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Abstract Although metal-organic frameworks offer a
new platform for developing versatile sorption materials,
yet coordinating the functionality, structure and component
of these materials remains a great challenge. It depends on
a comprehensive knowledge of a “real sorption
mechanism”. Herein, a ternary mechanism for U(VI)
uptake in metal-organic frameworks was reported.
Analogous MIL-100s (Al, Fe, Cr) were prepared and
studied for their ability to sequestrate U(VI) from aqueous
solutions. As a result, MIL-100(Al) performed the best
among the tested materials, and MIL-100(Cr) performed
the worst. The nuclear magnetic resonance technique
combined with energy-dispersive X-ray spectroscopy and
zeta potential measurement reveal that U(VI) uptake in the
three metal-organic frameworks involves different
mechanisms. Specifically, hydrated uranyl ions form outer-
sphere complexes in the surface of MIL-100s (Al, Fe) by
exchanging with hydrogen ions of terminal hydroxyl
groups (Al-OH,, Fe-OH,), and/or, hydrated uranyl ions are
bound directly to AI(III) center in MIL-100(Al) through a
strong inner-sphere coordination. For MIL-100(Cr),
however, the U(VI) uptake is attributed to electrostatic
attraction. Besides, the sorption mechanism is also pH and
ionic strength dependent. The present study suggests that
changing metal center of metal-organic frameworks and
sorption conditions alters sorption mechanism, which helps
to construct effective metal-organic frameworks-based
sorbents for water purification.
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1 Introduction

Due to ever-increasing global energy consumption and
the increasingly prominent environmental issues in recent
years, it is increasingly urgent to find new non-fossil
energy sources [1]. Nuclear power is considered a “clean
energy” in view of none emission of greenhouse gases
and extremely high energy density that can meet the
growing energy demand of humanity [2,3]. At the same
time, however, various ecotoxic radionuclides from the
nuclear fuel cycle are released into the environment,
which causes a huge negative effect on the environment
and humanity health [4]. Therefore, novel materials and
technologies are anticipated to improve the nuclear fuel
cycle [5,6]. In particular, novel sorbents are critically
needed to extract uranium from waste streams and acid
mine drainages [7-9]. As such, a number of solid-phase
sorbents, such as porous carbon [10,11], metal oxides
[12], graphene oxides [13—15], and layered double
hydroxides [16,17], have been developed over the last
decades for the uptake of the radionuclides. Among these
sorbents, metal-organic frameworks (MOFs), also known
as porous coordination polymer, are becoming a new
favorite. MOFs are highly porous hybrid crystalline solids
consisting of central metal ions or clusters and organic
linkers. As emerging materials with extraordinary
porosity, tunable composition and excellent chemical and
structure stability resulting from the combined impacts of
their organic and inorganic moieties, MOFs are gaining
immense attention and showing a range of promising
applications in gas storage [18,19], separations [20-22],
sensing [23], catalysis [24], and drug delivery [25].
Moreover, these porous structures with pores of
molecular dimensions are associated with a series of
desirable properties such as low density, ultrahigh surface
area to mass ratio. Recently, MOFs as sorbents of
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radionuclides have been reported by us and others. Lin et al.
[26], for example, reported the highly porous Zr-based
MOFs UiO-68-(NH)(PO)(OELt), for U(VI) extraction. The
experimental results confirm that the MOFs can effec-
tively adsorb U(VI) and the saturation capacity reaches
217 mg-g! from water at pH = 2.5. Derivatives of MIL-
101 were utilized as sorbents to remove U(VI) from water
[27]. Amine functional groups on the frameworks of
MIL-101(Cr) greatly enhance the U(VI) uptake onto the
MOFs. Moreover, we reported, for the first time, a highly
efficient Th(IV) sorption with the carboxyl derivatives of
Ui0O-66 [28]. These results clearly present opportunities
for separating MOFs in radionuclides from wastewater.
Up to now, however, the questions of whether or not the
structure and component of MOFs correlates with their
adsorbability and selectivity towards certain radionuclides
has been rarely addressed. Very recently, we have
published a study on defect engineering of UiO-66 with
more active binding sites and more open frameworks for
U(V]) capture from wastewater [29]. It is found that
tailoring missing-linker defects drastically improves
U(V]) uptake in the MOFs. In this work, another key
issue affecting U(VI) uptake in MOFs has been
addressed, i.e., metal node. Several studies have already
proven that the adsorption properties of porous
isostructural MOFs can be greatly changed by modulating
center metals/clusters. Yoon et al. [30] for example,
proposed that very large differences in N, adsorption
occurred among the MIL-100(Cr), MIL-100(Al) and
MIL-100(Fe) MOFs. Tong et al. [31] reported that MIL-
100s (Fe, Cr) show very different dye capture behaviors.
MIL-100(Fe) can efficiently capture both the anionic
methyl orange (MO) and the cationic methylene blue
(MB) with rapid kinetics simultaneously, while MIL-
100(Cr) can selectively adsorb MB from an equal mass
MO-MB mixture. All of these works demonstrated metal
node effect on the adsorption properties of MOFs.
Although our recent work [32] had revealed the influence
of metal node on U(VI) uptake into MOFs, no data on the
metal ions adsorption has been published.

