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Abstract

Metal-organic frameworks (MOFs) MIL-101(Cr)-PMIDA with phosphate groups were prepared for the adsorption of U(VI).
The morphology and structure of the samples were characterized by SEM, TEM, FT-IR, BET, XPS and XRD. This study
investigated the effects of the initial U(VI) concentration, contact time, pH, adsorption temperature and coexisting ions on
the adsorption of U(VI) by MIL-101(Cr)-PMIDA. The experimental results showed that the adsorption capacity of MIL-
101(Cr)-PMIDA was 267.92 mg g~! at C, (U)=40 mg L™!, pH=6.0 and T=298 K, which was much higher than that of
MIL-101(Cr)-NH, (71.10 mg g~"). More importantly, the material exhibited excellent selective removal performance for
U(VI) in an aqueous solution. Furthermore, adsorption thermodynamics and kinetic studies showed that the adsorption was
spontaneous (AG < 0) and exothermic (AH ~ 0), following the pseudo-second-order kinetic model (R%>0.99).
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Introduction

As an efficient and clean energy source, nuclear energy is
considered an alternative to traditional energy sources [1,
2]. However, the use of atomic energy inevitably releases
large amounts of radioactive wastewater into the environ-
ment [3, 4]. Uranium is one of the main elements in radio-
active wastewater [5]. At the same time, uranium is also a
heavy metal ion that is toxic, mutagenic and carcinogenic,
which causes catastrophic damage to aquatic biodiversity,
thereby posing a further threat to human health [6-10].
In addition, uranium is a non-renewable resource [11].
From the perspective of sustainable resource utilization
and environmental protection, the separation and recov-
ery of uranium are of great importance [12]. In the past
decades, the methods commonly used to separate uranium
are ion exchange [13], chemical deposition [14], solvent
extraction [15] and solid adsorption [16]. Compared with
other separation technologies, the adsorption method has
many advantages such as lower technical cost, more envi-
ronmentally friendliness, and easier regeneration [17-19].
Currently, materials that have been widely used for the
separation and removal of uranium include carbon-based
materials [20], clay materials [21], metal-organic frame-
works (MOFs) [22], organic polymers [23], etc. MOFs
are often used to remove hazardous metal elements from
aqueous solutions because of their high specific surface
area, abundant binding sites and tunable pore size [24, 25].

MOFs are porous materials made of metal ions bridged
with organic ligands and have excellent physicochemical
properties widely used in gas storage, chemical catalysis,
photoelectric sensing, and drug delivery [26—29]. Struc-
turally and functionally tunable MOFs were also used
to separate and remove U(VI) from uranium-containing
wastewater and showed good removal capacity [30-33].
MIL-101(Cr) MOFs have been shown to exhibit excellent
stability in acidic or basic solutions [34]. At the same time,
MIL-101(Cr) has sufficiently large pores, which provide
free access and a platform for metal ions to attach [35].
Although MIL-101(Cr) has excellent properties, it has lim-
ited active functional groups on its organic ligands, which
limits its ability to remove U(VI) [36, 37]. Therefore, it
is necessary to introduce some groups with coordination
ability to U(VI) to change the surface affinity of the adsor-
bent to achieve efficient and selective adsorption of U(VI).

So far, most of the MOFs have been modified by intro-
ducing nitrogen-containing functional groups for U(VI)
adsorption, such as MIL-101(Cr)-ED(ED =-HNC,H,NH,)
[36], MIL-101(Cr)-DETA(DETA =-NHC,H,N-
HC,H,NH,)[35], MIL-101(Cr)-OA(OA =-CONHOH)
[38], etc. It is well known that phosphate groups have
high chemical stability and excellent affinity for U(VI) to
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maintain high adsorption capacity under acidic conditions
[2, 39-41]. Lin et al. [42]. first synthesized UiO-68-P(O)
(OH), for uranium extraction from seawater and confirmed
that P=0 could form coordination group sequences with
U(VI). Decker et al. [43]. found that CMPO@MIL-101
exhibited excellent selectivity for U(VI) in the presence of
coexisting ions. It was shown that the targeted and selec-
tive extraction of U(VI) with MOFs modified with phos-
phate groups under acidic conditions was feasible.

