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Determination of chemical affinity of graphene oxide nanosheets with 

radionuclides investigated by macroscopic, spectroscopic and 

modeling techniques  
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Abstract: The chemical affinity of graphene oxide (GO) nanosheets with 

radionuclides (Eu(III) and U(VI)) was determined by macroscopic, spectroscopic and 

modeling techniques. The macroscopic results showed that the adsorption of Eu(III) 

and U(VI)  on GO nanosheets was independent of ionic strength, indicating that 

inner-sphere surface complexion predominated their adsorption. The maximum 

adsorption capacities calculated from Langmuir model at pH 4.0 and T = 303 K were 

208.33 mg U(VI) and 28.70 mg Eu(III) per gram of GO nanosheets, respectively. No 

hysteresis was observed for both Eu(III) and U(VI) on GO nanosheets when 

desorption was initiated by lowering solution pH. While desorption was induced by 

replacing the radionuclide supernatant liquid with radionuclide-free electrolyte 

solution, the adsorption-desorption hysteresis was observed for U(VI) but not for 

Eu(III), indicating that the chemical affinity of GO nanosheets with U(VI) was 

stronger than that of GO nanosheets with Eu(III). The adsorption behaviors of Eu(III) 

and U(VI) on GO nanosheets can be fitted by double diffuse layer surface 
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complexation model with the mononuclear monodentate >SOM(n-1)+ 

and >SOMOH(n-2)+ complexes, and larger log K values of U(VI) was observed as 

compared to those of Eu(III). According to the spectroscopic analysis, the irreversible 

adsorption of U(VI) on GO nanosheets at variable radionuclide concentrations was 

attributed to the oxygen-containing functional groups.  

Keywords: Graphene oxide, Radionuclides, Interaction mechanism, XPS 

1. Introduction 

Treatment of the contaminated groundwater containing radionuclides has become an 

essential task in the clean-up of legacy nuclear sites1. Radionuclides released into 

environment pose a long-time threat to human beings and bio-organism, especially 

those long-lived radionuclides. In recent years, the studies on the removal of 

radionuclides from aqueous solutions have been extensively studied by using kinds of 

adsorbents such as clay minerals2, 3, metal oxides4, and carbon materials5. In these 

studies, various environmental factors (i.e., pH, ionic strength and solution 

concentration) on radionuclide adsorption were investigated by batch techniques. 

However, these materials either suffer from low adsorption capacities or weak 

chemical stabilities under various environmental conditions. Hence, highly efficient 

enrichment of radionuclides from aqueous solution is needed for sustainable 

development of nuclear energy and cleanup in environmental management.  

Due to the high surface area, strong reactive sites, and abundant functional groups on 

the surfaces, graphene oxide (GO) nanosheets have been demonstrated the effective 

removal of heavy metals 6-8 and radionuclides9-13. Sun et al.11 found the high 
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adsorption of Eu(III) (175.44 mg·g-1) on GO nanosheets at pH 6.0. Romanchuk et al.10 

also demonstrated that the GO presented high adsorption capacity for radionuclides 

such as 35 µmol Am(III) and 97 µmol U(VI) per gram of GO at pH 3.5. However, 

little literatures on the desorption of U(VI) and Eu(III) from GO nanosheets are 

available. The understanding of the desorption behaviors under various environmental 

factors is essential to evaluate the feasibility of GO nanosheets as promising materials 

for the removal of radionuclides from aqueous solutions in wastewater treatment14, 15. 

Therefore, the desorption behavior is of great importance to assess health risks of 

radionuclides released into environment. Moreover, the desorption behaviors are 

conducive to understand the interaction mechanism between radionuclides and GO 

nanosheets. 

Surface complexation modeling has been proven as one of the most powerful 

techniques for interpreting the interaction mechanism between adsorbate and 

adsorbents16. The selection of surface complexation modeling corresponding 

thermodynamic constants is based on structural data gained from spectroscopic 

technique. Various surface complexation models such as the constant capacitance 

model, double diffuse model and triple layer model have been extensively studied to 

simulate the adsorption behaviors of metal ions17-19. However, different surface 

complexes have been proposed to occur depending on the various chemical 

environments such as pH, ionic strength, and temperatures. Results obtained by 

surface complexation modeling using these approaches can be compared with the 

results of spectroscopic approaches such as extended X-ray absorption fine structure 
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spectroscopy and X-ray photoelectron spectroscopy. Hence, a thorough understanding 

of the adsorption processes of radionuclides on GO nanosheets by using surface 

complexation models is significant to interpret their interaction mechanism.  

