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Abstract: In this work, pure gadolinium oxide (Gd2O3) and mixed gadolinium oxide (Gd2O3) 6 

- magnesium oxide (MgO) composites were synthesized by simple hydrothermal method and 7 

calcination treatment. Two kinds of materials were used to remove uranyl ions from aqueous 8 

solution and characterized the structure and morphology by means of XRD, FT - IR, SEM, EDS 9 

and XPS. MgO was introduced into Gd2O3 material, which effectively avoided the agglomeration 10 

of Gd2O3 material and increased the adsorption capacity.The effects of different initial pH, initial 11 

uranium concentration and contact time on the adsorption performance of UO22+ were investigated 12 

by static adsorption experiments. The thermodynamic fitting of Langmuir and Frenudlich 13 

equations showed that the adsorption process of the two kinds of materials were more consistent 14 

with the Langmuir equation. At 25℃, the maximum adsorption capacities of Gd2O3 and 15 

Gd2O3-MgO for UO22+ were 473.43 mg·g-1 and 812.41 mg·g-1, respectively. Thermodynamic 16 

parameters (△G0<0, △S0>, and H0<0) indicated that the adsorption properties are exothermic and 17 

spontaneous. The possible adsorption mechanism is derived from XPS and FT-IR analysis, which 18 

mainly involves the complexation of -OH and U(Ⅵ) generated by the hydration on the surface of 19 

the materials. 20 

Key Words: Gd2O3; Gd2O3-MgO; composite materials; uranyl ion. 21 

1. Introduction 22 

Uranium (U) is an important energy substance. The development of nuclear power industry 23 

lead to the increasing demand for uranium resources, many countries and governments attach 24 

importance to the development and utilization of nuclear energy(Cheng xu et al. 2019; Syrbua et 25 

al. 2019). At the same time, the waste generated from nuclear operations needs to be solved. 235U 26 

has strong radioactivity and becomes the main radioactive pollutant in the nuclear power industry 27 

(Rajaei et al. 2021). The adsorption method has been widely used in the enrichment and extraction 28 

of heavy metals with low concentration because of its advantages such as good adsorption effect, 29 

low material cost, simple operation, low concentration of treated objects, and reusable adsorbent 30 

mailto:chenyt@qhnu.edu.cn,
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(Molavi et al. 2018; Kaura et al. 2019). The performance of the adsorbent is an important factor to 31 

determine its adsorption capacity for UO22+ (Wang et al. 2020; Wang et al. 2019). Therefore, 32 

finding a suitable adsorbent to remove uranium from wastewater has become an important way of 33 

energy environmental protection and resource reuse. 34 

Currently, studies on uranium adsorption materials include inorganic materials (Wang et al. 35 

2020), organic materials (Peng et al. 2019; Yang et al. 2019) and composite materials (Zhao et al. 36 

2019). Duan and his colleagues prepared a series of thin two-dimensional MOFs nanosheets MnS, 37 

in which the adsorption capacity of MnS-2 for uranyl ions reached 591.79 mg·g-1 when pH greater 38 

than 6 (Wang et al. 2015). Zhao and his partner studied a microbial graphene oxide (GO) 39 

composite material by immobilization of Lysinibacillus to adsorb uranium (VI) from aqueous 40 

solution, its maximum adsorption capacity is 149.3 mg·g-1 (Zhao et al. 2019). Luo et al. showed 41 

that the ability of the amine derivatives of UiO-66 to remove uranium was slightly greater than 42 

UiO-66 itself (UiO-66-NH2 is 114.9 mg·g-1 and UiO-66 is 109.9mg·g-1) (Luo et al. 2016). Zhang 43 

et al. studied a three-dimensional water-stabilized K+ exchange zeolite sulfide with an exchange 44 

capacity of 147.6 mg·g-1 for UO22+ and a wide pH resistance (pH at the range of 2.75 ~ 10.87) 45 

(Zhang et al. 2019). Although these materials have a good adsorption effect on UO22+, there are 46 

still encounter some disadvantages such as the process of preparation complexed, high cost, and 47 

the use of a large number of chemical reagents in the preparation process (Xie et al. 2020). 48 

