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A B S T R A C T   

Radioactive nuclides such as cesium, ruthenium, and iodine are difficult to remove in radioactive 
wastewater, which could be removed by coprecipitation of special chemical precipitants. In this 
study, dynamic Cu/Ag-mordenite (Cu/Ag-MOR) material was synthesized to be treated as the 
precipitant to selectively adsorb the iodine ion (I− ) through controlled chemisorption combined 
with physical adsorption. XRD, XPS, and FTIR characterization demonstrated the successful 
modification of the MOR carrier surface by Cu/Ag particles and the high selectivity of the active 
component Cu (I) on the dynamic Cu/Ag-MOR material. SEM, TEM, and BET methods were used 
to characterize the Cu/Ag-MOR material, demonstrating these results: the MOR carried a stable 
porous structure, which allowed the silver to be well dispersed on its surface. The silver improved 
the copper distribution by being well-coated by the copper species. Furthermore, the analysis of 
the factors influencing the chemical plating of copper showed that the pH, the concentration of 
EDTA-2Na and the temperature all influenced the deposition rate of Cu2O. The activation energy 
for Cu2O deposition in dynamic Cu/Ag-MOR was 20.31 kJ/mol. The highest removal of I− in the 
presence of dynamic Cu/Ag-MOR could reach 99.1% in the adsorption tests. The adsorption ki-
netics was under a proposed second-order model, with chemisorption being the controlling step of 
the reaction. The adsorption/desorption experiments demonstrated the reusability of the nano- 
sorbent. It was also demonstrated that dynamic Cu/Ag-MOR materials showed good applica-
bility in complex situations where multiple pollutants co-exist.   

1. Introduction 

As a new era of clean and efficient high-quality energy, nuclear energy has increasingly played a pivotal role in alleviating the 
existing energy shortage and environmental pollution [1]. In addition, it can regulate the global energy structure allocation. However, 
while the nuclear power industry is booming, it generates much radioactive wastewater [2,3], which causes environmental pollution 
and damage to humanity health. How to effectively and adequately treat this radioactive wastewater greatly impacts human life, 
environmental protection, and even the further planning of the nuclear energy industry. 129I is one of the main radionuclides that 
contaminate groundwater [4–6]. Due to its long half-life, high activity in geological formations, and its ability to enrich animals and 
vital human body organs, its radioactive hazards have received wide attention [7]. Radioactive iodine is a significant hazard to or-
ganisms and the environment that needs to be enriched. Therefore, while developing a new generation of nuclear power, research on 
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rapid and efficient treatment technologies for contaminated radioactive wastewater plays a critical role in treating radioactive 
contamination in nuclear power plants and their surrounding environment under accidental working conditions [2]. 

The main methods of radioactive wastewater treatment are adsorption [8–10], ion exchange [11,12], permeation membrane 
separation [13], and precipitation [14]. The precipitation method is the simplest and most effective for removing radioactive iodine 
nuclides. This method generates precipitation of compounds with small concentration products by solubility product theory. In 
previous reports, Bi3+ [3], Hg2+ [15], Ag+ [16–20], and Cu+ [21] based compounds were used as suitable adsorbents to combine with 
iodine compounds in water [22,23] to form precipitates, thus solidifying volatile types of iodine compounds (I− , I2, IO− , IO3

− , CH3I). 
The mechanism of adsorption of monomeric iodine relies on hydrophobic interaction [24] and complexation. When activated carbon is 
used for the adsorption of iodine molecules and iodate, the activated carbon only uses the hydrophobic effect of its pore channels to 
adsorb iodine molecules. However, iodide ions do not appear to have hydrophobic interaction. Thus the adsorption of iodide ions is 
mainly manifested as electrostatic physisorption and chemisorption [25]. The Cu/Ag-mordenite (Cu/Ag-MOR) material developed in 
this project selectively adsorbs element I from water bodies through controlled chemisorption combined with physical adsorption. 
References to previous papers [26–28], a pseudo-second-order model was developed to perform a kinetic analysis of dynamic 
Cu/Ag-MOR materials. 

Among them, MOR has a large specific surface area and thus generates large diffusion forces. The interior of MOR has many 
uniformly sized pores and channels, which are connected to each other and to the outside world by open channels. Under certain 
physico-chemical conditions, MOR has a precise and fixed diameter and thus produces a “molecular sieve” effect. This means that 
substances smaller than this diameter are adsorbed and substances larger than this diameter are excluded. This is the physical 
adsorption mechanism of MOR. 

