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Abstract Metal-organic frameworks (MOFs) UiO-66 and
its amine derivative (UiO-66-NH,) with high surface area
and unprecedented chemical stability were synthesized and
first explored for U(VI) capture from aqueous solutions. At
pH 5.5, U(VI) sorption reach equilibrium in ca. 4 h and the
maximum sorption capacity is more than 100 mg g~ '.
Moreover, they show desirable selectivity towards U(VI)
over a range of competing metal ions. Sorption results
demonstrate that introduction of amino groups into MOFs
does not enhance U(VI) sorption, probably result from the
lower activity of aromatic amines, decrease of surface area
and formation of intermolecular hydrogen bonds.

Keywords Metal-organic frameworks - UiO-66 - Amine
derivative - Uranium - Sorption

Introduction

Nuclear power industry has recently been rapidly devel-

oped, whereas the Fukushima nuclear accident has drawn
much attention to develop a variety of technologies for
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the removal of radionuclides in nuclear fuel effluent, mine
tailings, and other waste sources [1, 2]. On the other
hand, uranium as the typical nuclear fuel, is radioactive
and highly toxic [3]. Once the uranium enters into a
human body, it will result in irreversible damage on in-
ternal organs [4]. Again, uranium source is in short supply
for sustainable development of nuclear energy, thus re-
quire a reasonable and saving usage. All these issues
promote the basic researches on fabrication of versatile
materials for removal and recovery of uranium from the
environment [5-8]. Metal-organic frameworks (MOFs),
as a member of porous materials, allow varying pore size
and functionalities systematically. MOFs have been ap-
plied in various fields including gas storage [9, 10],
heterogeneous catalysis [11], separation [12], sense [13],
drug delivery and biomedical imaging [14, 15]. Very re-
cent efforts by several investigators have focused on the
application of functionalized MOFs in separation, in
particular, on the utility of these materials as solid phase
sorbents for capture of toxic heavy metals Cd [16], Hg
[17], and Pd [18] from environmental samples. U(VI)
sorption by MOFs was also investigated, Lin et al., for
example, reported the first application of UiO-68 in ex-
tracting actinide elements [19], Sun and Shi et al. used
MOF-76 to probe and extract U(VI) from aqueous solu-
tion [20], Shi et al. applied amine-grafted MIL-101(Cr) in
U(VI) sorption [21]. These works highlight the vast op-
portunities of MOFs in uptake and separation of U(VI)
from aqueous solution.

It is understandable that stability in aqueous solution or
acidic media is required for MOFs to serve as sorbent.
Lillerud et al. firstly synthesized a zirconium (IV) dicar-
boxylate porous material named as UiO-66 [22], which is
demonstrated to have high surface area and unprecedented
chemical stability. The stability is derived from the highly
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oxophilic nature of zirconium (IV), the SBU (Zrgs-cluster)
formed in the MOFs makes it very resistant towards var-
ious solvents and high temperature. The aperture (6 A) is
large enough to accommodate uranyl ions. Besides, a series
of frameworks with structure based on the skeleton of UiO-
66, e.g. UiO-66-NH,, UiO-66-NO,, and UiO-66-Br were
also synthesized [23].

It is well known that amino group always serve as soft
donors for actinides and have a better selectivity toward
U(VI) over other metal ions. In this work, the UiO-66 and
UiO-66-NH, were prepared and firstly explored for U(VI)
capture from aqueous solution. The prepared UiO-66 and
UiO-66-NH, were characterized by XRD, FT-IR, N,
sorption and TGA. The effectiveness of these two MOFs
for U(VI) sorption was assessed. The effect of various
parameters such as contact time, pH, ion strength and ini-
tial U(VI) concentration on the sorption, as well as the
selectivity of the sorbents for U(VI) were investigated in
detail. This work promises to develop another simple and
effective U(VI) sorbent for environmental remediation and
extraction of uranium from seawater.

