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Highlights
* Two-dimensional Fe;(PO4)s was synthesized with an organic solvent refluxing method.
* Adsorption capacity of 2D Fe;(PO4)s for U(VI) achieves to 704.23 mg-g?.

® U(VI) adsorption on 2D Fe7(PQ4)s is an endothermic and spontaneous process.

Abstract

In this study, the ultra-thin iron phosphate Fe7(PO4)s nanosheets (FP1) with
fine-controlled morphology, has been designed as a new two-dimensional (2D) material for
uranium adsorption. Due to its unique high accessible 2D structure, atom-dispersed
phosphate/iron anchor groups and high specific surface area (27.77 m?-g!), FP1 shows an
extreme-high U(VI) adsorption capacity (704.23 mg-g~' at 298 K, pH = 5.0 + 0.1), which is
about 27 times of conventional 3D Fe7(PO4)s (24.51 mg-g~' -sample FP2) and higher than
most 2D absorbent materials, showing a great value in the treatment of radioactive wastewater.
According to the adsorption results, the sorption between U(VI) and FP1 is spontaneous and
endothermic, and can be conformed to single molecular layer adsorption. Based on the
analyses of FESEM, EDS, Mapping, FT-IR and XRD after adsorption, the possibile
adsorption mechanism can be described as a Monolayer Surface Complexation and Stacking
mode (MSCS-Mode). Additionally, the research not only provide a novel preparing method
for 2D phosphate materials but also pave a new pathway to study other two-dimensional

adsorption materials.
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1. Introduction

Uranium, as one of the vital radionuclides and a key fuel for nuclear reactors, has been
widely used in many fields, such as nuclear power plant, medical research, the war industry,
and so on [1, 2]. Uranium is a long-lived and high perniciousness radionuclide with a number
of radioactive daughter products that inevitably has a harmful effect on human health and
ecological in the process of exploitation and application [1-5]. Currently, many reserve
approaches, including chemical precipitation [6], electrodeposition [7], ion exchange [8, 9]
adsorption [10-17] and ultrafiltration [18], have been investigated to the recycling of
radioactive wastes. Due to the continuously increased demand of uranium resources, reserve
methods with high efficiency, wide adaptability and environmental friendliness are just
beginning to emerge [3-5]. Considering superiority of above factors, adsorption has been
considered as a most facile and promising method for the treatment of radionuclides, because
of its low-costing, simple operation and high efficiency [19-26].

Uranium(V1), the thermodynamically stable valence of U, is the major U contamination
in the soil and ground waters. Choosing a suitable content and morphology of adsorbent,
which retains high specific area and strong interaction with U(VI), is considered as the
significant key for improving adsorption capacity and stability of the adsorbent [27-32]. Most
recently, phosphate based adsorbents [22, 33-39], especially, inorganic phosphate, such as

Z1P207, Z120(PO4)2,, Tha(PO4)4P207 [38, 39], LaPO4[37] have been reported for U(VI)
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adsorption, since the strong chelation or complexation between phosphates and U(VI), along
with phosphates’ excellent shielding effect on radioactive ions and extremely low solubility
[22, 37-40]. However the usage of highly toxic metal ions (Th, Zr and La) and the limited
specific surface area are extremely limited their application.

Iron phosphate, as an environmental-friendly phosphate, were mainly applied in areas of
work involving catalysts [41], ceramic glass [42], adsorption [43, 44], steel and surface
passivation [45], based on its non-pollution, low price and excellent physical and chemical
properties [41-46]. In the wide environment, U(VI) could strongly assiciate with solid
minerals, in particular, iron-containing phases, as reported for controlling U(VI) adsorption
and transportation [47, 48]. As a combination, iron phosphate was expected to be an idea
candidate material for U(VI) adsorption. Xu’s group [36] reported Fes(P207)3 adsorbent has
the excellent stability which granted by the strong interaction with U(VI). However, its
adsorption capacity is low (14.92 mg-g™!), since the low usage of the functional groups in this
3D structure. The excellent adsorption performance of two-dimensional materials(e.g.
grapheme oxide-manganese oxide [49], MXene [50], MoS2 [51] LDHs [52, 53]) in the field
of radioactive adsorption indicates that increasing the specific surface area of materials is an
extremely effective means to improve their adsorption performance. Li’s group [40] dispersed
phosphate groups on the graphene oxide (PGO) nanosheets with a chemical process to
increase the usage of phosphate group. It shows a higher adsorption capacity of U(VI) (251.7
mg-g~") than graphene oxide (138.2 mg-g™'), revealing that the 2D structure granted
dispersion enhance the usage of phosphate group for U(VI) adsorption. But the potential

