
Vol.: (0123456789)
1 3

Cellulose 
https://doi.org/10.1007/s10570-024-05869-x

ORIGINAL RESEARCH

Gamma radiation synthesis of hydroxyethyl cellulose/
acrylic acid/CYANEX 471X hydrogel for silver ions capture 
from acidic nitrate medium

B. A. Masry · H. M. Gayed · J. A. Daoud

Received: 1 October 2023 / Accepted: 18 March 2024 
© The Author(s) 2024

Abstract The current novelty in this study is to 
recover silver ion with selective extractant such as 
cyanex 471X (triisobutylphosphine sulfide) through 
a  clean and green method with high efficiency. 
Herein, a sustainable hydrogel (HEC/AAc/CX3) was 
fabricated from triisobutylphosphine sulfide, hydrox-
yethyl cellulose (HEC), and acrylic acid (AAc) using 
gamma irradiation polymerization and implanted 
for the  sorption of silver Ag (I) ions from a  nitrate 
acidic medium. Different techniques were employed 
for characterization of HEC/AAc/CX3 hydrogel 
such as FT-IR, SEM, XRD, and EDX, before and 
after the sorption process of Ag(I) ions. Gel content 
and swelling kinetics ratio of hydrogels at different 
irradiation doses (10, 20, 30, 40, and 50 kGy) were 
studied. The Fickian diffusion model results indicate 
that HEC/AAc/CX3 hydrogel is non-Fickian diffu-
sion, which confirmed that the diffusion and relaxa-
tion rates are compatible and were selected for fur-
ther sorption of Ag(I). The irradiated HEC/AAc/CX3 

hydrogels, which contain 0.1 g of cyanex 471X, were 
employed for batch sorption of 100 mg/L Ag(I) from 
an acidic solution, and the suggested conditions were 
pH = 1, time = 60, and v/m = 0.05 L/g, which gives a 
sorption percentage of 75%. The values of thermody-
namic parameters ΔH, ΔG, and ΔS were evaluated 
as—62.80 kJ/mol, 5 kJ/mol, and -227 J/mol, which 
indicate that the sorption system was exothermic and 
nonspontaneous in nature. The maximum adsorption 
capacity of irradiated HEC/AAc/CX3 for Ag(I) was 
found to be 12 mg.  g−1 at 298 K. Furthermore, the 
maximum desorption percent of Ag ions from HEC/
AAc/CX3 was found to be 70% and achieved with 0.5 
M  NH4SCN after one desorption cycle. The prepared 
hydrogel proved its selectivity towards silver ions 
with facile desorption steps and reusability cycles.
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Introduction

One of the significant reserves of precious metals 
that could run out owing to overuse is silver (Hou 
et  al. 2015; Li et  al. 2018). Therefore, it is crucial 
to efficiently extract and recover silver ions in par-
ticular from wastewaters. Due to its high effective-
ness, ease of use, and variety of adsorbent design, 
selective adsorption is one of the most popular 
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conventional water filtration methods (Min et  al. 
2019; Shao et  al. 2019; Yu et  al. 2019; Zou et  al. 
2019).

Sulfur atoms, which are electronegative donor 
atoms, have a great affinity for silver (I) ions (a soft 
Lewis acid) (Huang et al. 2019). Thus, the polymers 
with sulfur-containing functional groups as thiourea 
(Abd El-Ghaffar et al. 2009), thiolactone (Liu et al. 
2018) cyanex 471X (Çelik et  al. 2010)  displayed 
remarkable selectivity in the adsorption of silver (I) 
ions.

Cyanex 471X was used for the recovery and 
extraction of platinum group metals such as sil-
ver (Fleitlikh et al. 2019), palladium (Ahmed et al. 
2011; Kassem et  al. 2017), platinum (Gupta et  al. 
2014) and gold (Duche et  al. 2002) using differ-
ent extraction techniques. Different polymers and 
hydrogels were used for the adsorption of silver 
from different media (Bundjaja et  al. 2021; Song 
et al. 2012; Tran et al. 2019).