Therefore, it is an important task to find uranyl ions adsorption materials with simple preparation 49 

process, low cost and environment friendly. 50 

Metal-organic framework are porous coordination polymers with inorganic metal cations as 51 

the center and organic ligands as the linker (Yao et al. 2020). MOFs are considered as ideal 52 

adsorption materials for uranyl ions due to its has the advantages such as high stability, large 53 

specific surface area and adjustable structure,(Qiu et al. 2008). However, there are a large number 54 

of unreacted ligands in the pore structure of MOFs, filling its pores, which is not conducive to 55 

adsorption (Han et al. 2016). High temperature calcination can effectively remove the fillers in the 56 

MOFs structure, expose more active sites, which is favorable for the contact between active sites 57 

and uranyl ions and can improve the adsorption capacity for UO22+ (Yan et al. 2018).Therefore, the 58 

study of metal oxides and mixed oxide materials calcined by MOFs has come into the perspective 59 

of scientists (Juibari et al. 2020; Mohamed et al. 2018). Metal oxide preparation is simple, 60 

environmental protection, low cost, good adsorption performance, the performance of the mixed 61 

oxide material is better than single component material because it is determined by the single 62 

component together (Abu-Dief A M et al. 2020). Compared with the parent compound, composite 63 

materials may have a more significant adsorption performance, better for heavy metal ions 64 

removal efficiency (Abudief I H et al. 2020). 65 

In general, the world use Gd2O3 is the main component of doping UO3 as the nuclear fuel 66 

uranium core. If Gd salt can be employed as the raw material to produce the adsorbent, it will not 67 

only save cost but also have great significance for uranium recovery and environmental protection. 68 

Rare earth gadolinium oxide as a kind of rare earth oxide matrix, has high crystal structure 69 

stability and thermal conductivity coefficient, good chemical stability and thermal stability and 70 
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favored by researchers (Muneer et al. 2015; Zhydachevskyy et al. 2018), these features make 71 

gadolinium oxide is widely used in fluorescent material (He et al. 2011), magnetic materials 72 

(Huang et al. 2008), catalytic materials (Qian et al. 2018) and sustained release technology (Jiu et 73 

al. 2015), etc. However, the adsorption properties of Gd2O3 are rarely studied, although the 74 

properties of other oxides doped with Gd2O3 have been extensively invented (Choi et al. 2020; 75 

Trejo-García et al. 2020), the preparation of Gd2O3-MgO composites and the adsorption effects of 76 

Gd2O3-MgO on uranyl ions have not been reported. Therefore, Gd2O3 and Gd2O3-MgO mixed 77 

oxide composites were used as adsorbents to study their adsorption properties for uranyl ions, and 78 

the adsorption mechanism was explained. 79 

2.Materials and method 80 

2.1 Materials 81 

The reagents we used in the experiment were all analytically grade and no further treatment 82 

was done, mainly includeded Terephthalic acidc(C8H6O4), Gadolinium nitrate hexahydrate 83 

(Gd(NO3)3·6H2O), Magnesium nitrate hexahydrate (Mg(NO3) 2·6H2O), 84 

N, N-dimethylformamide(DMF), Methanol(CH3OH). The uranyl ions used in the experiment were 85 

obtained by dissolving uranyl nitrate hexahydrate (UO2(NO3)2·6H2O) in deionized water. 86 

2.2 Adsorbent preparation 87 

The Gd2O3-MgO were synthesized with traditional solvothermal and calcination methods by 88 

changing Gd3+/Mg2+ molar ratios to optimize the material. The specific steps as follows: First, A 89 

certain amount of Gd(NO3)3·6H2O, Mg(NO3)2·6H2O and 0.8306 g terephthalic acid were 90 

dissolved in 30mL N, N-dimethylformamide and stirred magnetically for 30 min at room 91 

temperature to prepare the solution. The mixed solution were poured to the 50 mL Teflon-lined 92 

stainless steel autoclave, then put into the oven and slowly heated to 120℃and kept for 24h. After 93 

cooling to room temperature, washed with methanol and centrifuged for three times and each 94 

time took five minutes (8000rpm). Afterward, the product of drying in the vacuum drying oven at 95 

60℃ were called as GD-BDC, Gd-Mg-BDC. Finally, Gd-BDC and Gd-Mg-BDC were calcined 96 

in Muffle furnace at 800℃ for 3 h to obtain adsorbents Gd2O3 and Gd2O3-MgO. After adsorption 97 

of U(Ⅵ),Two kinds of adsorbents were denoted as Gd2O3-U and Gd2O3-MgO-U, respectively.  98 

