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a b s t r a c t
The environment is at risk from radioactive waste containing uranium ions. A nano-sized copper 
potassium hexacyanoferrate encapsulated O-carboxymethylchitosan (CuHCF/O-CMCs) matrix 
was used to extract U(VI) ions from the manufactured wastewater in this investigation. The syn-
thesized CuHCF/O-CMCs nanocomposite was prepared by methylation of chitosan to form 
O-carboxymethylchitosan (O-CMCs). The prepared nanoparticles of copper potassium hexacy-
anoferrate (CuHCF) were dispersed in the aqueous solution of O-CMCs in the presence of calcium 
chloride solution to give a CuHCF/O-CMCs nanocomposite. Fourier-transform infrared spectros-
copy, scanning electron microscopy, energy-dispersive X-ray spectroscopy, transmission electron 
microscopy, X-ray diffraction, and thermal gravimetric analysis-differential scanning calorime-
try confirmed the chemical structure of the synthesized CuHCF/O-CMCs composite. Effects of 
pH, concentration of U(VI), adsorption time, and temperature of solution on the uranium uptake 
using the batch method were investigated. The obtained results indicated that the highest value of 
removal capacity was 690 mg/g of U(VI) on the CuHCF/O-CMCs composite at pH 4, 1,000 mg/L 
U(VI), and 298 K. The isotherms, kinetic and thermodynamic parameters of the U(VI) adsorption 
were investigated. Moreover, the column method was studied for the U(VI) ions’ removal by com-
posite. The kinetics and interaction behavior of the removal process in continuous columns were 
described using theoretical models such as the Thomas model and the Yoon–Nelson model. The 
Thomas model and the Yoon–Nelson model were found to fit the experimental results well. The 
breakthrough data gave a good fit to the Thomas model. At a flow rate of 1 mL/min and a bed 
height of 2 cm, U(VI) had a maximum sorption capacity of 436.03 mg/g, corresponding to 57.11% 
uranium ion removal. The CuHCF/O-CMCs composite was eluted using 1 M HNO3 and can be used 
repetitively five times with more than 93% of initial adsorption capacity.
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1. Introduction

One naturally occurring element is uranium, found in 
soil, rocks, and aqueous sources. Uranium is produced by 
human activities such as uranium mining, nuclear power, 
phosphate fertilizers, and other industries [1,2]. Water con-
taining radioactive pollutants such as uranium is the most 
harmful waste in the different wastewater industries. As 
a result, researchers are still looking into new methods for 
removing radioactive ions from liquid waste to dispose of 
them safely [3,4]. Uranium (U) is a poisonous and radioactive 
element used in various nuclear reactors. It has detrimental 
environmental impacts and should be eliminated from radio-
active waste [5]. Eventually, uranium from nuclear industrial 
operations comes into touch with people after permeating 
the environment, contaminating water and soil, plants, and 
other living things. It causes serious diseases such as kid-
ney damage and decreased liver functionality, followed by 
some diseases. One of the most dangerous diseases caused 
by exposure to uranium is the influence on children’s bone 
development and DNA damage, leading to different can-
cer types due to uranium radioactivity [6–10]. Uranium is 
removed from aqueous solutions using a variety of tech-
niques, such as chemical precipitation [11], solvent extraction 
and membrane separation [12], ion exchange and adsorption 
[13,14], electrocoagulation [15], and biological and passive 
treatment techniques [16,17]. However, all methods have 
their limitations when trying to find a method for selectively 
and economically separating and recovering the desired 
metal from side streams and effluents. Ion exchange and 
adsorption are the most common methods for removing ura-
nium from industrial waste products and have been widely 
used [18]. Ion exchange is the most effective method of ura-
nium removal since it can remove up to 98% of the uranium 
from wastewater [19]. The adsorbent is also a popular way to 
remove uranium because of its versatility and ease of use, as 
well as the fact that it can be reused and is not harmful to the 
body. Chitosan is a naturally occurring polymer with a high 
uptake for different metal ions. It can extract uranium from 
industrial wastewater with complex chemical compositions 
and is easily regenerated [20]. Metal ions and other pollut-
ants are separated using chitosan and its derivatives [21–27]. 
Due to the simple preparation, low-cost, and high adsorption 
performance of hexacyanoferrates containing transition met-
als (MHCF) such as copper, iron, and zinc, they are used to 
remove metal ions from aqueous solutions [28]. But, some 
drawbacks are shown due to the small particle size of MHCF. 
Formation of the composite can overcome this drawback. 
The composite is prepared by encapsulating nanoparticle in 
polymer matrices [29,30]. Some of the prepared adsorbents 
include magnetic amidoxime beads [31], tetraethylenepen-
tamine-modified magnetic chitosan resin [32], chitosan [1], 
and CuO/X-zeolite-based nanocomposites [33].

In this work, nanoparticles of CuHCF encapsulated in 
O-carboxychitosan (O-CMCs) are used to remove the ura-
nium ions from aqueous solutions. Fourier-transform infra-
red spectroscopy (FT-IR), scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray 
diffraction (XRD), and thermal gravimetric analysis-differ-
ential scanning calorimetry were studied for the CuHCF/O-
CMCs composite. The adsorption mechanism may occur by 

exchanging the uranyl ions (UO2
2+) with potassium ions (K+) 

in the CuHCF in the composite and via complex chemical 
formation on the surface of the composite. The batch tech-
nique studied the adsorption of uranium onto CuHCF/O-
CMCs composite. The relationship between the adsorption 
capacity and the aqueous solution’s pH, initial concentration, 
shaking time, and solution temperature was investigated. 
Also, a variety of column experiments were conducted to 
figure out the breakthrough curves for various bed heights 
and flow rates.