The work aims to characterize the relationship between
the metal nodes of MOFs and the mechanism of MOFs in
the realm of solid phase extraction of metal ions. To
achieve this aim, several analogous MOFs MIL-100s (Fe,
Cr, Al) were prepared and explored as sorbents to
sequestrate U(VI) from aqueous solution. U(VI) uptake in
these MOFs as a function of various parameters such as
time, pH, U(VI) concentration and ionic strength was
investigated in detail, and the results were carefully
compared. The mechanism of the U(VI) uptake in the
MOFs was studied in-depth based on nuclear magnetic
resonance (NMR), energy-dispersive X-ray spectroscopy
(EDS), and zeta potential measurement. According to the
above results, U(VI) uptake differs significantly in these
MOFs, and metal nodes play a critical role in affecting
the sorption mechanism of U(VI) into MOFs.
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2 Experimental

2.1 Synthesis of MIL-100s (Fe, Cr, Al)

MIL-100s (Al, Fe, Cr) were prepared according to the
protocol from the previously reported works [33—35] with
some modifications in synthesis condition. Specially,
MIL-100(Al) was prepared in a teflon-lined autoclave
(100 mL) by mixing AI(NO;);-9H,0 (1.74 g), trimethyl-
1,3,5-benzenetricarboxylate (0.78 g), and 4 mol-L™!
HNO, (1.55 mL) in deionized water (25.2 mL). The
initial pH was adjusted to 0.57 using HNO; solution, and
the final pH was 1.85. The mixture was heated at 433 K
for 12 h. After cooling, filtration, twice wash with water,
and drying at room temperature, the yellowish product
was obtained.

MIL-100(Fe) was prepared by mixing Fe(NO,);-9H,0
(2.424 g) and trimesic acid (0.84 g) in water (6 mL). The
reaction mixture was heated at 433 K for 12 h in a teflon-
lined autoclave, and the final pH was 0.04. The product
was collected following filtration, twice wash with water,
and drying at room temperature.

MIL-100(Cr) was prepared by mixing CrO; (0.5 g),
trimesic acid (1.05 g), and 5 mol-L~! hydrofluoric acid
solution (1.0 mL) in deionized water (24 mL). The slurry
was stirred for a few minutes at room temperature and
then decanted into a teflon-lined autoclave (100 mL) at
493 K for 96 h. The resulting green solid was washed
with deionized water and ethanol and dried at room
temperature under air atmosphere. To remove both the
possible excess of metal ions and unreacted ligand, all the
MOFs were washed in hot water at 343 K for 6 h and in
hot ethanol at 343 K for 4 h, respectively.