Experiment section
Materials

ZrCly was purchased from Alfa Aesar. 1, 4-benzene di-
carboxylic acid (H,BDC) and 2-amine-benzenedicar-
boxylic acid (NH,-H,BDC) were purchased from Aladdin
Ltd. (Shanghai, China). UO,(NO3),-6H,O was purchased
from Merck, Germany. All other chemicals obtained from
Beijing Chemical Corp. were of analytical grade or better
and used without further purification. Milli-Q-water
(18.2 MQ cm, Millipore Co.) was used in all experiments.

Preparation of isoreticular UiO-66

In a typical synthesis [24], terephthalic acid (0.233 mmol)
along with ZrCl, (0.233 mmol) and DMF (3 mL) were
placed in a 15 mL Teflon lined autoclave and heated at
120 °C for 24 h. After cooling, the microcrystalline pre-
cipitate was recovered by centrifugation. Residual DMF
and terephthalic acid precursors still attached on UiO-66
were removed by reflux in DMF at 160 °C for 24 h, and
washed by DMF (3 x 5 mL) and ethanol (3 x 5 mL). The
product solid was finally dried overnight at 80 °C under air
atmosphere. UiO-66-NH, was synthesized using the same
strategy except that H,N-H,BDC instead of H,BDC and
additional 100 pL concentrated hydrochloric acid were
used.
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Characterizations of UiO-66 and UiO-66-NH,

Power X-ray diffraction (PXRD) patterns of the materials
were obtained on a Bruker D8-Advance X-ray Diffrac-
tometer with a Cu Ko radiation (A = 1.5406 A) at a step
size of 0.02°. Data of Fourier transform infrared spectra of
the prepared samples were recorded on a Bruker Tensor 27
spectrometer with a potassium bromide pellet method. In
order to study the thermal stability of the products, ther-
mogravimetric curve was recorded on a thermal gravi-
metric analyzer (TGA, TA Instruments, Q500) from 20 to
800 °C by using a heating rate of 3 °C min~' under N,
flow. The N, sorption—desorption experiments were carried
out at a liquid nitrogen temperature (—196 °C) using a
micromeritics ASAP 2020 HDS88 instrument with prior
degassing under vacuum at 120 °C. The specific surface
area was calculated by the Brunauer—-Emmett—Teller
method.

Batch sorption studies

All sorption experiments were carried out using a batch
method in air at room temperature with initial concentra-
tions of U(VI) ranging from 5 to 120 mg L™". Solution pH
was measured on a digital pH-meter (Mettler Toledo) and
adjusted using negligible volumes of HNO3 or NaOH so-
lutions. In a typical experiment, the sorbent (4.0 mg) was
added into 10 mL solution containing U(VI) in a beaker,
stirred for specified time (¢, min), and then the solid phase
was separated from the solution by using a 0.22 pm nylon
membrane filter. The concentration of U(VI) in the su-
pernatant was determined by Arsenazo III spectrophoto-
metric method at wavelength of 656 nm (the detection
limit of the method is below 0.1 ppm). Before the deter-
mination, the supernatant was diluted 50 times to make
sure that the U(VI) concentration in the dilution is
0.1-5 pg mL™", corresponding to the UV absorbance of
0.05-1.0 at 656 nm. Samples containing uranium and other
metal ions were acidified by 4 % analytical purity HNOj,
and the concentrations were analyzed by inductively cou-
pled plasma optical emission spectrometer (ICP-OES,
Horiba JY2000-2, Japan). The sorption capacity (g.) for
U(VI) was defined as follows:

qe:(co—ce) x V (1)

m

where ¢ and ¢, are the initial and equilibrium concentra-
tions of U(VI) (mg Lfl), respectively. V is the volume of
the testing solution (mL), and m is the amount of sorbent
(g). Experiments were performed in duplicates and the
error bars associated with data shown in figures represent
the standard deviations of the two runs.
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Results and discussion
Characterizations of UiO-66 and UiO-66-NH,