2. Synthesis and characterization techniques

2.1. Materials

Chitosan with a 95.2% degree of deacetylation and poly-
vinyl alcohol (PVA) were purchased from Sigma-Aldrich, 
Germany. Copper sulfate (CuSO4·5H2O), potassium hexacy-
anoferrate (K4[Fe(CN)6]·3H2O) were purchased from Sigma-
Aldrich, Germany. U(VI) stock solution (1,000 mg/L) was 
prepared by dissolving 2.11 g of UO2(NO3)2·6H2O (Sigma-
Aldrich, Germany) in 1.0 L of 0.05 M HNO3. All other 
reagents were purchased from Aldrich and were of analyt-
ical grade.

2.2. Synthesis

2.2.1. Synthesis of O-CMCs

O-CMCs was synthesized according to Chen and Park’s 
method [34]. Chitosan (13.5 g), sodium hydroxide (13.5 g), 
distilled water (25 mL), and isopropanol (100 mL) were all 
mixed in a 300 mL flask and allowed to swell and alkalize 
for an hour while being stirred magnetically at 30°C. The 
mixture was then dropped-wise with 15 g of monochloro-
acetic acid dissolved in 20 mL of isopropanol and reacted 
for 1 h at the same temperature. By adding 200 mL of 95% 
ethyl alcohol, the reaction was stopped. Filtration was used 
to collect the solid, which was then vacuum dried at 50°C. 
The powder was collected, and its composition was studied.

2.2.2. Synthesis of nanoparticles of CuHCF

In an aqueous medium, CuHCF powder was prepared 
by reacting a solution of (CuSO4·5H2O) (10 wt.%) with a 
solution of (K4[Fe(CN)6]·3H2O) (10 wt.%) in the presence of 
PVA (6 wt.%) stabilizing agent. Drop by drop, (CuSO4·5H2O) 
was added to (K4[Fe(CN)6]·3H2O) solution, stirring con-
stantly. When the two solutions were mixed, a brown-col-
ored CuHCF precipitate appeared. PVA and residual reac-
tants were removed by ultracentrifugation and numerous 
washes with water. The precipitate was air-dried to obtain 
fine brown powder.

2.2.3. Synthesis of CuHCF/O-CMCs composite

We slowly added a solution of O-CMCs (2 g in 100 mL 
of distilled water) to a copper potassium hexacyanoferrate 
(3 g in 100 mL of distilled water) with stirring for 24 h. A 
solution of CaCl2 (200 mL of 0.2 M) was dropped with slow 
stirring for 3 h. Afterward, the composite was removed 
from the solution and rinsed with water.
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2.3. Characterization techniques

Vector 22 FT-IR Spectrometer, supplied by Bruker 
Corporation (Germany), was used to measure the FT-IR spec-
tra of the synthesized compounds. The morphology of the 
prepared compounds was observed by scanning electron 
microscope-energy-dispersive X-ray spectroscopy (SEM-
EDX), which was used to observe the surface morphology 
and particle size of the prepared CuHCF and the surface 
morphology of composite before and after adsorption of ura-
nium ions. Micrographs were obtained using a (QUANTA 
250 SEG, HOLANDA) microanalyzer microscope attached 
to EDX microanalysis system. Transmission electron micros-
copy (TEM) (JEOL [JEM-1230 Electron Microscopy]) was also 
used to determine the morphology and particle size of the 
sample. Thermal studies, including TGA were performed 
with SDT Q600 V20.5 Build 15 Thermogravimetric Analyzer. 
The test was performed in nitrogen atmosphere from room 
from 25 to 1,000°C at a heating rate of 10°C/min. The X-ray 
diffraction of CuHCF, O-CMCs, and CuHCF/O-CMCs 
composite was examined by Diano X-ray diffractometer 
using Cu Kα radiation (λ = 1.5418 Å).

2.4. Adsorption of uranium ions by batch method

The batch shaking technique was used to perform ura-
nium sorption tests, which involved shaking 0.1 g of CuHCF/
O-CMCs composite with 100 mL of aqueous uranium solu-
tion. Using a double-beam Jasco (UV-Visible) spectropho-
tometer (Japan), the residual content of uranium(VI) during 
equilibration was measured spectrophotometrically using 
Arsenazo III [35]. At a temperature of 298 K, the influence of 
pH in the range of 2–6 was investigated. At 298 K, the effect 
of the starting concentration was investigated using vari-
ous U(VI) concentrations ranging from 100 to 1,200 mg/L. 
At different temperatures, the kinetics of the adsorption 
process were examined between 5 to 90 min. To check the 
repeatability of each result, all adsorption experiments were 
carried out three times.