The purposes of this study are: (1) to elaborate the effect of pH, ionic strength, 

solution concentration, and temperature on radionuclides adsorption-desorption on 

GO nanosheets; (2) to simulate the adsorption behavior of radionuclides on GO 

nanosheets by using surface complexation model; and (3) to explore the adsorption 

mechanism between radionuclides and GO nanosheets in terms of X-ray 

photoelectron spectroscopy (XPS) analysis; This paper focuses on the interaction 

mechanism between radionuclides and GO nanosheets by combining with 

macroscopic, spectroscopic and modeling technique.  

2. Experimental  

2.1 The preparation and characterization of GO nanosheets  

The GO nanosheets were synthesized by the modified Hummers method20. Typically, 

flake graphite and NaNO3 (as co-solvent) were added into concentrated H2SO4 under 

stirring conditions, the oxidizing agent (KMnO4) was slowly added into the 

suspension, and the residual MnO4
- was reduced by using reducing agent (30 v/v % 

H2O2). The GO nanosheets were obtained by centrifuging it at 18000 rpm for 60 min 

after ultrasonic treatment several times. More details on the synthesis and 

characterization of GO nanosheets can be found in our previous literatures6, 11. 

2.2 Batch adsorption and desorption experiments  

The adsorption experiments as a function of pH, ionic strength, solution concentration 
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and temperature were conducted in polycarbonate tubes under N2 conditions by the 

batch technique. The pH of suspension was adjusted from pH 2.0 to 10.0 by the drop 

wise addition of the negligible amount of 0.1 mol/L HClO4 or NaOH solutions. The 

isothermal adsorption of radionuclides on GO nanosheets was investigated at pH 4.0 

with the initial concentration of Eu(III) and U(VI) range from 5 to 60 mg/L, 

respectively. The suspensions were then sealed under N2 (g) conditions and 

continuously stirred for 2 days to achieve adsorption equilibrium. The solid phase was 

separated from solution phase by centrifugation at 18000 rpm for 30 min.  

Desorption experiments were caused by two ways: (1) by lowering the solution pH 

with acid, (2) by replacing the radionuclide supernatant liquid with radionuclide-free 

electrolyte solution with the aim to lower radionuclide concentration. Desorption by 

lowering solution pH was conducted using a method similar to Gao et al.21 by first 

preparing several samples for Eu(III) and U(VI) adsorption on GO nanosheets, and 

then making these samples equilibrate at certain pH values. Then the negligible 

amount of HClO4 was added to these samples to lower the solution pH, allowing the 

solution to re-equilibrate before analyzing for the solution-phase radionuclide 

concentrations. For the desorption by replacing radionuclide supernatant after the 

adsorption isotherm experiments, a half volume of the supernatant of solutes after 

equilibrium was displaced by the equivalent volume of radionuclide-free background 

electrolyte solution with the same pH values. After the equilibrium of the suspension, 

the supernatants were measured to calculate the residual concentrations of 

radionuclides on GO nanosheets by mass balance.  
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The concentrations of radionuclide 152Eu(III) were analyzed by liquid scintillation 

counting using a Packard 3100 TR/AB liquid scintillation analyzer (Perkin Elmer) 

with the scintillation cocktail (ULTIMA GOLD ABTM, Packard), and the amount of 

U(VI) was measured by kinetic phosphorescence analyzer (KPA-11, Richland, USA). 

The removal percentage of radionuclide (adsorption (%)) and adsorption capacity (Qs, 

mg/g) can be expressed as Eqs. (1) and (2), respectively: 

adsorption (%) = (C0-Ceq) / C0 × 100%            (1) 

Qs = V × (C0 - Ceq) / m                        (2) 

where C0 (mg/L) and Ceq (mg/L) are initial concentration and concentration after 

adsorption, respectively. m (g) and V (mL) are the mass of GO nanosheets and the 

volume of the suspension, respectively. All experimental data were the average of 

triplicate determinations and the relative errors were within ± 5%.  

2.3 Langmuir and Freundlich models 

The Langmuir isotherm model is commonly used to describe monolayer adsorption 

process onto a surface, while the Freundlich isotherm model, an empirical expression, 

depicts the heterogeneous adsorption with exponential distribution of the sites and 

their energies22. The linear forms of Langmuir and Freundlich equation can be 

expressed as Eqs. (3) and (4), respectively: 

Ceq/Qs = 1/(b× Qmax )+ Ceq/Qmax        (3) 

log Qs = log KF + 1/n× logCeq          (4)    

where Qmax (mg/g) is the maximum adsorption capacity of adsorbent at complete 

monolayer coverage. b (L/mg) is a Langmuir constant, which is related to the free 
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energy of sorption. 1/n is the heterogeneity of the adsorption sites; KF represents 

equilibrium coefficient, which describes the partitioning of the adsorbate between the 

solid and liquid phases over the concentration range studied. 