A hydrogel is a crosslinked network of hydro-
philic polymers that can absorb and retain large 
amounts of water or aqueous solutions while main-
taining their structural integrity (Behera and Mahan-
war 2020; Gulrez et al. 2011; Saini 2017; Sun et al. 
2021). With unique properties such as high-water 
content, softness, flexibility, and biocompatibility, 
hydrogels have found diverse applications in fields 
such as drug delivery, tissue engineering, metal 
recovery, sensors, and environmental remediation 
(Elella et al. 2021; Jacob et al. 2021; Maziad et al. 
2016; Mohapatra et  al. 2021). Although synthetic 
polymer-based products are commonly available 
(Madduma‐Bandarage and Madihally 2021), there 
is extensive research on creating hydrogels from 
renewable materials such as polysaccharides, amino 
acids, and peptides, which are cost-effective and 
environmentally friendly (Kumar and Christopher 
2017; Padil et al. 2018; Qi et al. 2021). These mate-
rials, including cellulose and its derivatives, are 
being studied for their potential applications, due to 
their biodegradability and other desirable proper-
ties (Foroughi et  al. 2021; Kabir et  al. 2018; San-
nino et  al. 2009). In particular, recent studies have 
focused on the water solubility and gel formation of 
cellulose derivatives, as cellulose is a widely avail-
able and inexpensive renewable resource (Oprea 
and Voicu 2020). Hydroxyethyl cellulose (HEC) is 
a biocompatible and biodegradable polymer that 

has shown great potential in various applications, 
including drug delivery, tissue engineering, and 
coatings (Janmohammadi et al. 2023; Zulkifli et al. 
2017). HEC is water-soluble and can form hydro-
gels with unique properties, such as high swelling 
capacity, mechanical flexibility, and metal adsorp-
tion capability (Sabbagh et al. 2019).

Gamma radiation synthesis has emerged as a 
promising method for the modification of polymers, 
including HEC, due to its ability to induce controlled 
crosslinking and degradation, leading to the formation 
of hydrogels with tailored properties (Ashfaq et  al. 
2020; Gayeda et  al. 2019; Raafat et  al. 2012; Rim-
dusit et  al. 2012). Gamma radiation can effectively 
crosslink HEC chains, resulting in hydrogels with 
improved stability and mechanical strength (Rim-
dusit et al. 2012). Additionally, gamma radiation can 
introduce functional groups onto the HEC backbone, 
enhancing its metal adsorption capacity (Kang et al. 
2015). The recovery of metal ions from aqueous solu-
tions has become a critical environmental concern 
due to the increasing contamination of water sources 
by heavy metals (Aly et  al. 2021; 2022; Masry and 
Daoud 2021;  Masry et  al.  2023a; 2023b). Conven-
tional methods for metal recovery, such as chemical 
precipitation and adsorption onto solid surfaces, often 
suffer from limitations such as low selectivity, com-
plex operation, and high cost (Jin and Zhang 2020). 
Different materials and adsorbent were used for the 
capture and removal of precious metal ions such as 
silver ions (Allahyar and Özeroğlu 2022), platinum 
(Masry et al. 2018) from different aqueous media.

As a result, there is a growing interest in the devel-
opment of innovative and sustainable materials for 
metal recovery. In this study, we aim to investigate 
the synthesis of HEC/AAc/CX3 hydrogels for sil-
ver recovery using gamma radiation. The effects of 
gamma radiation on the properties of HEC, gel frac-
tion, swelling properties and metal adsorption capac-
ity, will be systematically studied. The potential of 
HEC hydrogels synthesized via gamma radiation for 
metal recovery applications will be explored, high-
lighting their advantages and potential challenges. 
The findings of this study could provide valuable 
insights into the development of efficient and sus-
tainable hydrogel-based materials for metal recov-
ery, with potential implications in environmental and 
industrial applications. To the best of our knowledge, 
no previous studies have specifically investigated the 
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gamma radiation synthesis of HEC/AAc/CX3 hydro-
gels for silver recovery, making this research novel 
and significant in the field of polymer materials for 
environmental applications. The prepared hydrogel 
has many advantages, including low cost, easy opera-
tion, and no secondary pollution.

Expermental

Materials and reagents

Hydroxyethyl cellulose (HEC) and acrylic acid (AAc) 
were purchased from LOBA Chemie. All the reagents 
and chemicals used in this research are of analytical 
reagent grade (AR). CYANEX 471X (CX) which is 
a triisobutylphosphine sulfide (TIBPS) extractant, 
structure  (1), is a solid soft Lewis base and readily 
interacts with metals that exhibit the characteristics of 
soft Lewis acids; it was kindly supplied by CYTEC 
(Canada) and used as received.