In this paper, the adsorbent MIL-101(Cr)-PMIDA was
prepared using the affinity of phosphate groups for U(VI).
The effect of various parameters on the adsorption perfor-
mance was investigated by batch experiments and the opti-
mum adsorption conditions were determined. The adsorp-
tion mechanism was analyzed in detail by FT-IR and XPS
spectroscopy. Finally, we determined the selective adsorp-
tion properties of MIL-101(Cr)-PMIDA on U(VI) under
the interference of coexisting ions. This work promises to
expand the application of MIL-101(Cr) porous materials in
the field of uranium-containing wastewater.

Experimental
Materials

Uranyl nitrate hexahydrate (UO,(NO;),6H,0) were pur-
chased from Shanghai Maclean Biochemicals Technol-
ogy Co., Ltd. Chromium(III) nitrate (Cr(NO;);9H,0,
99%), 2-aminoterephthalic acid(H,BDC-NH,, 99%),
N-(phosphonomethyl) iminodiacetic acid (PMIDA, 95%),
N, N’-dicyclohexylcarbodiimide (DCC, 99%), toluene(C,Hs,
99%), methanol (CH;0H, 99%), ethanol(C,HsOH, 99%) and
N,N-dimethylformamide(DMF, 98%) were purchased from
Aladdin Reagent (Shanghai, China) and used without further
purification. Deionized water is prepared in the laboratory.

Preparation of adsorbents
Preparation of MIL-101(Cr)-NH,

Preparation of MIL-101(Cr)-NH, was done according to the
previous preparation method [44]. H,BDC-NH, (0.54 g), Cr
(NO;); 9H,0 (1.20 g), and NaOH (0.24 g) were dissolved in
deionized water (30 mL), and the mixture was transferred to
a steel autoclave lined with Teflon after ultrasonic dispersion
and reacted in an oven at 423 K for 24 h. After cooling to
room temperature, wash with ethanol and deionized water.
The obtained green sample was transferred to the three-
necked flask with a magnetic stirrer and refluxed with anhy-
drous ethanol for 12 h to remove unreacted H,BDC-NH,.
Finally, the sample was dried in a vacuum drying oven at
373 K for 12 h.
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Preparation of MIL-101(Cr)-PMIDA

The MIL-101(Cr)-PMIDA was prepared according to
literature with little modifications [45]. MIL-101(Cr)-
NH, (0.50 g) and PMIDA (0.20 g) were added to DMF
(85 mL) with ultrasonic stirring for 15 min, followed by
the addition of DCC (0.30 g) to transfer the mixture to a
round-bottom flask with a magnetic stirrer to warm up to
423 K for 36 h at reflux. After cooling to room tempera-
ture, the light green emulsion solid was collected by cen-
trifugation, washed with toluene (2 X 30 mL) and metha-
nol (2x30 mL), and dried under vacuum at 373 K for
8 h. (Scheme 1 Synthetic route of MIL-101(Cr)-PMIDA).

Characterization techniques

The U(VI) concentration in the solution was measured
using a UV-Vis spectrophotometer (UV-2600, Shimadzu
Corporation, Japan). The crystal structure of the sam-
ple was tested by XRD (Bruker D8 type, Bruker, Ger-
many), Cu target, Ko radiation, Ni sheet filter, scan
range 260 =5°-90°. The microstructure of the samples
was observed using SEM (Zeiss Supra 40 type) and TEM
(Talos F200X type). The specific surface area and pore
volume of samples were determined at 423 K degassed at
77 K using a physisorption instrument (Micro for TriStar
II Plus Model 2.02, Micro, USA). The adsorption mecha-
nism was investigated using XPS (Esca lab model 250xi,
Thermo Fisher Scientific, USA). The functional group

peaks of the samples were analyzed by FT-IR (Nico-
let-460, Thermo Fisher, USA) spectroscopy. The samples
were analyzed qualitatively for elemental content using
EDS (X-Max type, Oxford, UK).

