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In this work, nitrogen and phosphorus co-doped magnetic carbon spheres encapsulating well-dispersed
active Fe nanocrystals (Fe/P-CN) were fabricated via a simple copolymer pyrolysis strategy. Benefiting
from heteroatoms doping, Fe/P-CN could primarily adsorb soluble U(v) ions through abundant
functional groups, and subsequently, the adsorbed U(vi) could be reduced to insoluble U(v) by Fe
nanocrystals. Fe/P-CN pyrolyzed at 800 °C (Fe/P-CN-800) exhibited excellent U(vi) removal capacity of
306.76 mg gfl, surpassing nitrogen and phosphorus co-doped carbon spheres and nano zero-valent
iron. In addition, the magnetic separation and thermal reactivation properties endow Fe/P-CN-800 with
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rsc.li/rsc-advances strategy to effectively remove U(vi) using heteroatom-doped composites.

Introduction

With the development of nuclear energy, nuclear waste con-
taining radionuclides is inevitably discharged into environ-
ment, leading to serious environmental contamination issues.
Uranium, especially, is considered a serious threat to the
ecological environment and human health due to its inherent
nature of being highly hydrophilic, immobile and has a long
half-life. Therefore, safe and effective methods for the disposal
of radioactive waste have attracted intense research interest
worldwide.* Among the various strategies for environmental
remediation, adsorption has proved to be an effective method
for removing U(vi) and other radionuclides because of its low
cost, extensive adaptability, and environmental friendliness.®”
Besides, the reductive immobilization of U(vi) to insoluble U(wv)
is also a simple and efficient method to separate U(vi) from
wastewater.®® Hence, exploring the dual feasibility of adsorbing
and reducing U(vi) to eliminate chemical toxicity and radio-
toxicity is imperative.

As an ideal candidate, nano zero-valent iron (NZVI) can
reduce U(vi) to insoluble U(w) effectively, and the reductive
immobilization and adsorption of U(vi) can occur on the surface
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of NZVI, which is mainly due to robust Van der Waals, magnetic
attractive forces and abundant active sites.'® Therefore, the
mobility of U(vi) is restrained and deposited on the surface of
iron corrosive products.'*> However, many practical results
demonstrate that the performance of NZVI may be restricted by
its rapid aggregation and deactivation on account of its intrinsic
magnetic interactions and high surface energy.™

Thus, to improve the dispersity and stability of NZVI, various
methods have been investigated, such as surface modifica-
tion, and inorganic clay mineral”™® and porous support
materials.**** Among them, heteroatom-doped porous carbon
matrices are the known ideal candidates to distribute NZVI
uniformly, and can inherit the unconventional advantages of
building blocks and acquire exceptional properties simulta-
neously.”” For example, Kairuo et al.*® reported that N-doped
carbon nanospheres embedded with Fe nanocrystals could
offer extra active sites for binding uranyl ions and enhance the
electrostatic driving force between the adsorbent and U(vi).
More importantly, Fe nanocrystals were crucial for reducing
U(vi). Interestingly, compared with single heteroatom doping,
heteroatoms co-doping could achieve more colossal asymmetric
spin and charge density due to the synergy of heteroatoms.***
Consequently, nitrogen and phosphorus heteroatoms doped
carbon, which form phosphorus bridges (P-C and P-O) and
nitrogen bridges (C-N, C=N, and N-O) can enhance the metal
ion adsorption capacity and selectivity.>® Accordingly, N,P co-
doped porous carbon will be an effective matrix to embed Fe
nanocrystals and achieve multiple properties including
adsorption, reduction and magnetic separation. However,
despite their anticipated potential, heteroatom co-doped
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carbon spheres have seldomly been employed for removing
U(vi).