Chemisorption relies on the strong interaction between Cu+, I− , Ag+ and I− , resulting in the generation of CuI and AgI, which 
solidify the I− and adsorb the I− onto the MOR skeleton. In addition, the force of the adsorbent with iodide ions is related to the softness 
of the acid and base. I− and Cu+ are soft bases and soft acids, which are prone to strong affinity. Cu2+ is the boundary acid and has a 
weaker interaction with I− . 

This article used different preparation methods to prepare Cu/Ag-MOR, including dynamic chemical plating and static chemical 
plating. Cu/Ag-MOR synthesized by dynamic chemical plating was treated as the precipitant to remove the iodine ion (I− ), which has 
excellent adsorption performance in disposing of I− contamination wastewater. Ag-MOR and Cu-MOR were also prepared as a 
comparison. For Cu/Ag-MOR, Ag improved copper dispersed well through being coated by the copper species well. In addition, Cu+

was the active site on the Cu/Ag-MOR that could remove the iodine ions through the formation of CuI. Dynamic Cu/Ag-MOR materials 
prepared by dynamic chemical plating possess more Cu (I) than the static method. The highest removal rate of I− in the presence of 
dynamic Cu/Ag-MOR could reach up to 99.1%. 

2. Experimental 

2.1. Materials and reagents 

C10H14N2Na2O8⋅2H2O and C6H12O6 were purchased from Sinopharm Chemical Reagent Co., Ltd while NH3⋅H2O and KI were 
bought by Shanghai Aladin Biochemical Technology Co., Ltd. HCHO, C5H5N were bought by XILONG SCIENTIFIC while 
C6H5Na3O7⋅2H2O was purchased from MACKLIN. CuSO4 and Na2CO3 were bought by Tianjin Kemiou Chemical Reagent Co., Ltd while 
AgNO3 was purchased from Tianjin Fengchuan Chemical Reagent Co., Ltd. NaOH was bought by DAMAO CHEMICAL REAGENT 
FACTORY. The reagents were used as received without extra treatment. Mordenite (MOR) was obtained from Yingkou Zhongbao 
Molecular Sieve Co., Ltd. KI solution were simulated as wastewater. Deionized water were used in all experiment process. 

2.2. Preparation of adsorbents 

2.2.1. Preparation of Ag-MOR 
The Ag-MOR was prepared according to the previous report [29–31]. The mass ratio of silver nitrate, sodium citrate, and mordenite 

is 1:3.9:164. The mordenite was put into water to make the suspension, then configured the concentration of 0.17 mol/L silver nitrate 
and added to the suspension. The mixture was heated for 1.5 h [17,18,31] to reach boiling under stirring and refluxing. The container 
containing the silver nitrate is then washed with deionized water and added to the suspension. Sodium citrate was put into the 
continuous boiling suspension for 1.5 h to obtain mercerized mordenite gel. The mass ratio of sodium carbonate and silver nitrate is 
0.3:1, while the mass ratio of glucose and silver nitrate equals 0.7:1. Configured 0.1 mol/L sodium carbonate to the prepared 
mercerized mordenite gel and added glucose to stir well, then put the gel under water bath heating at 80 ◦C. After 30 min, the mixture 
was filtered at the pressure of 2.5 KPa to obtain the filter cake that was washed 4 times. The Ag-MOR was synthesized by drying the 
filter cake at 140 ◦C for 3 h. 

2.2.2. Preparation of cu/ag-MOR 

2.2.2.1. Dynamic Cu/Ag-MOR. In this project, the parallel solution was introduced; it was prepared by dropping copper sulfate, 
pyridine, and ethylene diamine tetra acetic acid disodium salt (EDTA-2Na) to sodium hydroxide 3 h and stabilized for 2 h under a 
water heating bath at 70 ◦C. Dynamic chemical plating is a method of adding a parallel solution that droplets to the reducing agent, 
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including formaldehyde, sodium hydroxide, and Ag-MOR. The material synthesized by the dynamic chemical plating method was 
named dynamic Cu/Ag-MOR. 