Adsorption experiments

All adsorption experiments were performed by a batch
method, and the pH of the solution was adjusted using
0.10 mol L™! HNO, or 0.10 mol L~ NaOH. In this experi-
ment, 5.0 mg of adsorbent was dispersed into a 40 mL
conical flask containing U(VI) solution, transferred to a
constant temperature shaker for the adsorption reaction,
and the supernatant was filtered using a 0.22 pm nylon
membrane. For the detection of U(VI), filtered uranium
solution (1.0 mL), and arsenazo III solution (1.0 mL) were
added to the test tube. Next, dilute to 10.0 mL with acetic
acid-sodium acetate buffer solution. Finally, the concen-
tration of U(VI) in the solution was determined using a
UV-Vis spectrophotometer at 652—-655 nm. The desorp-
tion experiment was performed by dispersing 0.20 g of
used adsorbent in HNOj solution for 12 h. After desorp-
tion, the samples were washed with HNOj; solution and
deionized water, and dried under vacuum at 373 K for
12 h. The adsorption capacity of the regenerated MIL-
101(Cr)-PMIDA was measured by the above adsorption
experiment method. The adsorption capacity g, (mg g™,
the adsorption rate R (%) was defined as in Egs. (1-2)

- Vv
g = {QmC)xY (1)

m
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M X 10()%
Co 2)

R =

where C;y and C, are the initial (mg L™') and equilibrium
concentrations (mg L, respectively, V is the volume of
the testing solution (mL), g, is defined as the amount of
adsorption and m corresponds to the mass of the adsorbent
(mg). All experimental values were measured three times
with errors within 5%.

Results and discussion

Structural, morphological and textural
characterization

FT-IR analysis

Figure 1 shows the FT-IR spectra of MIL-101(Cr)-NH,,
MIL-101(Cr)-PMIDA and MIL-101-PMIDA (U). For MIL-
101(Cr)-NH,, the absorption bands of 3350-3510 cm™!
belonging to symmetric and asymmetric stretching vibra-
tional peaks of N-H, which indicates the presence of amino
groups [46]. 2920 cm™!, 2980 cm™! are attributed to C-H
(aliphatic) stretching modes [47]. The peaks located at
1619 cm™', 598 cm™! are attributed to the stretching vibra-
tion peaks of C=0, Cr-0, respectively [48]. 1260 cm™,
1387 cm™!, reflected on the stretching vibrations of the
C-N bonds and its splitting peaks, which confirmed the
successful synthesis of MIL-101(Cr)-NH, [46]. For MIL-
101(Cr)-PMIDA, two new characteristic peaks appeared
at 1080 cm™! and 918 cm™! corresponding to P=0, P-OH
stretching vibration peaks respectively, which tentatively
indicated the successful modification of MIL-101(Cr)-NH,
[49]. For MIL-101(Cr)-PMIDA(U), a new peak appears
at 833 cm™!, which is a characteristic symmetric absorp-
tion peak is ascribed to [O=U= 01?* [50]. Moreover, the

Fig. 1 FT-IR spectra of MIL- (a)

characteristic peak of P=0 changed in the adsorption
U(VI), which indicates that P= O plays an active role in the
adsorption process.

XRD analysis

XRD further analyzed MIL-101(Cr)-NH, and MIL-101(Cr)-
PMIDA. As shown in Fig. 1b, the distinguishable diffrac-
tion peaks of MIL-101(Cr)-NH, appear at 26=5.50°, 9.10°,
10.25° and 16.60°, corresponding to crystal planes (311),
(753), (666) and (4416), respectively[51, 52]. The XRD dif-
fraction peaks of MIL-101(Cr)-PMIDA and MIL-101(Cr)-
NH, are surprisingly consistent, which indicates that the
introduction of phosphate groups did not change the crystal
structure of the raw material. Moreover, the XRD pattern of
MIL-101(Cr)-PMIDA is consistent with the reported litera-
ture[53], which further illustrates the successful synthesis
of the adsorbent.

BET analysis

The specific surface area and pore volume of MIL-101(Cr)-
NH, and its phosphate derivatives were determined using
N, physisorption measurements. As shown in Fig. 2a,
MIL-101(Cr)-NH, and MIL-101(Cr)-PMIDA belong to
the reversible type I isotherm, typical of porous materials
[54]. The specific surface area and pore volume of MIL-
101(Cr)-NH, were 1636.54 m? g~! and 1.38 cm® g~!, which
decreased to 1099.33 m? g~! and 0.92 cm?® g™! after func-
tionalization with phosphate groups, respectively. Combined
with the FT-IR analysis, this is the grafted group occupying
the material's pores, resulting in the reduction of the mate-
rial's specific surface area and pore volume. As shown in
Fig. 2b, the pore size distributions of MIL-101(Cr)-NH, and
MIL-101(Cr)-PMIDA ranged from 3.16 to 4.52 nm and 3.16
to 4.39 nm, respectively. The pore size of the adsorbent is
larger than the ion diameter, which is sufficient to allow the
entry of uranyl ions [45].

