
Vol.:(0123456789)1 3

Journal of Radioanalytical and Nuclear Chemistry (2021) 330:225–235 
https://doi.org/10.1007/s10967-021-07952-0

Investigation of the adsorption properties of U(VI) by sulfonic 
acid‑functionalized carbon materials

Bao Yunyun1 · Chao Jiang1 · Yan Liu1 · Changfu Wang1 · Jinbiao Liu2

Received: 30 May 2021 / Accepted: 13 August 2021 / Published online: 29 August 2021 
© Akadémiai Kiadó, Budapest, Hungary 2021

Abstract
In this study, sulfonic acid-functionalized carbon materials (CS-SO3H) was carbonized and functionalized by polyphospha-
zene (PZS). The morphology and structure were characterized by FTIR, XPS and SEM. The influences of pH, contact time, 
initial concentration and temperature of CS-SO3H for uranyl ions were investigated. Results indicated that the adsorption 
equilibrium time was about 20 min. The adsorption process was more consistent with the Langmuir isotherm and the pseudo-
second-order model. In addition, the maximum adsorption capacity of CS-SO3H was about 341.98 mg/g. Moreover, the 
thermodynamic parameters of ΔG, ΔH and ΔS show that the uranium adsorption process was spontaneous and endothermic.

Keywords  Polyphosphazene · Sulfonic acid-functionalized · Carbon materials · Uranium · Adsorption

Introduction

In order to alleviate the pressure caused by the energy cri-
sis [1, 2], more and more countries begin to look for new 
clean energy to replace the original fossil energy. To this 
end, nuclear power is promising, with uranium is one of the 
key raw materials [3–5]. However, due to uranium’s inher-
ent high hydrophilicity and long half-life, it has increasingly 
been considered to be a serious menace to the human health 
and ecological environment [6–10]. Consequently, it is of 
vital importance to develop reliable and effective methods 
to treat uranium-containing wastewater from uranium mines 
and nuclear facilities [5, 11, 12].

Uranium has five oxidation states, and mainly exists in 
the form of U(IV) and U(VI) in water [13]. U(IV) is gen-
erally removed from water in the form of precipitation. In 
contrast, U(VI) has good solubility in aqueous solution and 
is not easy to precipitate. As a result, in order to remove 

U(VI) from aqueous solution, different methods have been 
developed and adopted, including chemical precipitation 
[14], membrane separation [15], ion exchange [16], reverse 
osmosis [17], adsorption and so on. Among these meth-
ods, adsorption has advantages of wide application range, 
effective treatment, economical, and availability of differ-
ent adsorbents. Some adsorbents, such as polypyrrole [13], 
chitosan [18] and polyethylene fiber [19], have been suc-
cessfully utilized to remove U(VI) from aqueous solution.

Carbon materials, including activated carbon [20–22], 
carbon aerogel [23, 24], graphene oxide [25] and carbon 
nanotube [26], exhibit good adsorption performance. These 
are ideal heavy metal adsorption materials, because of high 
porosity, low density, high specific surface area, chemical 
stability, high temperature resistance and some mechanical 
strength [27]. However, traditional carbon materials lack 
functional groups on the surface and generally exhibit poor 
adsorption capacity [28]. In particular, soft donor atoms 
such as nitrogen and sulfur are crucial in actinide-lantha-
nide separation because these elements preferentially bond 
to ligands containing the soft donor atoms [29].

Polyphosphazene, a new type of functional hybrid mate-
rial with unique P = N structure unit and active P-Cl groups, 
refers to polymers synthesized by condensation reaction 
between hexachlorocytriphosphazene (HCCP) and other 
monomers [30, 31]. The polymer has a stable six-membered 
ring conjugate structure, but does not form conjugate in long 
range, and thus it has a pliable P-N chain, which acts as a 

 *	 Yan Liu 
	 fzliuyan1986@163.com

 *	 Changfu Wang 
	 wangcf@ecut.edu.cn

1	 State Key Laboratory of Nuclear Resources 
and Environment, East China University of Technology, 
Nanchang 330013, Jiangxi, China

2	 Department of Chemistry, Jiangxi University of Science 
and Technology, Ganzhou 341000, Jiangxi, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-021-07952-0&domain=pdf


226	 Journal of Radioanalytical and Nuclear Chemistry (2021) 330:225–235

1 3

good precursor for the preparation of carbon materials [32]. 
In addition, compared with traditional adsorption materials, 
it has the advantages of larger specific surface area, smaller 
size and modifiability of surface functional groups.