2.5. Column technique

2.5.1. Uptake of U(VI) using column technique

Column adsorption tests were carried out in a CuHCF/
O-CMCs composite-packed fixed-bed glass column with a 
length of 20 cm and an internal diameter of 1.2 cm. A pump 
was used to pump a solution of uranium ions at the opti-
mum pH value and an initial concentration of 300 mg/L 
onto the column. Breakthrough investigations were carried 
out at 298 K, near room temperature. At various time inter-
vals, the effluent at the column outlet was collected, and 
the remaining uranium (VI) concentration was determined, 
as indicated above. The experiment was stopped when the 
outlet uranium (VI) concentration equalled the intake ura-
nium (VI) concentration. The effects of different factors, 
such as bed depth and flow rates, on column adsorption, 
were investigated.

2.6. Theory/calculation

2.6.1. Calculation of adsorption capacity

The following equation was used to estimate the ura-
nium adsorption capacity qe (mg/L) [36].

q
C C V
W
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�� �0  (1)

where V (L) is the volume of the aqueous solution, W (g) is 
the mass of the adsorbent material, C0 (mg/L) is the initial 
uranium concentration, and Ce (mg/L) is the equilibrium 
uranium concentration.

2.6.2. Adsorption kinetic models

Three kinetic models, including the pseudo-first-order 
[Eq. (2)] [37], pseudo-second-order [Eq. (3)] [38], and intra-
particle diffusion model [Eq. (4)] [39], were used to examine 
the kinetic process of U(VI) adsorption by CuHCF/O-CMCs.
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where q (mg/g) represents the amount of U(VI) adsorbed 
at equilibrium, qt (mg/g) represents the amount of U(VI) 
adsorbed at time t (min), Kads (min–1) represents the rate 
constant for a first-order kinetic model, K2 (g/mg·min) rep-
resents a second-order kinetic model, and Kid (mg/g·min0.5) 
represents an intraparticle diffusion model.

2.6.3. Adsorption isotherm models

Equilibrium adsorption isotherms are essential for pro-
viding the necessary data about the adsorption process’ 
design. Three isotherm models, Langmuir [Eq. (5)] [40], 
Freundlich [Eq. (6)] [41], and Temkin [Eq. (7)] [42], can be 
used to investigate the distribution of U(VI) between the 
aqueous solution and the produced composite. The U(VI) 
affinity, surface characteristics, sorption capacity, and sorp-
tion mechanism may all be determined using these models.
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where Ce (mg/L) is the equilibrium concentration of U(VI); 
q and qmax (mg/g) are the amounts of U(VI) sorbed at equi-
librium and the maximum amount sorbed, respectively. 
The Langmuir affinity constant is KL (L/mg); the Freundlich 
constants for adsorption capacity and heterogeneity factor 
are KF (mg/g) and 1/n, respectively. The constants KT (L/g) 
and B (J/mol) corresponding to equilibrium binding and 
heat of sorption, respectively.
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Monolayer adsorption may be explained by the 
Langmuir isotherm model. The equilibrium parameter (RL), 
which is determined by the equation below, can be used to 
represent the Langmuir isotherm.

R
K CL
L o

�
�

1
1

 (8)

The Langmuir constant is KL (L/mg) and C0 (mg/L) is 
defined as above. The RL values suggest the shape of iso-
therm is linear (RL = 1), unfavorable (RL > 1), favorable 
(0 < RL < 1) or irreversible (RL = 0) [33,40].

The Freundlich adsorption model, on the other hand, 
was used to demonstrate heterogeneous adsorption. The 
Temkin isotherm model is another prominent model 
which is used in this work to fit the obtained results.

2.6.4. Thermodynamic parameters

Eqs. (9) and (10) can be used to calculate thermody-
namic parameters such as Gibbs free energy ΔG°ads, change 
in enthalpy of adsorption ΔH°ads, and the change in entropy 
ΔS°ads.

lnK
S
R

H
RTC � �

� �� �ads ads  (9)

�G RT KCads
� � � ln  (10)

where T is the absolute temperature (K), KC is the equilib-
rium constant (L/g), and R is the gas constant (8.314 J/mol·K). 
Eq. (11) provided KC [36,43].
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where C0 (mg/L) is the initial U(VI) concentration, Ce (mg/L) 
is the equilibrium U(VI) concentration (mg/L), V is the 
total volume of the solution in (L), and W is the weight of 
the dry composite in g.

2.6.5. Column data analysis

The U(VI) breakthrough curve was created by plotting 
Ceff/C0 vs. time (t), with Ceff and C0 representing effluent 
and influent U(VI) ion concentrations (mg/L), respectively. 
Eq. (12) gave the mass transfer zone (t) [44].

�t t te b� �  (12)

The bed exhaustion and breakthrough times are 
denoted by te and tb, respectively.

Eq. (13) was used to compute the length of the mass 
transfer zone Zm [45].
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where Z is the bed height in cm.
The total column adsorption capacity (qtotal) (mg) [46] 

was calculated from Eq. (14).
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The area under the breakthrough curve of the plot 
between Cads (Cads = C0 – Ceff) as a function of time (t) is 
A (mg/min·L), the flow rate is F (mL/min), and the total flow 
time is ttotal (min).

Eq. (15) calculated the equilibrium adsorption capacity 
(qe(exp)) (mg/g) [41].

q
q
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where m is the total dry weight of CuHCF/O-CMCs in grams.
Eq. (16) was used to calculate the total amount of 

U(VI) supplied to the column Wtotal (mg) [45].
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The total removal percentage R (%).