2.2.2.2. Static cu/ag-MOR. The static chemical plating of Cu/Ag-MOR was prepared according to the previous report [32,33]. The 
mole ratio of copper sulfate, formaldehyde, and pyridine equals 1:20:1, while the mass ratio of copper sulfate and Ag-MOR is 1:5.0.2 
mmol/L EDTA-2Na was dissolved in deionized water as the complexing agent of the reaction, then 0.4 mmol/L copper sulfate solution 
was added as the main salt to the complexing agent. Sodium hydroxide was added to ensure the pH value of the mixture was above 
12.5. The prepared Ag-MOR was added to the mixture in a three-ported flask by stirring under a water heating bath at 70 ◦C for 2 h, 
while the ammonia solution was added to ensure the mixture’s pH value was consistently higher than 12.5. The mixture was filtered to 
obtain the filter cake that needed to be washed with deionized water to achieve neutrality. The static Cu/Ag-MOR was synthesized by 
drying the filter cake in the oven at 110 ◦C for 24 h. 

2.2.3. Preparation of dynamic Cu-MOR 
The method of preparing dynamic Cu-MOR is the same as that of dynamic Cu/Ag-MOR; the difference step is that the parallel 

solution should be added to the mordenite instead of Ag-MOR. 

2.3. Characterization of the adsorbents 

The powder X-ray diffraction (XRD) patterns of the as-prepared adsorbents were recorded by an X-ray diffractometer (Rigaku 
Ultima IV, Japan) at a scanning rate of 6◦/min for 2θ ranging from 10◦ to 80◦. X-ray photoelectron spectroscopy (XPS) spectrometer 
(Thermo-Fisher ESCAL-ABTM250Xi, American) was used to analyze the chemical state of elements in the adsorbents by Al Kα radiation 
as the excitation source. Fourier transform infrared (FT-IR) spectroscopy was carried out on powder samples in the range 400–4000 
cm− 1 using a Fourier transform infrared spectrometer (Nicolet iS 5 F T-IR, American) to obtain the type and amount of functional 
groups contained on the surface of the sample. The morphologies of the as-prepared adsorbents were characterized by a field emission 
scanning electron microscopy (SEM, ZEISS Gemini 300, Germany) with an accelerating voltage of 2 kV and a high-resolution trans-
mission electron microscopy (HRTEM, JOEL JEM-2100 F, Japan) with the accelerating voltage of 20 kV. In addition, an energy- 
dispersive X-ray spectrometer (EDS) was attached with ZEISS Gemini 300 microscopy to determine the element content. The spe-
cific surface area, average pore size, and pore volume were determined by Brunauer Emmett Teller (BET) method on a specific surface 
area aperture analyzer (BUILDER KUBO-X1000, China) by nitrogen adsorption isotherms at 26.85 K. 

2.4. Adsorption experiments 

The adsorption experiment was to determine the removal rate of the prepared samples; potassium iodide solution was simulated as 
wastewater. First, 0.083 g potassium iodide was dissolved in a 50 ml volumetric flask with deionized water to obtain 10 mmol/L 
potassium iodide solution. To obtain 0.5 mmol/L potassium iodide solution, 12.5 ml 10 mmol/L potassium iodide solution was added 
to a 250 ml volumetric flask with deionized water. Put 100 mg prepared samples into 100 ml 0.5 mmol/L potassium iodide solution, 
respectively, and stir for 24 h to filter. Next, 1.25 ml filtrate was moved to a 25 ml volumetric flask; the deionized water was added to 
ensure the volume. The concentration of I− can be calculated by measuring the adsorbance. 

Fig. 1. XRD patterns of Cu/Ag-MOR under different preparation methods.  
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Fig. 2. XPS spectra of (a) Ag 3 d spectra; (b) Cu 2p spectra; (c) O 1s spectra.  
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3. Results and discussion 