101(Cr)-NH,, MIL-101(Cr)-
PMIDA and MIL-101(Cr)-
PMIDA (U) (a), XRD patterns
of MIL-101(Cr)-NH, and
MIL-101(Cr)-PMIDA (b)
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Fig.2 N, adsorption/desorption (a) (b)
isotherm of MIL-101(Cr)-NH,
and MIL-101(Cr)-PMIDA (a),
BJH pore size distribution of
MIL-101(Cr)-NH, and MIL-
101(Cr)-PMIDA(b)
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SEM, TEM and EDS analysis the electrostatic repulsion weakened, which led to a rapid

enhancement in adsorption capacity [58]. At pH=6.0, the
Figure 3 shows the TEM and SEM images of the MIL- saturated adsorption capacity of MIL-101(Cr)-PMIDA was
101(Cr)-NH, and its phosphate derivatives. As can be seen 267.92 mg g~!, which was much higher than the adsorp-
from the Fig. 3(a, b, ¢), the morphology of the material  tion capacity of MIL-101(Cr)-NH, (71.10 mg g~ h. MIL-
did not change significantly after grafting the functional =~ 101(Cr)-PMIDA maintains a high adsorption capacity,
groups. As shown in Fig. 3(d, e, f), the crystal particles of ~ which may be attributed to the excellent affinity of the phos-
MIL-101(Cr)-NH, and MIL-101(Cr)-PMIDA are homoge-  phate group for U(VI). To obtain a high adsorption capacity,
neous with a size of about 50 nm and a shape similar to ~ pH 6.0 was chosen for subsequent adsorption experiments.
that reported in the literature[55]. Moreover, comparing the
TEM and SEM images of the two materials, no significant ~ Effect of initial concentration
changes were observed, further indicating that the frame-
work structure and morphology of the MOFs maintained ~ As shown in Fig. 7, the adsorption capacity of MIL-101(Cr)-
some stability during functionalization. EDS qualitatively =~ PMIDA gradually increased with the initial U(VI) concen-
analyzed the chemical composition of the MOFs, and the  tration, at Cy (U)=40 mg L™, the adsorption capacity and
presence of P, N, O, C, and Cr elements is seen in Fig. 4a, removal rate were 263.92 +7.10 mg g_l and 82.5%, respec-
after the adsorption (Fig. 4b) appears with U(VI) elemental  tively. When the initial U(VI) concentration was greater than
content. The combination of EDS, XPS, FT-IR and XRD 40 mg L™, the rise of the adsorption capacity slowed down
finally confirmed the synthesis of MIL-101(Cr)-PMIDA and  and the removal rate decreased sharply, finally reaching the

the adsorption of U(VI). adsorption equilibrium at the initial U(VI) concentration
equal to 100 mg L™! with an equilibrium adsorption capacity
Effect of pH of 328.5 mg g~ . This phenomenon suggests that the concen-

tration difference drives the transfer of U(VI) from the aque-
U(VI) exists in different forms at different pH conditions, ous solution to the surface of MIL-101(Cr)-PMIDA until the
so pH is an important parameter affecting the separation  adsorption saturation of the active site of the adsorbent is
of U(VI)[36]. As shown in Fig. 5, when pH < 6.0, U(VI) reached. In Table 1, The MIL-101(Cr)-PMIDA showed an
usually exists in the form of uranyl ion (UO,*") in the aque-  excellent adsorption capacity compared with other reported
ous solution, U(VI) will hydrolyze to form polynuclear  adsorbents. In order to obtain high adsorption capacity and
hydroxide at pH > 6.0[56]. Therefore, in this experiment, adsorption rate, the initial U(VI) concentration of 40 mg L!
pH values of 2.0 to 6.0 were chosen to investigate the effect ~ was selected for experimental investigation in the subsequent
of different pH values on the adsorption of U(VI) by MIL-  experiments.
101(Cr)-PMIDA. The experimental results showed that the
adsorption capacity of both adsorbents depended on the pH ~ Adsorption kinetics
of the solution (as shown in Fig. 6). At pH <4.0, the phos-
phate groups protonation weakened the adsorbent's binding ~ To explore the adsorption mechanism of U(VI) on MIL-
ability to the target ions, which limited the adsorption capac- 101(Cr)-PMIDA, 5.0 mg of adsorbent was dispersed
ity of MIL-101(Cr)-PMIDA [57]. With the increasing pH  in Co=40 mg L™"' of U(VI) solution with contact time
value, the functional groups of adsorbent deprotonated and ~ (5-360 min). As shown in Fig. 8, the adsorption process
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Fig.3 SEM images of MIL-
101(Cr)-NH, (a), MIL-101(Cr)-
PMIDA (b, ¢), TEM images of
MIL-101(Cr)-NH, (d), MIL-
101(Cr)-PMIDA (e, f)