R
q
W
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2.6.6. Column regeneration

After adsorption, the retained U(VI) is eluted with about 
100 mL of 1 mol/L HNO3 at a flow rate of 1 mL/min. After 
each cycle, the prepared adsorbent was washed with deion-
ized water to prepare for the next adsorption cycle. The 
regenerated CuHCF/O-CMCs nanocomposite was reused 
in the next cycle of the adsorption experiments at an ini-
tial concentration of 300 mg/L, optimum pH, flow rate at 
1.0 mL/min, and bed height of 2 cm. The experimental con-
ditions were the same for all sorption–desorption processes. 
The regeneration process of U(VI) was conducted five times.

3. Result and discussion

3.1. Synthesis of CuHCF/O-CMCs composite

CuHCF/O-CMCs composite was prepared as shown 
in Fig. 1.

3.2. Characterization of CuHCF/O-CMCs composite

Fig. 2 shows FT-IR spectra of CuHCF, O-CMCs, and 
CuHCF/O-CMCs composite. The spectrum of CuHCF 
nanoparticles was shown in Fig. 2a, with a peak at 2,083 cm–1 
due to the stretching vibration of the cyanide group (C≡N) 
and bands in the 470–585 cm–1 range due to (Fe–C) stretch-
ing [46]. Absorption peaks were found at 3,433 cm–1 (O–H 
stretch overlapped with N–H stretch), 2,993 cm–1 (C–H 
stretch), 1,635 cm–1 (C=O stretch of carboxyl methyl group 



121H. Ammar et al. / Desalination and Water Treatment 291 (2023) 117–130

overlapped with amide N–H bend) [47], 1,411 cm–1 (C–H 
bend), 1,327 cm–1 (C–N stretch), 1,172 cm–1 (bridge O stretch), 
and 1,064 cm–1 (C–O stretch) in Fig. 2b. The spectrum of the 
CuHCF/O-CMCs composite, shown in Fig. 2c, has a promi-
nent peak at 2,083 cm–1, which is attributable to the stretching 
vibration of the cyanide group (C≡N), as shown in Fig. 2a 
for CuHCF. The prominent peak in O-CMCs at 1,635 cm–1, 
which corresponds to the C=O stretching of the carboxyl 
methyl group, was also visible in the CHCF/O-CMCs com-
posite, Fig. 2c. The existence of these bands indicated that 
CuHCF had been encapsulated in O-CMCs.

SEM and TEM are good tools used to study the surface 
morphology of the synthesized products. As presented in 
Fig. 3a and b, the SEM and TEM of the prepared CuHCF 
nanoparticles exhibited a cubic structure with an average 
particle size between 50–100 nm. Fig. 4 shows SEM-EDX 
spectra of CuHCF/O-CMCs composite samples before and 
after uranium adsorption. The SEM images in Fig. 4 were 
studied to investigate the distribution of the CuHCF par-
ticles. The obtained images indicated that the CuHCF par-
ticles were uniformly distributed throughout the sample. 
After uranium adsorption, it was shown that uranium was 
uniformly adsorbed, and the electron-dense part (more 
bright), which is thought to be uranium adsorption, emerged 
after the adsorption of uranium ions Fig. 4b, as compared 
with Fig. 4a.

In EDX spectrum analysis, The uranium ion peaks 
appeared on the surface of the immobilized CuHCF/O-CMCs 

Fig. 1. Preparation of CuHCF/O-CMCs composite.

Fig. 2. FT-IR spectra of the synthesized (a) CuHCF, (b) O-CMCs 
and (c) CuHCF/O-CMCs composite.
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composite. Additionally, the distribution of K+ in CuHCF/
O-CMCs before and after uranium uptake is indicated 
in Fig. 4, which confirmed that the concentration of K+ 
slightly decreased after uranium uptake. Also, the elemen-
tal mapping before and after uranium removal was exam-
ined to monitor the distribution of uranium and K+ before 
and after uptake of uranium (Fig. 5). The obtained data 
revealed homogeneous distribution of uranium ions with the 
decreased distribution of potassium ion attributable to the 
effectiveness of adsorption method.

Thermal analysis is a good tool for studying the pre-
pared composite’s thermal behavior and thermal stability. 
It can be seen in Fig. 6a that the degradation of O-CMCs 
proceeds in two steps: The first stage begins at roughly 
77°C, and the second stage begins at around 255°C. The first 

stage is associated with water loss, as polysaccharides have 
a strong affinity for water and can thus be quickly hydrated. 
The second is due to the evaporation and removal of vola-
tile products due to the thermal degradation of the main 
polysaccharides (containing saccharide rings and break-
age of the C–O–C glycosidic bonds) [48]. Fig. 6b showed 
that the degradation steps of CuHCF/O-CMCs composite 
shifted to higher temperatures than O-CMCs. Which first 
step shifted to 90°C, while the second step shifted to 262°C; 
this proves that the presence of CuHCF in the polymer 
matrix affected thermal properties and increased the pre-
pared composite’s stability.

Fig. 7 shows the XRD patterns of (a) CuHCF and (b) 
CuHCF/O-CMCs composite. CuHCF nanoparticles have 
diffraction peaks in XRD pattern, which indicated the 

  

(a) (b) 

Fig. 3. (a) Scanning and (b) transmission electron microscopy of the prepared CuHCF nanoparticles.