environmental hazard and high preparation cost of graphene oxide greatly limit its application
4



in the field of adsorption [54-63].

Inspired by above works, we raise a hyposis that a nano-structured 2D iron phosphate
may maximize the usage of both Fe and phosphate for U(VI) adsorption, which will ensure
the stability of adsorption. And also the fine-controlled morphology without additional
supporting materials would provide abundant sorption sites that could enhance adsorption
capacity. In this work, a novel iron phosphate (Fe7(PO4)s) nuclide adsorption functional
materials with two-dimensional structure are designed and fabricated. As shown in Fig. 1, the
(051) crystal plane were peeled off from the Fe7(POa)e crystal skeleton with a one-step
chemical process. The exposed crystal plane enriches a large number of P-O— functional
groups, affiniting with positively charged nuclide ions and efficiently for the U(VI)
adsorption. In order to investigate the outstanding characteristics of 2D ultra-thin iron
phosphate materials, three morphologies of iron phosphate (two-dimensional nanosheets,
disks and octahedrons) were examined and optimized by comparing their adsorption
capacities of uranyl ions. Additionally, the effects of pH, ionic strength and temperature on the
adsorption behaviors were symmetrically analyzed. Along with the detailed characterization
analysis, the possible adsorption and stacking mechanism between U(VI) and ultra-thin iron
phosphate materials was discussed as well.

2. Experimental
2.1. Materials and Characterization methods

Cetyltrimethyl Ammonium Bromide (CTAB), Diethylene glycol (DG), Fe(NO3)3-9H20,

H3POs4, were obtained from Tianjin regent chemicals Co., Ltd (Tianjin, China, >99.0%)),

Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China, >98.0%), Tianjin basf chemical
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Co., Ltd. (Tianjin, China, >98.5%), Laiyang Far Eastern Drum Manufacturing Co., Ltd
(Yantai, China, >85%), respectively. All other reagents were analytical-reagent grade. The
characterization methods were illustrated in supplementary material.
2.2. Synthesis of iron phosphate samples

Fe(NO3)3-9H20 (1.0100 g) and H3PO4 (0.40 mL) were dissolved in 50.00 mL DG by
magnetic stirring, then CTAB (0.0101 g) was also dissolved the above transparent solution by
magnetic stirring. The mixture solution was transferred into a 150 mL boiling flask-3-neck,
heated to 200 °C in a sand bath magnetic stirring instrument (SZCL-A, 6°C/min) and kept
warm for 4 hours. The product was then separated by centrifugation and rinsed with acetone
for 67 times, precipitates were finally collected by vacuum drying (85 “C, vacuum degree <
0.09, 8 h). This sample was marked as FP1. FP 2 and 3 were prepared in the same method as
FP1. The preparation amounts and conditions were listed in Table S1.
2.3. Batch adsorption experiments

Adsorption experiments were performed using batch technique in 10 mL polyethylene
tubes. Proper sample suspension (0.2 g-L!), NaNO3 (0.001-0.1 mol-L~") and U(VI) standard
solutions (60 mg-L~") were added into the above tubes to achieve the requirements of different
adsorption experiments. The required pH value was adjusted by adding homemade 0.1 or
0.01mol-L~! NaOH or HNO:3. To ensure adsorption equilibrium, the suspension was shaken
for 24 h. According to Arsenazo III spectrophotometric method, the concentration of U(VI)
was obtained at a wavelength of 669 nm. The adsorption capacities of U(VI) by FP1-3 were

calculated as follows:
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Where Co (mg-L™!) and C. (mg-L™!) represent concentrations of U(VI) at initial and
equilibrium time, respectively; V (L) and m (g) represent the volume of adsorption system
and amount of FP1-3, respectively. All experimental data were average values of the triplicate
determinations.