2.2 Characterization of MIL-100s (Fe, Cr, Al)

The crystallinity was tested by powder X-ray diffraction
(PXRD) with a Bruker AXS-D8 Advance diffractometer
with a graphite monochromator, operating with Cu-Ka (4=
1.541 A, 40.0 kV, 40.0 mA) radiation in Bragg—Brentano
geometry. The microstructures of the MOFs were
characterized by a field-emission scanning electron
microscope (Hitachi S-4800, Japan), and the chemical
component analysis was performed by EDS (Horiba7593-
H model). The zeta potentials were measured by dynamic
light scattering method using a Zetasizer Nano ZS90
(Malvern Instruments, UK) over a pH range of 2.0 to 7.0.
Thermogravimetric analysis (TGA) was carried out in air
atmosphere with a heating rate of 10 °C'min!. N,
adsorption/desorption isotherms at 77 K were measured
with an ASAP 2020 (Micromeritics). Prior to sorption
measurements, the MIL-100(M) samples were outgassed
for 6 h at 523 K with a turbo molecular pump vacuum.
The Brunauer—-Emmett-Teller (BET) area was determined
from adsorption data in the relative pressure range from
0.03 to 0.2 using the BET equation. The total pore volume
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was calculated from the amount adsorbed at a relative
pressure of 0.97 and the pore size distribution was
obtained using the non-local density functional theory
method. The 2’Al magic angle spinning NMR spectra
were obtained at a resonance frequency of 130.3 MHz
using a Bruker Avance 500 MHz spectrometer. Chemical
shifts are referenced to 1 mol-L™! aqueous Al(NOy);.

2.3 Batch sorption studies

U(V]) uptake in MIL-100(M) was performed by batch
method at room temperature using 25 mL beaker. The
effect of initial U(VI) concentration, equilibrium time,
pH, temperature, ionic strength and competing ions were
examined in detail. The U(VI) concentration used was
within the range of 5-200 mg-L~!. The solution pH was
adjusted using 0.1 mol-L~! HNO; or NaOH solution, and
the ionic strength was controlled by adding a required
amount of NaClO,. The detailed experimental conditions
are presented in the related figure captions for clear
identification. The solutions were withdrawn from the
flasks and separated from the solids by centrifugation.
Then the initial and the residual concentration of tested
ion(s) in supernatants were determined by inductively
coupled plasma optical emission spectroscopy (Horiba
Jobin Yvon). The uptake amount (Q., mg-g~') of metal
ions and the distribution coefficient K, are calculated as:

(Cy—-C)xV
Q. = ————, ©)
m
Kd:%XK’ 2)
C. m

where C, (mg-L7") is the initial concentration of metal
ion, C, (mg-L™") is the equilibrium concentration, ¥ (L) is
the volume of the testing solution and m (g) is sorbent
dose. The solid-liquid experiment was repeated at least
three times for each adsorption data with the uncertainty
within 5%.

3 Results and discussion

3.1 Structural description of MIL-100s (Al Cr, Fe)

MIL-100(M) (M = Al, Cr, Fe) is a metal(IlI) carboxylate
built from trimers of metal octahedral sharing one oxygen
atom and linked by rigid trimesate ligands (Fig. S1, cf.
Electronic Supplementary Material, ESM). Each M;0
node in MIL-100s (Al, Cr, Fe) is connected to six ligands
and each node possess three coordination unsaturated
sites (CUS). To complete the metal-coordination sphere,
the terminal hydroxyl group or water molecule or F
element is indispensable considering the presence of CUS
in the MOFs. For MIL-100(Al), all the unsaturated sites
were occupied as evidenced by 2’Al NMR (see later
discussion) [36], while the nature of the terminal groups

Front. Chem. Sci. Eng. 2022, 16(11): 1632—1642

(-F/~OH/~OH,") is dependent on the synthesis conditions.
The highly porous three-dimensional framework (Sgey up
to 3100 m>-g!, V,=12 em?-g 1) possesses two types of
mesoporous cages created by the assembly of superte-
trahedra (25 and 29 A) accessing through microporous
windows of 4.7 x 5.4 and 8.8 A (Fig. S1) [33-35]. It is
worth mentioning that both the mesoporous cages and the
micropore window allow uranyl ions to freely diffuse into
the MOF, thus facilitating the U(VI) uptake in it.