2.4 Surface complexation modeling  

The pH-dependent adsorption of Eu(III) and U(VI) onto GO nanosheets were fitted by 

the diffuse double layer model (DDLM) with the aid of FITEQL v 4.0 codes23. 

FITEQL program is an iterative, gradient-directed nonlinear least-squares 

optimization program based on the Gauss method, which is used extensively to fit 

data of potentiometric titration and adsorption17, 24-26. The good fit can be evaluated by 

weighted sum of squares divided by degrees of freedom (WSOS/DF), which is 

indicated by a value of WSOS/DF between 0.1 and 2023.  

3. Results and Discussion  

3.1 Batch adsorption experiments 

3.1.1 Adsorption kinetics 

The adsorption of Eu(III) and U(VI) on GO nanosheets as a function of contact time 

is shown in Fig. 1. It is clear that the adsorption process is rapid to reach equilibrium 

for Eu(III) and U(VI) within 30 min. Approximately 60 % of Eu(III) and 75 % of 

U(VI) are adsorbed on the GO nanosheets at pH 4.0 within 10 min of contact time. 

The open and flat structures of GO nanosheets guarantee the sufficient exposure of 

surface active sites, which may contribute to the rapid adsorption rate for Eu(III) and 

U(VI) on GO nanosheets. The short equilibrium time for the two radionuclides on GO 

nanosheets indicates that GO nanosheets can serve as the promising materials in 
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continuous waste water treatment.  

In order to obtain useful information for confirming the underlying mechanisms 

during the entire adsorption process, the experimental kinetic data of Eu(III) and U(VI) 

on GO nanosheets are simulated by the pseudo-first order and pseudo-second order 

kinetic models. Their linear forms are given in Eqs. (5)27and (6)28, respectively: 

ln (qe - qt) = ln qe - kf × t               (5) 

t/qt = 1/(ks × qe
2) + t/qe                        (6) 

where qe and qt (mg/g) are the amount of radionuclides adsorbed at equilibrium and at 

time t, respectively. kf and ks are the pseudo-first order and pseudo-second order 

kinetic rate constant, respectively. As shown in Fig. 1, the adsorption of Eu(III) and 

U(VI) on GO nanosheets are well simulated by pseudo-second order kinetic model 

(R2 > 0.99) compared to pseudo-first order (R2 < 0.45, data not shown). The 

adsorption kinetics indicates that the adsorption of Eu(III) and U(VI) on GO 

nanosheets is the rate-limiting step28. Ho et al.29 also found that the adsorption of 

divalent metal ions on peat can be fitted by pseudo-second order kinetic model very 

well. The authors assumed that the adsorption kinetics is limited by the binding 

reaction itself and not the diffusion of species. chemisorption occurs involving 

valence forces through sharing or exchange of electrons between peat and divalent 

metal ions.  

3.1.2 Effect of pH and ionic strength  

The effect of pH on Eu(III) and U(VI) adsorption onto GO nanosheets was 

investigated by batch technique (Fig. 2A and 2B). As illustrated in Fig. 2A and 2B, 
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Eu(III) adsorption increases from pH 2.0 to 6.0, and then keeps this level at pH 

6.0-9.0. However, the adsorption of U(VI) on GO nanosheets increases sharply at pH 

2.0- 4.5, then reaches a plateau and remains constant at pH 4.5-7, whereas the 

decreased adsorption is observed at pH > 7. The observed adsorption trends can be 

interpreted by the relative distribution of Eu(III) and U(VI) in respective solution and 

the surface property of GO nanosheets. Fig. 2C and 2D illustrate the correspondingly 

relative proportion of Eu(III) and U(VI) species in solution with absence of GO 

nanosheets, computed by PHREEQC30. It is clear that Eu3+ is the main species of 

Eu(III) aqueous solution at pH < 5.0, then, with increase in pH, the hydrolyzed 

mononuclear and multinuclear species increase (i.e., Eu(OH)2+, Eu2(OH)2
4+). The 

precipitate Eu(OH)3 appear at pH 8.0. According to the analysis of potentiometric 

acid-base titration, the pHPZC of GO nanosheets is 4.5, so the charge of GO 

nanosheets is negative at pH > 4.5. Therefore, the positive Eu(III) species are easily to 

be adsorbed on negatively charged GO nanosheets due to the electrostatic attraction. It 

is worth noting that with increasing pH, variable Eu(III) species may form different 