3. Results and Discussion
3.1. Characterization of iron phosphate samples

As shown in Fig. 2, the experimental XRD patterns of FP1 and FP2 match with the
single crystal data of Fe7(PO4)s (ICSD#20765, a=6.314A, b=7.967A, ¢=9.546A, P-1(2)) [64],
whereas FP3 matches with Fe2.95(PO4)2(OH)2 (JCPDS#84-1912, a=7.310A, b=7.310A, c=
13.212A). The morphology of samples was further characterized by FESEM and TEM (Fig.
3). From the FESEM and TEM images of FP1 (Fig. 3A and 3D), FP1 shows an ultra-thin
two-dimensional morphology, which is in line with the triclinic P-1(2) without any high
symmetry. Additionally, FP2 has a varying morphology form of disks, and some disks also
stack or interlace together (Fig. 3B and 3E). And FP3 shows similar size form of octahedrons
(Fig. 3C and 3F). Those results indicate that different morphology of iron phosphates can be
successfully prepared with an easy organic solvent refluxing method and their phases change
on the high concentrations of reactants.

Fig. 4 shows the AFM and HRTEM images of FP1 sheet sample. The AFM images of

FP1 (Fig. 4A) indicate that the thickness of FP1 can reach 13-15 nm. In HRTEM of FP1 (Fig.
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4B), the selected area electron diffraction (SAED) of ultra-thin FP1 sample shows both
diffraction halo and diffraction spots. It indicates that the multilayer nanosheets in the view
are made up of non aligned stacking of ordered nanocrystalline sheets. The disordered
stacking leads to diffraction haloes, and the ordered nano sheets in the layers form diffraction
spots. According to the radius calculation of the diffraction halo, the corresponding d value

between those parallel crystal planes is 0.2984 nm, which is in good agreement with the d

value of the strongest peak of (Oil) (0.2986 nm) in the ICSD#20765 standard XRD spectrum,

and then the diffraction spots in the diffraction halo can be attributed to (Oil) crystal plane.

Fig. 5A, 5B and 5C show the adsorption-desorption curves and the pore size
distributions (insets) of FP1-3, respectively. The unified results were listed in Table S2. FP1
possesses the relative highest specific surface areas (27.77 m?-g~') and the smallest average
pore diameters (8.45 nm), followed by 3.97 m*-g~!, 18.66 nm and 1.65 m*>-g~!, 19.01 nm for
FP2 and FP3, respectively. Compared the different adsorption-desorption curves of FP1-3, it
is obvious that FP1 owns an adsorption hysteresis loop, suggesting that FP1 has some
mesoporous morphologies. As for the reason, some curled nanosheets can be found from the
Fig. 3D, which may be caused the generation of mesoporous morphology.

Zeta potential is an important means of showing the stability of materials in solution [65].
In the pH range of 2—11, the zeta potentials of FP1-3 have the same trends (Fig. 5D),
specifically, the positive zeta potentials of FP1-3 exhibit in relative low pH range (<4.2) and
negative zeta potentials in relative high pH range (>4.2), which can be attributed to the
proton desorption from materials surface with the increasing pH [65]. Additionally, compared

with FP2 and FP3, the zeta potential curves of FP1 moves upwardly and the isoelectric point
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near pH value of 4.2 for FP1, 3.5 for FP2, 3.4 for FP3. Considering the result of specific
surface areas and the different morphologies of FP1-3, FP1 owns the largest specific surfaces,
more active sorption groups may expose on the surface of the material, which can absorb
more protons from the solution and increase the difficulty of proton desorption from solid
surface. Similar experiment results were also reported in other researches [4, 65]. According
to above results, the two-dimensional morphology of materials can obviously influence their
original surface properties, those changes will improve the adsorption capacity of U(VI).

