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a b s t r a c t
Iron sulfide nanoparticles were thought to be a potential material for U(VI) removal from aque-
ous solution. In order to overcome its aggregation and enhance removal capacity, biochar derived 
from peanut shell was chosen to support iron sulfide nanoparticles. The biochar supported iron 
sulfide nanoparticle composites (FeS@biochar) were prepared and applied for removal of U(VI) 
from aqueous solutions. The uptake capacity of U(VI) reached 59.52 mg/g at pH = 5.12 and 298 K, 
and it was indicated that the biochar supported with FeS significantly enhanced removal effi-
ciency of U(VI). Based on scanning electron microscopy, X-ray diffraction, electronic differential 
system, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy analy-
ses, it could be concluded that mechanism of removal of U(VI) ions by FeS@biochar was reduc-
tive reaction, electrostatic attraction and surface complexation. According to its high efficiency, 
reusability, and chemical stability, FeS@biochar can be considered in environmental remediation as a 
low cost and potential adsorbent for removal of U(VI) from aqueous solution.
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1. Introduction

The contamination of water body and groundwater 
because of the naturally occurring radioactive element 
(U(VI)) is a serious matter of concern [1]. The problem 
of radionuclide pollution from water body is becoming 
increasingly prominent [2,3]. In particular, wastewater 
containing U(VI) is thought as one of the most widespread 
pollution problems because of its radioactivity and toxic-
ity to people [4,5]. The U(VI) pollution mainly comes from 
the production cycle of nuclear fuel [6,7]. In general, U(VI) 
mainly exists in the form of uranyl ions (UO2

2+) in aqueous 
solutions, which is not biodegradable. Additionally, it also 
accumulates in organisms, and may even harm human 
health [8,9]. Hence, a variety of methods, such as solvent 
extraction [10], chemical precipitation [11], flotation [12], 
membrane dialysis [13], and adsorption [14–16], have been 
tested and successfully applied into removal of uranium(VI) 

from aqueous solutions. Among these treatment methods, 
adsorption method is the most commonly used method due 
to its simplicity, low cost and high efficiency [17]. Various 
types of adsorbents were applied in the treatment of waste-
water, such as inorganic minerals [18], organic polymers 
[19], biomass [20], carbon-based materials [19], and com-
posite materials [21]. Biochar is extensively thought as a 
green technology in response to removal of toxic contami-
nants in the solution such that they are not easily available 
to organisms. It also is a solid carbon-rich material pro-
duced from biomass residues [22], such as algae, animal 
manure, sewage sludge and crop straw. They are prepared 
through the following thermochemical processes, such as 
pyrolysis, torrefaction, hydrothermal carbonization and 
gasification. Furthermore, it is emerging as a cost-effective 
and environmentally friendly material for the adsorption 
of a variety of contaminants, such as antibiotics [23], agro-
chemicals [24], aromatic dyes [25], nutrients [26], heavy 
metals [27], and nuclides [28] from aqueous solution.
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However, the adsorption efficacy of biochar in con-
taminants is depended on its physicochemical structure. 
Therefore, in order to improve its adsorption performance, 
it is an urgent demand to develop cost effective, environ-
mental friendly, and highly efficient sorbents for removal of 
toxic U(VI) from surface water [29]. 

Iron sulfide minerals are known to play an import-
ant role in reductive immobilization of U(VI) [30,31]. The 
nanoscale FeS can provide potentially greater reactivity, 
larger specific surface area, and soil deliverability [32]. 
Some researchers have illustrated that FeS nanoparticles 
showed high effectivity in treating various contaminants 
in water body and groundwater, such as radionuclides, 
chlorinated organic compounds, heavy metals, nitroaro-
matic compounds, oxyanions, and polychlorinated biphe-
nyls [33]. However, the shortcoming of FeS nanoparticles is 
easy to be aggregated in solution. In order to overcome its 
aggregation and enhance removal capacity, more stabilized 
FeS nanoparticles have been tested [34]. 