complex with GO nanosheets. Our previous studies using EXAFS analysis found that 

Eu(III) formed mononuclear monodentate complexes at pH 6.3 and multinuclear 

surface complexes at pH 9.011. It was also found that the coordination number and 

bond distance of first coordination shell (Eu−O path) decreased from ∼9.94 to ∼ 8.56 

and 2.415 Å to 2.360 Å, respectively with increasing pH2. In addition, the high level 

adsorption of Eu(III) on GO nanosheets can also be attributed to partial precipitation/ 

co-precipitation of Eu(III) at pH > 8.0. As shown in Fig. 2D, the predominate species 
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of U(VI) in aqueous solution are UO2
2+ at pH < 4.0, and more complex hydrolyzed 

species (e.g., UO2OH+, (UO2)3(OH)5
+ and (UO2)4(OH)7

+, UO2(OH)2) are observed at 

pH 4.0-9.0. However, being different from Eu(III), the negatively charged U(VI) 

species (i.e., UO2(OH)- and (UO2)3(OH)7
-) arise at pH > 7.0. The suppressed 

adsorption of U(VI) on GO nanosheets at pH > 7.0 is due to the electrostatic repulsion 

between negative GO nanosheets and negative U(VI) species. It is worthy to note that 

the pH-dependent adsorption edge of U(VI) on GO nanosheets shifts to the lower pH 

conditions compared to that of Eu(III), indicating the high affinity of U(VI) to GO 

nanosheets.  

The effect of ionic strength on Eu(III) and U(VI) adsorption onto GO nanosheets is 

also shown in Fig. 2A and 2B. Little effect of ionic strength on Eu(III) and U(VI) 

adsorption onto GO nanosheets is observed, which is consistent with the results of 

Sun et al.11. Zhao et al.6 also found the adsorption of Co(II) and Cd(II) on GO 

nanosheets was independent of ionic strength at high pH conditions. The adsorption 

mechanism, including outer-sphere and inner-sphere surface adsorption, can be 

demonstrated by the effect of ionic strength31. The outer-sphere surface adsorption is 

assumed to occur primarily on permanent charge sites via cation exchange resulting 

from the attraction by the negative potential, which is strong influenced by the 

concentration of ionic strength. However, the inner-sphere surface complexes are 

formed by the complexation of adsorbate with amphoteric groups by chemical bond, 

which is less ionic strength-dependent2, 32-34. Therefore, the little effect of ionic 

strength on the removal of adsorptive ions is inner-sphere surface complexation, 
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whereas the strong effect of ionic strength on the removal of adsorptive ions is 

outer-sphere surface complexation35. Little effect of ionic strength on Eu(III) and 

U(VI) adsorption onto GO nanosheets is observed, revealing that the adsorption of 

Eu(III) and U(VI) adsorption onto GO nanosheets is predominately inner-sphere 

surface complexation. In addition, our XPS results also reveal the shift of binding 

energy and the decrease of peak area of O 1s spectra after adsorption, suggesting the 

adsorption of Eu(III) and U(VI) on GO nanosheets is combined by chemical bond. It 

might be the plentiful oxygen-containing functional groups on GO nanosheets that 

contribute the formation of strong complexes between Eu(III) or U(VI) ions and GO 

nanosheets, and contribute the inner-sphere adsorption.  

3.1.3 Adsorption isotherms and thermodynamic data. 

Adsorption isotherms of Eu(III) and U(VI) on GO nanosheets are displayed in Fig. 3. 

As shown in Fig. 3, the adsorption of Eu(III) and U(VI) on GO nanosheets increases 

with increasing solution concentration. It is also observed that the amounts of U(VI) 

adsorbed on GO nanosheets are much larger than that of Eu(III) at pH 4.0. The 

adsorption isotherms of Eu(III) and U(VI) are also fitted by Langmuir and Freundlich 

models, and their relative parameters calculated from the two models are listed in 

Table 1. As tabulated in Table 1, one can see that the adsorption of Eu(III) and U(VI) 

on GO nanosheets can be better fitted by Langmuir model (R2 > 0.995) than 

Freundlich model, suggesting that the adsorption of Eu(III) and U(VI) on GO 

nanosheets are monolayer adsorption. The maximum adsorption capacities of GO 

nanosheets calculated from Langmuir model at pH 4.0 and T = 303 K are 208.33 mg/g 
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for U(VI) and 28.70 mg/g for Eu(III), whereas the higher adsorption capacity of GO 

nanosheets for Eu(III) (175 mg/g) was reported by Sun et al.11 who was conducted it 

at higher pH (6.0) conditions. The higher adsorption capacity of GO nanosheets for 

U(VI) could be attributed to the stronger chemical affinity of GO nanosheets with 

U(VI) at low pH conditions compared to Eu(III), which is consistent with the results 

of pH-dependent adsorption.  