Irradiation processes

At the National Centre for Radiation Research and 
Technology, (NCRRT), Egyptian Atomic Energy 
Authority (EAEA), Nasr City, Cairo, Egypt, the HEC 
and AAc were exposed to radiation using Co-60—
γ-cell -220 sources (manufactured by the Atomic 
Energy Authority) at various dose (10, 20, 30, 40, and 
50) at approximately dose rate of 0.9 kGy/h.

Synthesis of HEC/AAc with CX hydrogels

Firstly, a hydroxyethyl cellulose solution (1%) was 
prepared by dissolving 1.0 g of HEC in 100 ml of dis-
tilled water and stirring for 2 h at 50 °C. Then 3 mL 
of acrylic acid was added to 7 mL of HEC solution 
and stirred for 1 h. Acrylic acid was employed in the 
creation of a hydrogel exhibiting satisfactory mechan-
ical characteristics. This was achieved through the 
incorporation of cyanex, known for its unique metal 
absorption properties. The CX (Cyanex 471X) was 
added to the mixed solution and stirred well for 3 h 
with different concentrations of 0.01, 0.05, 0.1, and 
0.2 (CX1 to CX4). Finally, the solutions were put into 
glass tubes that were sealed and subjected to varying 
amounts of gamma radiation. To eliminate the unre-
acted components after gamma radiation exposure, 

the samples are submerged in distilled water for 24 
h. The samples are denoted (CX1-4) as shown in 
Table 1. Figure 1 show the preparation schematic dia-
gram of prepared hydrogels.

Determination of gel fraction

Approximately 0.5 g of all irradiated samples were 
initially air-dried for approximately 24 h. Subse-
quently, they were dried in an oven at 60°C until a 
constant weight was achieved. The samples were 
then immersed in distilled water for 24 h to remove 
the unreacted part, followed by drying to a constant 
weight again. The extracted samples were then oven-
dried until a constant weight was obtained. The gel 
content was determined gravimetrically using Eq. 1.

where  Wg is the weight of dry gel after extraction in 
water and  W0 is the initial weight of dry gel (Krklješ 
et al. 2007).

Swelling kinetics of hydrogels

The dry hydrogels, which were prepared by irradia-
tion, were allowed to swell in distilled water at room 
temperature. At regular intervals, the samples were 
weighed using an electronic balance after drying the 
surface with filter paper, and then returned to distilled 
water. Measurements were continued until the weight 
of all samples stabilized, indicating they had reached 
equilibrium. The swelling ratio (SR) of each hydrogel 
was calculated using Eq. 2 (Maziad et al. 2016; Süren 
et al. 2023).

where  Mt is the weight of swollen gel at time t and 
 M0 is the weight of dry gel at time 0. To determine 
the swelling kinetics of hydrogels, the data were fitted 
to Korsmeyer-Peppas Eq. 3 (Mingcheng et al. 2007).

The water absorption process in a three-dimen-
sional hydrogel structure has been elucidated 
through the interplay of diffusion and macromo-
lecular relaxation within the three-dimensional 

(1)Gelation (%) =
wg

w0

× 100

(2)SR =
Mt −M0

M0
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structure. This methodology is associated with 
Fickian diffusion processes, wherein the dimension-
less exponent (n) serves as a key parameter defining 
the overall mechanism. The dimensionless expo-
nents (i.e., n) were determined by analyzing the 
log–log slope of Mt/M∞ versus time, as outlined in 
Eq. (3), to characterize  H2O diffusion into different 
hydrogels.

Structure 1  Chemical 
structure of Cyanex 471X 
(TIBPS)

Table 1  Composition of prepared hydrogels

Hydrogels HEC (1%) AAc (mL) CYANEX 
471X (gm)

HEC/AAc 7 mL 3 mL 0
HEC/AAc/CX1 7 mL 3 mL 0.01
HEC/AAc/CX2 7 mL 3 mL 0.05
HEC/AAc/CX3 7 mL 3 mL 0.10
HEC/AAc/CX4 7 mL 3 mL 0.2

Fig. 1  Preparation schematic diagram of HEC/AAc/CX hydrogels
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where F is the fraction uptake of swelling,  Mt is the 
weight of the sample at time ‘T’ and  M∞ is the weight 
of the sample at equilibrium, K is a constant, and n is 
the diffusional exponent, which ultimately determined 
the transport mechanism of hydrogel. To determine 
the type of diffusion of water into hydrogels, the sim-
ple and commonly used method, based on the power-
law expression (Saraydın et al. 2018), was applied to 
equation no. 3 (Bajpai and Dubey 2004). To calculate 
the exponent n and constant K, the data was plotted 
on log–log plots according to Eq. 4, and the resulting 
curves were estimated using linear functions.