The balanced adsorption capacity of U(VI) by FP1-3 were shown in Fig. 6. Compared
with FP2 (24.51 mg-g~') and FP3 (10.91 mg-g~'), the maximum actual saturated adsorption
capacity of FP1 (656.91 mg-g~') has greatly improved, even higher than phosphate
functionalized graphene oxide (251.7 mg-g!), showing a great application prospect in the
field of radioactive adsorption, also indicating that making the adsorbent a two-dimensional
material will be benefit to improve its adsorption performance [65]. In order to further
facilitate the application of FP1 in the field of radioactive adsorption, it is particularly
important to understand its adsorption mechanism of U(VI). Thus, the following research will
focus on the adsorption behavior of ultra-thin FP1 in detail.
3.2. Batch adsorption of U(VI) on ultra-thin FP1
3.2.1. Effect of pH and ionic strength

As many studies have been reported that the liquid solution pH values has an important
affect in the adsorbent surface charge and the speciation of the adsorbate [1, 4, 40, 65-70]

In the pH range of 2.0-6.0, the adsorption capacity of U(VI) increases gradually as pH

increased, but decreases gradually with the pH values from 6.0 to 9.0 (Fig. 7A). The relative
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distribution of U(VI) species (Fig. 7B) and the surface properties of FP1(Fig. 5D) under the
different pH values can explain this adsorption trend. It should be noted that the relative
distribution of U(VI) species are obtained by using the Visual MINTEQ mode, and the
detailed reference data are shown in Table S3. As previously mentioned, the isoelectric point
near pH value (pHzpc) was 4.2 for FP1, the overall trend Zeta-potential values of FP1
gradually decreased from +20 mv to —40 mv with the pH increasing. From the Fig. 7B, the
dominant species of uranyl ion was UO2** at pH 2.0—4.2 (pHzpc), but the adsorption capacity
still keep high (170.80 mg-g!' at pH = 2.0, 337.35 mg-g"' at pH = 4.0), indicating that the
strong sorption between UO2** and FP1, and the adsorption mechanism may be surface
complexation or strong chemical sorption at pH < 4.2 [52]. The major U(VI) species were
UO2**, UO2(OH)*, UO2(OH): at pH 4.2—6.0, UO2(OH)*, UO2(OH)2 , UO2CO3 at pH 6.0-7.0,
UO02C03, UO2(CO3)2*~ and UO2(CO3)3* at pH 7.0-9.0, respectively [22, 36]. Therefore, the
adsorption is also affected by electrostatic interaction at pH > 4.2.

Additionally, the adsorption property of U(VI) weakly depend on the change of ionic
strength (0.001, 0.01 and 0.1 mol-L~! NaNO3) at pH from 2.0 to 9.0 (Fig. 7A). Compared with
the outer-sphere surface complexes and ion exchange, which are greatly affected by pH and
ionic strength, inner-sphere surface complexes are only depended on pH [36, 71]. Therefore,
the adsorption mechanism of U(VI) by FP1 is likely an inner-sphere surface complexation
mechanism. Some phosphate adsorbents (ZrP207 [38], LaPOs4 [37], Fea(P207)3 [36] and PGO
[40] also showed similar adsorption result of U(VI).

3.2.2. Adsorption kinetics

Adsorption kinetics is an important method to effectively reflect the adsorption
10



mechanism of adsorbates on materials [2, 72-74]. Results of adsorption kinetic experiments of
U(VI) were shown in Fig. 8A, the adsorption capacity has an relatively fast adsorption
equilibrium within 2h, then increases slightly with the adsorption time increasing, suggesting
that the adsorption of U (VI) by FP1 is likely to be chemisorption [13, 40, 75, 76]. As shown
in Fig. 8A, 8B and 8C, three adsorption kinetic models (pseudo-first-order kinetic, pseudo-
second-order kinetic and intra-particle diffusion model) were applied to simulate the kinetic
adsorption data and analyze the adsorption process. Their corresponding equations are as
follows [4, 33, 77, 78]:

In(g, —g,)=Ing, -kt

3)
t 1 _I_t
= S+ —
g, kyq, 4. 4)
q, =kt +C
(5

Where qc have been described earlier, q: (mg-g~!) represents the adsorption capacity of
U(VI) at different contact time t (h). The ki (h™!), k2 (g'mg"-h™!) and ki are the rate constant
of pseudo-first-order, pseudo-second-order and intra-particle diffusion model adsorption,
respectively. The results were shown in Table 1. Based on the higher R? (0.999 versus 0.946),
pseudo-second-order model fits the adsorption kinetics curve very well, which also indicates
that the adsorption mechanism of U(VI) onto FP1 is a chemisorption mechanism [77].
Compared with the maximum equilibrium adsorption capacity (qmax= 424.162 mg-g~!) of the
pseudo-first-order model, the qmax of the pseudo-second-order model (431.034 mg-g~!) is
closer to the actual measured value (431.999 mg-g~"), which provides a further evidence that

pseudo-second-order model is more suitable to describe the kinetic adsorption processes [73].
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Fig. 8C showed a multilinear relation between q: and t'’2, and the intercept of the
simulated lines were also not zero, suggested the adsorption of U(VI) by FP1 was controlled
by multiple factors [4, 33]. The first and second simulated lines describe that U(VI) diffuse to
the surfaces and pores of FP1 in the solution, respectively. The final simulated line manifests
the adsorption equilibrium progress, the reason attributes to the low concentration of U(VI)
and the reduction of active sorption sites [4, 5, 22, 36, 72]. As shown in Table 1, Kint1(467.318
mg-g~'-h™%9) is closer to the actual adsorption equilibrium value (431.999 mg-g~!) and higher
than Kin2(98.446 mg-g~'-h™"°) and Kin3(2.338 mg-g~'-h~%), showing the first factor plays the
most important role in the adsorption process, and the second and third influencing factors
decreased in turn. According to the above analysis, the active sites on the material surface has
a more important role in the adsorption process than the pores, which is also consistent with
the morphological characters of FP1 (fewer curled nanosheets and more two-dimensional
nanosheets) in Fig. 3D.

3.2.3. Adsorption isotherms

The adsorption isotherms of U (VI) on FP1 were shown in Fig. 9A. It is clear that the
adsorption capacity increases with the initial U(VI) concentration increasing, indicates that
the initial U(VI) concentration has an important role in the mass transfer resistance of U(VI)
between the liquid and solid phase [4, 79, 80].

Two frequently used isothermal models (Langmuir and Freundlich) were applied to
simulate the adsorption date (Fig. 9B and 9C). The results of fitting data were listed in the
Table 2. The Langmuir isothermal model is often used to describe monolayer adsorption,

where adsorption activation energy is uniform on the adsorbent surface, and there is no
12



interaction between the adsorbates on adjacent sites, which can be defined as equation (6) [2,

8, 801]:
C, 1 C,
—== + (6)
Qe Dol Do
RL = 1 (7)
1+bC,

Where Co, Ce and qe have been described earlier, b (L.g™") and qmax (mg.g™!) are the
Langmuir constant and the maximum adsorption capacity, respectively. Moreover, that the
adsorption system is favorable or unfavorable can be determined by the quilibrium parameter
(Rv), favorable (0 < RL < 1) and unfavorable (RL> 1) [81, 82]. Therefore, the adsorption
system is favorable in this study (Rr29sk = 0.076, RL30sk = 0.062, RL31sk = 0.058).

The Freundlich isotherm model was used to describe the adsorption onto heterogenous
surfaces [2, 40, 79]. The model can be defined as equation (8):

log g, =logK . + nlogC, (8)

Where Kr and n are Freundlich constants and indicate the adsorption capacity and
adsorption intensity, respectively. Comparing the linear regression coefficient of the two
isotherm models, the adsorption isotherms is more in line with the Langmuir model,
suggesting a monolayer adsorption of U(VI) onto FP1 surfaces [2, 8, 35].

This monolayer adsorption result shows a close correspondence relationship with the
two-dimensional morphology, many studies using two-dimensional materials for adsorbing
U(VI) also have the same results [20, 40, 51, 62, 82, 83].