mag | tilt |mode| H
30 000x|-0°| SE |2

Fig.4 EDS images of MIL-
101(Cr)-PMIDA (a) and MIL-
101(Cr)-PMIDA(U) (b)
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Fig.6 Effect of pH on the U(VI) adsorption onto MIL-101(Cr)-NH,
and MIL-101(Cr)-PMIDA (=240 min, m=5.0 mg, V=40 mL,
Cy(U)=40 mg L', T=298 K)

can be divided into three parts: (1) Within 90 min, the adsor-
bent surface and pore channels provided sufficient active
sites, so the adsorption rate increased rapidly. (2) During
90-180 min, the active sites on the adsorbent surface were
gradually occupied, and the U(VI) diffusion rate in the pore
channels was limited, so the adsorption rate decreased. (3)
The adsorption saturation was reached after 180 min, and the
equilibrium adsorption amount ¢, .., =260.9 +5.20 mg gl
The pseudo-first-order kinetics and the pseudo-second-order
kinetics were used to explore the adsorption process, the two
models expressions are shown in Egs. (3—4) [59].
The pseudo-first-order Eq:

Fig.7 The effect of U(VI) initial concentration on the adsorption
capacity (m=5.0 mg, V=40 mL, t=240 min, 7=298 K, pH=6.0)

In(q,~4,) =Ind,—k t 3)
The pseudo-second-order Eq:

t 1 t

= + —
4 e 4 @

Here g, (mg g~") and ¢, (mg g™') is the adsorption capacity
of the adsorbent at moment t and at equilibrium, respec-
tively. k; (min~") and k, (g (mg min)~") are the rate constants
for the two kinetic models, respectively.

As shown in Fig. 9(a, b), the linear correlation of the
pseudo-second-order fit is significantly better than that of
the pseudo-first-order kinetic model. The two kinetic param-
eters calculated from the slope and intercept of the straight
line are shown in Table 2. The correlation coefficient of the
pseudo-first-order kinetic model is R?=0.918, and the cor-
relation coefficient of the pseudo-second-order kinetic model
is R2=0.998. Meanwhile, the saturation adsorption amount
9o ca=277.8 mg g~ ! obtained by the pseudo-second-order
kinetic model is close to the experimentally tested equi-
librium amount g, ., =260.90 mg g~!. The fitting results
indicate that the pseudo-second-order kinetic model is more
suitable to describe the adsorption process of U(VI) on MIL-
101(Cr)-PMIDA, and the adsorption process is mainly the
chemical adsorption [60].

Adsorption isotherms and thermodynamics

To analyze the adsorption mechanism of MIL-101(Cr)-
PMIDA, the adsorption isotherms of U(VI) solutions with
concentrations ranging from 10 to 100 mg L~! at 288 K,
298 K and 308 K were investigated (as shown in Fig. 10).
Langmuir and Freundlich isotherm models were used to fit
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Table 1 Comparison of the

capacity of MIL-101(Cr)- Adsorbents Exp. Conditions q.(mgg™h References

PMIDA with other absorbents MIL-53(Al)-AO pH=6.0, C,=100 mg L™ 100.0 [31]

UI0-66-A0 pH=5.5,Cy=100 mg L™! 195.0 [32]

MIL-101-OA pH=8.0, Cy=100 mg L™ 321.0 [38]

MIL-101-ED pH=5.5,Cy=100 mg L™ 200.0 [36]

MIL-101-DETA pH=5.5, Cy=100 mg L™ 350.0 [35]

Ui0-68-PO,Et, pH=2.5,C,=100 mg L™ 217.0 [42]

GO-COOH/UIO-66 pH=38.0, C;=100 mg Lt 188.3 [64]
MIL-101(Cr)-PMIDA pH=6.0, C;=100 mg L! 328.5 This work