The characterization results of the two materials are shown
in Fig. 1. The PXRD pattern of freshly prepared UiO-66 is
consistent with that previously reported, indicating the
successful formation of the material. The similar diffrac-
tion spectrum of UiO-66-NH, with that of UiO-66 is an
indication that the tagged UiO-66-NH, is topologically
equivalent with UiO-66. After U(VI) sorption, PXRD
patterns keeps unchanged,which reveals the preservation of
the MOFs skeleton during U(VI) sorption. Figure 1b rep-
resents the FTIR spectra of the two materials, two ab-
sorption bands at 3405 and 3362 cm~! can be discerned,
corresponding to the asymmetric and symmetric N-H
stretching modes, respectively. The C-N stretching vibra-
tion of UiO-66-NH, is revealed at 1255 cm™ . After UvDh
sorption, the absorption at 900 cm ™' assigned to the v,q
stretching vibration of O=U=0 appeared. Figure lc shows
TGA profiles of the two materials. For UiO-66, the most
significant weight loss points appear at temperature above
450 °C, corresponding to the collapse of the MOF skeleton.
Whereas for UiO-66-NH,, this temperature decreased to
300 °C due to the introduction of amino group. Whatever,
the TGA profiles suggest that the prepared MOFs have
excellent thermal stability. The BET specific surface areas

of Ui0-66 and UiO-66-NH, were determined to be 1382
and 1050 m* g~', respectively, showing the ultra-high
surface area of these materials. And the pore volumes of
Ui0-66 and UiO-66-NH, are 0.55 and 0.36 cm® g~ ', re-
spectively. These data confirm the successful preparation
of amino-grafted UiO-66 and that the introduction of
amino-group obviously decrease the surface area and pore
volume of UiO-66.

U (VD) sorption by UiO-66 and UiO-66-NH,
Effect of pH

U(VID) sorption UiO-66 and UiO-66-NH, were performed
at different pH values ranging from 2.0 to 6.0 to assess the
effect of solution pH on the sorption. The results are given
in Fig. 2. It was found that UiO-66 and UiO-66-NH, shows
similar pH-dependent U(VI) sorption. That is, the sorption
capacity remained very low at pH from 2.0 to 4.0 and
increased sharply thereafter. When pH reached 5.5, the
sorption capacity for both sorbents was more than
100 mg g~ '. Similar pH-dependent sorption were observed
when applying amino [25] and imidazole groups [26]
functionalized SBA-15 in the removal of U(VI) and in the
case of amidoxime modified mesoporous carbon as U(VI)
sorbent [27]. Such a pH-dependent sorption may be
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Fig. 2 Effect of pH on the sorption of U(VI) onto UiO-66 and UiO-
66-NH,; t = 240 min, Msorbent = 4.0 mg, Violution = 10 mL,
co=100mgL™", T=14°C

rationalized based on the surface charge of the sorbents. At
lower pH, the active sites on the sorbents are protonated
and positively charged. The positively charged U(VI) ions
are not favored by the positively charged active sites due to
the electrostatic repulsion effect, leading to a lower sorp-
tion capacity. As pH increases, the active sites become
deprotonated, and the electrostatic repulsion between the
binding groups and U(VI) ions diminishes and even dis-
appears. The coordination or hydrogen bonds interaction
incites an increase of the sorption capacity. On the other
hand, pH-induced U(VI) speciation may also be responsi-
ble for the pH-dependent sorption. It is well known that
with the increasing of pH, U(VI) species transform
gradually from free UO,?" to multi-nuclear hydroxide
complexes such as (UO,*T)3(OH)7 [26]. These hydroxide
complexes may be more favored by the sorbents. In the
following experiments, pH 5.5 4+ 0.1 was selected as the
appropriate condition for further investigation.

Effect of contact time

The U(VI) sorption on UiO-66 and UiO-66-NH, for U(VI)
as a function of contact time were shown in Fig. 3. The
U(V]) sorption on UiO-66 increased rapidly during the first
1 h and then gradually reached an equilibrium. For UiO-
66-NH,, the sorption kinetics is slower requiring about 4 h
to reach the equilibrium. The decreased surface area and
pore volume of UiO-66-NH, compared with UiO-66 might
be responsible for the slower sorption. It probably took
longer time for U(VI) ions to diffuse into the pore structure
of Ui0O-66-NH, and sorb onto the surface.