Characterization techniques

Fourier transforms infrared spectroscopy (a Nicolet 
Avatar 320 FT-IR Spectrophotometer, Cambridge, 
UK) with wave numbers ranging from 4000  cm−1 to 
400  cm−1 was used. The surface of the samples was 
examined by SEM (Jeol, JSM, Japan) at a voltage 
of 30 kV. XRD patterns were recorded by the X-ray 
diffractometer (model: Shimadzu XRD-6000). XRD 
patterns are obtained in the range of 2θ from 4° to 
90° at room temperature. Cu Kα is used as a radia-
tion source of wavelength λ = 0.15408 nm and other 
operating conditions are scan rate 8°/min, and the 
operation voltage and current were 40 kV and 30 
mA, respectively. The Ag-hydrogel was produced 
through chemical reduction using NaBH4. Follow-
ing the absorption experiment, the prepared hydro-
gel underwent wiping with a wet filter paper to 
eliminate residual Ag ions from its surface. Subse-
quently, it was immersed in a cold aqueous solution 
of  NaBH4 (20 mM) for 12 h. Afterward, the hydro-
gel underwent a 2-day rinsing process in deionized 
water.

Adsorptive studies

To estimate the uptake efficiency of the prepared 
gamma irradiated (HEC/AAc/CX) hydrogel, a 

(3)F (%) =
Mt

M∞

= ktn

(4)log

(

Mt

M∞

)

= Logk + nlogt

known weight of 0.1 g of each adsorbent was shaken 
with 5 mL of 100 mg/L Ag(I) in an aqueous acidic 
nitrate solution of pH = 1 for 60 min at 25 ± 1°C in 
a thermostated water shaker. After the filtration of 
the two phases, the concentration of Ag(I) ions was 
determined using atomic absorption spectrometer 
(AAS-Thermo Fisher-USA). All experiments were 
three-checked for accuracy to verify that the findings 
were applicable. Equation 5 (Noweir et al. 2021): pro-
vides the sorption percentage of Ag(I) ions in each 
experiment.

where  Ci and  Ce are the initial and equilibrium con-
centrations (mg/g) of Ag(I) in the aqueous solution. 
The sorption capacity  qe at equilibrium is given by 
the following Eq. 6 (Aly et al. 2022):

where V is the volume of the used aqueous antinomy 
solution (L) and m is the weight of (HEC/AAc/CX) 
adsorbent (g).

Results and discussion

FTIR measurements

The FTIR spectrum of hydroxyethyl cellulose is 
shown in Fig. 2a; the absorption band at 3411  cm−1 
is ascribed to O–H stretching vibration, and the bands 
at 2974  cm−1 attributed to C–H aliphatic stretching 
vibrations (Kajjari et  al. 2011). The band observed 
at 1433  cm−1 is attributed to the C–H bending vibra-
tion. The wide band at 1160 and 926  cm−1 are the 
stretching vibrations of the ether bonds of the HEC 
backbone (asymmetric and symmetric) (Kamaru-
din and Isa 2013). In addition, the peak at 1372 
 cm−1, ascribed to C–OH stretching (Li et  al. 2015). 
The spectrum of CX is shown in Fig.  2b. The band 
at 847  cm−1 can be attributed to the P–C stretching 
vibration, and the absorption band at 706  cm−1 char-
acterized to P = S groups of CX (Kassem et al. 2017). 
The HEC/AAc hydrogel is shown in Fig.  2c; the 
peak at 1706  cm−1 is attributed to the ester bond that 
formed between acrylic acid and HEC (Chen et  al. 

(5)S% = (
Ci − Ce

Ci

) × 100

(6)qe = (Ci − Ce) ×
V

m
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2009). The spectrum of HEC/AAc/ CX hydrogel is 
shown in Fig.  1d. The new absorption bands at 813 
and 712  cm−1 are ascribed to P–C and P = S groups 
in CX, which confirms the formation of HEC/AAc/

CX hydrogel in the presence of CX by radiation tech-
nique. After the silver absorption process, the band at 
624  cm−1 appears in Fig. 1e, and it is believed that it 
is due to the formation of the S–Ag bond.