3.1. Characterization of the synthesized various adsorbent materials 

Fig. 1 showed the phase composition of a series of adsorbents. All the adsorbents contained the characteristic peak of the mordenite 
molecular sieve. It showed that mordenite has a stable structure and crystal phase, which could not be changed by the metal loading. 
When the diffraction peaks were at 2θ equaled 38.12◦, 44.28◦, 64.43◦, and 77.47◦, (111), (200), (220), and (311) crystal plane could be 
related to Ag. The peaks attributed to Cu can be found in (111), (200), and (220) were represented at 43.30◦, 50.43◦, and 74.13◦, 
respectively. Cu2O of (110), (111), (200), (220), and (311) crystal planes corresponded to 2θ equaled 29.98◦, 37.01◦, 42.61◦, 62.44◦, 
and 74.40◦. The diffraction peaks where 2θ equaled 58.34◦, 65.79◦ of CuO in dynamic Cu-MOR indicated the (202), (022) crystal 
planes. For the dynamic Cu/Ag-MOR, there were Cu2O, Cu, and Ag species existed, while dynamic Cu-MOR contained CuO, Cu2O, Cu, 
and Ag species. Ag could react with CuO to form Ag2O and Cu2O, which was proved by the previous study. The addition of Ag enhanced 
the formation of Cu2O. It might affect the chemical state and electronic structures of the metal nanoparticles on the MOR surface, 
which would be further studied by XPS. 

XPS analysis was performed to study the chemical state of the elements in the adsorbent, especially the influence of silver on the 
electronic structure of copper. Fig. 2b showed the XPS spectra of Cu 2p. For dynamic Cu-MOR, there were three peaks at the binding 
energy of 532.9 eV, 531.6 eV, and 531.4 eV, which were attributed to the oxygen atoms in the mordenite. The Cu–O bonds of CuO and 
Cu2O, respectively. With adding Ag, the peak at the binding energy of 532.9 eV was not changed, while oxygen combined with Cu 
changed. The binding energy of 531.6 eV disappeared, which indicated that CuO reacted with Ag to form Cu2O totally. 

After the Ag particles were induced, the Cu (II) decreased while Cu (I) increased. In contrast with static chemical plating, dynamic 
chemical plating had a more stable environment for copper species that produced more Cu (I). According to Fig. 2c, physically 
adsorbed oxygen was shown as Si–O or Si–OH without inducing copper species. However, lattice oxygen was produced by inducing 
copper species. Thus in dynamic Cu/Ag-MOR, lattice oxygen was performed as CuO, which confirmed the previous result. 

The XPS analysis was conducted to identify the surface oxidation states of the Ag species on the dynamic Cu/Ag-MOR. Fig. 2a 
showed that there were two XPS peaks of Ag 3 d, which were at a binding energy of 368.5 (3d5/2) and 374.7 eV (3d3/2), respectively. It 
could be assigned to Ag0, which was consistent with the results of XRD. 

This doping of Ag influenced the electronic structure of Cu species loaded on the surface of MOR, which was observed in the XPS 
spectra. Furthermore, the metal doping would also affect the surface morphology and structure of the adsorbent. 

The FTIR spectra of the static Cu/Ag-MOR and dynamic Cu/Ag-MOR samples are shown in Fig. 3. Si–O–Si symmetric stretching 
vibration at 814 cm− 1 and Si–O bending vibration at 457 cm− 1. The difference was that the static Cu/Ag-MOR sample had possible 
Cu–O stretching vibrations at 640 cm− 1 and 560 cm− 1 and the dynamic Cu/Ag-MOR sample had Cu–O stretching vibrations at 641 
cm− 1 and 564 cm− 1, which may be due to the difference in copper species between the two. However, the other peaks in the IR pattern 
were almost not significantly different, indicating that the two samples contained the same type of functional groups on the surface and 
the proportional content of functional groups is similar. SEM and HRTEM studies were performed to estimate the effects of Ag on the 
micromorphology of Cu/Ag-MOR. 

Fig. 4 showed the SEM images of the adsorbents prepared with different methods. MOR as the suppory only had the plate-like and 
rod-like structures (Fig. 4a), and Cu-MOR had the above structure and some particles dispersed on the skeletons (Fig. 4c), which 
indicated that these particles were copper species with 5.75% of copper bells (Fig. 5b) and poor dispersion. The MOR with high 
crystallinity had the plate structure with the thickness of 78–90 nm and the width of 440–560 nm. The MOR with low crystallinity had 