Herein, we fabricate magnetic carbon spheres (Fe/P-CN-X, X
is the temperature of copolymer pyrolysis) co-doped with
heteroatoms (N, P and Fe®) via a simple copolymer pyrolysis
strategy. The as-synthesized nanospheres were characterized via
SEM, TEM, XRD, TG and N, adsorption-desorption in detail.
Additionally, their removal performance of U(vi) was systemat-
ically studied via batch experiments. Furthermore, the adsorp-
tion and reduction coaction mechanism were also investigated.

Experimental
Preparation of Fe, N and P co-doped carbon spheres

The preparation process of the Fe, N and P co-doped carbon
spheres is schematically shown in Scheme 1. Polyacrylonitrile
was synthesized according to a modified method.*”*® Typically,
6.20 mL acrylonitrile was dissolved in 95 mL water, and 0.10 g
potassium persulfate and 1.00 g sodium dodecyl sulfate were
added and then stirred at 70 °C for 12 h under the protection of
N,. Afterwards, the as-prepared product was soaked in a solu-
tion of FeCl;-6H,0 and (NH,),HPO, (PAN :FeCl;-6H,-
O : (NH,),HPO, = 1:0.50 : 0.50 (weight ratio)) and stirred for
24 h. The Fe/P-CN precursors were obtained by centrifugation,
then washed with water and freeze-dried for 24 h. Finally, for Fe/
P-CN-X, the precursors were calcined at a slow heating rate of
0.1 °C min~" up to 300 °C in air for oxidation and then
1.5 °C min~* to 600-900 °C for 2 h under N,. As a control, P-CN
without Fe doping and pristine CN were prepared using the
same procedures.

Results and discussion
Characterization of Fe/P-CN-X

Fig. 1a shows the XRD patterns of the samples, where the peaks
at 13.6° (100) and 42.2° (100) are attributed to the in-plane
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Scheme 1 Process for the synthesis of Fe, N and P co-doped carbon
spheres.
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Fig.1 (a) XRD patterns of Fe/P-CN-X and (b) FT-IR spectra of PAN, Fe/
P-CN precursors, and Fe/P-CN-800.

repetitive units of the continuous heptazine framework and
the stacking of the graphitic crystal plane, respectively.”® In
comparison with the characteristic peak (002) of graphitic
carbon nitride (g-CN) at 27°, this peak shifts to 31.9° for Fe/P-
CN-X, indicating that the interplanar distance decreases after
doping with P and Fe.* Additionally, the peaks at 19°, 24° and
35.4° demonstrate the presence of Fe;0,4 (JCPDS No 88-315, ¥)
in Fe/P-CN-600 and Fe/P-CN-700.

However, the peaks of Fe;O, disappear for Fe/P-CN-800 and
Fe/P-CN-900, and new peaks at 44.8° and 65.2° corresponding to
the (110) and (200) facets of a-Fe emerge, respectively (PDF No.
87-0722, A). Therefore, the Fe** species is transformed to F;0,
which is further reduced to metallic iron and Fe;C phase by the
carbon in the N, atmosphere during the pyrolysis process.
Considering the peak intensity of iron, 800 °C was selected as
the most suitable calcination temperature for Fe/P-CN-X since
in resulted in more metallic Fe.

The distinct type IV isotherms with an obvious hysteresis
loop in the N, adsorption-desorption isotherms (Fig. Slaf)
indicate the existence of a porous structure.** Also, the pore size
distribution obtained from the N, adsorption experiments
(Fig. S1b¥) confirms the presence of mesopores. The pore size
distribution was determined using the Barrett-Joyner-Halenda
(BJH) method, which demonstrates that the size of the meso-
pores of Fe/P-CN-X is mainly less than 20 nm. Additionally, the
BET specific surface area (Sggr) of Fe/P-CN-600, Fe/P-CN-700, Fe/
P-CN-800 and Fe/P-CN-900 were calculated to be 39.81, 99.32,
234.02 and 334.36 m* g, the total pore volume (V) 0.13, 0.19,
0.24 and 0.25 cm® g™, and the average pore diameter (D,) 10.87,
12.87,12.97 and 13.07 nm (Table S17), respectively. The porous
structure and high surface area of Fe/P-CN-X endow it with
sufficiently exposed active sites for adsorbing U(vi). Although
the Sger of Fe/P-CN-900 is the largest, the higher proportion of
metallic Fe indicates that Fe/P-CN-800 is more suitable for
reducing U(vi).