1
280 Ing, =1nKF+;lnCe 6)
260 - E/!_{/i where C, is the equilibrium U(VI) concentration (mg L,
/ q, 1s the maximum adsorption capacity (mg g™h, K; is
o 2401 Langmuir isothermal constant, Ky and n are the Freundlich
ED 220 L isothermal constants related to adsorption capacity and
< strength, respectively.
= 200 - Based on the correlation parameters calculated from the
linear fit (Fig. 11), as shown in Table 3, the correlation coef-
180 |- ficients of the Langmuir isotherm model (R?>>0.99) are all
greater than those of the Freundlich isotherm model. This
160 - ! indicates that U(VI) is uniformly adsorbed on the binding
. L . . L . L . sites on the surface of MIL-101(Cr)-PMIDA, which is a
0 50 100 150 200 250 300 350 400 .
t(min) monomolecular layer adsorption process[61].

Fig. 8 Effect of contact time on the adsorption of U(VI) (m=5.0 mg,
V=40mL, T=298 K, C(U)=40 mg L', pH=6.0)

the adsorption process, and the two model-fitting equations
are shown in Eq. (5-6)

= +
qe KL qm qm

&)

Temperature affects the degree of ion diffusion and
the affinity of active sites on the adsorbent surface, so we
investigated the effect of temperature on the adsorption
of U(VI) by MIL-101(Cr)-PMIDA. As shown in Fig. 12a,
the adsorption capacity increased with increasing tem-
perature over a specific temperature range. A plausible
explanation is that the molecular motion becomes active
with increasing temperature, which increases the possibil-
ity of contact of the adsorbent with U(VI)[62]. Calculat-
ing the thermodynamic parameters enthalpy change (AH®),

Fig.9 Fitting results of two (a) (b)
known kinetic models, a 6
pseudo-first-order kinetic model 141
and b pseudo-second-order al
kinetic model (Cy(U) =40 mg ’
L™, pH=6.0, m=5.0 mg, Lot
V=40 mL, T=298 K) £
ETE
£
E st
s
= 04}
02}
1 1 L 1 1 1 1 0.0 I
0 S0 100 150 200 250 300 350 400 0 S0 100 150 200 250 300 350 400

t (min)
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Table 2 Kinetic parameters of two models

Pseudo-first-order kinetic model Pseudo-second-order kinetic

model
Ge,co (Mg Ky (min ) R? G ca (Mg Ky (2 mg R?
g7) g ~ min 7)
127.74 0.0107 0918 277.78 0.0003536  0.999
—=— 288K
400 -—e— 298K
[ —a— 308K

350 |

300
& 250 -
2 +
£
< 200
a L

150 |

100

50 |

0 | 1 1 L 1 " 1 " 1 1 1 "
0 10 20 30 40 50 60 70
Ce(mg/L)

Fig. 10 Adsorption isotherms for U(VI) on MIL-101(Cr)-PMIDA at
different temperatures (m=5.0 mg, pH=6.0, =240 min, V=40 mL)

entropy change (ASY), and Gibbs free energy (AG®) helps
to further understand the adsorption process. The thermo-
dynamic parameters are calculated as in Eqs. (7-9) [63].

_ %

K= ™
AH?  AS°

InK,=-—=—— + =2

Ma=TRr TR ®)

AG° = AH? — TAS® )

where K, is the distribution coefficient (mL g_l), T is the
adsorption temperature (K), R is the ideal gas constant
(8.314 T mol~' K=", AH? (kJ mol™") is the enthalpy change
and AS? (J mol~! K™') is the entropy change, the slope and
intercept of the curve of InK, versus 1/T correspond to AH’
and ASY, respectively (as shown in Fig. 12b). As Table 4
records the thermodynamic calculations, negative values
of AGY indicate that the adsorption process is spontane-
ous, and AG° decreases gradually with increasing tempera-
ture, indicating that increasing temperature is favorable for
adsorption[64]. In addition, the positive values of AH" and
AS? indicate that the adsorption is an endothermic entropy-
increasing process.