In this study, our specific aims were to (1) utilize 
polyphosphazene as the precursor to carbonize and synthe-
size carbon sphere (CS); (2) prepare heteroatoms doped sul-
fonated carbon material (CS-SO3H) by sulfuric acid modi-
fication; (3) characterize the materials by means of FTIR, 
XPS and SEM; (4) explore the adsorption performance of 
CS-SO3H in different pH, adsorption time, initial concentra-
tion of uranium and temperature; and (5) discuss the adsorp-
tion mechanism.

Experiments

Materials

The materials, namely, hexachlorocytriphosphazene (HCCP, 
C16N3P3), chloroacetic acid (C2H3ClO2), anhydrous sodium 
acetate (C2H3NaO2), uranyl nitrate (UO2(NO3)2·6H2O) 
and arsenazo III (C22H18As2N4O14S2) were obtained from 
Aladdin Chemistry Co., Ltd., China. The others, includ-
ing 4,4-Sulfonyldiphenol (BPS, Cl2H10O4S), triethylamine 
(TEA, (C2H5)3 N), sodium hydroxide (NaOH), acetonitrile 
(C2H3N), anhydrous ethanol (C2H6O) and concentrated sul-
furic acid (H2SO4) were obtained from Xilong Scientific 
Co., Ltd., China. All the materials above were Analytical 
reagent (AR) grade.

Synthesis of CS

The steps are demonstrated in Scheme 1. Firstly, under 
ultrasonic agitation (190  W, 40  Hz), adding 0.1217  g 
HCCP and 0.2628 g BPS into 100 mL acetonitrile for 
dispersion. After 10 min, 3 mL triethylamine was added 
drop-wise to the solution. The reaction continued for 3 h 
at 40 ℃. The white powdery substance (PZS) was obtained 
through centrifugation, rinsed with anhydrous ethanol and 
deionized water, and dried.

In an atmospheric tube furnace, the white powdery PZS 
powder was calcined by heating to 750 ℃ at a rate of 5 ℃/
min for 2 h under a nitrogen blanket. After grinding and 
crushing, the black carbonaceous solid powder (CS) was 
acquired.

Synthesis of CS‑SO3H

100 mg as-prepared CS powder and 5 mL concentrated 
sulfuric acid were added into a beaker, magnetically stirred 
for 30 min until the CS material was evenly distributed, 
and then the solution was added into a 100 mL Teflon-
lined stainless steel autoclave for 12 h at 120 ℃. After 
cooling to room temperature, the product was rinsed with 
anhydrous ethanol and deionized water to neutrality. The 
black solid powder (CS-SO3H) was obtained after drying 
at 60 ℃ for 8 h in a vacuum oven.

Scheme 1   Synthesis route of CS-SO3H
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Characterization

To analyze the chemical structure, the Fourier Trans-
form Infrared Spectroscopy (FTIR) in the range of 
4000–400  cm−1 were recorded on a TENSOR27 FTIR 
spectra (Bruker). The surface morphological analysis of 
the CS and CS-SO3H were carried out by JEOL JSM-5900 
Scanning Electron Microscopy (SEM). Also, to investi-
gate the chemical binding energies, X-ray Photoelectron 
Spectra (XPS) analysis of the products were conducted 
using a kratos Axis Ultra DLD, and the reference was C1s 
lined at 284.8 eV. Brunauer–Emmett–Teller (BET) surface 
areas were investigated from nitrogen adsorption–desorp-
tion isotherms on a V-Sorb 2800TP specific surface area 
and aperture analyzer.

Adsorption experimental procedure

The performance of CS and CS-SO3H were characterized 
by UV–VIS (757CRT, Tianjin Guanze Technol. Co., Ltd). 
In an Erlenmeyer flask, 5 mg adsorbent was added and 
evenly distributed into 30 mL U(VI) solution, and adjusted 
with 0.1 mol/L hydrochloric acid and 0.1 mol/L sodium 
hydroxide to achieve the targeted pH. The mixture was 
agitated and then filtered. The U(VI) concentration of the 
supernatant was obtained by the arsenazo (III) method at 
650 nm with a spectrophotometer. The adsorption capacity 
(qe, mg/g) for U(VI) ions was calculated according to the 
following equation:

where C0 and Ce (mol/L) are the initial and equilibrium 
concentrations of the solution, respectively; V (mL) is the 
volume of the uranium solution; and m (mg) is the mass of 
the adsorbent.