The effect of temperature on Eu(III) and U(VI) adsorption isotherms on GO 

nanosheets at pH 4.0 is also given in Fig. 3. For both Eu(III) and U(VI), adsorption 

capacity is the highest at T = 333 K and the lowest at T =303 K, showing that both 

Eu(III) and U(VI) adsorption on GO nanosheets are promoted at higher temperature. 

The thermodynamic parameters (standard free energy change-∆G
0, standard enthalpy 

change-∆H
0 and the standard entropy change-∆S

0) can be calculated from the 

temperature dependent adsorption isotherms. The ∆G
0 can be calculated from Eq. (7): 

∆G
0 = －RT lnK0           (7) 

where R is the universal constant (8.314 J/(mol*K) and T is the temperature of Kelvin. 

The sorption equilibrium constant K0 can be calculated by plotting lnKd  versus Ce 

and extrapolating Ce to zero.    

The ∆H
0 and ∆S

0 can be calculated according to Eq. (8):  

lnK0 = ∆S
0
/R - ∆H

0
/RT        (8) 

The thermodynamic parameters of Eu(III) and U(VI) adsorption on GO nanosheets 

are tabulated in Table 2. The negative ∆G
0 values indicate that the adsorption of Eu(III) 

and U(VI) on GO nanosheets are spontaneous processes. The value of ∆G
0 decreases 

Page 12 of 33Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



with increasing temperature, indicating that the higher adsorption is observed at 

higher temperature. It is also worth to note that the ∆G
0 value of U(VI) is lower than 

that of Eu(III) at different temperatures, suggesting the higher adsorption of U(VI) 

compared to that of Eu(III). The positive values of ∆H
0 (8.79 kJ/mol for Eu(III) and 

9.88 kJ/mol for U(VI)) indicate that the adsorption of Eu(III) and U(VI) on the GO 

nanosheets are endothermic processes, which are in good agreement with the previous 

reports9, 11. It is believed that the dehydration of metal ions from their aqueous 

complex is an endothermic process and is favored at high temperature36, while 

attachment of metal ions on the surface of GO nanosheets is an exothermic process. 

Therefore, it is plausible that the energy of dehydration of radionuclides exceeds 

exothermicity of the attachment of radionuclides on the surface of GO nanosheets. 

This is an implicit assumption herein that the adsorbed Eu(III) and U(VI) are less 

hydrated than those in aqueous solution. The positive ∆S
0 value implies some 

structural changes in Eu(III) and U(VI) on GO nanosheets during the adsorption 

process, which leads to an increase in the disorder of the solid-solution system during 

the adsorption processes. Thus the positive ∆S
0 values also suggest that the adsorption 

of Eu(III) and U(VI) on GO nanosheets is spontaneous sorption process with high 

chemical affinity.  

3.2 Batch desorption experiments 

3.2.1 Desorption kinetics 

The desorption kinetics of Eu(III) and U(VI) from GO nanosheets induced by 

lowering pH from pH  4.0 to 2.5 and by replacing radionuclide supernatant liquid 
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with radionuclide-free electrolyte solution are shown in Fig. 4A and 4B, respectively. 

As illustrated in Fig. 4A, the desorption of Eu(III) and U(VI) from GO nanosheets 

reach equilibrium within 5 min. However, their desorption induced by lowering 

radionuclide concentration need longer contact time (4 h) to reach equilibrium (as 

shown in Fig. 4B), which is consistent with the report of Um et al 37. The data of 

desorption by the two methods indicated that the Eu(III) and U(VI) adsorption on GO 

nanosheets is influenced by the pH of aqueous solution. It was determined that the 

metal ion can be dissociated from surface complex at low pH38-41: SOMn+ + H+ = 

M(n+1)+ + SOH. Therefore, the Eu(III) and U(VI) are detached from the complexes at 

lower pH conditions. As shown in Fig. 4B, one also can be seen that the adsorbed 

Eu(III) and U(VI) are released into liquid solution when the concentration of Eu(III) 

and U(VI) is lowered (Fig. 4B). However, the decreased adsorption induced by 

lowering radionuclide concentration is ignored compared with that of induced by 

lowering pH. The initial pH controls efficiency of adsorbate removal rather than 

initial metal concentration42.  