In this research, biochar was chosen as stabilizer for 
FeS nanoparticles. FeS@biochar is prepared for adsorption 
experiment of U(VI) ions in solution. In this work, the main 
purpose was to explore the uptake capacity and removal 
mechanism of U(VI) ions by FeS@biochar. The objectives 
were: (1) preparation of FeS@biochar; (2) characteriza-
tion of FeS@biochar; (3) experimentation of removal of 
U(VI) ions in solution by FeS@biochar; (4) exploration of 
removal mechanism of U(VI) by FeS@biochar.

2. Materials and methods

2.1. Materials

All chemical reagents in this experiment were of ana-
lytical grade. Ferrous sulfate heptahydrate (FeSO4·7H2O), 
sodium sulfide nonahydrate (Na2S·9H2O), uranium nitrate 
hexahydrate (UO2NO3·6H2O; 99.99% purity), sodium 
hydroxide (NaOH) and hydrochloric acid (HCl) were 
purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). The peanut shell was obtained from a 
farm in Jinan City, Shangdong Province, China. Anaerobic 
deionized water was obtained by aerating N2 into deionized 
water for over 30 min under the magnetic stirring condition. 
Then anaerobic deionized water was used in all experiments.

2.2. Preparation of adsorbents

The preparation of biochar and FeS nanoparticles was 
carried out according to the modified methods by Sun et al. 
[35]. The peanut shell was washed with deionized water for 
three times, and dried for 24 h at 110°C. The dried peanut 
shell was ground into 1–2  cm pieces and heated for 2  h at 
250°C under nitrogen conditions. Then the black residues 
was pulverized and sieved through a 60  meshes sieve. 
Then, the biochar derived from peanut shell was obtained.

The iron sulfide nanoparticles (FeS) were synthesized 
according to the reaction of FeSO4 with Na2S. That is, 100 mL 
FeSO4 solution (0.05  mol/L) was added into 250  mL Erlen
meyer flask containing 100  mL Na2S solution (0.05  mol/L) 
and mixed for 30 min under continuous N2 and magnetic stir-
ring condition. Then suspensions were sealed and aged for 

24 h to ensure the full growth of iron sulfide nanoparticles. 
Finally, the iron sulfide nanoparticles were obtained.

FeS@biochar was synthesized according to the modi-
fied methods by Lyu et al. [36]. According to this research, 
it was found that the composite material prepared by the 
mass ratio of iron sulfide nanoparticles and biochar to 1:4 
had the best adsorption rate for U(VI). Therefore, the mass 
ratio of iron sulfide nanoparticles and biochar to 1:4 were 
used in this work. That was, 7.89 g of FeSO4·7H2O was added 
into 250  mL Erlenmeyer flasks containing 100  mL anaero-
bic deionized water under continuous N2 and magnetic 
stirring condition. After 10  min, 10  g of biochar derived 
from peanut shell was added to the above FeSO4 solution 
and magnetically stirred for 10  min again. Subsequently, 
6.82  g of Na2S·9H2O also was added to the above mixture 
and magnetic stirred for 20  min. The entire preparation 
process was under continuous N2 and magnetic stirring 
condition. Then the suspension was sealed and aged for 
24  h. The mixture was freeze-dried, washed with anaero-
bic deionized water for three times and freeze-dried again. 
The novel material of FeS@biochar was obtained. 

2.3. Characterization of adsorbents

Scanning electron microscopy (SEM) (JEOL 6500F, Japan) 
was used to observe the surface morphology and structure 
of the adsorbent. The surface area and pore size of adsor-
bents were determined by the NOVA 4200e Surface area and 
Pore size analyzer (Quantachrome, FL, USA) at a relative 
pressure of 0.95 following the multipoint N2-BET adsorption 
method. 