As shown in Fig. 1b, the typical absorption peaks appeared at
2243 cm~' (C=N) and 1451 cm ™" [(CH,),],** confirming the
successful fabrication of PAN. However, the absorption peak of
C=N disappeared from the Fe/P-CN precursors, and the
stretching vibration of the -CH,- group was retained at 2923
and 2850 cm ', indicating that C=N participates in the
hydrolysis and grafting reactions. Surprisingly, two new peaks
appeared at 1189 and 1067 cm™ ', which correspond to the
vibration absorption of P=0 and the stretch absorption of P-O

This journal is © The Royal Society of Chemistry 2020
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in the phosphonate groups, respectively.*® The new peak at
556 cm™ " is ascribed to the vibration absorption of Fe-0.** After
pyrolysis, the peaks that emerged at 3100-3500, 1667, 1381 and
810 cm™' in Fe/P-CN-800 are assigned to the characteristic
absorption of N-H, O-H, C=N, and C-N in the triazine unit,
respectively.*® Meanwhile, the shift in the characteristic peaks
of P=0 and P-O to a broad peak at 1092 cm™ ' corresponds to
the combination of phosphorus-containing moieties, indicating
that the phosphonate groups were retained after carbonization.
Obviously, abundant active sites, such as phosphonate groups,
nitrogen groups and metallic Fe moieties, are also present in Fe/
P-CN-800, which can enhance its affinity for U(vi).

The SEM image shows that there are some discrete carbon
spheres on the fluffy surface of Fe/P-CN-800. It should be noted
that the spherical architectures were still maintained during the
high temperature pyrolysis (Fig. 2a). The corresponding
mapping images indicate that O, N, Fe, N and P elements are
uniformly distributed throughout the carbon matrix. The well-
defined spherical structures were also confirmed by TEM, as
depicted in Fig. 2b. Many dark parts appeared in the body of the
carbon spheres of Fe/P-CN-800, which can be interpreted as
metal Fe nanoparticles uniformly embedded in the carbon
spheres.

TG analysis was adopted to reveal the thermostability of Fe/
P-CN-800 (Fig. 2c). The absorbed water was eliminated in the
first stage (<200 °C). Then, the mass loss in the range of 200-
370 °C can be attributed to the generation of a-Fe,O; from Fe
(Fe30,4 or Fe;C) combined with the pyrolysis of labile oxygen-
containing groups (amino and hydroxyl groups).*® The final
weight loss (<720 °C) is ascribed to the collapse of exposed
carboxyl and phosphonate groups.®® The stabilized weight after
720 °C indicates the total decomposition of the heteroatom co-
doped carbon matrix and formation of Fe,O; from iron
compounds. Also, the final content of Fe,O; is 42.56 wt%, with
the proportion of elemental Fe of about 29.79 wt%, which is
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Fig. 2 (a) SEM image and the corresponding element mapping, (b)
TEM image and (c) TG curve of Fe/P-CN-800.
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consistent with the energy dispersive X-ray spectroscopy (EDS)
results (Fig. S2at). Meanwhile, Fe/P-CN-800 exhibited favour-
able thermal stability, which is beneficial for the purification of
radionuclide wastewater at an elevated temperature.