3.2 Physicochemical properties of MIL-100s (Al Cr, Fe)

The results of characterization of the as-synthesized MIL-
100s are shown in Fig. 1. According to the PXRD
patterns, the tested MIL-100s have the same skeleton
topology and Bragg peaks with the simulated file (Fig. 1(a))
except for some changes in intensity which may result
from different synthesis conditions. As the three MOFs
(MIL-100s (Al, Fe, Cr)) were synthesized under harsh
conditions, the water stability of these MOFs could be
anticipated. After exposure in 0.1 mol-L~! HCI solution
for 24 h, for example, the framework of all the three
MOFs keep stable as evidenced by PXRD in Fig. S2 (cf.
ESM). The three materials can also maintain a high
degree of crystallinity after uranium adsorption which
verifies the high stability of the structure of MIL-100s
(Fig. S3, cf. ESM). Thermal analysis for the MOFs
reveals that MIL-100(Al) is much more stable upon
heating than MIL-100(Fe) and MIL-100(Cr) (Fig. 1(b)).
The initial weight loss (< 300 °C for MIL-100s (Fe, Cr)
and < 500 °C for MIL-100(Al)) was attributed to the
departures of free and bound water in the framework,
followed by decomposition of the ligands. The thermal
stability decreased in the order of MIL-100(Al) > MIL-
100(Cr) > MIL-100(Fe) with the final products of Al,O,
Cr,0, and Fe,0; respectively. This degradation tendency
is in line with the strength of metal-oxygen bond in
AlO;, Cr,0;, and Fe,0, and thus can be rationalized by
the strength of metal-oxygen bond in the MOFs [37]. The
N, sorption isotherm on the fully evacuated analogous
MIL-100 samples (Fig. 1(c)) showed clear type I nature
with a slight secondary uptake, indicating the presence of
micropores in these MOFs. The three MOFs have similar
Langmuir surface area from 1670 to 1980 m?-g~!, and
similar pore volume from 0.78 to 0.90 cm’-g7!,
respectively (Table S1, cf. ESM), which is in agreement
with the isostructuralism of these MOFs. Moreover, the
large specific surface area is highly advantageous for
uptake of metal ions since enough contact of metal ions
with the sorbents is guaranteed.

3.3 Screening of MIL-MOFs for sequestration of U(VI)
ions

The adsorptivity of MOFs materials towards U(VI) ions
in aqueous solution had been investigated, as shown in
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Fig.1 Characterizations of the MIL-100 samples. (a) PXRD
patterns; (b) TGA curves; (c) N, adsorption and desorption
isotherms.

Fig. 2. For the sake of comparison, MIL-101(Cr) [38]
(containing similar Cr;O-nodes with MIL-100(Cr) and
bridged by 1,4-benzene-dicarboxylate linkers, Fig. S1)
and MIL-96(Al) [39] (with the same precursor materials
as MIL-100(Al), Fig. S1) were also synthesized and
tested as U(VI) sorbents. The results (Fig. 2(a)) showed
that for the two Cr-based MOFs, i.e., MIL-101(Cr) and
MIL-100(Cr), almost no U(VI) uptake occurred
regardless of the topologies. For the two Al-based MOFs,
however, the U(VI) uptake in MIL-100(Al) was 10 times
larger than that in MIL-96(Al) at the same condition,
which verifies the visible effect of the topology. This
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result also suggests that the U(VI) uptake in MOF
sorbents is both metal node and topology dependent. The
topology dependence (Fig. S4, cf. ESM) can be
rationalized by the fact that MIL-100(Al) has more open
pore structure and larger accessible pore volume than
MIL-96(Al) (Fig. S1) and consequentially a higher U(VI)
uptake. The effect of metal node, however, cannot be
rationalized easily. This inspired us to characterize the
relationship between the metal node of MOFs and the
mechanism of MOFs in the realm of U(VI) uptake. To
achieve this aim, considering that these MOFs have the
same topology but different metal nodes, the U(VI)
uptake in MIL-100s (Cr, Fe, Al) was further investigated.