The surface functional groups of adsorbents in the wave 
number range of 500–4,000 cm–1 were recorded on a Nexus 
670 FT-IR spectrometer (Thermo Nicolet, Madison). The 
crystalline structures of the adsorbents were conducted in a 
D/Max-IIIA Powder X-ray Diffractomer (XRD, Rigaku Corp., 
Japan). XPS (X-ray photoelectron spectrometer, Kratos 
AXIS Ultra DLD, Japan) and the model Axis-HS (Kratos 
Analytical) were used to determine surface adsorbents. 

2.4. Adsorption experiments

All the adsorption experiments were carried out in 
250  mL Erlenmeyer flasks at 200  rpm under a constant 
temperature condition. Typically, an amount of the adsor-
bent was added into a 250 mL Erlenmeyer flask containing 
100 mL U(VI) initial concentration. Flask was sealed by bot-
tle cap and placed in the shaker at 200  rpm and constant 
temperature. The anaerobic deionized water was used 
in all adsorption experiments. The pH was adjusted by 
0.1  mol/L NaOH or HCl solutions. The entire adsorption 
process reached equilibrium and the supernatant was col-
lected through filter filtration. The U(VI) concentration in 
the supernatant was analyzed by UV-Vis spectrophotometry 
[16]. The residual sample was centrifuged at 4,000 rpm for 
5 min. Sediment was determined by microscopic technolo-
gies. All experiments were carried out in duplicate and the 
data were analyzed by the mean and standard deviation. 

The removal rate (R(%) and the uptake capacity 
(q(mg/g)) were calculated according to the following 
Eqs. (1) and (2).



395C. Chen et al. / Desalination and Water Treatment 210 (2021) 393–401

R
C C
C

e=
−

×0

0

100% 	 (1)

q
C C V

m
e=

−( )×0 	 (2)

where C0 (mg/L) and Ce (mg/L) were initial concentration 
and equilibrium concentration, respectively. V (L) was the 
solution volume and m (g) was the weight of the adsorbent.

In order to test the chemical stability of FeS@biochar, the 
reusable adsorption experiments were carried out for four 
times. 1.0 M Na2CO3 solution was chosen as desorbing solution.

3. Results and discussion

3.1. Characterization of FeS@biochar

Results show that the adsorption average pore width 
of biochar, FeS nanoparticles, and FeS@biochar are 3.94, 
14.2, and 19.5 nm, respectively. BET specific surface areas 
of biochar, FeS nanoparticles, and FeS@biochar are 79.56, 
5.32, and 48.3  m2/g, respectively. The BET specific surface 
area of FeS@biochar was higher than that of FeS nanopar-
ticles. This result indicated that FeS nanoparticles loaded 
on the biochar effectively prevent the aggregation of FeS 
nanoparticles. Because of biochar loading, the BET specific 
surface area of FeS@biochar was increased obviously. It 
indicated that FeS@biochar could be applied into the envi-
ronmental treatment. The surface morphologies and micro-
structures of FeS@biochar composites were analyzed by 
SEM and electronic differential system (EDS) technologies. 

As shown in Fig. 1a, it was depicted that the FeS nanoparti-
cles were easy aggregative and had snow-like structure [37].

After FeS loaded on biochar, the FeS@biochar were 
uniformly dispersed (Fig. 1b). It was depicted that bio-
char highly improved the dispersibility of FeS nanoparti-
cles. This was beneficial to decrease the aggregation of FeS 
nanoparticles in practical applications. The EDS spectrum 
and elemental mapping of FeS nanoparticles was detected 
by EDS analysis and shown in Figs. 1c and d. Four ele-
ments (C, O, S, and Fe) were uniformly observed on the 
surface of FeS@biochar. The weight proportions of C, O, 
S, and Fe were calculated to be 65.96%, 27.93%, 2.24%, and 
3.88%, respectively. As shown in Fig. 2d, two major ele-
ments of FeS nanoparticles were observed on the surface 
of FeS@biochar. It depicted that biochar were supported 
successfully by FeS nanoparticles.