Influence of pH

The effects of pH on the removal of uranium by Fe/P-CN-600, Fe/
P-CN-700, Fe/P-CN-800, and Fe/P-CN-900 were investigated in
the initial pH range of 2.0-5.5. As shown in Fig. 3a, the removal
capacity of the four samples increased dramatically in the pH
range of 2.0 to 4.5, and then clearly decreased. At pH = 4.5, the
maximum removal capacity of U(vi) achieved on Fe/P-CN-800
was 306.76 mg g ', which was higher than that of Fe/P-CN-
600 (121.15 mg g '), Fe/N-C-700 (144.22 mg g ') and Fe/P-CN-
900 (245.95 mg g '). The quantitative results of the P/N/Fe
contents for these four samples were verified by the EDS
(Fig. S2t), which could secondarily identify the main factors
determining the removal capacity of U(vi). The results showed
that the oxygen content decreased from 36.72% to 24.82% with
an increase in the calcination temperature from 600 °C to
900 °C. Hence, there are two main reasons for achieving the
maximum removal capacity of U(vi) on Fe/P-CN-800. Firstly, Fe/
P-CN-800 possessed the maximum proportion of metallic Fe/
Fe;0,4 nanoparticles, which could reduce U(vi) to insoluble U(1v)
effectively. Then, its other functional groups (such as pyridinic
N) with a negative charge are beneficial for the reduction of
U(vi). This means that the pyrolysis temperature can selectively
regulate the removal capacity. Meanwhile, the surface charge of
the material and distribution of uranium species primarily
depend on the pH, resulting in a change in the U(vi) removal
capacity.**

On the one hand, the relevant distribution of U(vi) species
(50 mg L") in aqueous solution was simulated using Visual
MINTEQ.?® U(vi) is mainly in the form of free uranyl (UO,>")
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Fig. 3 (a) Effect of pH on the adsorption of U(vi) by Fe/P-CN-X (Cq =

50 mg L™, m/V=01gL™% T=29815K and t: 300 min). (b) Relative
distribution of U(vi) species as a function of pH. (c) Zeta potential of Fe/
P-CN-800. (d) Removal capacity of various absorbents (m/V = 0.1 g
L™} pH =45, Co =50 mg L%, T=298.15K and t = 300 min).
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between pH 2.0-4.0, and then slowly transforms into UO,OH",
(U0,),(OH),>", (UO,);(OH)s", UO,OH', UO,(OH), (aq) and
(UO,)4(OH)," with an increase in pH from 4.0 to 7.0 (Fig. 3b). On
the other hand, the surface charge value of Fe/P-CN-800 was
also determined via a zeta potential test. The point of zero
charge (pHp,.) value of Fe/P-CN-800 is 2.87 (Fig. 3c), which is
much lower than of Fe/N-C-700 of 4.60," magnetic porous
carbon of 6.80,** and DI-SNZVI of 6.41.%° Benefiting from
heteroatom doping, the pHp,. value was reduced rapidly due to
the donation of extra electrons.

Therefore, electrostatic repulsion should be responsible for
the lower adsorption at pH < 2.87, where other positive ions,
such as H" and Na‘, would compete with UO,** for the
adsorption sites.*” When the pH increased from 2.87 to 4.50, the
uptake amount of U(vi) species also increased because of the
weakened protonation degree of the phosphonate groups and
nitrogen groups and the negative surface charge of Fe/P-CN-800
(pH > pH,,.), which could effectively attract the positively
charged species of U(vi) electrostatically. Also, the reduction of
U(vi) occurred simultaneously by the encapsulated Fe, leading
to an increase in the removal capacity. Then, precipitated
uranium species, such as UO,(OH),(aq), would be generated at
pH > 5.0. Therefore, the optimum pH value was set at 4.5 in the
subsequent studies.

In addition, various absorbents (Fe/P-CN-800, P-CN-800, CN-
800 and NVZI nanoparticles) were also prepared to compare the
sequestration capacity. According to Fig. 3d, the uptake capacity
of U(vi) on Fe/P-CN-800 (306.76 mg g ') is superior among the
absorbents (that on P-CN-800, CN-800, and NVZI is 217.63,
89.21 and 77.63 mg g™, respectively), which can be ascribed to
the heteroatom doping (including Fe, P, and N) effects. The
doped heteroatoms provide a higher density of reactive sites
and good electron-donating tendency, significantly enhancing
the U(vi) removal capacity by generating strong surface
complexation and chemisorption as well as redox interaction
between Fe/P-CN-800 and U(vi).