Two kinetic models, i.e. pseudo-first-order and pseudo-
second-order models were employed to describe the sorp-
tion process. The linear form of the two models can be
expressed as follows:.
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Fig. 3 Effect of contact time on the sorption of U(VI) onto UiO-66 and
UiO-66-NH,. pH 5.5 £ 0.1, migompen = 4.0 mg, Viouion = 10 mL,
co=100mg L™, and T = 14 °C

The pseudo-first-order Eq. (2):

In(ge — q) = Inge — kit (2)
The pseudo-second-order Eq. (3):

t 1 t

S T 3

a kG2 qe ®)

where ¢, and g, are the amounts of U(VI) ions adsorbed
(mg g~ ") at time ¢ (min) and equilibrium, respectively; k;
(min~") and k, (g mg™" min~") are the pseudo-first-order
and the pseudo-second-order sorption rate constants, re-
spectively. The kinetics data for both sorbents were fitted
by the two kinetics models and the parameters obtained
from the fitting are listed in Table 1. From the results it can
be seen that both pseudo-first and pseudo-second order
models reasonably match with the experimental kinetics
data for the both sorbents. However, the pseudo-second
order model gives much better correlation coefficient
(>0.99 for UiO-66 and >0.96 for UiO-66-NH,) and much
closer the sorption capacity (g.) to the experimentally ob-
served equilibrium capacity, suggesting that the pseudo-
second order model is more appropriate to explain the ki-
netics of U(VI) sorption onto the both sorbents. This result
gives a hint that the U(VI) sorption rate onto UiO-66 and
UiO-66-NH, is mainly controlled by the chemical reactions
between U(VI) and sorption site of the sorbents, the U(VI)
ions diffusion, however, also plays important role on the
rate determination.

Sorption isotherm

Equilibrium isotherm studies were carried out to evaluate
the maximum sorption capacity for U(VI), on UiO-66 and
UiO-66-NH, in which the initial concentrations of U(VI)
were varied from 5 to 120 mg L™" and the solution pH was
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Table 1 Kinetics model
constants and correlation

Pseudo-first-order

Pseudo-second-order

coefficients for U(VI) sorption ge (mg g_l) k; (min~™") R’ g. (mg g_l) ks (g mg_1 min~!) R?
by UiO-66 and UiO-66-NH,
Ui0-66 50.2 0.0095 0.965 101.0 0.0015 0.996
UiO-66-NH, 87.2 0.0100 0.923 109.9 0.0037 0.966

kept at 5.5 £ 0.1. The amount of sorbed U(VI) as a
function of equilibrium U(VI) concentration in aqueous
phase (C,) was shown in Fig. 4. It can be seen that the
sorption capacity for U(VI) onto the UiO-66 and UiO-66-
NH, increased gradually with the increase of the initial
U(VI) concentration and finally attained saturation sorp-
tion. Besides, the comparison shows that there is no sig-
nificant difference in U(VI) sorption on UiO-66 and UiO-
66-NH,.

The sorption data were applied to Langmuir and Fre-
undlich isotherm models to understand the sorption
mechanism. The Langmuir and Freundlich models are
expressed as Eqgs. (4) and (5), respectively:

Ce 1 Ce

- (4
ge bgm = gm )

1
Inge =InKr — —Inc, (5)
n

where ¢. (mg gfl) and c. (mg Lfl) are the amount of
sorbed adsorbate on the sorbent and the concentration of
adsorbate in the solution at equilibrium time, respectively.
The b (L mgfl) and Kf are the Langmuir and Freundlich
sorption isotherm model coefficient. The b is the constant
related to the free energy of adsorption and represents the
affinity of adsorbate and adsorbent, and the Kg is the
constant indicative of the relative adsorption capacity of
the absorbent (mg g~ '), respectively. The isotherm pa-
rameters calculated from the fitting are shown in Table 2. It
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Fig. 4 Effect of the initial U(VI) concentration on U(VI) sorption onto
Ui0-66 and UiO-66-NH,. pH 5.5 £ 0.1, ¢ =240 min, mgopen =
4.0 mg, Violution = 10 mL and T = 14 °C

is concluded from the higher correlation coefficients
(R? > 0.97) that the Langmuir equation fits the data better
than the Freundlich model for both UiO-66 and UiO-66-
NH, from which the maximum sorption capacity of UiO-
66 and UiO-66-NH, was evaluated as 109.9 and
114.9 mg g™, respectively. The Langmuir model indicates
that the sorbed U(VI) is uniformly distributed in a mono-
layer coverage of the surface of the sorbents.