X-ray diffraction (XRD) patterns of biochar, FeS nano
particles and FeS@biochar are shown in Fig. 2a. For biochar, 
a diffraction peak at 21.5° was ascribed to a layer-to-layer 
distance of 0.41  nm. The large d-spacing of the biochar 
was attributed to the presence of –OH, C–O, and O=C–O 
functional groups [38]. 

For FeS nanoparticles, eight peaks at 29.9°, 33.6°, 35.4°, 
43.1°, 47.1°, 53.1°, 60.3°, and 64.5° were observed. They 
were assigned to the indices (110), (004), (200), (110), (204), 
(205), (303), and (222) with planes (JCPDS No. 23–1120). 
Additionally, four peaks at 18.9°, 23.1°, 23.8°, and 26.5° also 
were observed. They were assigned to the characteristic 
peaks of Fe3O4. The reason might be that a minor amount of 
FeS nanoparticles was oxidized by O2 at atmosphere. The char-
acteristic peaks of FeS and biochar both were observed on the 
surface of FeS@biochar. FeS nanoparticles and biochar were 

(a) (b)

(c) (d)

Fig. 1. SEM images of FeS nanoparticles (a) and FeS@biochar (b); EDS spectrum (c) and elemental mapping (d) of FeS nanoparticles.
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present in the FeS@biochar composites. It indicated that FeS 
nanoparticles were supported successfully with biochar. 
The characteristic peaks of Fe3O4 also were found. It may be 
the reason that a small amount of Fe2+ ions were oxidized 
by O2 at atmosphere during the preparation of FeS@biochar. 
Fourier transform infrared spectroscopy (FT-IR) spectra of 
biochar, FeS nanoparticles, and FeS@biochar are shown in 
Fig. 2b. For biochar, five characteristic peaks at 3,411; 2,343; 
1,608; 1,375; and 1,068 cm–1 could be observed. They were 
ascribed to the vibrations of –OH, –CH2, C=O, O=C–O, and 
alkoxy C–O functional groups [39]. For FeS nanoparticles, 
characteristic peak was not observed. For FeS@biochar, four 
characteristic peaks for biochar could be observed. The 
characteristic peak at 2,343  cm–1 did not disappear on the 
spectra of surface of FeS@biochar. It should be this reason 
that molecular hydrogen bonding among FeS and biochar 
interacted [35]. 

Based on the above results of SEM, EDS, XRD, and 
FT-IR, it can be concluded that FeS@biochar in this work 
was obtained. The biochar derived from peanut shell 
was supported with FeS nanoparticles successfully. It not 
only had the properties of biochar from peanut shell but 
also had the properties of FeS nanoparticles. 

3.2. Adsorption experiment

The effects of initial pH of solution, concentration of 
U(VI), reaction time, and temperature on removal rate were 
examined by adsorption experiment. Experimental results 
are shown in Fig. 3. 

The initial pH in solution is a fundamental and import-
ant factor influencing element speciation, surface charge, 
and binding sites of absorbent [40]. Removal of U(VI) by 
FeS@biochar was carried out with pH values ranging from 

(a) (b)

Fig. 2. XRD patterns (a) and FT-IR spectra (b) of biochar, FeS nanoparticles, and FeS@biochar.

(a) (b)

(c) (d)

Fig. 3. Effect of initial pH (a), temperature (b), contact time (c), and concentration of U(VI) (d) on removal rate of U(VI) FeS@biochar. 
Experimental conditions: initial pH = 5.22, C0 = 60 mg/L, m = 0.025 g, V = 100 mL, t = 360 min, and T = 308 K.
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2 to 12. As shown in Fig. 3a, the initial pH in solution had 
an important influence on the removal rate of U(VI). 
At first stage, the removal rate of U(VI) increased with the 
increasing pH in solution. While at pH above 6, the removal 
rate of U(VI) begun to decrease with the increasing pH in 
solution. The species distribution of U(VI) ions using Visual 
MINTEQ (Version 3.0) at different pH is shown in Fig. 4. 

