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S1 Materials

Acrylonitrile (AN, 99.9%, Aldrich) were purified by distillation under reduced pressure 

to remove the stabilizer. Potassium persulfate (PPS, Sigma-Aldrich), sodium 

dodecylsulfate (SDS, Sigma-Aldrich) and other chemicals were all analytical grade and 

without further purification. 20 mL hydrochloric acid (ρ= 1.18 g⸱mL-1), 2 mL 30% 

hydrogen peroxide were added into a 100 mL beaker containing of 1.1792 g U3O8 

successively. The mixture was heat to nearly waterless and then 10 mL nitric acid (ρ= 

1.42 g⸱mL-1) was put into the beaker. The solution transferred to a 1000 mL volumetric 

flask was diluted to the mark line with distilled water to obtain a UO2
2+ stock solution 

(1.0 mg⸱mL-1).

S2 Characterizations

The XRD patterns were recorded with a reflection mode (Cu Kα source, λ=1.5412 

Å) in 2θ=2º-80º with a scanning rate of 1º∙ min-1. Data of FT-IR (Fourier transform 

infrared spectroscopy) spectra were carried out on Nicolet-5700 FT-IR 

spectrophotometer with a potassium bromide pellet in the 4000 - 400 cm-1 region. The 

morphologic characterization was carried out on a field emission scanning electron 

microscope (FE-SEM, JEOLJSM-7001F, Japan) and TEM (JEOL-2100). Nitrogen 

sorption isotherms at 77 K were measured on a Micrometitics Tristar 3000 system. 

Before measurement, samples were pre-treated at 373 K for 12 h under nitrogen 

blowing. The specific surface area and the pore size distribution were calculated from 

the BET and BJH data. The zeta potential values were measured with a Zetasizer 

Nanosizer ZS instrument (Malvern Instrument Co.). X-ray photoelectron spectroscopy 

(XPS) measurements were conducted on a Thermo Fisher Scientific ESCALAB 250Xi 

spectrometer. 



S3 Batch experiments of U(VI) sorption

The adsorption experiments were carried out by batch technique. Briefly, the stock 

dispersal of absorbent material (0.10 g∙L-1) was added into U(VI) solution (0-110 mg∙L-

1) under vigorous stirring conditions. After shaking 5 h for attaining the adsorption 

equilibrium, the solid and liquid phases were separated by the centrifugation at 8000 

rpm for 15 min and subsequently the U(VI) concentration of upper solution was 

analyzed via the arsenazo III method using a visible spectrophotometer at 650 nm [1]. 

The quantity of adsorbed U(VI) on adsorbent was deduced from the dissimilarity 

between the initial (Co) and the equilibrium (Ce) concentration. The quantity of 

adsorbed U(VI) on adsorbents after the equilibrium (qe) were measured using the 

equations here under:
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where Co and Ce are the initial and equilibrium concentrations of the metal ion (mg∙g-

1), respectively. V is the volume of the solution (L) and m is the amount of the sorbent 

(g). All of the batch adsorption experiments were conducted three times, and all data in 

this experiment are the averages of duplicate determinations, and relative error were 

less than ± 5%. The corresponding to error bars were added to the experimental Figures. 

Effect of solution pH on the adsorption capacity was carried out with initial U(VI) 

concentration of 50 mg·L-1 over the pH range from 2 to 5.5 at 298 K. The intended pH 

of the system was adjusted by the addition of insignificant amounts of 1.0, 0.1 or 0.01 

mol∙L-1 HNO3 or Na2CO3. 



S4 Sorption kinetic

The adsorption kinetics was investigated by the adsorption data at different contact 

time of Fe/P-CN-800. 5.00 mg Fe/P-CN-800 was added to 50 mL of 50 mg∙L-1 U(VI) 

solution, and stirred in a polyethylene test tubes under pH = 4.5 and T = 298 k. To 

assess the dependence of U(VI) adsorption on time, an aliquot of the solution was 

collected from 5 to 420 min after adsorption, respectively. The aliquots were 

centrifuged, and the supernatants were analyzed by visible spectrophotometer at 650 

nm. The linear formation of pseudo-first-order kinetic model pseudo-second order 

kinetic and Intraparticle diffusion models were given as following Eqs. (S2-S4) [2, 3].
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where k1 (min-1), k2 (g∙mg-1∙min-1) and kint (mg·g-1·min-0.5) refer to the rate 

constants of pseudo-first-order, pseudo-second-order kinetic models, and intraparticle 

diffusion constant. qe and qt are the amounts of adsorbed U(VI) (mg∙g-1) at equilibrium 

and given time “t”, respectively. C (mg∙g-1) is a constant proportional to the extent of 

boundary layer thickness. The linear plots of ln(qe-qt) vs. t, t/qt vs. t, and qt vs. t0.5 were 

drawn to obtain the correlation coefficient value (R2). The comparison of R2 is a means 

of assessing the applicability of the model, and thus, elucidating the removal 

mechanism of the Fe/P-CN-800.

S5 Sorption isotherms



To investigate U(VI) adsorption isotherms, the U(VI) solutions with 

concentrations of 5, 10, 15, 20, 30, 40, 50 and 70 ppm U(VI) were prepared, and the 

pH of each solution was adjusted to 4.5 by adding NaOH solution. Then, 5.00 mg Fe/P-

CN-800 was added to a polyethylene test tubes containing 50 mL of U(VI) solution. 

The mixture was thoroughly stirred for 300 min at 283, 298, and 308 K, respectively. 