(1)qe =
(C

0
− Ce)V

m

Results and discussion

Characterization

FTIR

The FTIR spectra of CS and CS-SO3H were investigated 
in the range of 4000–400 cm−1, as exhibited in Fig. 1a. 
The results illustrate that the characteristic peak of CS at 
1595 cm−1 corresponds to the stretching vibration of C = C, 
and the peaks at 1100 cm−1 and 1009 cm−1 correspond to the 
Ar–O–P bond, which indicates that condensation polymeri-
zation between raw materials has occurred. The bands of CS 
at 1400, 1257 and 1105 cm−1 are assigned to the stretching 
vibrations of C–N, S–O and P = O, respectively [33]. Con-
cerning the FTIR spectrum of CS-SO3H, new peaks at 1156 
and 1033 cm−1 emerged, which represent the symmetric and 
anti-symmetric stretching vibration of S = O, while the peak 
at 726 cm−1 corresponds to the bending vibration of O–H 
in the sulfonic acid group, indicating that CS had been suc-
cessfully sulfonated [34, 35].

The FTIR spectrum of CS-SO3H after adsorption 
(namely, CS-SO3H-U) was also studied, as presented in 
Fig. 1b. Compared with CS-SO3H, the characteristic peak at 
879 cm−1 can be attributed to the stretching vibration of the 
linear structure of [O = U = O]2+. In addition, the peaks of 
S = O in the curve of CS-SO3H-U are less intense than those 
of CS-SO3H, reflecting the chemical bonds between uranyl 
ions and ligands on CS-SO3H are successfully formed.

XPS

As in Fig. 2, XPS was used to analyze the chemical struc-
tures of CS and CS-SO3H. According to the spectral fig-
ures, the peaks of CS at 134.3, 163.9, 284.8, 400.8, and 
532.9 eV belong to P2p, S2p, C1s, N1s, and O1s, respec-
tively. After functionalization, the intensity of O1s and 

Fig. 1   (a) FTIR spectra of CS 
and CS-SO3H; (b) FTIR spectra 
of CS-SO3H and CS-SO3H-U
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S2p peaks increased significantly owing to the introduc-
tion of -SO3H functional groups. This demonstrates that 
the functionalized material was prepared successfully.

SEM

The microstructures of CS and CS-SO3H were investigated 
using SEM. As observed in Fig. 3a, CS had a rough surface, 
porous structure and relatively uniform pore size distribu-
tion. Comparatively, the pores on the surface of CS-SO3H 
increased obviously and the continuous surface disappeared 
(Fig. 3b), thereby increasing the contact with uranyl ions.

N2 adsorption–desorption isotherms

The N2 adsorption–desorption technique was used to char-
acterize the specific surface area and pore size distribution 
of CS and CS-SO3H. As shown in Fig. 4, the adsorption 

Fig. 2   The XPS images of CS and CS- SO3H

Fig. 3   The SEM images of (a) CS and (b) CS-SO3H

Fig. 4   N2 adsorption–desorp-
tion isotherms of CS-SO3H

Table 1   Pore structure data of CS and CS-SO3H

Adsorbent Pore volume 
(cm3/g)

Specific surface 
area (m2/g)

Average pore 
diameter (nm)

CS 0.3904 1275.54 3.618
CS-SO3H 0.1656 1113.66 8.541
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quantity in the low relative pressure area indicated the exist-
ence of micropores. The detailed pure structure data was pre-
sented in Table1. The surface area, pore-volume, and aver-
age diameter of CS-SO3H are 1113.66 m2/g, 0.1656 cm3/g 
and 8.540 nm, respectively. The large surface area and the 
presence of a large number of pores can provide abundant 
active sites for the adsorption of uranyl ions. In addition, 
though surface area of CS-SO3H was lower than CS, the 
the adsorption quantity of CS-SO3H was larger, which may 
caused by the functionalization process by sulfonic acid.