It indicated that the species distribution of U(VI) ions 
in solution is mainly depended on pH value. In solution 
with pH less than 7, the main forms of U in aqueous solu-
tion were UO2

2+, (UO2)2(OH)2
2+, and UO2(OH)+. It also sug-

gested that U was in the form of positively charged cations 
in aqueous solution. The concentration of UO2

2+ decreased 
with the increasing pH in solution. While the concentra-
tion of (UO2)2(OH)2

2+ and UO2(OH)+ increased at first stage, 
then begun to decrease slowly with the increasing pH in 
solution. In solution with pH above 7, the main forms of 
U in aqueous solution were UO2(OH)3

–, (UO2)3(OH)7–, and 
UO2(OH)4

2–. It was also depicted that U was in the form 
of negatively charged cations in aqueous solution. When 
pH < 7, a large number of functional groups on the surface 
of FeS@biochar could adsorb positively charged cations 
through electrostatic attraction. However, the concentra-
tion of positively charged ionic groups of U(VI) increased 
at pH  >  7. It was not beneficial to remove U(VI) by FeS@
biochar at pH > 7. The removal rate of U(VI) decreased at 
pH > 7. At the same time, chemical precipitation reactions 
and ion exchange were also proceeding. Therefore, it could 
be thought that adsorption process, chemical precipitation 
process, and ion exchange process were important mech-
anisms on the removal of U(VI) by FeS@biochar when the 
initial pH was ranged from 2.0 to 12.0. The effect of tem-
perature on the adsorption of U(VI) by FeS@biochar was 
also investigated (Fig. 3b). It displayed that the high tem-
perature was beneficial for the removal rate of U(VI) ions 
by FeS@biochar. The removal rate of U(VI) increased with 
the increase of temperature. The removal rate reached  
79.82% at 318 K. 

The effect of reaction time on the adsorption of U(VI) 
by FeS@biochar was also tested (Fig. 3c). The removal rate 
increased very quickly at first stage of adsorption.

The removal rate reached 40.37% within 30  min. 
Then, the removal rate increased slowly, and it reached equi-
librium at 360  min. At the first stage, the quick removal 
processes was attributed to the instantaneous electron 
transfer and surface complexation effects [41]. Then, the 
slow removal processes were attributed to the reducing 
efficiency of redox processes or the saturation of adsorp-
tion sites on external surface [42]. The concentration 
of U(VI) is an important factor affecting the mass trans-
fer resistance of U(VI) between aqueous phases to solid 
phases. Experimental results are shown in Fig. 3d. The 
concentration of U(VI) was favorable for the removal 
of U(VI) by FeS@biochar. The removal rate of U(VI) 
increased when the concentration of U(VI) increased.

3.3. Effect of SO4
2– ion in solution

The effect of SO4
2– ion in solution on the removal of 

U(VI) by FeS@biochar is shown in Fig. 5. 
From the figure, it can be concluded that the SO4

2– ion in 
solution played an important role in the removal of U(VI) 
in aqueous solution. The removal rate of U(VI) by FeS@
biochar decreased with the increase of SO4

2– ions in solu-
tion. It might be attributed to the existence of Fe2+ ions on 
the surface of FeS@biochar. For adsorption sites, U(VI) 
ions are preferentially adsorbed over SO4

2– ions in solu-
tion. When adsorption sites were saturated, the exchange 
reactions of dominate and competition for these sites 
between U(VI) ions and SO4

2– ions were very important.

3.4. Adsorption kinetics, adsorption isotherm, and 
thermodynamics

To understand the adsorption process, adsorption kinet-
ics, adsorption isotherm, and thermodynamics were dis-
cussed in details. 