3.2.2 Desorption initiated by lowering solution pH 

The desorption edges (i.e., the percent of Eu(III) and U(VI) left on GO nanosheets 

after desorption by lowering solution pH) are shown in Fig. 5A and 5B. Desorption 

edges of Eu(III) and U(VI) are almost identical to their respective adsorption edges, 

suggesting that their adsorption on GO nanosheets is completely reversible when 

desorption is caused by lowering solution pH. Gao et al.21 also found the reversible 

adsorption of Cd(II) and Pb(II) on Utica sediments when lowering solution pH, and 
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they concluded that the reversible adsorption might result from the formation of pH- 

dependent surface polymer of metal at the adsorbents. As discussed previous, pH in 

aqueous solution presents an obvious effect on dissolution of surface complexes: 

SOMn+ + H+ = M(n+1)+ + SOH, therefore the desorbed amounts of Eu(III) and U(VI) 

from surface complexes increase with decreasing pH. The dissolution of surface 

complexes appear to be associated with the species of surface complexes: that 

mononuclear ligand surface complexes enhanced but multinuclear surface complexes 

inhibited the dissolution of surface complexes38. It was believed that the mononuclear 

surface complexes is formed when pH is lowered, thereby enhancing the dissolution 

of Eu(III) and U(VI) from the corresponding surface complexes and decreasing the 

adsorption of Eu(III) and U(VI) on GO nanosheets. 

3.2.3 Desorption initiated by replacing the radionuclide supernatant with 

radionuclide-free electrolyte solution 

The desorption isotherms (desorption induced by replacing radionuclide supernatant) 

of Eu(III) and U(VI) from GO nanosheets are shown in Fig. 5C and 5D. As shown in 

Fig. 5D, the desorption isotherm of U(VI) from GO nanosheets significantly deviates 

from its adsorption isotherm, indicating the adsorption-desorption hysteresis. The 

results are consistent with the findings of Gao et al.21 who determined that 

adsorption-desorption hysteresis of Cd(II) and Pb(II) on Utica sediments was 

observed by using the replaced electrolyte solution method. The adsorption- 

desorption hysteresis can be divided into two types：reversible and irreversible 

hysteresis43. The reversible hysteresis is complete desorption without intervention, 
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appearing as a closed hysteresis loop between desorption and adsorption curves. The 

irreversible hysteresis means that complete desorption cannot happen without 

intervention (e.g., vigorous solvent extraction)44. Fig. 5D shows that the desorption of 

U(VI) from GO nanosheets is irreversible process. Yin et al.45 found that mercury 

(Hg(II)) desorption from 15 soils exhibited the obvious hysteresis. Undabeytia et al.46 

reported that the desorption hysteresis of Cu(II) on planar sites of montmorillonite 

was a function of equilibrium partitioning, whereas in the case of the edge sites, the 

large affinity of Cu(II) for these positions resulted in the hysteresis. The desorption 

hysteresis of Pb(II) on zeolitized tuffs was also attributed to their significantly strong 

adsorption37. However, no desorption hysteresis of Eu(III) on GO nanosheets is 

observed (Fig. 5C). Therefore, it may be reasonable to postulate that desorption 

hysteresis of U(VI) on GO nanosheets can be due to the higher binding affinity of GO 

nanosheets for U(VI) compared to Eu(III). 

3.3 Surface complexation modeling 

The adsorption of Eu(III) and U(VI) on GO nanosheets are fitted by diffuse 

double-layer model (DDLM) with the aid of FITEQL v4.0 code and the results are 

shown in Figure 6. We used Eu(III) and U(VI) species over the pH range from 2.0 to 

9.0 to optimize the adsorption process of Eu(III) and U(VI) on GO nanosheets. The 

main adsorption reactions can be expressed as Eq. (9) and (10): 

>SOH + Mn+ = >SO M(n-1)+ + H+                      (9) 

>SOH + Mn+ + H2O = >SO MOH(n-2)+ + 2H+            (10) 

where >SOH represents the amphoteric hydroxyl groups on the surface of GO 
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nanosheets. Mn+ refers to Eu(III) or U(VI) cations. The log K values are obtained by 

best fitting the adsorption data of Eu(III) and U(VI) on GO nanosheets (Table 3). The 

simulation is accepted among the uncertainty range, 0.1 < VWSOS/DF < 20.0. The fitting 

results show subtle differences with experimental data over pH range from 2.0 to 9.0, 

indicating that Eu(III) or U(VI) adsorption on GO nanosheets are well modeled by 

DDLM. It was found that value of log K of U(VI) is higher than that of Eu(III) (Table 

3), which substantiates the higher adsorption capacity of U(VI) on GO nanosheets 

compared to Eu(III), which is consistent with the results of batch adsorption and 

desorption isotherms. As shown in Figure 6, the main >SOM(n-1)+ and >SOMOH(n-2)+ 

species are observed at low and high pH conditions, respectively. 