2.3 Characterization 99 

The materials were prepared by magnetic stirring apparatus (IKA RH BASIC KT/C), washed 100 

and separated by a high-speed centrifuge (H1850 cence), dried and calcined by vacuum drying 101 

oven and muffle oven furnace (YTH-4-10A), respectively. Temperature-controlled shaker (IKAKS 102 

4000i) and inductively coupled plasma (ICPE-9000) were used for adsorption experiments and 103 

determination of uranyl ion concentration after adsorption, respectively. X-ray diffraction 104 

(XRD-6000) and the new generation Hitachi SU8010 field emission scanning electron microscope 105 

(FE-SEM) were used to characterize the crystal form and morphology of the materials. Fourier 106 

transform infrared spectrometer (Nicolet IS500) and X-ray photoelectron spectroscopy (XPS) 107 

were used to analyze the surface composition and chemical state of the adsorbents. 108 
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2.4 U(Ⅵ) adsorption experiments 109 

The uranium solution needed in this experiment was prepared by dissolving 110 

UO2(NO3)2·6H2O in deionized water, and drop a small volumes of NaOH/HNO3 to control the pH 111 

of the solution. A small quality of adsorbent was added to the uranyl solution and placed in a 112 

temperature-controlled shaker at 25℃ and 180 r·min-1 to oscillate for a certain time. After 113 

adsorption of uranyl ions, the supernatant was filtered into a 10 mL centrifuge tube with 0.45-μm 114 

polyethersulfone membrane fifilters, and quantitative analysis was carried out by ICPE-9000. The 115 

equilibrium adsorption capacity (Q, mg·g-1 ) of the adsorbent to uranyl ions can be calculated by 116 

the following formula: (1) (Zhao et al. 2019; Liu et al. 2020):  117 

                             (1) 118 

Herein, C0 (mg·L-1) is the initial concentration of the uranium solution required for the 119 

experiment; Ce (mg·L-1) is the equilibrium concentration of the solution after the Gd2O3 and 120 

Gd2O3-MgO adsorbed uranyl ions; V (L) is the volume of the uranyl solution; m (g) is the mass of 121 

the Gd2O3 and Gd2O3-MgO. 122 

3. Results and discussion 123 

3.1 Preparation and optimization of composite materials 124 

The adsorbent was synthesized by hydrothermal method and calcination treatment with 125 

difffferent Gd(NO3)3·6H2O/Mg(NO3)2·6H2O molar ratios(1:0, 1:1, 1:1.5, 1:2). In order to research 126 

the adsorption properties of the composites for uranyl ions, different Gd3+/Mg2+ molar ratios were 127 

used to optimize Gd2O3-MgO materials. As shown in Fig. 1, the materials prepared with different 128 

Gd3+/Mg2+ molar ratios have different adsorption capacities for uranyl ions. When Gd3+/Mg2+= 1:1, 129 

the adsorption capacity reached the maximum, and decreased with the increase of Mg2+. A small 130 

amount of Mg(NO3)2·6H2O could increase the adsorption capacity of the Gd2O3-MgO, but when 131 

the amount of Mg(NO3)2·6H2O was too much, the effect was opposite. Therefore, Gd3+/Mg2+= 1:1 132 

was selected for the preparation of composite materials in subsequent experiments. 133 

 134 
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Fig. 1 Effect of Gd(NO3)3·6H2O/Mg(NO3)2·6H2O molar ratio on UO22+ adsorption. 135 

3.2 Characterization of adsorbents 136 

Fig 2(a) shows the XRD patterns of Gd-BDC ,Gd2O3, Gd-Mg-BDC and Gd2O3-MgO. The 137 

diffraction peaks of Gd-BDC and Gd-Mg-BDC are similar, and there is a characteristic peak 138 

before 10°, indicating that Gd-BDC and Gd-Mg-BDC exist in the form of MOFs rather than 139 

oxides (Fei et al. 2015). The peaks of 2θ at 20°, 28.6°, 33.1°, 47.5°, and 56.4°correspond to the 140 

(211), (222), (400), (444), and (622) planes belonged to Gd2O3 nanoparticles with cubic structure, 141 

which are consistent with the standard card of cubic phase gadolinium oxide (JCPDS 43-1014). 142 