Fig. 4. Species distribution of U(VI) ions using Visual MINTEQ 
(Version 3.0). Experimental conditions: C0 = 60 mg/L, V = 100 mL, 
t = 360 min, T = 308 K, and m = 0.025 g.
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Fig. 5. Effect of SO4
2– ion on the removal of U(VI) by FeS@bio-

char. Experimental conditions: initial pH  =  5.22, C0  =  60  mg/L, 
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The equations of pseudo-first-order [43] and pseudo-
second-order kinetic models [44] are described as Eqs. (3) 
and (4):

ln lnq q q k te t e− = ×( ) − 1 	 (3)

t
q k q

t
qt e e

=
×

+
( )

1

2
2 	 (4)

where qe and qt (mg/g) were the amount of U(VI) adsorbed 
at equilibrium and at time t, respectively. k1 and k2 are the 
pseudo-first-order and pseudo-second-order kinetic rate 
constants, respectively.

The Langmuir [45] and the Freundlich [46] equations are 
expressed by Eqs. (5) and (6):

C
Q Q

C
QK

e

e m L

e

m

=
×

+
1 	 (5)

Q K Ce f
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where Qe (mg/g) and Ce (mg/L) were the amount of adsorbed 
238U(VI)/241Am(III) on AO/CNF and the equilibrium concen-
tration in solution, respectively; Qm (mg/g) was the max-
imum adsorption capacity; Kf (mg1–n  g–1  Ln) and n referred 
to an empirical constant related to adsorption capacity.

The thermodynamic parameters (i.e., the standard 
Gibbs free energy change-ΔG°, the standard enthalpy 

change-ΔH°, the standard entropy change-ΔS°) were calcu-
lated by Eqs. (7) and (8):

∆G RT K° = − °ln 	 (7)

lnK S
R

H
RT

0 = −
° °

( )
∆ ∆ 	 (8)

where R and T were universal gas constant (8.314 J/(mol K)) 
and temperature (K), respectively. K0 was adsorption equi-
librium constants, which could be calculated by plotting 
lnKd vs. Ce and extrapolating Ce to zero.

According to experimental data of Fig. 3c, the fitting 
curves of pseudo-first-order kinetic and pseudo-second-
order kinetic models are displayed in Figs. 6a and b.

The value of R2 could be calculated. It indicated that 
the adsorption process could be ascribed by pseudo-
second-order kinetic model because of higher value of R2 
(0.9958 > 0.9061). It also demonstrated that the adsorption 
process involved in the removal of U(VI) was chemi-
cal reaction [47]. Figs. 6c and d show the fitting curves 
of Langmuir isotherm model and Freundlich isotherm 
model. The adsorption process of U(VI) by FeS@biochar 
followed Langmuir isotherm model on the basis of the 
good correlation coefficient parameter of R2. It suggested 
that the adsorption process mainly was monolayer reac-
tion process. The maximum uptake capacity of U(VI) by 
FeS@biochar could be calculated to be 59.52 mg/g accord-
ing to the Langmuir isotherm model. Compared with 
the reported adsorbents [48], FeS@biochar show higher 

(a) (b)

(c) (d)

Fig. 6. Adsorption kinetic of U(VI) ions and adsorption isotherm of U(VI) ions by FeS@biochar (a) pseudo first-order kinetic model, 
(b) pseudo second-order kinetic model, (c) Langmuir, and (d) Freundlich. Experimental conditions: t  =  360  min, C0  =  60  mg/L, 
V = 100 mL, pH = 5.22, T = 308 K, and m = 0.025 g.
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removal rate of U(VI). It indicated the biochar supported 
with FeS significantly enhanced removal efficiency of U(VI).

The thermodynamic feasibility study was also an import-
ant parameter for describing the adsorption processes. 
Therefore, the thermodynamic parameters are tabulated in 
Table 1.