Sorption kinetic

The adsorption rate is another crucial factor to evaluate the
practical application of an adsorbent. As shown in Fig. 4a, the
removal capacity of U(vi) on Fe/P-CN-800 increased rapidly to
40.85% in the initial 60 min, which is ascribed to its abundant
active sites.*® Then, U(vi) entered the internal region of Fe/P-CN-
800, where there was a longer diffusion distance to bond with
the inner free active sites. Thus, the removal capacity increased
slowly,* and then remained constant at 300 min within the
relative error.

The sorption kinetics of U(vi) on Fe/P-CN-800 was simulated
with the pseudo-first-order,” pseudo-second-order,** and
intraparticle diffusion models** (see ESI, S37). According to
eqn (52)-(S4),T linear transformed models were employed to fit
the kinetic data, as shown in Fig. 4a, b and S4.f According to
Table S2,1 the correlation coefficient value (R*) from the
pseudo-second-order kinetic model is 0.99, which is higher
than that of the pseudo-first-order model (0.87), demon-
strating that the primary removal U(vi) mechanism is

34862 | RSC Adv, 2020, 10, 34859-34868
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Recycle of Fe/P-CN-800. Inset shows images of the magnetic
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chemisorption and the reduction reaction.** Meanwhile, the
calculated g. using the pseudo-second-order model is
310.54 mg g * and closer to the experimental data (306.76 mg
¢~ ). In addition, the whole removal process can be divided
into three distinct limiting processes according to the three
different slopes (Fig. 4b). Clearly, the higher k;,. value in the
first stage (Table S2t) indicated that intra-particle diffusion is
the rate-limiting step because its removal rate is lower than
film diffusion.** Meanwhile, the lines in the first and second
stages do not pass through the origin, highlighting that
diffusion and other reactions (such as electrostatic interaction
and chemical redox) are simultaneously involved in the
removal process.

Adsorption isotherms and thermodynamic study

To evaluate the adsorption behaviour and thermodynamic
properties of U(vi) on Fe/P-CN-800, its adsorption isotherms
were measured at different temperatures (283.15, 298.15, and
308.15 K). Consequently, the enhanced sequestration capacities
of Fe/P-CN-800 with an increase in temperature (Fig. 4c) show
that high temperature is beneficial for the adsorption of U(vi).
Additionally, four equilibrium isotherm models (i.e., Langmuir,
Sips, Freundlich, and Dubinin-Radushkevich) were utilized to
non-linear fit the experimental data according to eqn (S5)—(S9)t
(Fig. 4c), and the corresponding parameters are tabulated in
Table S3.1*

This journal is © The Royal Society of Chemistry 2020
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According to Fig. 4c and Table S3,7 the adsorption isotherms
were better fitted by the Sips model (R*> = 0.98) compared with
the Langmuir model (R> > 0.96) and Freundlich model (R* >
0.85), which indicates that multilayer adsorption occurs at low
concentration, while monolayer adsorption occurs at high
concentration.® This can be explained as the synergistic
adsorption (by affinity groups, e.g.,, phosphonate groups,
nitrogen groups and other oxygenated groups) and reduction
process (adsorbed U(vi) reduced to insoluble U(wv) by NZVI). The
maximum removal capacity obtained by the Sips model was
372.60 mg g ', which is dramatically higher than that of other
reported NZVI-based absorbents (Table 1). Therefore, the
synthesized Fe/P-CN-800 is a potential candidate to remove U(vi)
from wastewater. The Epg value calculated from the D-R model
at different temperatures is in the range of 9.81-11.36 kJ mol *
(>8 kJ mol ") (Fig. 4d). Therefore, the U(vi) removal process on
Fe/P-CN-800 is mainly chemisorption, including chemical
reduction and coordination,** which is consistent with the
adsorption kinetics results.