3.4 Adsorption Mechanism 

The XPS spectroscopy technique was used to to determine the interaction mechanism 

between radionuclides and GO nanosheets. Fig. 7 shows the XPS spectra of survey 

and high resolution scans for the O 1s, C 1s, Eu 3d and U 4f of GO nanosheets before 

and after desorption induced by replacing the radionuclide supernatant with 

radionuclide-free electrolyte solution (i.e., denoted as GO-Eu1 and GO-Eu2; GO-U1 

and GO-U2, respectively). The occurrence of Eu 3d is observed in GO-Eu1 and 

GO-Eu2 sample in terms of the survey spectra (Fig. 7A), which indicates that Eu(III) 

is chemical adsorption onto the surface of GO nanosheets47. For GO-Eu1 sample, the 

shift of binding energy and the decrease of peak area of O 1s spectra (Table 4) are 

observed, indicating that the adsorption of Eu(III) on GO nanosheets is attributed to 

the oxygen-containing functional groups. For GO-Eu2 sample as compared to 

Page 17 of 33 Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



GO-Eu1 sample, the apparent increase of the peak area of O 1s and the corresponding 

decrease of the peak area of Eu 3d are observed, which is consitent with the results 

reported by Wang et al.47 who found that an apparent decrease in Hg 4f peak area and 

a corresponding increase in O 1s peak area for PANI-Hg with 1 mol/L HCl. The 

survey scans of XPS spectra clearly demostrate the adsorption of Eu(III) on GO 

nanosheets is relevant to oxygen-containing functional groups.  

Fig. 7B shows the high resolution scans of O 1s of GO, GO-Eu1 and GO-Eu2 samples. 

For GO-Eu1 sample, the lower binding energy of O 1s is observed. As illustrated in 

Table 4, the binding energy of O 1s in GO-Eu2 (532.86eV) is higher than that of O 1s 

in GO-Eu1 (530.56eV), which is due to the increase of negative charge of the oxygen 

atom in the coordinated GO nanosheets after desorption. The analysis of high 

resolution scans of O 1s shows that the high adsorption capacity of GO nanosheets 

can be attributed to the weak affinity of Eu(III) to oxygen-containing functional 

groups on GO nanosheets.  

Eu 3d and U 4f spectra before and after desorption could be characterized with two 

doublet-peaks such as Eu 3d5/2 (at 1134/1137 eV48) and Eu 3d3/2 (at 1165 eV) peaks 

for Eu 3d (Fig. 7C) and U 4f7/2 ( at 382 eV49) and U 4f5/2 (392 eV49) for U 4f (Fig. 7D). 

As shown in Table 4, the binding energy of Eu 3d5/2 on GO-Eu2 is higher than that of 

Eu 3d5/2 on GO-Eu1 sample, while the lower relative intensity of Eu 3d5/2 on GO-Eu2 

is observed. As shown in Fig. 7D, the occurence of two U 4f 7/2 peaks in the high 

resolution XPS scans shows that U(VI) could be complexed with two types of binding 

sites on the GO nanosheets (denoted U1 and U2 binding sites). Wang et al.47 also 
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found that the existence of two Hg 4f doublets (Hg1 and Hg2) in the high resolution 

XPS spectra of PANI containing mercury, indicating mercury could be complexed to 

two types of general binding sites. As tabulated in Table 4, the change of binding 

energy of U 4f (i.e., ∆ U 4f5/2 = 0.3 eV) is lower than that of Eu 3d (i.e., ∆ Eu 3d5/2 = 

2.5 eV), indicating that the chemical affinity of U(VI) by oxygen-containing 

functional groups (e.g., hydroxyl and carboxyl group) is higher than that of Eu(III). 

The results of XPS spectra analysis further corroborates the irreversible adsorption of 

U(VI) on GO nanosheets  at variable U(VI) concentration as compared to that of 

Eu(III), which is agreement with the results of the batch adsorption and desorption. 

4. Conclusion 

The chemical affinity of GO nanosheets for radionuclides was determined by using 

macroscopic, spectroscopic and modeling techniques. The batch adsorption results 

indicated that the adsorption capacity of GO nanosheets for U(VI) was higher than 

that of Eu(III). The inner-sphere surface complexation was determined by ionic 

strength-independent adsorption. Reversible adsorption of Eu(III) and U(VI) on GO 

nanosheets was observed when desorption was initiated by lowering pH, whereas the 

adsorption of U(VI) on GO nanosheets was irreversible when desorption was induced 

by lowering radionuclide concentration. The highly chemical affinity of GO 

nanosheets for U(VI) was demonstrated by the simulation of adsorption data with 

DDLM modeling and analysis of XPS spectra. The significant potential of GO 

nanosheets was regarded as one of suitable materials for the preconcentration and 

removal of radionuclides in environmental pollution cleanup and nuclear waste 
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Figure captions 

Figure 1 Adsorption kinetics of Eu(III) and U(VI) on GO nanosheets, C0 = 10.0 mg/L, 

pH = 4.0, m/V = 0.20 g/L, I = 0.01 mol/L NaClO4 , T = 303 K. the inserted curve: the 

fitting of pseudo-second order kinetic model.  