Fig. 11 Linear fitting results (a) (b)
of Langmuir (a) and Freun- 0.25
dlich (b) adsorption isotherms : ;gg:i 6.0
(m=5.0 mg, t=240 min, 0201 » 308K
pH=6.0, V=40 mL) ) 551
g 015+ 4
ob 5.0 F
£ S
cu - E
§ 0.10 - 45k
0.05 40r
-
0.00 - L L L L 1 L 1 1 1 1 1 1 L 1 1 1
0 10 20 30 50 60 70 4 3 2 -1 0 1 2 3 4 5
Ce (mg/L) In Ce
Table 3 Parameters of two T (K) Langmuir Isotherm Freundlich Isotherm
isotherm models
g, (mg g™ kp (Lmg™) R? kp(mgg™)  n R?
(L-mg)"™)
288 K 301.210 0.672 0.994 121.576 3.900 0.910
298 K 332.226 0.893 0.996 140.004 3.950 0.886
308 K 370.370 0.799 0.991 148.096 3.726 0.887
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Fig. 12 Effect of temperature (a) (b)
on adsorption capacity (a), the 300
linear fitting curve of adsorption 2rF
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Table 4 Thermodynamic parameters of U(VI) adsorption on MIL-
101(Cr)-PMIDA

T(K) InK; AH°(&Imol™) AS®JK'mol) AG®(kJmol™)
288 K 3.169 38.251 160.631 —8.034
208 K 3.611 38.251 160.631 —-9.641
308 K 4.156 38.251 160.631 —11.248
300 - - 0.010 mol/L ionic concentration
- 0.001 mol/L ionic concentration
250 -
200

q¢(mg/g)
2
T

Zn2+ Cu2+

K+ A13+

Zonic species

Mg2+

Fig. 13 Effect of interfering ions on the adsorption of U(VI) by
MIL-101(Cr)-PMIDA (C,(U)=40.0 mg L™, m=5.0 mg, pH=6.0,
t=240 min, 7=298 K, V=40 mL)

Selective adsorption of U(VI)

Considering that U(VI) and other metal ions usually coexist
in radioactive wastewater, the practical application requires
adsorbents with selective removal function for U(VI). There-
fore, binary aqueous solutions containing U(VI) (40 mg L™
solution and coexisting cations (Na*, k™, Mg**, Zn**, AI**,
Cu**=0.001 mol L™" and 0.010 mol L™') were prepared to
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investigate the effect of coexisting cations on the adsorption
performance. As shown in Fig. 13, there was no significant
inhibition of the adsorption capacity by the interfering ions.
The adsorption amounts were all above 230 mg g~!, which
may be due to the affinity of the phosphate group for U(VI).
The experiments have shown that MIL-101(Cr)-PMIDA has
excellent selective adsorption capacity for U(VI) in solutions
of coexisting cations and is a potential adsorbent for U(VI)
separation from radioactive wastewater.

Desorption and reusability
of the MIL-101(Cr)-PMIDA

As shown in Fig. 6, the adsorption capacity is weaker at
pH < 3.0, which indicates that acid washing is one of the
possible ways to regenerate desorption. To study the reus-
ability of MIL-101(Cr)-PMIDA, 0.1, 0.2, 0.3, 0.5, 0.7 and
1.0 mol L~! HNO; solutions were used as eluents to desorb
the used adsorbents. As shown in Fig. 14a, the desorption
capacity increases with the increase of HNO; concentra-
tion. When HNO; is 0.3 mol L™, the desorption capacity
reaches saturation. In this reusability study, the used adsor-
bent was desorbed with 0.3 mol L™" HNO, for 12 h, washed
sequentially with 0.3 mol L™! HNO; and deionized water,
dried under vacuum at 373 K for 12 h, and then subjected
to four adsorption—desorption cycles of adsorption experi-
ments. Here, 5.0 mg of the adsorbent was added to 40 mL of
U(VI) solution with a concentration of 40 mg L' to explore
the reusability of the adsorbent. Figure 14b shows that the
adsorption capacity decreases with the increasing number
of desorptions during the adsorption/desorption cycle. After
four consecutive adsorption/desorption cycles, the adsorp-
tion capacity was higher than 180 mg g~!, proving that the
material had good regeneration performance and reusability.
The main reason for the decrease in adsorption capacity is
the incomplete elution of MIL-101(Cr)-PMIDA material and
the trace loss of adsorbent during the circulation process.
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Fig. 14 Effect of different (a) (b)
HNO; concentration on desorp-
tion (a), effect of number of 250 250
cycles on the adsorption capac-
ity (b) 200 200
B C I
5 -
Eﬂ 150 %ﬁ
K K
100 100
50 50 -
0

0.1 0.2 0.3
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XPS analysis and mechanism exploration

The adsorption mechanism of U(VI) on MIL-101(Cr)-
PMIDA was analyzed by XPS high-resolution spectroscopy.
As shown in Fig. 15b, U4f peaks appear at 382.25 eV and
392.86 eV, which are attributed to U 4f,, and U 4f;, respec-
tively, and the spin—orbit split is 10.6 eV [65]. Similarly, the
peaks of the p element appear at 133.10 eV and 191.10 eV,
which belong to the high-resolution spectra of P2p and P2s,
respectively [66].