In order to further understand the sorption mechanism,
the Dubinin—Radusckevich (D-R) isotherm was applied to
the sorption data to obtain the sorption free energy E. E
could be obtained by following formulas:

Ing.=InQ,, — ﬁsz (6)
8:RT1n<1+Ci€> (7)
E=(2p)"" (8)

where Q, (mol gfl) represents theoretical monolayer
saturation capacity; f (mol® kJ™2) is a constant correlated
to sorption energy. ¢ is Polanyi potential (kJ mol ') related
to the equilibrium concentration. R is the universal gas
constant [kJ (mol K)_l] and T is the absolute temperature
(K). By fitting the sorption data, The E values were
evaluated to be 14.7 and 14.2 kJ mol~" for UiO-66 and
UiO-66-NH,, respectively. It is deemed that the E value
located in the range of 1-8 kJ mol™' indicates that the
sorption process is dominated by physical sorption, while
the value located at 9—16 kJ mol~" implies that chemical
sorption is prominent. Therefore, it was concluded that
U(VI) sorption on both UiO-66 and UiO-66-NH, is of
chemical sorption mechanism.

Effect of ionic strength

The effect of ionic strength on the U(VI) sorption on UiO-
66 and UiO-66-NH, was studied in the presence of NaClO,
with concentrations varied from 10™* to 10~" mol L™,
This test is of great importance on account of assessing the
feasibility of a solid sorbent applied in the removal or re-
covery of U(VI) from wastewater with different concen-
tration salts. The results are shown in Fig. 5, it can be seen
that the U(VI) sorption on both UiO-66 and UiO-66-NH,
did not change significantly with the increase of the ionic
strength (even at the NaClO, concentration more than
0.1 mol L™"). The results are interesting and important,
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Table 2 Isotherm model

) Langmuir Freundlich
parameters for U(VI) sorption
by UiO-66 and UiO-66-NH, G (mg g1 b (L mg™h R’ Kr (mg g1 n R?
Ui0-66 109.9 0.21 0.99 29.3 3.26 0.98
UiO-66-NH, 114.9 0.12 0.97 25.1 3.07 0.96
180 | mm UiO-66
160 | 100 N ez UIO-66-NH2
140 | ; 80
"o 120} $ —
o 100 11‘ >
£ : B . o 60}
— 80} £
> 60 | o 40+
40+
= UiO-66 20+
20r o Ui0-66-NHo
0 1 1 1 1 1
0 10t 0% 0% 107 U Co Ni Zn Sr La NdSmGd Yb

ion concentration

Fig. 5 Effect of ion strength on the U(VI) sorption by UiO-66 and UiO-
66-NH,; pH 5.5 £ 0.1, =240 min, Mgopent = 4.0 Mg, Violution =
10 mL, and 7 = 14 °C

and are very different from that on functionalized meso-
porous silica, in which U(VI) sorption decreased sig-
nificantly with the increase of NaClO4 concentration [28].
It is well known that the salt concentration is very high in
wastewater or seawater. The independent ionic strength
sorption of U(VI) on the MOFs at high salt concentrations
is critical for the application of MOFs in wastewater
cleaning or recovery of U(VI) from seawater.

Selectivity test

The selectivity is another significant property for the
practical application of the materials. U(VI) sorption by
UiO-66 and UiO-66-NH, from the mimic waste water
containing various metal ions, including Zn*t, Cot, Ni*H,
Sr2+, Cr3+, La3+, Ce3+, Yb>* and Nd”, was examined at
pH 5.5 £ 0.1, to evaluate the selectivity of UiO-66 series
materials for U(VI). The result is shown in Fig. 6. It can be
seen that the uptake of U(VI) on UiO-66 and UiO-66-NH,
is as high as 108 and 104 mg g~ ', respectively, while that
of all other metal ions is less than 20 mg g~ .