To gain insight into the removal characteristics of U(vi) on
Fe/P-CN-800 at different temperatures, thermodynamic
parameters (involving the change in the standard enthalpy
(AH°, kJ mol™"), entropy (AS°, ] K~ ' mol ') and free energy
(AG°, k] mol ")) were employed to liner fit the experimental
data (Fig. 4e) according to eqn (S10) and (S11).1*>**** According
to Table S4, the positive AH® value (4.29 k] mol ") and negative
AG° value imply an endothermic and spontaneous removal
process, respectively. Meanwhile, the more negative AG® value
at high temperature indicates that higher temperatures are
conducive for the removal of U(vi). Also, the positive AS° value
(62.22 J mol™' K™') suggests that the active sites coordinate
more U(vi) ions and H,O molecules actively participate in the
reaction in aqueous solution, resulting in enhanced random-
ness at the solid-liquid interface.>

Thermal reactivation of Fe/P-CN-800

Reusability and stability are also critical for improving the
ecological and economic value of adsorbents. According to
Fig. 3a, the U(vi) removal efficiency of Fe/P-CN-800 was reduced
at a lower pH, meaning that the loaded uranium would be
desorbed by using acid medium. Specifically, about 95.58%
U(vi) ions could be removed from the absorbent with
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0.2 mol L™' HNO; solution (Fig. S5at). Thus, HNO; solution
with this concentration was selected as the eluent in the cycling
experiment. Specifically, after every cycle, the spent Fe/P-CN-800
loaded with U(vi) was immersed in 0.2 mol L™" HNO; solution
and stirred for 12 h in air, centrifuged, washed with water
repeatedly and freeze-dried for 12 h consecutively (the depos-
ited uranium on Fe/P-CN-800 was desorbed). Afterward, it was
calcined at a slow heating rate of 0.1 °C min~" to 300 °C in air,
then at 1.5 °C min~ " to 800 °C for 2 h under an N, atmosphere
for the next cycle reaction. Herein, the main purpose of the
thermal treatment was to reactivate the Fe nanocrystals in Fe/P-
CN-800 for reuse. As depicted in Fig. S5b, T the elution efficiency
of uranium from Fe/P-CN-800 was found to be 95.58%, 93.61%,
91.89%, 90.72%, and 88.32% for each cycle in five cycles of
reuse, respectively. The removal capacity of U(vi) on Fe/P-CN-800
after five continuous cycles of reuse is displayed in Fig. 4f.
Although the maximum removal capacity of Fe/P-CN-800 was
slightly reduced from 306.76 to 269.32 mg g~ ' after five cycles, it
showed excellent reusability. Surprisingly, the Fe® nanoparticles
could be reactivated by heat treatment for the cyclic reuse
process.”® However, the element content of Fe/P-CN-800 after
five continuous cycles of reuse was analysed by EDS, as shown in
Fig. S5¢,T and the weight proportion of Fe was calculated to be
21.06%, which is lower than that of the fresh Fe/P-CN-800.
Therefore, the slightly reduced removal capacity after five
cycles can be explained by two aspects. Firstly, some of the Fe°
nanoparticles were oxidized to the stable valence of Fe’" and
dissolved in the elution solution, resulting in a decline in
reduction capacity. Then the incompletely desorbed U(vi) ions
occupy some of the active sites. In addition, the magnetic
separation property (Fig. 4f inset digital image) endows Fe/P-
CN-800 convenient separation. These observations demon-
strate that Fe/P-CN-800 can be used in a permeable reactive
barrier (PRB) system to in situ immobilize U(vi) in groundwater.