Effect of pH

Adsorption performance is typically affected by pH. Hence, 
it is necessary to discuss the influence of the initial pH 
value on the properties of the two adsorbents. Figure 5 
shows that, the adsorption capacity of uranium (VI) by CS 
and CS-SO3H increased with pH increasing from 2 to 6. 
At the optimal pH of 6, the maximum adsorption capacity 
increased from 150.13 mg/g to 186.12 mg/g after introduc-
ing functional groups. For pH higher than 6, the adsorption 
capacity decreased with pH.

The increasing capacity with pH at low pH values can be 
attributed to the replacement of H3O+ in the binding sites 
with uranyl ions. When the pH value was higher than 6, 
the uranyl hydrates (such as UO2(OH)4

2−, UO2(OH)3
− and 

(UO2)3(OH)7
−) increased, which would reduce the adsorp-

tion capacity.

Adsorption kinetics

The uranium (VI) adsorption capacities of CS and CS-
SO3H with time are presented in Fig. 6, showing the rates of 
increase and the equilibrium capacities of the two materials 
were different. CS-SO3H quickly reached a higher equilib-
rium capacity within 20 min, while CS at about 80 min. This 

is attributed to the higher availability of adsorption sites in 
CS-SO3H.

In order to explore the uranium (VI) adsorption kinetics 
of CS and CS-SO3H, pseudo-first-order and pseudo-second-
order kinetic models were adopted to best-fit the experimen-
tal data:

where qt (mg/g) is the amount of uranyl ions adsorbed at 
time t; k1 (min−1) and k2 (mg−1 min−1) are the rate constants 
of pseudo-first-order and pseudo-second-order, respectively.

By analyzing the plots in Fig. 7, the model parameters 
can be obtained, as listed in Table 2. The data show that the 
correlation coefficients R2 of CS and CS-SO3H are higher 
for the pseudo-second-order model (0.9764 and 0.9996, 
respectively) than the pseudo-first-order model (0.9047 
and 0.2442, respectively). This reveals that the adsorption 
processes were dominated by chemical adsorption in both 
materials.

Effect of initial concentration of uranium

The effects of initial concentration (C0) of uranium (VI) 
on the adsorption by CS and CS-SO3H at the optimum pH 
of 6 are illustrated in Fig. 8. At low initial concentrations, 
the adsorption capacities of CS and CS-SO3H increased 
steeply than more gently as C0 increased. The increase 
indicates that more adsorption sites are available than ura-
nyl ions, while the slower rate of increase indicates the 
increasing saturation of the adsorption sites. For CS, the 
maximum capacity (227.68 mg/g) was at C0 = 80 mg/L, 
and further increase in C0 did not increase the adsorp-
tion capacity because all adsorption sites were saturated. 

(2)ln(qe − qt) = ln qe − k
1
t

(3)
t

qt
=

1

k
2
q2
e

+
1

qe
t

Fig. 5   Effect of initial solution pH on U(VI) adsorption by CS and 
CS-SO3H

Fig. 6   Influence of contact time on U(VI) adsorption by CS and CS-
SO3H
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On the other hand, for CS-SO3H, the adsorption capac-
ity continuously increased with C0 up to 160 mg/L and 
equilibrated at a higher capacity (341.98 mg/g) than CS. 
This reveals that the successful sulfonation of CS-SO3H 
endowed the surface of materials with more functional 
groups, which increased the adsorption sites and caused 
the maximum adsorption to be higher for CS-SO3H.

Adsorption isotherms

The equilibrium adsorption isotherm was investigated 
to further understand the adsorption mechanism. In this 

study, the Langmuir and Freundlich adsorption isotherm 
equations were employed to fit and analyze the experi-
mental data:

where Ce (mg/L) is the solution concentration at equilib-
rium; qm (mg/g) is the maximum capacity; qe (mg/g) is the 
equilibrium capacity; KL (L/mg) and KF are the Langmuir 
and Freundlich constants, respectively; and n represents the 
equilibrium concentration dependence of the adsorption pro-
cess. For Langmuir, KL and qm can respectively be calculated 
from the intercept and slope of the plot of Ce/qe versus Ce. 
In the same way, for Freundlich, KFand n can be obtained 
from the plot of ln qe versus ln Ce. The results are presented 
in Fig. 9 and Table 3.