3.3.1 Effect of pH

Solution pH is an important parameter for solid phase
extraction of U(VI) ions due to both pH-dependent
speciation of U(VI) and pH-dependent surface charge of
sorbent. Herein, the pH effect was assessed by U(VI)
uptake in MIL-100s (Al Fe, Cr) at pH values ranging
from 2.0 to 6.0 with an initial U(VI) concentration of 100
mg-L~'. The result is shown in Fig. 2(b). It is apparent
that the U(VI) uptake into the three MOFs is highly pH
dependent. In the tested pH range, the amount of U(VI)
uptake greatly grew with the increase of the solution pH.
The extremely low U(VI) uptake at low pH can be
attributed to the positive charged surface of the MOFs as
evidenced by =zeta potential measurement, and the
presence of excessive H" in MOFs that can compete with
U(V]) to interact with the sorbent. When the solution pH
increases, the electrostatic repulsion between U(VI) and
the sorbent surface decreases and less H' ions are
available to compete with the U(VI) for active binding
sites, thus allowing the U(VI) uptake to increase. Besides,
the speciation of U(VI) is also responsible for the pH-
dependent U(VI) uptake. According to our previous
works, the distribution of U(VI) species shows clear
dependency on both pH values and U(VI) total
concentration (Fig. S5, cf. ESM). At pH > 5.0 and U(VI)
concentration of 5.0 x 10~ mol-L™!, for example, U022+
underwent hydrolysis, and multinuclear hydroxide
complexes were the dominant species. These multinuclear
hydroxides may be more favored by the MOF sorbents,
thus leading to a pH-induced increase of the U(VI)
uptake. In addition to demonstrating the pH-dependence,
the data in Fig. 2(b) clearly show different performance
of the three MOFs in the U(VI) uptake at various pH. For
MIL-100(Al), the U(VI) uptake greatly increased when
the pH value changed from 2 to 4 and then almost
reached a plateau at pH > 4. By contrast, for MIL-100s
(Fe, Cr), the U(VI) uptake slowly increased before a
sharp rise at pH > 4. Such a result seems to give a hint
that the U(VI) uptake in the three MOFs involves
different mechanism, which will be discussed in detail in
the last section.
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3.3.2 Adsorption kinetics

To determine the sorption rate, the U(VI) sorption
kinetics onto the three isostructural MIL-100s (Al, Fe, Cr)
was performed at a time range of 5-960 min. As shown in
Fig. 2(c), the sorption amounts of U(VI) on the three
MOFs increased rapidly at the first 10 min and then
reached equilibrium for MIL-100(Cr) and further
increased slowly for MIL-100s (Al, Fe) until equilibrium
at 6 h. The fast U(VI) sorption at the initial stage can be
attributed to the rapid diffusion of U(VI) caused by the
porous structure of the sorbents, and slow U(VI) sorption
at the second stage for MIL-100s (Al, Fe) is related to
chemisorption. Given the lack of the sorption sites, it is
understandable that no further U(VI) sorption occurred
for MIL-100(Cr) after 10 min.

To further understand the sorption kinetics. Pseudo-
first-order [40] and pseudo-second-order [41] kinetics
models were used to analyze the sorption data. The
kinetic parameters and correlation coefficients are
summarized in Fig. S6 (cf. ESM) and Table S2 (cf.
ESM). For MIL-100(Al) and MIL-100(Fe), the pseudo-
second-order model matches well with the experimental
data with a high correlation coefficient of more than 0.99.
The ¢, values calculated by the model are very close to

the experimentally observed equilibrium data, which
indicates that the U(VI) sorption onto MIL-100s (Al, Fe)
involves a chemisorption process. For MIL-100(Cr), it
makes no sense to discuss much about the fitting result
since the U(VI) uptake is too low.

3.3.3 Sorption isotherms

To further characterize the trend of U(VI) uptake onto the
three isostructural MIL-100s, the sorption isotherms of
U(V]) onto these MOFs at the various initial U(VI)
concentration ([U],...) from 5 to 200 mg-L' was
performed at room temperature with a constant contact
time of 6 h. The results are shown in Fig. 2(d). It can
be seen that although little U(VI) sorption (less than
35 mg-g!) onto MIL-100(Cr) occurred at the whole
range of C,, the U(VI) uptake onto MIL-100s (Al, Fe)
increased rapidly with C, increasing from 5 to 100 mg-L™!
and the increase slowed appreciably until the sorption
saturation was maintained at C, =150 mg-L~!. Sorption
capacities up to 210 and 115 mg of U(VI) per gram of
MOFs were observed for MIL-100(Al) and MIL-100(Fe),
respectively. These values are clearly higher than that
observed for MIL-100(Cr). That is, the U(VI) uptake onto
the three isostructural MIL-100s follows a clear trend of
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MIL-100(Al) > MIL-100(Fe) > MIL-100(Cr).