Figure 2 Effect of pH and ionic strength on the adsorption of A: Eu(III) and B: U(VI) 

onto GO nanosheets; speciation of C: Eu(III) and D: U(VI) in NaClO4
 solution, C0 = 

10.0 mg/L, m/V = 0.20 g/L, T = 303 K, I = 0.01 mol/L NaClO4. 

Figure 3 Adsorption isotherms of A: Eu(III) and B: U(VI) on GO nanosheets at 

different temperatures, pH = 4.0, m/V = 0.20 g/L, I = 0.01 mol/L NaClO4. 

Figure 4 Desorption kinetics of Eu(III) and U(VI) from GO nanosheets, A: desorption 

by lowering pH from 4.0 to 2.5, m/V = 0.20 g/L, T = 303 K, I = 0.01 mol/L NaClO4; 

B: desorption by replacing radionuclide supernatant method, pH=4.0, C0 = 10.0 mg/L, 

m/V = 0.20 g/L, T = 303 K, I = 0.01 mol/L NaClO4. 

Figure 5 Adsorption and desorption of Eu(III) and U(VI) from GO nanosheets, m/V = 

0.20 g/L, T = 303 K, I = 0.01 mol/L NaClO4. by lowering solution pH, A: Eu(III); B: 

U(VI), C0 = 10.0 mg/L; and by replacing radionuclide supernatant method C: Eu(III); 

D: U(VI), pH = 4.0. 

Figure 6 Simulation of adsorption with diffuse double-layer model (DDLM), A: 

Eu(III); B: U(VI), C0 = 10.0 mg/L, m/V = 0.20 g/L, I = 0.01 mol/L NaClO4 , T = 

303K. 

Figure 7 The survey scan and high resulution scans of XPS analysis of GO 

nanosheets before and after desorption by replacing radionuclide supernatant method. 
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(A): total survey scans; (B): O 1s peaks; (C): Eu 3d peaks, (D): U 4f peaks, m/V = 

0.20 g/L, pH = 4.0, I = 0.01 mol/L NaClO4
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Tables  

 

Table 1. Parameters of adsorption models for radionuclides on GO nanosheets. 

 

Adsorbate 

Langmuir                           Freundlich         

b 

(L/mmg) 

Qmax 

(mg/g) 

R
2 

 

lnKF 

(mg/g)/(mg/L)n 

1/n 

 

R
2 

 

Eu(III) 

U(VI) 

0.7398 

0.2637 

28.70 

208.33 

0.9979 

0.9966 

2.6500 

3.8764 

0.2027 

0.4819 

0.9009 

0.9792 

 

 

 

 

Table 2. Thermodynamic parameters for radionuclides adsorption on GO nanosheets 

T(K) ∆G
0 (kJ/mol) ∆S

0 (J/mol/K) ∆H
0 (kJ/mol) 

 

303 

U       Eu(III) 

-11.42    -9.01  

U(VI)   Eu(III) 

 

U(VI)   Eu(III) 

 

313 -11.78    -9.55 70.35    58.70 9.88    8.79 

323 -12.93    -10.51   
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Table 3. Parameters for the fitting of the adsorption of radionuclides on GO 

nanosheets 

 

 

 

 

 

a data from acid-base titration. 

 

Table 4. The Binding Energies of GO nanosheets before and after desorption by 

replaced radionuclide supernatant method. 

Adsorbents O 1s   Eu 3d5/2 Eu 3d3/2 U 4f7/2  U 4f5/2 

GO 531.57       

GO-Eu1 530.56  1134.9 1164.3    

GO-Eu2 

GO-U1 

GO-U2 

532.86 

532.01 

531.98 

 

 

 

1137.4 

 

 

1164.7 

 

 

 

382.28 

382.28 

 

 

 

 

392.38 

392.68 

 

Specific Surface Area (SBET, m
2·g-1)  140.8  

pHPZC 
a  4.5  

Surface site density (sites·nm--2)  

Log K  

 29.08 

4.23(Eu(III))  4.62(U(VI)) 
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