It is evident from Table 3 that both the adsorption pro-
cesses of CS and CS-SO3H were in better agreement with the 
Langmuir adsorption isotherm (R2 = 0.9976 and R2 = 0.9979, 
respectively), rather than the Freundlich adsorption isotherm 
(R2 = 0.9423 and R2 = 0.9651, respectively), suggesting mon-
olayer coverage of uranium. As calculated from the Lang-
muir adsorption isotherm, the maximum adsorption amounts 
of CS and CS-SO3H were 229.36 mg/g and 355.87 mg/g, 
respectively. This shows that CS-SO3H showed a higher 

(4)
Ce

qe
=

1

qmKL

+
Ce

qm

(5)ln qe = ln KF +
1

n
ln Ce

Fig. 7   (a) Pseudo–first–order 
and (b) pseudo–second–order 
adsorption kinetics of U(VI) by 
CS and CS-SO3H

Table 2   Kinetic parameters of 
pseudo–first–order and pseudo–
second–order kinetic models of 
U(VI) by CS and CS-SO3H

Materials qe,exp (mg/g) Pseudo–first–order model Pseudo–second–order model

q1,cal (mg/g) k1 (min−1) R2 q2,cal (mg/g) k2 (g⋅mg−1⋅min−1) R2

CS 150.13 98.69 8.21 × 10–3 0.9047 173.31 2.88 × 10–4 0.9764
CS-SO3H 186.74 11.51 2.09 × 10–2 0.2442 186.57 6.34 × 10–3 0.9996

Fig. 8   Influence of initial concentration of solution on U(VI) adsorp-
tion by CS and CS-SO3H at pH = 6
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adsorption capacity than CS due to the grafting of sulfonic 
acid groups.

Thermodynamics investigation

The adsorption capacities of uranium by CS and CS-SO3H 
were investigated at five different temperatures, namely, 
283.15, 293.15, 303.15, 313.15 and 323.15 K. As seen 
in Fig. 10, the adsorption amounts of CS and CS-SO3H 
increased with temperature.

In order to explain the adsorption thermodynamic 
behavior, three fundamental thermodynamic parameters, 
namely, Gibbs free energy (ΔG; J·mol−1), enthalpy change 

(ΔH; J·mol−1) and entropy change (ΔS; J·mol−1·K−1), were 
assessed as per the following equations:

where R (8.314 J·mol−1 K−1) is the ideal gas constant and T 
(K) is the temperature.

The ΔH and ΔS parameters were obtained from the slope 
and intercept, respectively, of the plot of ln Kd versus 1/T. 
The results are presented in Fig. 11 and Table 4. The posi-
tive values of ΔH and the negative values of ∆G indicate the 
adsorption processes were endothermic and spontaneous. In 
addition, the absolute value of ∆G increased as temperature 

(6)ln Kd =
ΔS

R
−

ΔH

RT

(7)ΔG = ΔH = TΔS

Fig. 9   (1) Langmuir and (2) 
Freundlich isotherms of U(VI) 
adsorbed by CS and CS-SO3H

Table 3   Langmuir and 
Freundlich isothermal 
adsorption fitting parameters 
of CS and CS-SO3H adsorbed 
uranium

Materials Langmuir isotherm Freundlich isotherm

KL qm(mg/g) R2 KF n R2

CS 7.80 229.36 0.9976 4.05 × 10–3 0.31 0.9423
CS-SO3H 0.1766 355.87 0.9979 48.7078 2.22 0.9651

Fig. 10   Effect of temperature on the adsorption of U(VI) by CS and 
CS-SO3H

Fig. 11   Thermodynamic image of U(VI) adsorbed by CS and CS-
SO3H
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increased, which proved that high experimental temperature 
was favorable to the adsorption process because of the stable 
adsorption sites chemically bound to U(VI). Furthermore, 
the positive value of ∆S elucidates that the randomness at 
the solid-solution interface augmented during the adsorp-
tion process.

Effect of coexisting ions

Considering the complex composition of nuclear wastewa-
ter, the adsorption selective properties of U(VI) by CS and 
CS-SO3H in the presence of different ions, such as Mg2+, 
Na+, Zn2+, Mn2+, Co2+ and Cs2+, was studied. Figure 12 
shows that the influences of these ions are negligible, which 
proves that CS-SO3H has good selectivity to U(VI).