The negative ΔG° indicated that the removal of U(VI) 
was a spontaneous reaction. While, the positive ΔS° 
demonstrated that the removal process was disordering the 
systems. Additionally, the positive ΔH° suggested that the 
removal process was an endothermic reaction. Therefore, 
higher temperature could enhance dehydration. In a 
word, it could be concluded that removal of U(VI) by FeS@
biochar was a spontaneous and endothermic process.

3.5. Adsorption mechanism

To further explore the adsorption mechanism, the higher 
technology analytical method X-ray photoelectron spec-
troscopy (XPS) was adopted. The results of XPS analyses 
before and after reaction with U(VI) are displayed in Fig. 7. 

As shown in Fig. 7a, four photoelectron lines at bind-
ing energies of ~167, ~286, ~533, and ~731 eV were observed 
for FeS@biochar before reaction with U(VI). They were 
related to S 2p, C 1s, O 1s, and Fe2p, respectively. It also 
indicated that the primary elements for FeS@biochar were 
S, Fe, C, and O. The results were consistent with the results 

of EDS (Fig. 1c). After adsorption of U(VI), these photo-
electron lines also could be observed. Moreover, the two 
new peaks at ~382 and ~393 eV were appeared. They were 
attributed to U 4f7/2 and U 4f5/2. It could be concluded that 
FeS@biochar could interact with U(VI) ion from aque-
ous solution. From Fig. 7b, it could be converted into four 
peaks at ~381.82, ~382.51, ~392.52, and ~392.53  eV. They 
were ascribed to U(VI) and U(IV), respectively [49]. It indi-
cated that part of U(VI) was adsorbed by the functional 
group on the surface of FeS@biochar and part of U(VI) was 
reduced to U(IV) by FeS. 

In a word, the proposed removal mechanism could be 
suggested that U(VI) ions were removed through reductive 
reaction, electrostatic attraction, and surface complexation 
(Fig. 8). The biochar not only prevented FeS nanoparti-
cles from being aggregated but also enhanced removal 
capacity of U(VI) ions. The functional groups on the FeS@

(a) (b)

Fig. 7. XPS survey spectra of FeS@biochar before and after reaction with U(VI) (a) and XPS spectrum of U(IV) (b).

Fig. 8. Proposed removal mechanism of U(VI) by FeS@biochar.

Table 1
Thermodynamic parameters for U(VI) removal on FeS@biochar

Temperature ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/(mol K))

298 K –1.89
78.46 268.62318 K –3.63

338 K –7.3
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biochar could react with U(VI) ions through electro-
static attraction and surface complexation. Additionally, FeS 
nanoparticles could remove U(VI) by redox reactions. 

3.6. Chemical stability of FeS@biochar

The results of chemical stability of FeS@biochar are 
shown in Fig. 9. The removal rate decreased with the increase 
of adsorption number. The removal rate reached 49.62% at 
first time. The removal rate still could reach 38.16% after 
four times of reuse. It could be concluded that the prepa-
ration of FeS@biochar in this work was reusability and 
chemical stability material.

4. Conclusions

The biochar supported iron sulfide nanoparticle com-
posites was prepared and applied for removal of U(VI) 
from aqueous solution. Based on the results of SEM, EDS, 
XRD, and FT-IR, the iron sulfide nanoparticles successfully 
were loaded on the biochar. A number of functional groups 
were observed on the surface of FeS@biochar. The opera-
tional parameters had an important effect on the removal 
of U(VI) from aqueous solution. The adsorption process 
of U(VI) by FeS@biochar followed pseudo-second-order 
kinetic model and Langmuir isotherm model. Removal of 
U(VI) by FeS@biochar was a spontaneous and endother-
mic processes. Additionally, the mechanism of removal of 
U(VI) mainly was adsorption and reductive process. The 
FeS@biochar was a reusable and chemically stable material.
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