Additionally, it has been clearly shown that the adsorption capacity improve rapidly with

the increasing temperature, which is also consistent with the changes of the equilibrium
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parameter (Rr) with temperature (RL290sk = 0.076 > Rr3zosk = 0.062 > Rr3zisk = 0.058).
As shown in Table 3, FP1 shows an excellent adsorption capacity (704.23 mg-g~'). This also
makes it a promising material for adsorbing U(VI) in wastewater disposal when compared
with most two-dimensional materials (MgFeAI-LDHs [82], Phosphonate and carboxylic acid
co-functionalized MoS: sheets [51], PGO [40] and Ozonated GO [20]), block phosphate
adsorbents (ZrP207[38], Al4(P207)3 [22], Fea(P207)3 [36]) organic phosphate adsorbents
(Chitosan-tripolyphosphate [33], Phosphorus-modified chelating resin [34], Phosphoryl
functionalized SiO2 [35]) and some adsorbents ( MnFe2O4 [84], Perovskite [70], Polypyrrole
[85], Pyrrhotite [86] ).
3.2.4. Adsorption thermodynamics

To gain a deep understanding of the role of temperature in this adsorption process, the
thermodynamic parameters including standard enthalpy change (AH’), standard Gibbs free
energy change (AG) and entropy change (AS®) for U(VI) adsorption on FP1 were calculated
from the following equations (9) and (10) [36, 65, 84, 87, 88]:

AG’ =—RTInK° 9)

i = A8 AH’

R RT (10)

Where K is the adsorption equilibrium constant, and R (8.314 J-mol~!-K™) is the ideal
gas constant [22, 36]. According to the equations (9) and (10), the specific calculation process
and relationship curves were shown in Fig. 10.

The results of adsorption thermodynamics were calculated and listed in Table 4. The AH”

(16.57 KJ-mol™") and negative AG values indicate that the adsorption process of U(VI) by
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FP1 is an endothermic and spontaneous process. According to the changes of AG® with
temperature, the elevated temperature will be beneficial to the adsorption of U(VI) by FP1.
The positive AS? (91.01 J-mol~'-K!) reflects the strong interaction between FP1 and U(VI),
which also indicates that some possible structural or morphological changes in FP1 during the
adsorption process [1, 40].
3.3. Possible adsorption mechanism

When comparing the morphology changes of FP1 before and after adsorption (Fig. 11A
and 11C), it was clear that the distribution of FP1 is relatively concentrated. Further
magnification (Fig. 11B and 11D) of FP1 have an obvious accumulation and agglomeration
phenomenon after adsorption. A large number of two-dimensional nanosheets stack and
reorganize into a large aggregate. Additionally, the adsorbed samples were analyzed by EDS
and Mapping (Fig. 11F and 11G), the content of U on the samples surface after adsorption is
very low (0.14%), which is contradictory to the high adsorption. EDS and Mapping only
analyze the elements on the surface of the material, and the detection depth is limited [82, 89].
Considering the thickness of the FP1 nanosheets (> 13 nm) and the obvious agglomeration
phenomenon after adsorption, we speculate that the addition of U(VI) will make the
two-dimensional nanosheets stacked, and then the agglomeration phenomenon of FP1
nanosheets after adsorption impedes the detection of U by EDS and Mapping.

The FT-IR of FP1 before and after the adsorption was shown in Fig. 12. The observed
bands of 1632 and 3421 cm™' could be regarded as the bending and stretching vibrations of

absorbed water, respectively. The observed bands of 545 cm™ and 1076 cm™ were attributed
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to the symmetric stretching and asymmetric stretching vibration modes of P—O in phosphate
group, respectively. The observed band of 1245 cm™ could be regarded as asymmetric
stretching vibration modes of P=0 [33-35, 88-91]. Compared the difference between the
before and after adsorption peak position of FP1, the new peak of the antisymmetric
stretching vibration modes of O=U=0 appeared at 923 cm™! [92-96]. The peak position of
P=0 moved to the right, from 1245 to 1235 cm™" and the peak position of PO had the similar
changes, from 1076 to 1003 cm™!, 545 to 535 cm™!, respectively. All results indicated that
U(V]) adsorbed on the two-dimensional surface of FP1, and then it brought about the change
of phosphorus oxygen bonds [92-96]. As shown in the Fig. S1, the XRD patterns are well
maintained after sorption, indicating that the crystal structures of FP1 have not suffered any
significant destruction. Besides, no additional diffraction peaks appears in the XRD pattern of
FP1 after adsorption, indicating that the adsorbed U(VI) species are not crystallized. Hence,
the change of adsorption process mostly occurs in the apparent morphology but not in the
internal structure.