Fig. 2  FTIR spectra of 
hydroxyethyl cellulose a, 
CX b, HEC/AAc c, HEC/
AAc/ CX d, and HEC/
AAc/CX hydrogel after Ag 
uptake e 
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The gel content, swelling degree and swelling 
kinetics of the hydrogels

The gel fraction and water absorption represent 
crucial characteristics of a hydrogel, particularly in 
relation to its suitability for applications involving 
metal adsorption capability. It is clear from Fig. 3a 
that with increasing irradiation doses, the gel con-
tent increases as gamma rays increase the density of 
the irradiated hydrogels (Dafader et al. 2012). With 
the increase in density, the gel content increases. 

Fig. 3  a Gel content of prepared hydrogels (HEC/AAc, 
HEC/AAc/CX 1, 2, 3 and 4) with different irradiation doses, 
b Hydrogels’ swelling ratios at various radiation dosages, c 

Hydrogels’ swelling ratios as a function of time at 25 ◦C and d 
swelling kinetics of different hydrogels

Table 2  Diffusion parameters of the HEC/AAc, HEC/AAc/
CX1, HEC/AAc/CX2, HEC/AAc/CX3 and HEC/AAc/CX4

Hydrogels R2 N Mechanism

HEC/AAc 0.995 0.46 Fickian
HEC/AAc/CX1 0.984 0.41 Fickian
HEC/AAc/CX2 0.994 0.44 Fickian
HEC/AAc/CX3 0.986 0.51 non-Fickian
HEC/AAc/CX4 0.993 0.48 Fickian
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Fig. 4  SEM photographs of hydrogels (a) before sorption of 
Ag ions (magnification × 500) and (b) after sorption of Ag ions 
(magnification × 500), XRD patterns of (c) HEC/AAc/CX3 

hydrogel and (d) Ag-HEC/AAc/CX3 hydrogel, EDX –meas-
urements of (e) HEC/AAc, (f) HEC/AAc/CX3 and (g) HEC/
AAc/CX3  (Ag+)
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The gel content of HEC/AAc/CX3 increased from 
83 to 91% with an increase in radiation dose from 10 
to 20 kGy. With a further increase in the radiation 
dose to 30 kGy, the gel content reached 99.3%, and 
it remained stable even with an increase in the radia-
tion dose to 50 kGy. At radiation doses less than 30 
kGy, the gelation content is unsatisfactory in terms 
of physical properties to withstand some applica-
tions. In the study of the swelling ratio with differ-
ent irradiation doses, Fig. 3b describes the change in 
the swelling rate. The swelling rate decreases with 
increasing radiation doses as a result of increas-
ing the density of the prepared hydrogel network 
(Mohamad et al. 2017). The swelling ratio of HEC/
AAc hydrogel reduced from 93 to 66 as the radiation 
dose elevated from 10 to 50 kGy. Also, the swell-
ing degree decreased from 65, 64, 73, and 78 to 39, 
36, 48, and 51 for HEC/AAc/CX1, HEC/AAc/CX2, 
HEC/AAc/CX3, and HEC/AAc/CX4, respectively. 

The swelling ratio is one of the most important 
parameters necessary for the study of hydrogels, 
as it is closely related to the application of hydro-
gels. Figure  3c shows that the swelling ratios of 
the hydrogels varied with time in distilled water at 
25 °C. All the hydrogels reached equilibrium after 
about three hours. The swelling ratio after 3 h was 
higher for the HEC/AAc hydrogel (76.4) compared 
to the different hydrogels, which contain any per-
centage of CX. The swelling rations were 53.6, 
52.2, 60.5, and 66.4 for HEC/AAc/CX1, HEC/AAc/
CX2, HEC/AAc/CX3, and HEC/AAc/CX4, respec-
tively. As seen in Fig.  3d and Table  2, the Fickian 
diffusion model can be successfully applied to the 
initial swelling process to give straight, fitted linear 
lines with a good correlation coefficient  (R2 > 0.98). 
The (n) values were in the range of 0.41–0.48 (Fick-
ian diffusion) for HEC/AAc, HEC/AAc/CX1, HEC/
AAc/CX2, and HEC/AAc/CX4. But the determined 

Fig. 4  (continued)
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n was 0.51 for the HEC/AAc/CX3, indicating that 
the water uptake was controlled collaboratively by 
water diffusion and relaxation of polymer chains 
(non-Fickian diffusion); this occurs in those cases 
where the diffusion and relaxation rates are compa-
rable (Dafader et al. 2011).