It was clear that the competing ions used in the present
study have almost no significant influence on the uptake of
U(VD) by UiO-66 and UiO-66-NH, under the experimental
conditions used. The result of the selectivity test exhibits
the following affinity sequence: U(VI) > Yb’" >
Nd** > Sm>* > St > La’* > Gd’* > Co™" > Ni** >
Zn>* for Ui0-66 and UiO-66-NH,. The results, on the one
hand, suggest that both UiO-66 and UiO-66-NH, sorbents

@ Springer

Fig. 6 Competitive sorption of coexistent ions at pH 5.5 £ 0.1. The
initial concentration of all metal ions was 0.5 mmol L™

shows a desirable selectivity for U(VI) ions over a range of
competing metal ions. On the other hand, it is further
confirmed that ionic strength has negligible effects on the
U(V]) sorption by the MOFs sorbent.

Comparison and understanding of U(VI) sorption
by UiO-66 and UiO-66-NH,

From our previous published works [21, 26, 29, 30], it is
concluded that amino group always serve as soft donors for
actinides and have a better selectivity toward U(VI) over
other metal ions. In this work, however, there was no
significant improvement for the U(VI) on UiO-66 after
introduction of amino group. This probably can be ra-
tionalized from the following aspects: (1) Aromatic amines
are always less active for binding metal ions than aliphatic
amine, which maybe result from the steric hindrance of
aromatic rings. (2) It is can be seen from the Fig. 1b that a
peak split at ~ 1400 cm™' is a favorable evidence of in-
termolecular hydrogen bond occurring between carboxyl
and amino groups in the UiO-66-NH,. (3) The introduction
of amino group aroused the decrease of surface area (from
1382 to 1050 m* g~') and pore volume (from 0.55 to
0.36 cm® g~ ') of Ui0-66. All above issues could be re-
sponsible for the comparable U(VI) sorption by UiO-66
and its amine derivative.

Besides, the U(VI) sorption results from this work were
also compared with those for other previous reported
MOFs such as UiO-68, MOF-76 and MIL-101 series, as
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Table 3 A summary of U(VI) uptake by UiO-66 and its amine
derivative, as well as by other MOFs previously reported

Samples Saturation BET surface Pore
capacity area volume
mgg™H  (m*gh (em® g™

Ui0-66 109.9 1382 0.55

UiO-66-NH, 114.9 1050 0.36

MIL-101 [21] 20 3065 1.437

MIL-101-NH, [21] 90 1645 0.779

MIL-101-ED [21] 200 753 0.363

MIL-101-DETA [21] 350 1074 0.528

MOF-76 [20] 300° NM NM

Ui0-68 [19] 217° 1350 65.7 %°

? Value obtained at pH 3.0 but decreased to 100 at pH 5.5
® Value obtained at pH 2.5 but decreased to 152 at pH 5.0
¢ Solvent accessible volume calculated with PLATON

NM not measured

shown in Table 3. It is found that the sorption capacities
for UiO-66 and UiO-66-NH, are larger than MIL-101 and
MIL-101-NH,, but much lower than MIL-101-ED, MIL-
101-DETA, UiO-68 and MOEF-76. However, UiO-66 and
UiO-66-NH, were prepared by a simple solvothermal
method in one step, using commonly used reagents. That is,
the preparation of UiO-66 and UiO-66-NH, is simple and
low-cost unlike other functionalized MOFs. From this
point of view, UiO-66 and UiO-66-NH, will be promising
and applicable as effective sorbents for U(VI) removal
from waste water and/or U(VI) enrichment from seawater.

Conclusions

UiO-66 and UiO-66-NH, were prepared by a simple
solvothermal method using commonly used reagents and
were used as an efficient U(VI) sorbent from aqueous so-
lution. The efficiency was demonstrated by the fast sorp-
tion kinetics, large sorption capacity, ionic strength-
independence, and a desirable selectivity towards U(VI)
over a range of competing metal ions. However, the present
results suggested that the U(VI) sorption could not be en-
hanced by introduction of amino group into UiO-66,
probably due to the lower activity of aromatic amines,
decrease of surface area and formation of intermolecular
hydrogen bonds. This work provides new data for assessing
the feasibility of this MOFs applied in separation of U(VI)
from waste water and enrichment of U(VI) from seawater.
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