Fig. 4. Scanning electron microscopy-energy-dispersive X-ray spectroscopy spectra of CuHCF/O-CMCs composite samples 
(a) before and (b) after uranium adsorption.
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crystalline nature of CuHCF nanoparticles (Fig. 7a). The 
pattern of CuHCF presented different peaks at 2θ values 
of 17.9°, 25°, 35.9°, 40.1°, 44.1°, and 51.1° which are due to 
Miller indexes of (200), (220), (400), (420), (424), and (440), 
respectively [49]. The crystalline structure of the synthe-
sized CuHCF/O-CMCs composite was observed due to the 
diffraction peaks (Fig. 7b). This proves that CuHCF is incor-
porated into the binding matrix of O-CMCs.

3.3. Adsorption studied

3.3.1. Batch technique

3.3.1.1. Effect of pH

Experiments were conducted at pH ranging from 2 to 6 
to investigate the effect of solution pH on uranium uptake by 
CuHCF/O-CMCs composite. The results are shown in Fig. 8. 
From the data, uranium’s adsorption capacity increased as 
the pH increased from 2 to 4. The adsorption capacity reaches 
the maximum at pH 4. The adsorption capacity was reduced 
to 96.98 mg/g at pH 6. The reduced adsorption capacity at 
low acidic conditions is due to competition between H+ 
and UO2

2+ ions for binding sites in the composite. Due to 
the deprotonation reaction [50–52], the composite surface 
became negatively charged. The electrostatic attraction 
between uranium species and the negative charge on the 
composite surface increased, increasing U(VI) adsorption 
capacity. Uranyl ions, such as UO2

2+ monomer, [(UO2)2(OH)2]2+ 

dimer, and [(UO2)3(OH)5]+ trimer, are all positively charged 
cationic species [47,48]. The deprotonated sites of the com-
posite may retain uranium ions (UO2

2+) via complex chemi-
cal compositions as well as ion exchange the uranyl (UO2

2+) 
ions with potassium (K+) in CuHCF in the composite. A pH 
of 4 was chosen as the optimum for the adsorption process.

3.3.1.2. Effect of contact time and adsorption dynamics

At temperatures ranging from 298 to 313 K, the influence 
of contact time on composite U(VI) adsorption capacity was 

Fig. 5. Element mapping of CuHCF/O-CMCs composite samples (a) before and (b) after uranium adsorption.

Fig. 6. Thermal gravimetric analysis for (a) synthesized 
O-CMCs and (b) CuHCF/O-CMCs.
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investigated. The data in Fig. 9 shows that the maximum 
U(VI) amount was adsorbed at 60 min for all three tem-
peratures examined. At 298, 303, and 313 K, the maximum 
adsorption capacity (qe) was 99.14, 99.29, and 99.55 mg/g, 
respectively. It shows that when the temperature increases, 
the adsorption capacity of U(VI) increases. It has a stronger 
driving force, which makes ion migration from the bulk solu-
tion to active site assembly easier. Adsorption kinetics is an 
important factor in adsorption efficiency. It can be used in 
adsorption research to estimate adsorption rates and provide 
important information for understanding the sorption pro-
cess and reaction pathways. As a result, the data obtained 
were modeled using pseudo-first-order, pseudo-second-or-
der, and intraparticle diffusion, as shown in Table 1. The 
high value of the linear correlation coefficient (R2) of the 
pseudo-second-order kinetic model was equal to 1, which 
means that the pseudo-second-order kinetic model is more 
appropriate for describing U(VI) adsorption on composite.

3.3.1.3. Effect of initial U(VI) concentration and equilibrium 
isotherm model

U(VI) adsorption over CuHCF/O-CMCs composite 
using different initial concentrations of U(VI) from 100 to 
1,200 mg/L at 298 K and pH = 4 were studied. Fig. 10. shows 
that U(VI) uptake increased with the increase of the initial 
concentration of U(VI).

Several isotherm models were chosen to fit the experi-
mental results on uranium adsorption onto composite in this 
investigation. Langmuir, Freundlich, and Temkin models 
are the three most common. In Table 2, the three isotherm 
models are summarized. The Langmuir model had the 
highest linear correlation coefficient (R2 = 0.9973), which fit 
the collected data better than other isotherm models. The 
obtained results indicated that the adsorption process fitted 
with the Langmuir model, which means that the adsorption 
of U(VI) occurs generally on a homogenous surface by the 
monolayer sorption process, with RL values between 0.18 
and 0.018 indicating that uranium adsorption is favorable 
at higher initial U(VI) concentration.

A comparison between the recent CuHCF/O-CMCs 
nanocomposite prepared in this work with those of dif-
ferent types of adsorbents for removal of U(VI) in newly 
published articles is tabulated in Table 3. Generally, the 
data listed in Table 3 shows that the synthesized CuHCF/O-
CMCs nanocomposite has a good advantage in the uptake 
of U(VI) from wastewater more than the earlier pub-
lished adsorbents.

3.3.1.4. Effect of temperature on the adsorption process

Adsorption experiments were conducted at differ-
ent temperatures (298–313 K) to evaluate the influence of 

Fig. 7. X-ray diffraction pattern of (a) CuHCF and (b) CuHCF/O-CMCs composite.