To better understand the sorption mode of U(VI) in
these MOF sorbents, two commonly used models, i.e.,
Langmuir isotherm [42,43] and Freundlich isotherm
[34,42] model, were applied to fit the sorption data. The
fitting plots as well as parameters obtained from the
models are presented in Fig. S7 (cf. ESM) and Table S3
(cf. ESM). Based on the value of the correlation
coefficient (R?), it could be concluded that Langmuir
model rather than Freundlich model is suitable to describe
the U(VI) sorption onto MIL-100(Al) and MIL-100(Fe),
designating a monolayer uniform sorption mode. The
maximum sorption capacities up to 212.8 and 116.3 mg
U(VI) per gram of MOFs were calculated for MIL-
100(Al), and MIL-100(Fe), respectively, corresponding
to 0.5 and 0.32 uranyl ions adsorbed per node in the
MOFs, respectively (Table S4, cf. ESM). For MIL-
100(Cr), the sorption data fits well with both the
Langmuir and Freundlich models (R? > 0.99), suggesting
a complex sorption mode. Again, it makes no sense to
discuss much about the fitting result since the U(VI)
uptake is too low.

3.3.4 Effect of ion strength

Given that wastewater always contains various kinds of
ions, the ability to maintain high efficiencies towards
specific metal ions even at high ionic strength is one of
the most important factors when evaluating a sorbent for
water treatment applications, as shown in Fig. 3. Herein,
the effect of ionic strength on U(VI) uptake by these
MOF sorbents was assessed by varying NaClO,
concentration from 0.1 to 1 mol-L ™!, and the results were
compared with that in the absence of NaClO, (Fig. 3(a)).
It is clear that at low NaClO, concentration of less than
0.2 mol-L™!, the U(VI) uptake in all the three MOFs was
independent of ionic strength related to the NaClO,
concentration. When the NaClO, concentration was
further increased, the amount of U(VI) sorbed in MIL-
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100(Fe) and MIL-100(Cr) still kept constant, whereas for
MIL-100(Al), an abnormal increase of U(VI) uptake was
observed. The ionic strength independent sorption can be
rationalized from the viewpoint of complexation. That is,
inner-sphere complexation occurs during the U(VI)
sorption in the MOF sorbents, which is consistent with
previously reported work [44] and also can be evidenced
by the 2’Al NMR characterization (see later discussion).
Besides, we concluded that the abnormal increase of
U(VI) uptake is mainly attributed to the ion exchange
between U(VI) and Na® and/or the electrostatic
interaction between U(VI) and ClO,” (see later
discussion). Whatever, the above results are interesting
and important. At NaClO, concentration of 1 mol-L™!, the
mole ration of Na* to U(VI) is ca. 2380. Despite this, the
MOF sorbents maintain high sorption efficiencies
towards U(VI), reflecting excellent anti-interference
ability of these materials.

3.3.5 Effect of competing cations

Encouraged by the results above, we then assessed
selectivity of these MOFs towards U(VI) over common
metal cations. Given that alkaline earth metal ions,
transition metal ions and rare earth metal ions always
occur as common cations in various wastewaters, the
selectivity test was carried out using a solution containing
Zn**, Cr**, P, Sr?*, Ni*, Co?’, Yb*', and UO,*", in
which the concentration of all the metal ions was identical
to 0.5 mmol-L~!. The results are shown in Fig. 3(b). The
adsorption performance of MIL-100(Cr) for uranium does
not exceed 40 mg-g~! at pH 5.0, so it is not meaningful to
discuss the selectivity of this MOF. Therefore, only the
selectivity of MIL-100(Al) and MIL-100(Fe) is discussed
below. As can be seen, at pH 5.0, both MIL-100(Fe) and
MIL-100(Al) maintained very high sorption efficiencies
towards U(VI) with uptake amount of 101 and 149 mg-g ™!,
respectively. These values are comparable with that in the
single metal sorption experiments (120 and 165 mg-g™!,
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respectively), which further confirms the excellent anti-
interference ability of these MOF sorbents. However,
besides U(VI), a certain amount of Cr’>*, Yb>" and Pb>*
were simultaneously sorbed at such a pH. For Pb%*, for
example, the sorption amount in MIL-100(Al) reached
60 mg-g~'. When pH was decreased to 3.0, however, a
high U(VI) uptake of 92 mg-g™' in MIL-100(Al) was
maintained. By contrast, almost no other metal ions
including Pb?" were sorbed, suggesting the excellent
selectivity of the MOFs towards U(VI). In other words,
the MOF sorbents show desirable selectivity towards
U(VI]) at a lower pH.