Mechanism for removal of U(vi)

To further understand the interaction mechanism of U(vi) on
Fe/P-CN-800, a systematic investigation including FT-IR, XPS,
and element mapping of Fe/P-CN-800 and Fe/P-CN-800-U (after
U(v1) uptake) was performed. Compared with the FTIR spectrum
Fe/P-CN-800, the new peak located at 978 cm ™" for Fe/P-CN-800-
U can be ascribed to the asymmetric vibration of the UO,>*

Table 1 Comparison of Fe/P-CN-800 with other NZVI-based absorbents

Sorbent Experimental conditions Gmax (Mg g™ ") Ref.
FC-supported Fe pH = 4.0, T = 303.15 K 125.52 46
nZvIl/C composites pH =4.0, T=28.15K 186.92 47
LDH®@nZVI pH =5.0,T=283.15K 176 48
Fe/N-C pH =6.0, T=293.15 K 232.54 23
Fe-PANI-GA pH =5.5,T=293.15 K 350.47 49
Nano-Fe + B. subtilis pH =5.5,T=298.15K 215.17 50
NZVI/MC800 pH =4.0, T=298.15 K 203.94 51
Fe-SC pH =4.0,T=298K 89 52
nZVvl in the presence of phosphate pH = 4.0, T = 298.15 K 84.03 53
Fe/P-CN-800 pH =4.5,T=298.15 K 372.60 This work

This journal is © The Royal Society of Chemistry 2020
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group (Fig. 5a).”” The peak at 1340 cm ™" can be ascribed to the
nitrate stretching modes due to the used uranyl nitrate solu-
tion.*® Therefore, U(vi) was captured on Fe/P-CN-800 success-
fully. The removal process may be closely related to the
functional groups containing oxygen or nitrogen generated
from the heterogeneous atoms.

As confirmed by XPS, C, O, N, P, and Fe elements appear in
the XPS spectra of both samples and the characteristic peak of U
4f is also observed for Fe/P-CN-800-U (Fig. 5b).*>*° As shown in
Fig. 5¢c, the U4f spectrum of Fe/P-CN-800-U can be divided into
two distinct peaks at 382 eV and 393 eV, corresponding to U 4f;,
and U 4f;),, respectively. Furthermore, these peaks can be fitted
to U(vi) (382.4 and 393.5 eV) and U(wv) (381.7 and 392.4 eV)
species, respectively, indicating the stable chemical bond
between U(vi) with the functional groups on the surface of Fe/P-
CN-800 and the reduced U(v) by the NZVI in the body of Fe/P-
CN-800.>° According to the U4f peak area, the ratio of U(wv) to
U(vi) is about 3 : 2, as calculated based on the XPS results. As
shown in Fig. 5d, the peaks at 710.8 eV and 725.3 eV can be
assigned to Fe 2p,, and Fe 2p,,, in the Fe®* oxides,'® respec-
tively, and the peak at 706.9 eV is related to Fe®.* After capture,
the broad Fe 2p;,, and Fe 2p,,, peaks at 712.8 and 726.5 €V,
respectively, can be identified as Fe** oxides.®® The existence of
Fe*" and the disappearance of Fe® strongly support the expla-
nation that Fe®>" and Fe® can both reduce U(vi) and to U(1v),** and
the reduction process is as follows.

2Fe® + 3U0,*" — 3U0, + 2Fe** (1)
Fe? + UO,”" — UO, + 2Fe** (2)
(a) Fe/P-CN-800 (b) Fe/P-CN-800-U
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Fig.5 (a) FT-IR spectraand (b) XPS spectra of Fe/P-CN-800 and Fe/P-
CN-800-U. XPS patterns of (c) U 4f for Fe/P-CN-800-U, (d) Fe 2p, (e) P
2pand (f) N1s.
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2Fe*" + UO”" — UO, + 2Fe*" (3)