SEM, XRD patterns and EDX measurements of 
HEC/AAc/CX3 hydrogel

The SEM images clearly show that the hydrogels 
exhibit a porous structure on the inside (Fig.  4a), as 
well as that the HEC/AAc/CX3 hydrogel, which was 
prepared by radiation, has large pores as a result of the 
electrostatic repulsion between the carboxylic anions, 
which expand the hydrogel network from the inside 
and outside and are responsible for increasing the size 
and diameter of the pores. Those pores are responsi-
ble for absorbing and assimilating aqueous solutions 
and minerals (Ma et  al. 2008), such as Ag ions. On 
the other hand, the hydrogel appears after the adsorp-
tion process in Fig.  4b, with a different morphology. 
The pore shapes changed and decreased as a result of 
reducing the electrostatic repulsion through the adsorp-
tion of cationic metal ions (Ag). Also, after the sorp-
tion process, hydrogel is more-thick; pores are filled 

with metal ions after interacting with metal ions. XRD 
patterns of HEC/AAc/CX3 hydrogels before sorption 
of silver ions are given in Fig.  4c. and revealed the 
absence of peaks in pristine hydrogels, which con-
firmed their non-crystalline nature. Also, in Fig.  4d, 
Ag/HEC/AAc/CX3 hydrogels after sorption of silver 
are assigned to diffractions at 2θ values of 38°, 44.2°, 
64.41° and 77.43° are assigned to reflections through 
(111), (200), (220), and (311) planes of the face cen-
tered cubic (fcc) of silver nanoparticles, respectively 
(Thomas et  al. 2007). Elemental analysis shows that 
the HEC/AAc/CX3 hydrogel in the presence of CX 
contains the elements S and P, and after the absorption 
process, small percentages of silver appear as a result 
of the absorption process, as shown in Fig. 4(e–f).

Sorption procedures of Ag(III) onto HEC/AAc/CX3 
hydrogels

Preliminary investigations and the effect 
of equilibrium contact time

The preliminary experimental investigations on the 
uptake efficiency of the different prepared HEC/
AAc/CX hydrogel adsorbents which containing dif-
ferent percentages of CX (Wt %) in the range (0–0.2 

Fig. 5  a different hydrogels contains weights of CX for the uptake of Ag ions (b) Effect of time on the sorption of Ag(I) using HEC/
AAc/CX3 hydrogel from acidic nitrate medium
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g) were carried out. 0.1 g of each adsorbent sample 
was individually shaking with 5 mL of 100 mg/L 
Ag(I) at solution pH = 1, time = 60 min. The results 
plotted in Fig. 5a were indicating that the uptake effi-
ciency takes the order: HEC/AAc/CX4 > HEC/AAc/
CX3 > HEC/AAc/CX2 > HEC/AAc/CX1 > HEC/
AAc. In this context; irradiate HEC/AAc/CX3 hydro-
gel was employed for complete batch study for the 
sorption of Ag(I) from acidic nitrate medium.

The first parameter in this study is the determina-
tion of contact equilibrium time for the uptake of 
100 mg/L Ag(I) from acidic nitrate medium. This 
experiment was performed by contact 5 mL of 
aqueous metal ion solution with 0.1 g of HEC/AAc/
CX3 hydrogel in the time range 10 to 120 min and 
results plotted in Fig.  5b illustrate that the maxi-
mum sorption percentage of Ag(I) increased to 75% 
in the first stage (10–60 min). Further increase in 
the second stage (60–120 min) show that there was 

slowly increase in the uptake efficiency of sliver 
ions and still almost constant; this may be regard-
ing to the saturation of the adsorbent active sites. In 
concluded the contact equilibrium time was main-
tained of 60 min all the experiments during these 
study investigations.

The effect of solution pH

The impact of varied solution pH on the sorption of 100 
mg/L of Ag(I) in contact for 60 min with 0.1 g of HEC/
AAc/CX3 hydrogel sorbent was carried out in the pH 
range 1–3.5. According to the data shown in Fig.  6a 
and the suggested experimental conditions, the sorption 
efficiency of Ag(I) gradually decreased from 75 to 30% 
with an increase in pH from 1 to 3.5 M. This extensive 
decrease could be explained by the significant stepwise 
desorption rates for adsorbed Ag(I) ions with increasing 
solution pH. Therefore, the sorption experiments were 

Fig. 6  a Effect of solution 
pH on the sorption of Ag(I) 
onto HEC/AAc/ CX3 adsor-
bents, b  PhZpc of HEC/AAc/ 
CX3 hydrogel, and c Effect 
of HEC/AAc/ CX3 hydro-
gel weight on the sorption 
of Ag(I) ions from acidic 
nitrate medium
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conducted at a low pH of 1, which results in an effi-
ciency of 75%. As well as the selection of a low pH of 
1, it is important to work in a low-acidic medium so that 
fission products are dissolved in a highly concentrated 
acid medium. As a result, the adsorbent’s zero-point 
charge is 0.5, as shown in Fig. 6b, and the adsorbent’s 
surface active sites will be negatively charged when pH 
exceeds 0.5, making them suitable sites for the cationic 
species  Ag+ adsorption.