The XRD patterns of Gd2O3-MgO not only show the diffraction peaks of Gd2O3, but also the 143 

characteristic diffraction peaks of (200), (200) and (222) of MgO at 2θ=42.9°, 62.3°and 78.6° 144 

(Wang et al. 2018), indicating the formation of Gd2O3-MgO composites. Both of the synthesized 145 

materials have sharp and strong XRD lines, which indicated the degree of crystallization is high. 146 

The structure evolvement of the synthesized Gd2O3-MgO with different moler ratios of 147 

Gd(NO3)3·6H2O/Mg(NO3)2·6H2O were shown in Fig 2(b). It can be observed that XRD peak 148 

intensity of Gd2O3-MgO firstly increases and then decreases with the increase of the molar ratio of 149 

Gd3+/Mg2+. When Gd3+/Mg2+=1:1, the diffraction peak is the strongest, showing that the 150 

crystallinity of Gd3+/Mg2+=1:1 is the highest. 151 

 152 

Fig 2. XRD patters (a) of two kinds of materials and their precursors and (b) of Gd2O3-MgO 153 

with different Gd(NO3)3·6H2O/Mg(NO3)2·6H2O molar ratio. 154 

The FT-IR spectra of fresh and used materials and their precursors were shown in Fig 3. In 155 

the spectra of Gd2O3 and Gd2O3-U (Fig 3(a)), the bonds at 547cm-1 belongs to the Gd-O stretching 156 

vibration (Dhananjaya et al. 2014; Tamrakar et al. 2015). The uranium adsorption peak of 157 

Gd2O3-U appears at 915 cm-1, which is caused by antisymmetric stretching vibration of O=U=O 158 

(Cheng Xu et al. 2019; Liu et al. 2016). The spectrum of the composite material is shown in Fig. 159 

3(b), it not only shows the absorption peak as shown in Fig 3(a), but also the tensile vibration of 160 

Mg-O at 1105 cm-1 and 1090 cm-1 (Yunsheng et al. 2017), indicating the successful combination of 161 

MgO and Gd2O3, which is consistent with the analysis results of XRD. The absorption peaks at 162 

1456 cm-1 and 1620 cm-1 were caused by the reaction of H2O and CO2 on the surface of the 163 
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material to form carbonate (CO32-) (Chowdhury I H et al. 2016; Chowdhury A H et al. 2015; Lin et 164 

al. 2013). The peak at 3735 cm-1 is attributed to the free O-H vibration, which is generated by the 165 

hydration on the surface of material and suggested that the hydroxyl group is involved in the 166 

uranyl ion adsorption process (Wang et al. 2018). In the spectra of Gd-BDC and Gd-Mg-BDC, the 167 

wide band around 3400cm-1 were due to the stretching vibration of -OH and H2O molecules on 168 

their surfaces (Wang et al. 2015); C-H stretching vibration is around 2920 cm-1; the bond at 169 

1683-1322 cm-1 is the -C=C absorption peak on the benzene ring and the -C=O absorption peak in 170 

the carboxyl group attached to the benzene ring. The FT-IR spectra of the two kinds of MOFs are 171 

obviously different from the prepared nanocomposites, indicating that the metal-organic 172 

framework has been completely decomposed (Tarighi et al. 2013).  173 

 174 

Fig 3. FT-IR spectra of Gd2O3 (a) and Gd2O3-MgO (b) before and after adsorption and their 175 

precursor. 176 

Surface morphology analysis is shown in Fig 4. The SEM images of before adsorption: (a, b)  177 

Gd2O3, (c, d) Gd2O3-MgO. As presented from Fig (a) and (b), Gd2O3 has obvious agglomeration 178 

phenomenon, it is clear that the blade-like morphology overall. In the case of Fig (c) and (d), 179 

beyond doubt, doped with MgO has huge influence on the morphology, it is consist of spherical 180 

particles. In addition, there are a lot of pores on the surface of the Gd2O3-MgO, showing that it has 181 

great potential to adsorb uranyl ions. According to Fig (e) and (f), after the adsorption of uranyl 182 

ions, the morphology of the two kinds of adsorbents did not change greatly, and a large number of 183 

pores on the surface of the samples were filled, it is explained that uranyl ions accumulating on the 184 

samples, forming a new compound. 185 



 7 

 186 

Fig 4. SEM images of Gd2O3 before (a, b) and after adsorption (e),Gd2O3-MgO before (c, d) and 187 

after adsorption (f). 188 

The EDS energy spectra of Gd2O3 and Gd2O3-MgO showed the mass ratio of every element. 189 