As presented in Fig. 5e, the P 2p spectrum of Fe/P-CN-800
could be fitted by P-O and P-C at 133.6 and 132.7 eV, respec-
tively. Notably, the P-O peak located at 133.6 eV in Fe/P-CN-800-
U is a broad band with a reduced relative intensity, indicating
the enhanced electron density of P atoms due to the generation
of new chemical bonds with U(vi).** Additionally, four types of
nitrogen groups, namely pyridinic N, pyrrolic N, graphitic N and
oxidized species at 398.3, 398.9, 400.1 and 401.1 eV appeared in
the N 1s spectrum (Fig. 5f), respectively.®* For Fe/P-CN-800-U,
the intensity of the oxidized N peak decreased, and even dis-
appeared, while the pyrrolic N and pyridinic N peaks obviously
shifted to lower binding energies at 398.4 and 397.7 eV,
respectively. These changes indicate that the nitrogen func-
tional groups can act as active sites to chelate with U(vi) ions,
leading to a change in the distribution of electrons in the
surrounding environment.®

In addition, the major peaks at 529.9 eV, 530.9 eV, 531.4 €V,
532.2 eV and 533.2 eV in the O 1s spectra correspond to Fe-O,
C=0, P=0, C-0 and N-O bonds, respectively (Fig. S6at).®®
However, they shifted to the lower binding energies of 529.7 eV,
530.6 eV, 531.5 eV, 531.9 and 532.9 eV, respectively, after
adsorbing U(vi). The obviously weakened intensity and shifted
binding energy demonstrate the formation of covalent bonds
between the oxygen and uranium atoms. The new peak at
534.3 eV corresponds to adsorbed water. As depicted in
Fig. S6b,T the C 1s spectrum of Fe/P-CN-800 can be fitted to four
main peaks associated with C-C/C-N (284.5 eV), C-P (285.2 eV),
C=N (286.4 eV), and O-C=0 (288.4 eV).*” The O-C=0 peak
intensity slight decreased, meanwhile the peaks for C-P and
C=N shifted to lower binding energies after adsorbing U(vi) due
to the aggregation of U(vi) by these functional groups. Addi-
tionally, the SEM-mapping images show that C, O, N, P, Fe and
U elements were uniformly distributed on Fe/P-CN-800
(Fig. S77).

Finally, the removal mechanism between U(vi) and Fe/P-CN-
800 is elucidated and postulated in Scheme 2. On the one hand,
benefiting from its negatively charged surface, porous structure
and abundant active sites, U(vi) ions can be attracted to and
enter Fe/P-CN-800 by electrostatic interaction and intraparticle

e

(1) Electrostatic interation

(2) Intraparticle diffusion
(3) Coordination
(4) Reductive reaction

Scheme 2 Removal mechanisms of Fe/P-CN-800 with U(vi) sorption.
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diffusion, respectively. Then, a strong coordination interaction
is formed between the functional groups and U(vi), resulting in
an enhanced removal capacity. On the other hand, the solvable
U(v1) can be reduced to insoluble U(iv) by Fe® nanoparticles or
Fe®* of Fe/P-CN-800 according to the chemical reduction inter-
action, which simultaneously enhances the U(vi) removal
performance through solid-liquid separation. Therefore, the
removal capacity of Fe/P-CN-800 for U(vi) is attributed to the
synergistic mechanism combining adsorption and reductive
reaction in the natural environment.

Conclusions

In summary, we presented a promising method to remove U(vi)
using N and P co-doped magnetic carbon spheres encapsulating
well-dispersed active Fe nanocrystals (Fe/P-CN), which were
fabricated via a simple copolymer pyrolysis strategy at different
temperatures. The systematic characterization demonstrated
that Fe/P-CN-800 possesses a stable spherical structure, abun-
dant binding groups and Fe’ nanocrystals. As an effective
adsorbent, Fe/P-CN-800 exhibited a high U(vi) removal efficiency
of 306.76 mg g ' at 300 min and could be easily magnetic
separated from aqueous solution. In particular, the removal
capacity was maintained at almost 90% of the initial value after
five cycles of reuse. The spent Fe/P-CN-800 could be reactivated
via simple heat treatment. In addition, the removal mechanism
of U(vi) was systematically elucidated to be the synergistic effect
of adsorption and the reductive reaction. Based on these find-
ings, this work significantly evidences the potential practical
applications of this type of co-doped magnetic porous carbon in
the field of environmental remediation.
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