Based on the above analysis results, the possible adsorption progress of U(VI) by FP1
was shown in Fig. 13. Due to the strong monolayer complexation between phosphate group
and U(VI), U(VI) adsorbs on the surface of FP1, forming an inner-sphere surface complexes.
Meanwhile, U(VI) can be used as a connecting ion to connect FP1 nanosheets. The FP1
nanosheets then continuously stack together until they finally form a stacked aggregation,
which causes the U(VI) to become trapped between the nanosheets of FP1. Obviously, this
adsorption mode of monolayer surface complexation and stacking (it was called as

MSCS-Mode by our group) between ultra-thin FP1 nanosheets and U (VI) also could provide
16



a meaningful adsorption mechanism for other nanosheet adsorbents in the treatment of
radioactive wastewater.
4. Conclusion

In this study, the ultra-thin two-dimensional iron phosphate (Fe7(PO4)s) nanosheets was
synthesized by using an one-step solvent refluxing method. The morphologies and phases of
the samples could be fine-adjusted by the initial reactant concentrations. Compared with
either conversional phosphate adsorbents and current reported 2D U(VI) adsorbents, FP1
shows a higher adsorption capacity (704.23 mg-g~! at 298 K), which is about 27 times of
conventional 3D Fe7(PO4)s (24.51 mg-g~'-sample FP2) and 2 times higher than phosphate
functionalized graphene oxide (251.7 mg-g™!). Obviously, through changing the morphology
of Fe7(PO4)s to be two-dimensional, its adsorption performance are greatly improved.
Consistent with conventional U(VI) adsorbents, the pH, Zeta potential, specific surface area
and average pore diameter have positive impact to this adsorption. But the effect from ionic
strength is negligible, which is similar with other phosphate adsorbents. With the results of
adsorption tests and the systematic characterizations of FESEM, EDS and Mapping after
adsorption, the adsorption of U(VI) onto FP1 is considered as a relatively rapid, spontaneous
and endothermic process, and following a monolayer surface complexation and stacking
mode (MSCS-Mode), which ensure the high accessibility and efficiency of adsorption.

In summary, this preparation method could be generalized to the preparation of other
two-dimensional phosphate materials, and the novel adsorption mechanism (MSCS-Mode)

study also provides a new clue for the study of other two-dimensional adsorption materials.
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Figure 1. The tailor and adsorption fictitious mechanism of ultra-thin Fe7(POa4)s nanosheets.
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Figure 2. The XRD patterns of synthesized iron phosphates in different initial reaction

concentration conditions: FP1 and FP2 (A), FP3 (B).
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Figure 3. The SEM and TEM images of synthesized iron phosphates: FP1 (A) and (D), FP2

(B) and (E), FP3 (C) and (F).
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Figure 4. The AFM (A) and HRTEM (B) images of FP1.
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Figure 5. Nitrogen adsorption—desorption isotherms and corresponding BJH pore size

distributions (insets) of synthesized iron phosphates FP1 (A), FP2 (B), FP3 (C). The zeta

potentials of FP1, FP2 and FP3 (D) at various pH values.
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Figure 6. Adsorption isotherms of U(VI) by FP1, FP2 and FP3 (A),pH=5.0+ 0.1, m/V =
0.0167 g-L! (FP1), m/V = 0.667 g-L~! (FP2 and FP 3), T = 308 K, equilibrium time = 24 h.
Balanced adsorption capacity of removing U(VI), intuitive comparison of surface areas and