As shown in Fig 5(a), the contents of Gd, O and U after Gd2O3 adsorption were 49.9%, 25.4% and 190 

24.7%, respectively. For the used Gd2O3-MgO shown in Fig 5(b), the contents of Gd, O, Mg and 191 

U were 70.1%, 17.4%, 20.3% and 2.2%, respectively, indicating that both materials successfully 192 

adsorbed U(Ⅵ), which was consistent with the results of FT-IR and SEM analysis. It is known 193 

from the element mapping picture (Fig (c, d)) that the adsorption of uranium on the surfaces of the 194 

two kinds of materials are homogeneous distribution. 195 

 196 
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 197 

Fig 5. The EDS image and mapping picture of Gd2O3 (a, c) and Gd2O3-MgO (b, d) after 198 

adsorption of uranyl ion. 199 

3.3 Adsorption property 200 

3.3.1 Effect of initial pH 201 

The pH value plays an important role in the surface properties of materials and the presence 202 

of U(Ⅵ) in aqueous solution. The effects of initial pH (3.0~ 11.0) on the adsorption properties of 203 

two kinds of materials were studied under the conditions of contact time 12 h, temperature 298K 204 

and the initial concentration of uranyl ion was 200 mg·L−1. As can be seen from Fig 6, it is 205 

obvious that the adsorption of UO22+ is greatly affected by pH value. The adsorption capacity of 206 

UO22+ on both materials increased as the pH increased from 3 to 6. When the pH is greater than 6, 207 

the adsorption drops sharply. Therefore, the optimal pH of the two kinds of calcined samples was 208 

6. The existence states of U(Ⅵ) in different pH solutions are different. In the pH range of 3-6, 209 

U(Ⅵ) mainly exists in aqueous solution in the states of UO22+, (UO2)2(OH)22+, (UO2)3(OH)5+, etc. 210 

Meanwhile, hydration occurs on the surface of the material, carrying a certain amount of negative 211 

charge, which makes it easy to combine with positively charged U(Ⅵ) and its hydrolyzed 212 

products through electrostatic interaction ( Linghu et al. 2017; Oladoja et al. 2015). However, 213 

when pH is greater than 6, the existing states of uranyl ions are (UO2)3(OH)7-, UO2(OH)3-, 214 

UO2(OH)42-, etc. These anions will repel the material surface of the negatively charged, leading to 215 

a rapid decline in adsorption capacity. (Li et al. 2015). 216 
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 217 

• Fig 6. The influence of pH on the adsorption properties of two kinds of materials. 218 

3.3.2 Adsorption isotherm 219 

Two groups of uranium solutions with different concentrations (100, 120, 140……300 220 

mg·L-1) of 100 mL were prepared and poured into 250 mL iodine flasks, the pH of both groups of 221 

solutions were adjusted to 6, 15mg of Gd2O3 and Gd2O3-MgO were added, respectively, and the 222 

two groups of solutions were shaken at 25℃ (180 rmp) for 12 h. The adsorption behavior of 223 

uranyl ions were described by Langmuir (2) and Fruendlich (3) equations. R2 value was obtained 224 

by fitting Langmuir and Freundlich equations (Table 1), it can be seen from the table that the 225 

correlation coefficient of Langmuir equation was more suitable to describe the adsorption process 226 

of uranyl ion by adsorbents. In the Langmuir model, the surface of the adsorbent was assumed to 227 

be homogeneous ( Zhang et al. 2014). Therefore, the uniform distribution of active sites on the 228 

surface of the prepared materials may be one of the reasons for the better fit between the data and 229 

Langmuir equation, and the adsorption of UO22+ on both materials is monolayer adsorption. The 230 

maximum adsorption capacities of Gd2O3 and Gd2O3-MgO calculated from the Langmuir model 231 

for UO22+ are 473.43 mg·g−1 and 812.41 mg·g−1 respectively, which may be due to the synergistic 232 

effect between Gd2O3 and MgO, resulting in higher adsorption performance of Gd2O3-MgO than 233 

pure Gd2O3. 234 

  (2) 235 

  (3) 236 

Where, Ce (mg·L-1) is the equilibrium concentration of the solution after the Gd2O3 and 237 