3.4 Mechanism proposal

Generally speaking, physical sorption or chemical
bonding or both contribute to metal ion uptake onto a
specific sorbent, depending on the type of interaction
between sorbent and adsorbate [45]. To understand the
U(VI) sorption mode onto MIL-100s (Al, Fe, Cr), these
pristine MOFs and the U(VI)-loaded samples had been
comparatively characterized (Fig.4). Figure 4(a) shows
the zeta potential of the three MOFs as function of
solution pH. As can be seen, the surface charge for all the
three MOFs became more negative with the increase of
pH. The point of zero charge (pH,,.) values of 5.8, 4.2

pzc
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and 3.5 were observed for MIL-100(Al), MIL-100(Fe),
and MIL-100(Cr), respectively [46]. That is, at the same
pH, MIL-100(Cr) shows the most negative charged
surface among the three MOF's, while MIL-100(Al) is the
least. This result is opposite to what would be expected
from the sorption capacities (Fig. S8, cf. ESM), which
clearly suggests that electrostatic attraction is not the
reason for the U(VI) sorption onto MIL-100(Al) and
MIL-100(Fe), although it is likely the main mechanism
for MIL-100(Cr).

We then turned our attention to the functional groups
on the surface of the MOFs. As is well known, MIL-100s
present abundant of coordinated unsaturated sites, which
necessitates the hydroxo or aquo groups to complete the
metal-coordination sphere, thus forming terminal
hydroxyl groups (=S-OH) [47,48] (S here represents
metal node of MIL-100). It is documented that the
terminal groups can be easily removed and the
unsaturated sites are re-exposed following high-
temperature vacuum heating [36], leading to a peak
between 25 and 40 ppm (107°) on solid 2’Al NMR related
to 5-coordinated aluminum species [35,36]. Under the
conditions of synthesis and sorption in this work,
however, there is no 2’Al NMR peaks in the range of
25-40 ppm (Fig. 4(b)), indicating that the terminal
hydroxyl groups always occur in the surface of MIL-

®) ——U@MIL-100(A1)

——MIL-100(Al)

20 15 10 5 0
Al NMR shift

=5 =10 =15 20|

P .

e v A
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Fig. 4 (a) Zeta Potential of MIL-100; (b) 2’Al NMR spectra of pristine MIL-100(Al) (dark line) and after uranyl ion adsorption (red
line); (c) fitting line of 27 A1 NMR spectra of pristine MIL-100(Al); (d) after adsorption of U(VI).
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100(Al) and act as functional groups. These surface
hydroxyl groups undergo protonation and deprotonation
as follows depending on the ambient environments,
which contributes to U(VI) uptake in different ways.

=SOH+H" & = SOH, 3)

=SO H" & =SO" +H" @)

At a lower pH, for example pH < 5.0, the protonation
of the hydroxyl groups in the MOF surface occurs. As an
evidence, the pH of the reaction solution during synthesis
of MIL-100(Al) is gradually increased from 0.57 to 1.85,
suggesting that a considerable amount of H" was sorbed
by the MOFs. As another evidence, MIL-100(Al) exhibits
positively charged surface until pH 5.8 (Fig. 4(a)) until
pH,, is reached. Since MIL-100(Al) efficiently sorb
U(VD) in the pH range of 2-5.8 (Fig. 2(b)), we consider
that the mechanism involves direct exchange of U(VI)
cation with H* as follows:

=Al-OH; +M* &= AlI-OH-M"*+H" Q)
where M denotes U(VI) cation in the form of UO,>*
hydrate and hydroxide complex such as (UO,),(OH),>"
and (UO,);(OH);". In this case, as pH increases, the
reduction of H™ in solution promotes the exchange
balance from left to right, thus leading to an enhanced
U(VI) uptake. Moreover, when sodium ions (Na*) are
present in the system, for example, in the ion strength
experiment, the H" in the MOF surface is initially
replaced by Na* and then the Na™ is exchanged by U(VI)
cation:

=SO H*+Na" &»=SO Na"+H" (6)
=SO Na"+M" & =SO M +Na* @)

The formation of ion pairs facilitates the exchange of
U(VI) cations into the MOFs, thus resulting in an
abnormal increase of U(VI) uptake with the rise of ion
strength (Fig. 3(a)).