BJH average pore diameter of synthesized samples (B).
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Figure 7. Effect of solution pH on the adsorption property of FP1 (A) 0.001, 0.01 and 0.1
mol-L~! NaNOs3 solutions, m/V = 0.0167 g-L~!, equilibrium time = 24 h, T =298 K, Co=20.0
mg-L~! (U(VI)). The relative distribution of U(VI) species as a function of pH (B) in aqueous

solutions.
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Figure 8. There different kinetic models fitted adsorption property of U(VI) by FP1
pseudo-first-order(A), pseudo-second-order(B), intra-particle diffusion model (C), T =298 K,

m/V =0.0167 g-L!, Co=20.0 mg-L~! (U(VI)), pH=5.0£0.1.
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Figure 9. Adsorption isotherms of FP1 for U(VI) at different temperatures (A). Langmuir
model (B) and Freundlich model (C) fitted the adsorption isotherms of U(VI). pH=15.0 + 0.1,

m/V =0.0167 gL', T =298, 308, and 318 K, equilibrium time = 24 h.
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Figure 10. Relationship curve between InKdand Ce (A), Relationship curve InK¢’ and 1/T (B),

pH=5.0£0.1,m/V=0.0167 g-L!, equilibrium time = 24 h.
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Figure 11. The FESEM images of FP1: before (A, B) and after (C, D and E) adsorption. The

characterization of after adsorption samples, EDS (F) and Elementary mapping (G).
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Figure 12. FT-IR of synthesized FP1: before and after adsorption.
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Figure 13. The possible adsorption progress of U(VI) by FP1.
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Table 1. Kinetic parameters for the adsorption of U(VI) onto FP1.

Model Parameters R?
Pseudo-first-order model ki (h™) 3.896

a (mg-g™) p4162 0996
Pseudo-second-order model k> (g'mg-h™) 0.0173

e (mg-g™) 431.034 0.999
Weber-Morris model Kintt (mg-g~'-h™"%) 467.318

Ci (mg-g™) 23.173 0.810

Kine (mg-g-h™*?) 98.446

C (mg-g) 276.827  0.880

Kins (mg-g~'-h™"?) 5.338

Cs (mg-g ™) 405.288 0.855
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Table 2. Langmuir and Freundlich isotherms parameters for U(VI) on FP1.

T

Langmuir model
qmax (mg-g~") b (L-mol') R*

Freundlich model
Ke (mol'".L"g")n

R?%

298 K
308K
318K

704.23 0.203 0.993
746.27 0.251 0.990
813.01 0.270 0.996

0.924
0.964
0.957




Table 3. Comparison of U(VI) adsorption capacities of FP1 with some sorbents.

Materials Experiment conditions qmax (mg-g”")  References
ZrP,04 pH=2.8+0.1, T=298 K 2.37 [38]
Aly(P207)3 pH=5.5+£0.1, T=293 K 12.83 [22]
Fe4(P207)3 pH=5.5+£0.1, T=293 K 14.92 [36]
Chitosan-tripolyphosphate pH=5.0+0.1, T=298 K 236.9 [33]
PS-nG PAMAM-PPA pH=5.0+0.1, T=298 K 106.58 [34]
Phosphoryl functionalized SiO, pH=5.01+0.1, T=288 K 197.8 [35]
MgFeAl-LDHs pH=5.0+0.1, T=298 K 168 [82]
MoS;-g-PDMA pH=4.0+ 0.1, T=298 K 448.4 [51]
Ozonated GO pH=5.5+0.1, T=303 K 291.8 [20]
Phosphate-functionalized GO pH=4.0+ 0.1, T=303 K 251.7 [40]
MnFe204 pH=5.0+0.1, T=298 K 119.9 [84]
Perovskite pH=5510.1, T=303 K 119.3 [70]
polypyrrole pH=5.0+0.1, T=298 K 87.72 [85]
pyrrhotite pH=4.0+0.1, T=333 K 21.34 [86]

FP1 pH=5.01+0.1, T=298 K 704.23 this work
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Table 4. Values of thermodynamic parameters for U(VI) adsorption onto FP1.

AG® (KJ-mol™) AH'(KJ-mol™")  AS®(J-mol K™

298 K -10.49
308K -11.16 16.57 91.01
318K -11.54
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