Fig. 3. FTIR spectra of static Cu/Ag-MOR and dynamic Cu/Ag-MOR samples.  
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the rod structure with a length of 0.45 μm and a diameter of 0.11 μm (Fig. 4a). 
Figs. 4b and 5a showed Ag-MOR had the similar structure to MOR with a less Ag content, which indicated Ag was evenly distributed 

in the pore structure and had little effect on the crystallinity of MOR. In contrast, the modification of copper species had an important 
influence on the crystallinity of MOR. Fig. 4c–e showed the micromorphology of dynamic Cu-MOR, and Cu/Ag-MOR was mainly plate- 
like structures and some particles dispersed on their surface, which probably was the copper species. Compared with Cu-MOR, Cu/Ag- 
MOR had the smaller particles and good dispersion. Moreover, the copper particles prepared with dynamic method (Figs. 4e and 
125–160 nm) had the smaller sized than that with static method (Figs. 4d and 155–180 nm). Dynamic Cu-MOR contained stacked 
copper species, while Cu/Ag-MOR contained well-dispersed copper particles. In addition, the dynamic Cu/Ag-MOR had the smaller Cu 
species than static Cu/Ag-MOR, even though the former contained more copper content (Fig. 5c and d). 

Based on the information, these results indicated that silver had a positive effect on the dispersion of copper species, and the 
dynamic chemical plating method could prepare smaller copper particles by inhibiting their agglomeration, which probably influ-
enced the adsorbability. 

In addition to SEM, TEM studies were also performed to estimate the metal distribution on the MOR. Among them, the morphology 
and pore size of the MOR carrier can be seen in Fig. 6a and b After the loading of the active component Ag, Fig. 6c and d showed that 
silver particles with the mean size of 9.15 nm were dispersed well in the Ag-MOR, which were in good agreement with the results of 
SEM. For the TEM images dynamic Cu/Ag-MOR, there were some clusters (7.5–10.2 nm) with good dispersion grow on the MOR 
(Fig. 6e and f), which were probably assigned to the silver as the core coated by copper species. The Cu(OH)4

2− formed from the 
combination of CuSO4 and NaOH could be reduced by formaldehyde to generate Cu2O, which heterogeneously nucleated on Ag 
particles. The Cu2O/Ag could be treated as the nucleation sites for subsequent epitaxial growth of copper species domains [34–36]. The 
silver of Ag-MOR as the nucleation center enhanced the dispersity of copper species. Deposition of copper species, especially cuprous 
oxide on Ag-MOR would be further studied. 

Based on the result of the BET method (Table 1), the pore structure of MOR was not changed by adding Ag particles. Without the Ag 
particle as the inducing agent, the pore structure of MOR will be expanded and blocked by the overlapped copper species. The 
overlapping copper species clogged the MOR pores, reducing the specific surface area of the MOR to 6.92 m2/g and the pore volume 
from 0.23 cm2/g to 0.09 cm2/g. Ag-induced Cu/Ag-MOR material with Cu/Ag loaded onto the MOR backbone as the active center. As a 
result, the average pore volume and specific area of Cu/Ag-MOR were less than MOR, which was 0.14 cm2/g and 34–37 m2/g. Ac-
cording to Fig. 7a, the isothermal curves of the material conform to the Class IV isothermal curve, resulting in a post-delay ring of H3, 
which was a slit pore formed by the accumulation of sheet particles. As the comparison of the Barret-Joyner-Halenda (BJH) plots of 
MOR and dynamic Cu/Ag-MOR shown (Fig. 7b), the pore volumes of 3.5–4.8 nm, 5.1–6.2 nm, 6.6–7.3 nm and more extensive than 10 
nm were reduced in MOR, which was caused by the loading of Cu/Ag particles. However, the Cu/Ag intervention did not significantly 
change the pore size, which proved that the Cu/Ag particles were loaded on the carrier surface, whereas dynamic Cu/Ag-MOR was still 
a mesoporous material. 

3.2. The deposition rate of Cu2O in the Ag-MOR 

Based on the results above, NaOH as the precipitant could provide hydroxyl radical to copper ions (II) to generate Cu or Cu2O with 
the formaldehyde used as reducing agent. Therefore, pH value might affect composite state of copper and silver. The effects of pH value 
on the deposition rate of Cu2O in the Ag-MOR were investigated. Fig. 8 showed the deposit rate of Cu2O increased with the increasing 

Fig. 4. SEM images of (a) MOR, (b) Ag-MOR, (c) dynamic Cu-MOR, (d) static Cu/Ag-MOR, and (e) dynamic Cu/Ag-MOR.  
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of pH ranged from 11 to 12.5. The higher concentration of OH− could precipitate more copper ions, which was attributed to the 
increasing deposition rate of Cu(OH)4

2− . While too high concentration of OH− might lead to the decomposition of reducing agent, 
which decreased the deposition rate of Cu2O. 12.5 was the best pH value to ensure the rapid precipitation of copper ions. 