Fig. 8. Effect of solution pH on uranium uptake by CuHCF/O-
CMCs composite.

Fig. 9. Effect of contact time on uranium uptake by CuHCF/ 
O-CMCs composite at different temperatures.
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temperature on adsorption, Fig. 11. The results showed that 
an increase in temperature favors the adsorption of ura-
nium ions. The temperature dependence of uptake is asso-
ciated with changes in various thermodynamic parameters, 
which are calculated and listed in Table 4. The ΔG°ads value 
for U(VI) is negative, revealing that the U(VI) adsorption 
is spontaneous. The degree of spontaneity increased with 
increasing temperature, which suggests chemisorption 
rather than physisorption. [53]. The endothermic adsorption 
process, which increases the adsorption of U(VI) as tem-
perature rises, is represented by the positive value of ΔH°ads 
(VI). The positive value of ΔS°ads could be clarified by the 
increased degree of randomness attributable to the libera-
tion of water of hydration during the adsorption of U(VI)].

3.3.2. Fixed-bed column sorption

For U(VI) sorption onto CuHCF/O-CMCs composite at 
three constant influent flow rates (1, 3, and 5 mL/min) at 
300 mg/L uranium ion concentrations, breakthrough curves 
(Ceff/C0 vs. volume) were obtained at different bed depths (1, 
2 cm) and three constant influent flow rates (1, 3, and 5 mL/
min). The breakthrough curves are shown in Figs. 12 and 13. 
Eqs. (12)–(18) were used to compute the CuHCF/O-CMCs 
composite’s sorption capacity (qe) and removal percentage 
(R%) from the breakthrough curves, and the results are 
shown in Table 5.

3.3.2.1. Effect of flow rate

Figs. 12 and 13 show the breakthrough curves for U(VI) 
at various flow rates of 1, 2, and 3 mL/min through a col-
umn with a 1 and 2 cm bed height and an initial concen-
tration of 300 mg/L of U(VI) solution and Table 5 displays 
the breakthrough factors. The findings demonstrate that the 

breakthrough curves shift towards a lower time scale and 
the breakthrough and exhaustion times shorten as the flow 
rate increases from 1 to 3 mL/min. This is due to the flow 
rate increasing, the amount of U(VI) removed in the col-
umn will be reduced because not all of the metal ions will 
have enough time to enter the CuHCF/O-CMCs composite 
pores from the solution. On the other hand, the percentage 
of U(VI) removal declined by 12% (Table 5) when the flow 
rate was increased by roughly three times, from 1 to 3 mL/
min, as the metal ions would have left the column before the 
equilibrium occurred and the active life of the column was 
greatly decreased. The flow rate of 1 mL/min with the high-
est qe was used for the following steps in this study because, 
as shown in Table 5, it is likely to be the critical flow rate. 
This suggests that the surface diffusion by the occupation 

Table 1
Parameters of various kinetics models fitted to experimental data

TemperatureParametersEquations

313 K303 K298 K

3.3501333.46253233.41484qe (mg/g)
Pseudo-first-order kinetic 0.0189830.016290.035143Kads (min–1)

0.91190.93970.9016R2

10010099.01qe (mg/g)
Pseudo-second-order kinetic 0.040.0344830.031878K2 (min–1)

111R2

0.40690.4350.4792KidIntraparticle diffusion
0.88690.92620.9356R2

Fig. 10. Effect of the initial concentration of uranium on the 
adsorption process.

Table 2
Parameters of Langmuir, Freundlich, and Temkin isotherms equation for adsorption of U(VI) on CuHCF/O-CMCs composite

Temkin isothermFreundlich isothermLangmuir isothermMetal ion

R2BKTR2KF1/nR2KL (L/mg)qmax (mg/g)

0.9245116.11.011460.956790.405040.35750.99730.0445714U(VI)
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of active sites on the surface of CuHCF/O-CMCs compos-
ite is the primary step at the overall U(VI) removal among 
the three steps of the uptake (film diffusion, pore diffusion, 
and surface diffusion) [54]. The MTZ length is remarkably 
stable under all studied flow rates at the same bed height 
(1 cm) and influent concentration (300 mg/L), which is most 
likely due to the same mechanism of te and tb decreasing 
with increasing flow rate.

3.3.2.2. Effect of bed height

Fixed bed column studies were carried out using a col-
umn with CuHCF/O-CMCs composite at three constant flow 
rates of 1, 2, and 3 mL/min and an influent concentration of 
300 mg/L of a single U(VI) metal ion for two different bed 
heights of 1 and 2 cm. Fig. 12, (1) display the breakthrough 
curves for the investigated ions at various bed heights, and 
Table 5 provides a summary of the breakthrough analy-
sis. When adsorption was continued in any curve after the 
breakthrough point, the Ceff/C0 would rise quickly to about 
0.5 before descending more slowly to approach one and 
form S-shaped curves. When the bed height was increased 
from 1 to 2 cm, it was discovered that the breakthrough and 
exhaust times increased. This led to a higher removal per-
centage of U(VI) in the column because there were more 
binding sites available for sorption and because the transfer 
zone needs more time to reach to the column end so that the 
U(VI) ions can have more time to interact with CuHCF/O-
CMCs composite. The MTZ length for the investigated metal 
roughly doubles when the bed height doubles at a constant 

flow rate and initial concentration. When the bed height 
increased twice (from 1 to 2 cm), the total metal removal per-
centage (R) increased by 18.59% for U(VI) because a larger 
volume of the metal solution could be treated and a higher 
percentage of metal removed in a bed with a higher length. 
In contrast, it is expected that, for various bed lengths, the 
composite’s equilibrium adsorption capacity (qe) will remain 
constant. The bed with 1 cm showed the highest equilib-
rium adsorption capacity compared to 2 cm, indicating 
that the adsorption capacity is still inversely proportional 
to bed height (Table 5). These findings are consistent with 
earlier findings [55–59]. CuHCF/O-CMC composite beads 