Gd2O3-MgO adsorbed uranyl ions; Qe (mg·g-1) is the equilibrium adsorption capacity of uranyl 238 

ions by unit mass of Gd2O3 and Gd2O3-MgO; Q0 (mg·g-1) is the maximum adsorption capacity of 239 

the two kinds of materials for uranyl ions; b (L·mg-1) refers to the Langmuir constant, which have 240 

file:///E:/æ��é��è¯�å�¸/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
file:///E:/æ��é��è¯�å�¸/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
file:///E:/æ��é��è¯�å�¸/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
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relations with the affinity of the anion binding site and the adsorption-desorption energy; n and 241 

KF(mg·g-1) are Freundlich constants, which are connected with heterogeneity factor and 242 

adsorption capacity, respectively. 243 

 244 

 245 

Fig 7. The influence of initial uranium concentration on adsorption properties of Gd2O3 (a) and  246 

Gd2O3-MgO (b). 247 

Table 1.Correlation parameters of Langmuir and Freundlich isotherms. 248 

Adsorbent 
Langmuir isotherms Freundlich isotherms 

Q0/(mg·g-1) b/(L·mg-1) R2 KF/(mg·g-1) 1/n R2 

Gd2O3 

Gd2O3-MgO 

473.43 

812.41 

3.73 

1.58 

0.95 

0.96 

12.43 

5.87 

0.68 

0.95 

0.87 

0.92 

 249 

3.3.3 Adsorption thermodynamics 250 

In order to explore the effect of temperature on the adsorption of UO22+ by Gd2O3 and 251 

Gd2O3-MgO and to investigate the thermodynamic parameters, the adsorption experiments were 252 

arranged at 298K, 308K and 318K, respectively. The slope and intercept of the Van't Hoff equation 253 

(4) can be used to give the values of ΔH and ΔS, the Gibbs-Helmholtz equation (5) is used to 254 

calculate the value of ΔG. Table 2 shows the thermodynamic parameters. The negative values of 255 

ΔH , which indicates that the two kinds of material of uranyl ion adsorption is an exothermic 256 

process. The negative values of ΔG , which shows that the adsorption of Gd2O3 and Gd2O3-MgO 257 

to uranyl ions is spontaneous. The positive value of ΔS , which proved that the two kinds of 258 

materials of uranyl ion adsorption is the process of system chaotic degree increased. In addition, 259 

the absolute value of ΔG increases with the rising of temperature, the adsorption efficiency 260 

becomes more higher, this may be due to solute molecules in aqueous solution are moving faster 261 

at high temperature, providing the posibility of capture UO22+ on the adsorbent surface (Wang et al. 262 

2016). 263 
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  (4) 264 

  (5) 265 

Where, Qe /Ce (L·g-1)is the equilibrium constant; ΔH (kJ·mol-1) is the standard enthalpy; ΔG 266 

(kJ·mol -1) is the standard Gibbs free energy; ΔS (kJ·mol-1) is the standard entropy; R is the 267 

standard gas constant (8.314 J·mol-1·K-1) and the temperature is T (K). 268 

Table 2. The parameter of adsorption correlation thermodynamic. 269 

Temp

/K 

Gd2O3 Gd2O3-MgO 

ΔG/(kJ·mol-1) ΔH/(kJ·mol-1) ΔS/(kJ·mol-1·K-1) ΔG/(kJ·mol-1) ΔH/(kJ·mol-1) ΔS/(kJ·mol-1·K-1) 

298 

308 

318 

-20.644 

-21.009 

-21.3758 

-9.737 0.0366 

-86.841 

-88.321 

-89.801 

-42.737 0.148 

 270 

3.3.4 Adsorption kinetics 271 

Two groups of uranyl ion solution of 200 mg·L-1 were prepared, the pH was set as 6 and 272 

shaken at 25℃ (180 rmp), the supernatant was taken every certain time (0, 5, 10, 20, ……600 min) 273 

to figure out the adsorption capacity (Fig 8). The experimental data was analyzed and the  274 

adsorption rate of the reaction system was investigated by the pseudo-first-order kinetic model (6) 275 

and the pseudo-second-order kinetic model (7). According to the analysis of adsorption kinetics, 276 

the adsorption capacity of Gd2O3 increases rapidly before 90 min, then becomes flat, and finally 277 