Effect of HEC/AAc/CX hydrogel weight

The effect of HEC/AAc/CX3 hydrogel adsorbent 
weights in the range of 0.05–0.2 g on the uptake 
efficiency of 100 mg/L Ag(I) at pH = 1 was inves-
tigated. The results represented in Fig. 6c indicated 
that the uptake percent of Ag(I) ions from an acidic 
solution at the suggested sorption conditions was 
increased from 30 to 90% with a gradual increase in 
weight in the studied range. These results confirmed 
the high affinity of the composite through increasing 
adsorption sites and increasing the weight of HEC/
AAc/ CX3 hydrogel. Furthermore, 0.1 g was chosen 

as the optimum ratio in all the experiments, which 
gave an uptake efficiency of 75% after one sorption 
cycle under the used experimental conditions.

Effect of the initial Ag(I) concentration

The initial metal ion concentration is an important 
parameter from which we estimated the sorption iso-
therm models. From this point, the effect of the initial 
silver ion concentrations in the range of 50–500 mg/L 
on its sorption using 0.1 g HEC/AAc/CX3 (5 ml) at 
solution pH = 1 for 60 min was carried out Fig.  7a. 
The experimental data show that the uptake percent-
age decreased with increasing [Ag(I)] and became 
35% at 500 mg/L, which indicates that the active sites 
on the hydrogel adsorbent surface became totally 
occupied with the formation of stable equilibrium 
between silver adsorption and desorption cycles.

Sorption capacity

From the batch sorption of Ag(II) using HEC/AAc/ 
CX3 hydrogels it was clear that the irradiated HEC/

Fig. 7  a The initial metal ion concentration on the sorption of Ag ions by HEC/AAc/ CX3 hydrogel from acidic nitrate medium and 
(b) Sorption cycles 100 mg/L of Ag(I) onto HEC/AAc/ CX3 from acidic nitrate medium
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AAc/CX3 hydrogel is more efficient. From this 
point, the maximum sorption capacity of HEC/AAc/ 
CX3 sorbent with 100 mg/L of Ag(I) under the used 
experimental conditions (time = 60 min, T = 25 °C, 
and wt = 0.1 g) was investigated. The sorption step 
was carried out several times with fresh Ag(I) aque-
ous solution until low sorption occurred and the 
maximum capacity  (qmax) was calculated from Eq. 7 
(Çavuş et al. 2006).

(7)Max.Capacity(qmax) =

∑

uptake%

100
× Ci ×

V

m

After 5 sorption cycles Fig.  7b, the evaluated  qmax 
was found to be 12 mg/g, which confirm the high 
efficiency of the prepared HEC/AAc/CX3 hydrogels 
towards the recovery of Ag(I) form acidic solution.

Fig. 8  Plots between: (a) the temperature and the sorption % (S %) (b) 1/T versus log  Kd for S% of Ag(I) ions by HEC/AAc/CX3 
hydrogels from nitrate solution

Table 3  Thermodynamic parameters for sorption of Ag ions 
onto HEC/AAc/CX3 hydrogel adsorbent from nitrate medium

Thermodynamic 
Parameters

ΔH, k J /mol ΔG, k J /mol ΔS, J /mol

Value - 62.60 5 -227

Table 4  Values of desorption efficiency for Ag(I) after sorp-
tion on HEC/AAc/CX3 at pH = 1 and 25 ± 1°C

Desorption reagents, M Conc., M D%

HNO3 1 5
Sulfamic acid 1 42
HCl 1 7
KSCN 1 27
NH4SCN 0.5 70
Thiourea 0.5 35
NaNO3 1 10
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Thermodynamic parameters calculations for HEC/
AAc/ CX3