As shown in Fig. 15d, the P2p high-resolution spectrum
before adsorption could be divided into P2p,,, (132.83 eV)
and P2p;,, (133.51 eV) for P-OH and P=0O, respectively
[67]. After adsorption, the P =0 binding energy shifts to
133.83 eV (Fig. 15¢), while the binding energy of P-OH
changes less (133.88 eV). The shift of the P peak is because
the O element bound to P provides a lone pair of electrons
coordinated to U(VI), which leads to a shift in the P=0
binding energy [68]. Combined with FT-IR analysis, the
P=0 bond is involved in the binding of U(VI).

As shown in Fig. 15f, Ols before adsorption can be
divided into four peaks (530.59 eV, 531.27 eV, 531.97 eV
and 532.68 eV) attributed to O-C=0, P=0, C=0, P-OH,
respectively [69]. After adsorption (Fig. 15e), the binding
energies of O-C=0 and P =0 shifted to 530.70 eV and
531.45 eV, indicating that the O-C=0 and P=0 bonds are
involved in the U(VI) coordination. In contrast, the binding
energies of C=0 and P-O (532.04 eV, 532.73 eV) changed
less and may not be involved in the U(VI) complexation
reaction.

As shown in (Fig. 15h), for N1s the adsorption spec-
trum can be roughly divided into three peaks (399.36 eV,
400.36 eV and 401.31 eV) attributed to -NH-, R;N- and
R;NH*-, respectively [70, 71]. After adsorption (Fig. 15g)
-NH-, R;N- and R;NH"- binding energies are transferred
to 399.57 eV, 400.52 eV and 401.44 eV, respectively.

0.7 1

Based on the XPS analysis of the high-resolution spec-
tra of P, N, and O elements, we inferred U(VI) binding
mode to MIL-101(Cr)-PMIDA in an aqueous solution: (1)
0O-C=0 and -NH- bonds are combined with U(VI) respec-
tively. (2) The lone electron pair of the N element and the
P =0 bond form a complex coordination bond with U(VI).

Conclusions

In summary, the following conclusions could be drawn:
(1) MIL-101(Cr)-PMIDA adsorbent with high adsorp-
tion capacity on U(VI) was synthesized by introducing
PMIDA onto the amine group of MIL-101(Cr)-NH, using
a simple and efficient post-modification synthesis tech-
nique. (2) XPS spectrum analysis showed that the func-
tional groups (O-C=0, P=0, R;N-, -NH-) on the surface
of the adsorbent were involved in the binding of U(VI).
(3) The thermodynamic calculation parameters showed
that adsorption was a spontaneous entropy-increasing
process and heating up was beneficial to adsorption.
(4) The pseudo-second-order kinetic model was more
suitable for describing the adsorption process, and the
adsorption isotherms were consistent with the Langmuir
isotherm model, reflecting that the adsorption of U(VI)
by MIL-101(Cr)-PMIDA was dominated by chemisorp-
tion. (5) MIL-101(Cr)-PMIDA adsorbent showed excel-
lent selectivity for U(VI) in competition adsorption with
metal ions (Na*, k*, Mg?*, Zn?*, AI**, Cu?*). (6) Using
0.3 mol L™! HNO; as the desorption agent, the adsorption
capacity was higher than 180 mg g~! in all four consecu-
tive adsorption/desorption cycles. Based on the present
results, MIL-101(Cr)-PMIDA is an excellent performance
adsorbent with good application prospects in the field of
uranium-containing wastewater treatment.
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Fig. 15 Wide XPS survey (a),
high-resolution U 4f (b), P2p
(c,d),O1s (e, ), N1s(g h)
of MIL-101(Cr)-PMIDA before
and after adsorption of U (VI)
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