reaches the adsorption equilibrium around 180 min. After doping MgO, the adsorption capacity of 278 

the Gd2O3-MgO was significantly improved, and reached the adsorption equilibrium of the 279 

material about 300 minutes. The adsorption process of uranyl ions by two kinds of materials were 280 

more suitable to be fitted by pseudo-second-order kinetic model, which is mainly controlled by 281 

chemisorption (Yunsheng et al. 2017). 282 

  (6) 283 

  (7) 284 

Where, Qe (mg·g-1) is the equilibrium adsorption capacity of Gd2O3 and Gd2O3-MgO to 285 

uranyl ions; Qt (mg·g-1) is the adsorption capacity of two kinds of materials at any time t; The rate 286 

constants of pseudo-first-order and pseudo-second-order adsorption kinetics models are k1 (min-1) 287 
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and k2 (g·mg-1·min-1), respectively. 288 

 289 

Fig. 8. The influce of contact time on the adsorption properties of Gd2O3 (a) and Gd2O3-MgO (b). 290 

Table 3. Correlation parameters of pseudo-first-order and pseudo-second-order models . 291 

Adsorben
t 

Pseudo-first-order model Pseudo-second-order model 

Qe/(mg·g-1) K1/(min-1) R2 Qe/(mg·g-1) K2/(g·mg-1·min-1) R2 

Gd2O3 

Gd2O3-MgO 

395.24 

547.55 

0.12 

0.05 

0.88 

0.81 

414.65 

602.23 

4.72×10-4 

1.07×10-4 

0.94 

0.91 

 292 

3.3.5 Comparison of uranyl adsorption capacity between two kinds of materials and 293 

other adsorbents. 294 

Table 4 lists the adsorption properties of several different adsorbents for uranyl ions. As can 295 

be seen from the table, there are good uranyl ion adsorption effect on the preparation of the two 296 

kinds of adsorbents, the adsorption effect of Gd2O3-MgO is more significant, it also suggests that 297 

the composite oxide on the adsorption of uranyl ion in wastewater has a certain application 298 

prospect. 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

Table 4. Adsorption properties of uranyl ions on different adsorbents. 307 
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Adsorbents pH 
Adsorption 

capacity/(mg·g-1) 
References 

UiO-66-TBP 

AO/g-C3N4 

3D AFC 

TCHC 

PCP-NH2 

Iron/carbon composites 

Polypropylene nanofibers 

AMD 

Gelatin-FeS 

Gd2O3 

Gd2O3-MgO 

5 

6.8 

5.8 

5.5 

5 

4 

4 

5 

5 

6 

6 

201.9 

312 

127.5 

96.99 

274.2 

105.3 

83.24 

493.6 

555.9 

473.43 

812.41 

(Rajaei et al. 2021) 

(Hu et al. 2021) 

(Song et al. 2021) 

(Wang et al. 2020) 

(Xie et al. 2020) 

(Li et al. 2020) 

(Ashrafi et al. 2019) 

(Bayramoglu et al. 2016) 

(Shao et al. 2016) 

This work 

This work 

 308 

3.5 Possible adsorption mechanism 309 

In order to study the possible mechanism of adsorption for uranyl ions by Gd2O3 and 310 

Gd2O3-MgO, XPS was used to analyze the adsorbent (Fig 9). Figure (a) and (c) completely show 311 

the full range of XPS images of the two kinds of materials. In the fresh and used materials, Gd4d, 312 

O1s and C1s all exist in the spectral peaks. By comparing the two figures (a) and (c), it can be 313 

seen that Mg2p exists in Gd2O3-MgO material, indicating that Mg element is successfully doped 314 

into Gd2O3 material. In Figure (b) and (d), the peaks at ~381.0eV and ~392.0eV belong to the 315 

characteristic peaks of U4f7/2 and U4f5/2, indicating that both Gd2O3 and Gd2O3-MgO successfully 316 

capture uranium in aqueous solution, and this result was also verified by EDS and FT-IR analysis 317 

( Llton et al.2011). For the two kinds of materials, their C1s and O1s peaks can be clearly seen. 318 

The characteristic peak of C1s is shown in Fig. (e) (g). The energy allocated to the C1s spectrum 319 

is calibrated by combining the peak of ~284.8eV. The peak of binding energy ~289eV is attributed 320 

to the carbon atoms in carbonate, which is generated by the reaction of H2O and CO2 on the 321 

surface of the absorbent (Yunsheng et al. 2017). The characteristic peaks of O1s are shown in 322 