Table 3
Comparison of maximum adsorption capacity of (CuHCF/O-CMCs nanocomposite) among other adsorbents reported in the 
literature for the adsorption of U(VI)

ReferencespHAdsorption 
capacity (mg/g)

Adsorbents

[6]429.40Nanoporous silica
[7]5236.9Chitosan-tripolyphosphate (CTPP)
[8]7 134.004-vinylpyridine-grafted-vinyltriethoxysilane-cellulose
[9]4.5175.4Magnetic carboxymethyl chitosan nanoparticles functionalized with ethylenediamine
[10]4.599.89Tetraphenylimidodiphosphinate
[21]5 357Epichlorohydrin-activated magnetic chitosan microparticles (EPI-MG-CH)
[22]6117.65Magnetic amidoxime functional chitosan (MAO-chitosan)
[22]8626Phosphate- and amide-functionalized magnetic CS-carboxymethylcellulose composite (FCCP)
[23]5–747.9Humic acid modified magnetic chitosan nanoparticles (HA-MCNP)
[24]4 134.6Polyethylenimine-functionalized magnetic chitosan nanoparticles (MCN-PEI)
[25]4.5434.78Si-6G PAMAM-PPAAM
This work4690CuHCF/O-CMCs nanocomposite

Fig. 11. Plot of lnKC vs. 1/T for uranium adsorption into 
CuHCF/O-CMCs composite.

Table 4
Thermodynamic parameters for U(VI) adsorption onto CuHCF/O-CMCs composite

R2ΔS°ads (kJ/mol)ΔH°ads (kJ/mol)ΔG°ads (J/mol)Metal ion

313 K303 K298 K

0.99672.213736489.9206–202.979–180.841–169.773U(VI)
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were found to have a sorption capacity for U(VI) of approx-
imately 436.03 mg/g at a flow rate of 1 mL/min and a bed 
height of 2 cm in a fixed bed column.

3.3.2.3. Modeling of experimental column data

The application of the experimental data to various 
theoretical models in continuous adsorption, including the 
Thomas model and Yoon–Nelson model [59–63], was tested 
in order to examine the solute interaction behavior and 
estimate the breakthrough curves.

3.3.2.3.1. Thomas model

Column performance modeling frequently employs 
the Thomas model. Its derivation makes use of Langmuir 
adsorption–desorption kinetics and ignores axial dispersion. 
The Thomas model for the adsorption column is expressed 
as Eq. (18) [64]:

C
C K q
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K C V
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mo e o

eff

Th Th eff
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�
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�
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1

1 exp
 (18)

where qe (mg/g) is the expected adsorption capacity, m 
represents the weight of the sorbents (g), Q is the influent 
flow rate (mL/min), C0 is the initial solution concentration 
(mg/L), and Ceff is the effluent solution concentration (mg/L). 
Eq. (19) represents the Thomas model’s linear form.
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Experimental data were fitted into Eq. (19) to examine 
the Thomas model’s kinetic coefficient (KTh) and maximum 
uptake of the sorbent (qe). Table 6 lists the results of linear 
regression and R2 values, with values ranging from 0.9168 to 
0.9807. The Thomas model’s calculated qe is higher than the 
experimental qe, as shown in Table 6. Table 6 also shows that 
the values of qe and KTh decreased as the adsorbent weight 
increased [65]. Thomas rate constant (KTh) and bed length 
have been found to be inversely correlated; This explains 
why (KTh) and (qe) values decreased as well as a decrease 
in the transport rate of U(VI) from the aqueous solution to 
the composite. Due to the lack of available reaction sites, 
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Fig. 12. Breakthrough curve for U(VI); initial concentration 
is 300 mg/L bed depth 1 cm at optimum pH and 298 K and 
flow rate (1, 3, and 5 mL/min).
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Fig. 13. Breakthrough curve for U(VI); initial concentration is 
300 mg/L, bed depth is 2 cm at optimum pH and 298 K, and 
flow rate (1, 3, and 5 mL/min).

Table 5
Calculated column data parameters at different flow rates and different bed heights (C0 = 300 mg/L)

Variables Calculated parameters

Metal ion F (mL/min) Z (cm) tb (min) te (min) Δt Wtotal (mg) qtotal (mg) qe (mg/g) R % Zm (cm)

U(VI)

1 1 70 530 460 168 80.90 539.35 48.16 0.868
3 1 17 128 111 124.49 49.64 330.91 39.87 0.870
5 1 6 60 54 96 40.69 271.29 42.39 0.9
1 2 90 800 710 249 130.81 436.03 57.11 1.775
3 2 20 187 167 177 94.78 315.94 53.55 1.786
5 2 8 89 81 141 70.86 236.19 50.25 1.820



H. Ammar et al. / Desalination and Water Treatment 291 (2023) 117–130128

the value of qe decreased as the flow rate increased, but the 
value of KTh increased; the Thomas rate constant for U(VI) 
would be increased by the shorter bed and higher flow 
rate. As can be seen, the experimental results support the 
theoretical findings.

