Thomas rate constant
in litre per millimoles per minute, C; is the concentration
of influent single metal ions in millimoles per litre, W is the
column’s composite dosage in grammes, C, is the effluent
concentration at time ¢ in millimoles per liter, and F is the
flow rate in mL/min. To calculate the adsorbent’s maximal
capacity for adsorption and its kinetic coefficient in the
Thomas model, Eq. (19) was fitted with experimental data.
By graphing In[(C/C_,) — 1] vs. V,, the above equation was
utilized to match the experimental acquired data. The slope
and intercept were employed to determine the maximum
ion exchange capacity as well as the Thomas rate constant,
respectively. Table 4 provides these two parameters’ val-
ues. Table 4 demonstrates that the experimental g, and the
Thomas model’s g, are comparable. In addition, Table 4

demonstrates that this Cs* Thomas rate constant decreased
when the bed’s height rose and rose when the flow rate was
higher, although the value of g, reduced with a higher flow
rate and rose with a higher bed height. As may be seen,
the experimental data and theoretical results correspond
rather well.

3.4.3.2. Yoon—Nelson model

Model of Yoon—Nelson, as stated via Eq. (20), is built upon
the notion that the likelihood of adsorbate breakthrough on
the adsorbent is exactly proportional to the reduction in
adsorption for each adsorbate molecule. The Yoon-Nelson
model with linearization is given by the Eq. (20) [53]:

Ceff KYN VvV —1K

In = off
Co - Ceff F

(20)

YN

where the sampling time is t (min), the time needed for 50%
exchange breakthrough is t (min), and the Yoon-Nelson
rate constant is K, (min™). In order to calculate a rate con-
stant (K,,) and the length of time necessary to achieve 50%
adsorbate breakthrough (1) in the model of Yoon-Nelson,
Data from experiments were fitted into Eq. (20). In order
to fit the experimentally collected data, this equation was
employed by graphing In(C_/(C, — C_,)) against the efflu-
ent volume (V_,). From the slope and intercept, the Yoon-
Nelson rate constant (K,,) as well as the amount of time
needed to achieve 50% adsorbate breakthrough (1) were
calculated, respectively. In Table 4, two parameters’ values
are displayed. Data contained in Table 4 further demon-
strates that t_ and t__ are close to one another; this implies
that the experimental results from the fixed bed column fit-
ted well with the Yoon-Nelson model. It was shown that
increasing flow rate caused the rate constant K, for Cs*
from a single solution to rise, but increasing bed depth
caused it to drop. As a result of metal ions spending less
time in the adsorbent bed, it was also demonstrated that
the time needed to achieve 50% adsorbate breakthrough
for Cs* increased with bed height rather than decreasing as
the flow rate increased. Given that the model and experi-
mental results agree well. The models of Yoon—-Nelson and
Thomas were discovered to be useful for capturing all or
a particular component of continuous operations’ dynamic
behavior. As shown in Egs. (19) and (20), the linear equa-
tions for the models of Thomas and Yoon-Nelson may be
given. According to the equations, each model has iden-
tical R* values as well as a projected breakthrough curve.
The model of Thomas examines the impact of adsorption
capacity, whereas the model of Yoon-Nelson forecasts the
time needed to achieve a 50% breakthrough. These facts
aid in demonstrating the effectiveness of every model
separately.

3.5. Column regeneration

Examining the composite’s ability for regeneration
across a number of cycles is crucial from an economic per-
spective. In the current study, composite was used five times
for repeated adsorption-desorption cycles at a bed height
of 1.6 cm, a flow rate of 1 mL/min, and a Cs* concentration
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of 4 mmol/L. The composite was utilized once more in sub-
sequent sorption experiments following the elution of each
column by 2.0 M KCI. The sorption—desorption cycle find-
ings demonstrate that the composite’s adsorption capacity
was considerably influenced after five iterations of regen-
eration; after five cycles, the adsorption capacity fell from
100% to 88%. According to these findings, composite is a
long-lasting adsorbent with a strong capacity to challenge
industrial adsorbents in terms of cost viability.

4. Conclusion

An effective ion exchanger polymer nanocomposite
was achieved and used for extraction of Cs ions in aque-
ous media. The ion exchanger polymer nanocomposite was
prepared based on natural polymer with some chemical
modification. The reaction followed by three steps to pre-
pare the ion exchanger, the first step including formation of
O-carboxymethyl chitosan (O-CMC), the second step is the
formation copper potassium hexacyanoferrates nanopar-
ticles (CuKHCF) and finally the prepared CuKHCF was
incorporated through polymer matrix of O-CMC to obtain
CuKHCF/O-CMC. By FTIR, the composition of the prepared
compounds was elucidated, whereas the surface morphol-
ogy of nanoparticles of CuKHCF and ion exchanger was
reported by SEM and TEM. Also, the thermal behavior was
studied using TGA and DTG. The sorption behavior of the
prepared ion exchanger toward Cs ions in aqueous media
was investigated through batch and column technique. The
elucidated results showed that the highest capacity was
1.71 mmol/g for Cs ions with initial concentration 10 mmol/L
and shaking time 2 h at temperature 25°C. The obtained
data from isotherms and the kinetics showed that Langmuir
and pseudo-second-order are fitted with this process. Also,
thermodynamics parameters showed the endothermic and
spontaneous natural of the sorption process. The sorption
process was also achieved by column technique. Also, mod-
els of Thomas and Yoon-Nelson were employed to assess
the performance of the column adsorption. Examining the
composite’s ability for regeneration was studied through
five times for repeated adsorption-desorption cycles at
a bed height of 1.6 cm, a flow rate of 1 mL/min, and a Cs"
concentration of 4 mmol/L. The composite was utilized once
more in subsequent sorption experiments following the
elution of each column by 2.0 M KCL.
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