Figure (f) (h). The line of O1s at ~530 eV can be allocated to the oxygen in the oxide (M-O) (Qiu 323 

et al. 2008), the peak at ~531 eV is related to the oxygen in the hydroxyl group (-OH) (Shahbazi et 324 

al. 2011), and the peak of binding energy at ~ 532 eV is allocated to the oxygen in the water (H2O). 325 

(Wang et al. 2016). Hydroxyl groups were generated in the surface hydration of the material when 326 

it contacts water, this is the reason for the characteristic peaks of H2O and -OH included in the 327 
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results (Wang et al. 2018). Compared with the sample before adsorption,the -OH groups content of 328 

Gd2O3 and Gd2O3-MgO decrease from 21.75% ,17.42% to 12.82%, 12.85% after UO22+ 
329 

adsorption, demonstrating that the hydroxyl group generated by the surface hydration of the 330 

adsorbent was involved in the adsorption process of U(Ⅵ). The adsorption is mainly through the 331 

hydroxylation of functional groups on the surface of the adsorbents and the hydroxylated products 332 

were complexed with uranyl ion to finish adsorption process. The possible adsorption process is 333 

shown in Fig 10. 334 

 335 

 336 
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 337 

Fig 9. XPS spectra of Gd2O3 and Gd2O3-MgO. 338 

 339 

. 340 



 16

 341 

Fig 10. The surface adsorption of adsorbent for U(Ⅵ). 342 

4 Conclusion 343 

In conclusion, pure Gd2O3 and Gd2O3-MgO composites were successfully prepared by 344 

hydrothermal method and calcination treatment. The crystal morphology and structure of the two 345 

kinds of samples were representated by XRD, FT-IR, SEM, EDS and XPS, the synthesized 346 

materials have typical cubic crystal structure. The adsorption experiments showed that materials 347 

have a good remove performence for U(Ⅵ). When the molar ratio of 348 

Gd(NO3)3·6H2O/Mg(NO3)2·6H2O is 1:1, the composite has the best crystallinity and the largest 349 

adsorption capacity for uranyl ions. Compared with the pseudo-fisrt-order model, the adsorption 350 

kinetics can be better reflected by the pseudo-second -order model, and the adsorption isotherm 351 

can be reproduced by the Langmuir equation for the two kinds of materials. The Gd2O3 obtained 352 

the maximum adsorption capacities of 473.43 mg·g−1 and Gd2O3-MgO got 812.41 mg·g−1. 353 

Thermodynamic analysis of adsorption further shows that the adsorption process of Gd2O3 and 354 

Gd2O3-MgO for U(Ⅵ) are spontaneous and exothermic. Under these circumstances, the 355 

adsorption mechanism of uranium is chiefly due to the surface hydroxylation of the adsorbent in 356 

aqueous solution to produce Gd-OH and Mg-OH, and the complexation of surface -OH and uranyl 357 

ions. 358 
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Figures

Figure 1

Effect of Gd(NO3)3·6H2O/Mg(NO3)2·6H2O molar ratio on UO22+ adsorption.



Figure 2

XRD patters (a) of two kinds of materials and their precursors and (b) of Gd2O3-MgO with different
Gd(NO3)3·6H2O/Mg(NO3)2·6H2O molar ratio.

Figure 3

FT-IR spectra of Gd2O3 (a) and Gd2O3-MgO (b) before and after adsorption and their precursor.



Figure 4

SEM images of Gd2O3 before (a, b) and after adsorption (e),Gd2O3-MgO before (c, d) and after
adsorption (f).



Figure 5

The EDS image and mapping picture of Gd2O3 (a, c) and Gd2O3-MgO (b, d) after adsorption of uranyl
ion.



Figure 6

The in�uence of pH on the adsorption properties of two kinds of materials.

Figure 7



The in�uence of initial uranium concentration on adsorption properties of Gd2O3 (a) and Gd2O3-MgO
(b).

Figure 8

The in�uce of contact time on the adsorption properties of Gd2O3 (a) and Gd2O3-MgO (b).

Figure 9

XPS spectra of Gd2O3 and Gd2O3-MgO.



Figure 10

The surface adsorption of adsorbent for U().