The effect of temperature on the sorption of 100 
mg/L Ag ions from acidic nitrate medium using 
HEC/AAc/CX3 hydrogel was studied in the range 
(10–65 °C) at the selected experimental condi-
tions (contact time = 60 min, pH = 1and V/m = 0.05 
L/g). The results plotted in Fig.  8a; show that the 
sorption efficiency was decreased with increas-
ing temperature and this could be attributed to an 
increase in the elasticity of the prepared HEC/AAc/
CX3, which make changes in the adsorbent active 
sites. The values of thermodynamic parameters 
such as enthalpy (ΔH) and entropy (ΔS) changes 
were obtained from the linear plot of 1/T vis log 
 Kd, Fig.  8b; and were calculated from Eq.  (8–9) 
(Elkony et al. 2023; Ibrahim et al. 2020).

where T is the temperature in Kelvin (K), R is the gas 
constant (8.314 J  mol−1K−1) and  Kd is the distribu-
tion coefficient (mL/g). The values of thermodynamic 
parameters reported are given in Table 3; the negative 
ΔH indicates the exothermic nature of the silver sorp-
tion process on HEC/AAc/CX3, the negative value of 
ΔS indicates the decrease of disordering of the reac-
tion system and the positive value of ΔG indicates 
that the reaction is a nonspontaneous process.

(8)logKd =
ΔS

2.303R
−

ΔH

2.303RT

(9)ΔG = ΔH − TΔS

Desorption and regeneration HEC/AAc/CX

Utilizing several stripping agents, including  HNO3, 
sulfamic acid, HCl, KSCN,  NH4SCN,  NaNO3, and 
thiourea for desorption of Ag ions sorbed by HEC/
AAc/CX3. The experiment’s findings given in 
Table 4 demonstrated that the desorption percentage 
(D%) of Ag ions using  NH4SCN (0.5 M) was accom-
plished entirely after two cycles (first = 70% and sec-
ond = 30%) under the desorption step’s applied exper-
imental circumstances (Time = 60 min, V/m = 0.05 
L/g, T = 25 °C). The regenerated HEC/AAc/CX3 was 
employed for others sorption cycles for silver ions 
under the experimental conditions used.

Comparison of Ag/ HEC/AAc/CX3 system with 
other reported materials

To take advantage of the HEC/AAc/CX3 hydrogel for 
Ag uptake from an aqueous acidic solution, a compar-
ative study was investigated with adsorption capaci-
ties reported for several adsorbents for Ag recovery 
from aqueous solutions (3, 17, 21, 24, 36) in Table 5. 
The HEC/AAc/CX3 hydrogel was discovered to have 
a moderate adsorption capacity compared to certain 
other adsorbents. This finding suggests that HEC/
AAc/CX3 beads can be used as effective adsorbents 
for Ag and + retention in an aqueous acidic solution.

Conclusions

* HEC/AAc/CX3 hydrogel was prepared via gamma 
radiation at 30 kGy and was characterized using dif-
ferent characterization, including FT-IR, SEM, XRD, 
and EDX.

Table 5  Comparison 
of Ag/ HEC/AAc/CX3 
system with other reported 
materials

Adsorbents Adsorption capacities 
(mg.  g−1)

(Ref.)

Chitosan/Montmorillonite Com-
posite

5.0 (Jintakosol and Nitayaphat 2016)

Low-rank Turkish coals 1.87 (Karabakan et al. 2004)
Peat 5.50 (Hanzlik et al. 2004)
Fly ash 6.48 (Çoruh et al. 2011)
CTS/BC 52 (Nitayaphat and Jintakosol 2015)
Expanded perlite 8.60 (Ghassabzadeh et al. 2010)
HEC/AAc/CX3 12 Current work
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* The Fickian diffusion model results indicate that 
HEC/AAc/CX3 hydrogel is non-Fickian diffusion.
* Under the utilized experimental circumstances 
(time = 60 min, [Ag] = 100 mg/L, T = 25 °C, 
V/m = 0.05 L/g, and pH = 1), the sorption efficiency 
was found to be 75%.
* HEC/AAc/CX3 adsorbent’s zero-point charge was 
found to be 0.5 through the results of the measured 
solution pH.
* The maximum sorption capacity of HEC/AAc/CX3 
was found to be 12 mg/g at V/m = 0.05 L/g.
* The sorption process is exothermic and nonspon-
taneous, according to the calculated thermodynamic 
parameters.
* The maximum desorption efficiency of 70% was 
achieved using 0.5 M  NH4SCN after one desorption 
cycle.
* The regenerate HEC/AAc/CX3 can be used for 
other different sorption cycles.
* HEC/AAc/CX3 hydrogel adsorbent has a good, 
appropriate capacity compared with other adsorbents.
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