Reusability study

As can be seen from Fig. 5, under lower or higher pH, the 
adsorption effect of U(VI) by CS-SO3H is not ideal, thus, 
CS-SO3H can be eluted with the acidic solution or alka-
line solution. Figure 13a shows desorption experiments of 
different desorption agents. HNO3 is the best desorption 
agent due to the highest desorption value. Therefore, HNO3 
was used as the adsorption agent for desorbing U(VI) in 
the repeated experiments, as is shown in Fig. 13b. After 5 
adsorption–desorption cycles, the desorption efficiency is 
about 72%, which shows that CS-SO3H has good reusability.

Possible adsorption mechanism

As exhibited in Fig. 14, compared with the XPS spectral 
data of CS-SO3H, the new peak in CS-SO3H-U spectrum is 
attributed to U 4f, and a small double peak appeared at 392.8 
and 383.1 eV corresponding respectively to U 4f5/2 and U 
4f7/2 orbitals, meaning that uranium had been combined 
with CS-SO3H successfully. The spectral data of the five 
graphs in Fig. 13b–f were analyzed and recorded in Table 5. 
After uranium adsorption onto CS-SO3H, the three peaks 
of quaternary-N, pyrrolidine/pyridinone-N and pyridine-N-
oxide all shifted about 0.2 eV. In addition, the corresponding 
intensity decreased. Also, the peaks of P–O and P–C shifted 
about 0.1 eV and the corresponding intensity decreased. 
Other bonds, such as C–C and C–O, stayed the same. The 
results illustrate that the sulfonic acid group, P–O bonds, 

Table 4   The thermodynamic 
parameters for U(VI) adsorbed 
by CS and CS-SO3H

Materials ΔH (kJ/mol) ΔS (J/mol·K) ΔG (kJ/mol)

283.15 K 293.15 K 303.15 K 313.15 K 323.15 K

CS 6.2293 36.8389 −4.2002 −4.5701 −4.9384 −5.3068 −5.6752
CS-SO3H 2.3201 26.8743 −5.2893 −5.5581 −5.8268 −6.0955 −6.3643

Fig. 12   Selective adsorption capacity of coexistent ions

Fig. 13   (a) Effect of different 
desorption agents on U(VI) 
desorption. (b) Effect of cycle 
numbers on adsorption capacity 
of U(VI) by CS-SO3H
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Fig. 14   XPS survey spectra of 
(a) CS-SO3H-U; (b) C1s; (c) 
P2p; (d) S2p; (e) O1s and (f) 
N1s

P–C bonds and nitrogen elements in CS-SO3H were involved 
in the adsorption of U(VI). According to the results of XPS 
and discussion of various references, the possible adsorption 
mechanism of U(VI) on CS-SO3H is presented in Fig. 15.

Comparison of the adsorption capacity with other 
adsorbents

Table 6 shows the maximum adsorption capacity of CS-
SO3H to U(VI) compared with some reported adsorbents. 

It can be seen that compared with other adsorbents such 
as MWCA (230.3 mg/g) [23], Amidate (290 mg/g) [32], 
SA-GO (149.76 mg/g) [36], PCCP-AO (319.1 mg/g) [38], 
the adsorption capacity of CS-SO3H for U(VI) is more 
prominent, indicating that CS-SO3H can be used as a poten-
tial adsorbent for the treatment of wastewater containing 
U(VI).
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Conclusion

In summary, we synthesized sulfonic acid-functionalized 
carbon materials (CS-SO3H) successfully. The adsorbent 
was utilized to adsorb uranium in aqueous solution and 
exhibited superior capacity. The experimental results indi-
cate clearly that CS-SO3H provided more active sites for 
U(VI) adsorption due to the presence of -SO3H functional 
groups. Also, the co-doped P and N heteroatoms both par-
ticipated in the coordination of U(VI) in the adsorption, 

exhibiting synergistic adsorbing effects. The results show 
that CS-SO3H is an efficient adsorbent for U(VI), with sig-
nificant application potential in environmental remediation.
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PCCP 5.0 303 293.2 [38]
PCCP-AO 5.0 303 319.1 [38]
CS-SO3H 6.0 298 341.98 This work
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