At a middle pH, such as pH 5-6, there is no too many
exchangeable H" since it is near pH,,, of MIL-100(Al).
At this time, it is believed that the U(VI) uptake in MIL-
100(Al) occurs through coordination between the surface
hydroxyl groups and U(VI). To confirm this, 2’Al NMR
spectra for MIL-100(Al) (Figs. 4(b—d)) before and after
U(VI) were recorded and compared. It is found that the
NMR peak of MIL-100(Al) remained intact as a whole
following U(VI) uptake, but a new peak of Al at 3 ppm
appears as shown in Figs. 4(c) and 4(d). This result gives
a hint that there is strong interaction between the Al and
uranyl ion, which results in the charge transfer of Al
species and consequentially causes part of the Al peak to
move to the high field in the 2’Al NMR. In other words,
the inner-sphere U(VI) complexes are formed on the
surface of MIL-100(Al) under in this pH region. The
coordination interaction clearly enhances the affinity of
MOFs towards U(VI), thus yielding sharper isotherm
curves of MIL-100(Al) at lower uranyl equilibrium
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concentrations (Fig. 2(d)).

At a higher pH, such as pH > 6, all the three MOFs
show negatively charged surface, which is probably
resulted from the deprotonation of the surface hydroxyl
groups (Eq. (8)). Besides, it is reported that the Cr-center
metal cluster in MIL-101(Cr) dissociates protons from the
water ligand (Cr—OH,) leaving a negatively charged
hydroxyl group (Cr—OH") [49]. In this case, whatever, the
U(VI) uptake mainly occurs through electrostatic
attraction between negatively charged surface and
positive U(VI) ions until U(VI) ions become negative
species at a higher pH:

=S-OH&=S-0 +H* )

=Cr-OH, &=Cr-OH +H" 9)
Considering all of the above discussions, it is apparent
that the overall sorption of U(VI) onto MIL-100s (Cr, Fe,
Al) must be described by a combination of three
processes: ion exchange (Egs. (5)—(7)), coordination
interaction, and electrostatic attraction. Their relative
importance is determined by the aqueous acidity, ionic
strength, and metal node of the MOFs. To the best of our
knowledge, such a ternary (i.e., three-path) sorption
mechanism has rarely counterpart in traditional solid-
phase extraction systems employing functional porous
materials as metal ions sorbents. This is also one of the
few studies on the effect of open metal sites on the
adsorptivity of MOFs towards metal ions.

4 Conclusions

Taking U(VI) sorption onto MIL-100s (Al, Fe, Cr) as
examples, for the first time, analogous MOFs for efficient
water purification by tuning the center metal ions of the
frameworks was reported. MIL-100(Al) shows good
performance on U(VI) capture from aqueous solution
with rapid kinetics and high capacities, while analogous
MOFs MIL-100(Cr) is the worst. The findings of this
work prove that not all of the MOFs crystals are efficient
for sorption application due to the activity difference of
terminal metal hydrates, and thus modulating the center
metal ions of the frameworks provides an effective way to
improve the sorption performance. The U(VI) uptake on
the three MOFs was confirmed to involve a ternary (i.e.,
three-path) sorption mechanism, i.e., ion exchange,
coordination interaction, and electrostatic attraction,
which has rarely counterpart in traditional solid-phase
extraction systems employing functional porous materials
as metal ions sorbents. This work offers a new strategy
for designing highly-efficient sorbents by varying metal
ions/clusters of MOFs, which is also helpful to better
understand the correlation between the structure and
activity of MOFs as a sorbent. On the other hand,
however, this work also leads to some new issues such as
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origins of the activity difference of terminal metal
hydrates in MOFs. Therefore, computational efforts in
our laboratory being focused on those challenging
unknowns are in progress.
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