3.3.2.3.2. Yoon–Nelson model

This model is simpler than other models and requires 
no data about the system’s characteristics, such as the 
adsorbent type and the adsorption bed’s physical proper-
ties. Eq. (20) represents the Yoon–Nelson equation [66]:

C
C C
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where τ (min) is the of time needed for 50% of the adsor-
bate to breakthrough and KYN (min–1) is the rate con-
stant. Eq. (21) represents the Yoon–Nelson model’s linear  
form.
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Linear regression results and values of R2 are presented 
in Table 6. With increasing adsorbent dose, it was found 
that the rate constant (KYN) decreased and the time needed 
for 50% adsorbate breakthrough (τ) increased. Additionally, 
it was discovered that the rate constant (KYN) rises in pro-
portion to the rise in flow rate. The time needed for 50% 
adsorbate breakthrough (τ) decreased with increasing flow 
rate because metal ions had a shorter residence time in the 
adsorbent bed (Table 6). The experimental data and model 
match well, as can be seen. It can be said that the Yoon–
Nelson and Thomas models are both suitable to describe 
fixed-bed operations.

3.3.3. Desorption

The regeneration of the loaded CuHCF/O-CMCs nano-
composite by U(VI) was achieved using 1 M HNO3 at 298 K. 
The reusability of CuHCF/O-CMCs nanocomposite was 
checked by five successive adsorption–desorption cycles 
according to the following equation [22]:

Regeneration efficiency
Uptake of metal ion in the second cycle
Up

%

�
ttake of metal ion in the first cycle

�100  (22)

From the uptake–elution process, it is clear that the 
adsorption capacity of the newly prepared CuHCF/O-CMCs 
nanocomposite was hardly affected even after repeated 
five regeneration cycles. Over five cycles, the adsorption 
capacity decreased from 100% to 99%, 98%, 97%, 95%, and 
93%, respectively.

4. Conclusion

An easy method to prepare a new adsorbent based on 
CuHCF nanoparticles encapsulated in O-CMCs was inves-
tigated. Characterization of the composite was studied 
using FT-IR, SEM, EDX, XRD and TGA. Using batch and 
column techniques, the prepared composite’s ability to 
adsorb uranium was investigated. The influence of import-
ant factors such as pH, U(VI) concentration, shaking time, 
and solution temperature were examined. The obtained 
results showed that the highest value of adsorption capac-
ity was 690 mg/g of U(VI) on CuHCF/O-CMCs compos-
ite at pH 4, 1,000 mg/L U(VI), and 298 K. The adsorption 
isotherms and kinetic and thermodynamic parameters of 
the U(VI) adsorption process were studied. The obtained 
results indicated that the adsorption process fitted with the 
Langmuir model, which means that the removal of U(VI) 
occurs generally on the homogenous surface. Pseudo-
second-order kinetic model is more suitable for illustrat-
ing the adsorption of U(VI) on composite. Also, the col-
umn method was studied for the U(VI) ions removal by 
composite. Theoretical models such as the Thomas and 
Yoon–Nelson models were used to describe adsorption’s 
kinetics and interaction behavior in a continuous column. 
Experimental data were compared to the kinetic models 
of Thomas and Yoon–Nelson. For U(VI) adsorption under 
various operating conditions, linear regression analysis was 
used to determine the model’s parameters. The experimen-
tal results matched the models of Thomas and Yoon–Nelson 
well. The Thomas model was able to reasonably predict 
the experimental column results for the fixed-bed column 
system in this study. A maximum uptake of 453.96 mg/g 
was found for U(VI) at a flow rate of 1 mL/min and a bed 
height of 2 cm, corresponding to 57.11% of metallic ion 

Table 6
Thomas and Yoon–Nelson models constants at different flow rates and different bed heights (Co = 300 mg/L)

Variables Thomas model Yoon–Nelson model

Metal ion F (mL/min) Z (cm) qe (mg/g) KTh (L/mg·min) R2 KYN (min–1) Ʈ (min) R2 Ʈexp. (min)

U(VI)

1 1 558.68 5.43 × 10–5 0.976 0.0163 279.34 0.976 270.75
3 1 350.32 0.000218 0.966 0.0654 58.39 0.966 55.37
5 1 289.68 0.00046 0.981 0.1380 28.97 0.981 27.22
1 2 453.96 3.23 × 10–5 0.917 0.0097 453.96 0.917 453.64
3 2 329.99 0.000138 0.934 0.0414 107.62 0.934 112.51
5 2 243.50 0.00023333 0.948 0.0700 48.70 0.948 52.24
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removal. Elution of U(VI) using the column technique was 
successfully performed using 1 M HNO3, and the CuHCF/
O-CMCs composite could be applied repeatedly five times 
with little reduction (≈1%–7%) in the uptake of U(VI).
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