The effect of EDTA-2Na concentration and pyridine volume on the deposition rate of Cu2O was also studied. The deposition rate of 
Cu2O increased first and then decreased with the increasing concentration of EDTA-2Na. EDTA-2Na could stabilize copper ions by 
complexing to prevent them from forming too large particles due to too large surface energy. Too much EDTA-2Na in the solution 
might increase the critical concentration of precipitation of Cu species and then decrease the deposition rate of Cu2O. As can be seen 
from Fig. 9, the best concentration of EDTA-2Na was 0.064 mmol L− 1. 

In addition, the effect of preparation temperature on the deposition rate of Cu2O was investigated. As shown in Table 2, the 

Fig. 5. EDS of (a) Ag-MOR, (b) dynamic Cu-MOR, (c) static Cu/Ag-MOR, and (d) dynamic Cu/Ag-MOR.  
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deposition rate increased with the increasing temperature. The higher the temperature was, the faster the mass transfer rate in the 
solution was, and the faster the copper coating could be formed. The results showed activation energy of the dynamic Cu2O deposition 
rate was 20.31 kJ/mol (Fig. 10), which was lower than the static Cu2O deposition rate. 

The activation energy was calculated by the Arrhenius equation as followed. 

lnv= −
Eα

RT
+ B (1) 

Where v (mg⋅cm− 2⋅h− 1) denoted the Cu2O deposition rate, Eα was the apparent activation energy, and B was the integration 
constant. The mole gas constant R was a thermodynamic constant with a value approximately equaled to 8.3145 J/(mol⋅K). T rep-
resented thermodynamic temperature. 

3.3. Adsorption performance 

The kinetic effects of different adsorbent materials on the adsorption of iodine ions were obtained by fitting. As shown in Fig. 11, 
the physical adsorption rate could reach 52% when MOR was set as the adsorbent. When Ag-MOR and Cu/Ag-MOR were set as the 
adsorbent, the adsorption efficiency increased with time, which overgrew for the first 20 min but slowed down between 20 and 70 min. 

Fig. 6. TEM microphotographs of (a) and (b) MOR, (c) and (d) Ag-MOR, (e) and (f) dynamic Cu/Ag-MOR.  

Table 1 
BET characterization results of the prepared samples.  

Samples Specific surface area (m2/g) Average pore size (nm) Pore volume (cm2/g) 

MOR 57.83 7.97 0.23 
Ag-MOR 42.33 11.02 0.23 
Dynamic Cu-MOR 6.92 25.43 0.09 
Static Cu/Ag-MOR 34.24 7.96 0.14 
Dynamic Cu/Ag-MOR 36.75 6.75 0.14  
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After 70 min, the capture material reached saturation. While dynamic Cu/Ag-MOR materials can reached 99.1% saturation adsorption 
efficiency. 

According to the line dynamic Cu/Ag-MOR in Fig. 11, from 0 to 20 min, the copper species were distributed uniformly by inducing 
Ag particles. Moreover, there were more adsorption active sites in Cu/Ag-MOR, which improved the adsorption rate. At 20–70 min, 
CuI was produced by copper species that adsorb iodine ions in the curing solution. After 70 min, the chemisorption ended; the Cu/Ag- 

Fig. 7. (A) N2 adsorption-desorption isotherms of MOR, static Cu/Ag-MOR, and dynamic Cu/Ag-MOR. (b) BJH adsorption pore size distribution of 
MOR, static Cu/Ag-MOR, and dynamic Cu/Ag- MOR. 

Fig. 8. The plot of Cu2O deposition rate versus pH.  
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MOR material reached its critical capacity while the adsorption reached saturation. 
Fig. 12 was fitted by the secondary reaction rate equation, which is: 

dqt

dt
=K2(qm − qt)

2 (2) 

Where qt (mmol⋅g− 1) denoted the adsorption capacity at time t (min), K2 represented the fitted second-order rate constant that 
equaled 6.080, and qm meant average adsorption capacity that equaled 0.050 mmol g− 1. 