The aliquots were centrifuged, and the supernatants were analyzed using visible 

spectrophotometer at 650 nm. Generally, the derivation of the Sips or Langmuir–

Freundlich isotherm model, represented by Eq. (S5) assumed that at low sorbate 

concentrations it effectively reduces to the Freundlich isotherm and thus does not obey 

Henry’s law; at high sorbate concentrations, it predicts a monolayer sorption capacity 

characteristic of the Langmuir isotherm. The Langmuir model is illustrated in the 

following equation (S6), which is usually used to describe the monolayer sorption 

process [4]. Whereas Freundlich model proposes an empirical model that is based on 

adsorption on heterogeneous surfaces and can be expressed as Eq. (S7) [5].
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where qe is the amount adsorbed at equilibrium (mg∙g-1) and Ce is the equilibrium 

concentration (mg∙L-1), qm is the maximum adsorption amount or the saturated amount 

(mg∙g-1), aS=qm∙Ks is the Sips model isotherm constant (L∙g-1), Ks the Sips model 

constant (L∙mg-1) and βs the Sips model exponent, KL is an equilibrium constant related 



to the binding strength (L∙mg-1), n and KF are Freundlich constants which are indicators 

of the adsorption capacity and adsorption intensity, respectively.

The D-R isotherm, a semi-empirical equation, can provide more important 

information about chemical or physical properties and its linear form is given in Eq. 

(S8) [6].
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where qe and qDR are the sorption amount per mass of sorbent (mol·g-1) and the 

theoretical sorption capacity (mol·g-1), β is the constant related to the sorption energy 

(mol2·kJ-2), ε is the Polanyi potential, ε= RTln(1 + 1/Ce), R is the gas constant (kJ·mol-1 

K-1), and T is the absolute temperature (K).

The mean free energy of sorption is the free energy change when one mole of ions 

is transferred to the surface of absorbents from infinity in the solution, and its formula 

is Eq. (S9).
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The magnitude of E can be related to the reaction mechanism. If E is in the range 

of 8-16 kJ·mol-1, the sorption is governed by chemical adsorption [7]. In the case of E 

< 8.0 kJ·mol-1, physical forces may affect the sorption mechanism.

S6 Thermodynamic studies

The adsorption thermodynamics parameters are analyzed by Eqs. (S10-S11) [8]. 
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where Kd is the distribution coefficient (mL∙g-1) of U(VI), T is the absolute 

temperature (K) and R is the ideal gas constant (8.314 J∙mol-1∙K-1).



Fig. S1 (a) N2 adsorption-desorption isotherms; (b) BJH pore size distribution of Fe/P-CN-X.

Fig. S2 EDS analysis of Fe/P-CN-X (inset: Sample surface area element composition)



Fig. S3 Removal behaviors of U(VI) on Fe/P-CN-800 as a function of ionic strength. (m/V = 0.1 

g∙L-1, pH = 4.5, C0 = 50 mg∙L-1, T = 298.15 K and t = 300 min)

The removal behavior is not dependent on ionic strength (Fig. S2), but is primarily 

controlled by inner-sphere surface complexation.

Fig. S4 The fit curve of pseudo-first-order model.



Fig. S5 (a) Elution efficiency of different concentration HNO3 solution; (b) The removal 

efficiencies of U(VI) from Fe/P-CN-800 in five times repeated experiments; (c) EDS analysis of 

after five cycle times (inset: Sample surface area element composition).

Fig. S6 XPS spectra of (a) O 1s and (b) C 1s for Fe/P-CN-800 and Fe/P-CN-800-U.



Fig. S7 SEM image and element mapping of Fe/P-CN-800-U



Table S1 SBET, Vt, average pore diameters of obtained Fe/P -CN -X

absorbents SBET (m2·g-1) Vt(cm3·g-1) DA(nm)

Fe/P -CN -600 39.81 0.13 10.87

Fe/P -CN -700 99.32 0.19 12.87

Fe/P -CN -800 234.02 0.24 12.97

Fe/P -CN -900 334.36 0.25 13.07

Table S2 Kinetic parameters of absorbents

Pseudo-first-order kinetic Pseudo-second-order kinetic Intraparticle diffusion

Sorbents

qe,exp

(mg·g-

1)
q1,cal

(mg·g-1)

k1

(min-1)
R2

q2,cal

(mg·g-1)

k2

(g·mg-1·min-1)
R2 kint

1    R2 kint
2    R2 kint

3   R2

Fe/P-CN-800 309.63 298.29  1.18×10-2 0.87 310.54 5.16×10-5 0.99 34.03 0.99 14.49 0.99 0.39 0.79

Table S3 Isotherm parameters for adsorption of U(VI) onto Fe/P-CN-800

T(K)
Isotherm models parameters

283 298 308
as 8.92 28.69 41.28
Ks 0.028 0.077 0.099
qm 318.57 372.60 416.97
s 0.95 0.97 0.99

Sips

R2 0.98 0.98 0.98
qm 460.23 454.66 471.23
bL 0.035 0.090 0.114Langmuir
R2 0.96 0.97 0.96
KF 24.57 66.06 75.65
nF 1.36 2.02 1.81Freundlich
R2 0.92 0.93 0.85

qDR 2.798 2.796 2.567

β 0.0052 0.00463 0.00392

EDR 9.81 10.38 11.36

Dubinin-
Radushkevich

R2 0.97 0.95 0.97



Table S4 Thermodynamic parameters for adsorption of U(VI) onto Fe/P-CN-800

ΔGo (kJ·mol-1)

Adsorbents
ΔHo

(kJ·mol-1)

ΔSo

(J·mol-1·K-1) 283.15 K 293.15 K 303.15 K 308.15 K 313.15 K

Fe/P-CN-800 4.29 62.22 -10.52 -13.95 -14.57 -14.88 -15.19
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