Integrated the above equation by substituting the boundary conditions of t = 0 and qt = 0, the equation can be simplified as: 

1
(
qm − qt

)=
1

qm
+ K2t (3) 

The linear pseudo-second-order model can be obtained by rearranging and combining the equations, and its mathematical 
expression is: 

Fig. 9. Plot of Cu2O deposition rate versus EDTA-2Na concentration.  

Table 2 
Cu2O deposition rate as a function of temperature.  

T/◦C 35 40 45 50 55 60 65 70 75 

Dynamic Cu/Ag-MOR of v 1.010 1.018 1.026 1.035 1.043 1.054 1.062 1.070 1.071 
Static Cu/Ag-MOR of v 1.007 1.020 1.035 1.055 1.067 1.083 1.097 1.112 1.115  

Fig. 10. Plot of the logarithm of Cu2O deposition rate versus the inverse of temperature.  
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t
qt
=

1
K2q2

m
+

1
qm

t (4) 

Fig. 11. Adsorption performance of I− adsorption by various adsorbent materials.  

Fig. 12. A pseudo-second-order plot of linearity of captured iodide ions t/qt versus time t.  

Fig. 13. Reusability of dynamic Cu/Ag-MOR nanoadsorbent for the adsorption/desorption of I− .  
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The linear equation (t/qt = 19.8533t+65.7857) can be obtained by plotting t/qt versus time, while the linear regression coefficient 
(R2) of the fitted curve of this kinetic equation is 0.9957. Thus, it indicated that the fitted adsorption reaction model could predict the 
kinetic behavior of the adsorption reaction. 

3.4. Desorption and reusability study 

The reusability of the dynamic Cu/Ag-MOR nano adsorbent was evaluated over five successive cycles in adsorption-desorption 
experiments. The reusability results are shown in Fig. 13. After four consecutive adsorption-desorption cycles, in total, the removal 
of I− decreased by 8.9%. In the fifth successive adsorption-desorption cycle, the adsorption rate of I− decreased to 77.8%, a decrease of 
21.3%. Dynamic Cu/Ag-MOR exhibited good regeneration performance, and thus it may be reused as an efficient nanoadsorbent. 

3.5. Effect of miscellaneous contaminant samples 

To study the effect of the intervention of miscellaneous contaminants on the adsorption of I− by the material, the same molar 
amounts of competing anions Cl− , CO3

2− , SO4
2− and NO3

− were added to a solution of I− at an initial concentration of 0.5 mmol/L. 
Dynamic Cu/Ag-MOR was used as the adsorbent material for the I− adsorption tests. As shown in Fig. 14, the adsorption efficiencies of 
iodide ions were 99.1%, 97.6%, 99.3% and 98.8% in the presence of Cl− , CO3

2− , SO4
2− and NO3

− in solution, respectively. The results 
showed that the presence of anions such as Cl− , CO3

2− , SO4
2− and NO3

− did not affect the iodine adsorption capacity of the dynamic Cu/ 
Ag-MOR material. This demonstrates that the dynamic Cu/Ag-MOR material shows good applicability in complex situations where 
miscellaneous contaminants co-exist. 

4. Conclusions 

In summary, this study’s preparation method of Cu/Ag-MOR is simple and easy to control in the experiment condition. The dopping 
of Ag particles could enhance the selectivity of Cu (I), which produced better Cu (I) crystalline composites in the stable dynamic 
system. Dynamic Cu/Ag-MOR have uniform mesoporous structure, which could effectively adsorb small diameter molecules into the 
interior of the pore cavity. Also, it has a good adsorption effect on iodine ions through controlled chemisorption combined with 
physical adsorption. Within 70 min, dynamic Cu/Ag-MOR material could achieve the best adsorption effect, which reached a 99.1% 
rate of removal of iodine ions. In addition, dynamic Cu/Ag-MOR materials have good regenerative properties and can be recycled 
many times. Dynamic Cu/Ag-MOR materials show good suitability in complex situations where miscellaneous contaminants co-exist. 
The adsorption mechanism of Cu (I) adsorption of iodine ions was proposed, and the adsorption kinetic fitting proved that chemi-
sorption was the control step of the adsorption process. Therefore, dynamic Cu/Ag-MOR could be used as an excellent capture material 
that adsorbs the radioactive iodine ions. Also, this material will help reduce pollution and protect the environment, which better 
contributes to the sustainable development of human beings. As the adsorption capacity of the adsorbent material was sufficiently 
high, the disposal and reuse of the recovered material was not considered in the study. 
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