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Two lanthanide-based metal-organic frameworks
for highly efficient adsorption and removal of
fluoride ions from watery

Aiging Ma,? Fei Ke,+** Jing Jiang,” Qiaoyu Yuan,® Zhidong Luo,?
Jiangiang Liu *2 and Abhinav Kumar ¢

The contamination of water with fluoride (F") is a source of mounting concern for global public health, and
the removal of fluoride is quite important and challenging. In this study, two new lanthanide-based metal-
organic frameworks (MOFs), {[Ce(L1)q 5(NO3)(H,0),]-2DMF} (1) and [Eusz(L2),(OH)(DMF)g 22(H,0)s5 7gl-guest (2)
(H4l1 = 2,5-di(3',5'-dicarboxylphenyl)benzene and HyL2 = 3,5-bis(isophthalic acid)-1H-1,2,4-triazole) are
designed, synthesized and characterized. Both MOFs are tested for their adsorption capacity for fluoride
ions and different uptake times from contaminated water. The investigation indicates that 1 displays a much
higher adsorption capacity (103.95 mg g™%) and faster uptake rates (1.79 g mg™* min™) for fluoride ion than
that of 2. The presented investigation is the first report in which lanthanide-based MOFs are used for the
removal of fluoride ions from water.

rsc.li/crystengcomm

Introduction

The enormous industrialization and rapid techno-economic
growth in the human civilization have led to environmental
pollution, which may lead to the accumulation of toxic ele-
ments in living organisms and cause an impending global cri-
sis since these unwanted accumulations induce several bio-
logical disorders and diseases." Currently, fluoride ion is one
of the most abundant contaminants in water. Fluoride, a
double-edged sword in drinking water, is one of the essential
trace elements for the human body.> However, excessive up-
take of fluoride can lead to serious health problems, such as
dental caries and skeletal fluorosis.” The maximum permissi-
ble fluoride concentration level of 1.5 mg L™ in drinking wa-
ter has been recommended by the World Health Organization
(WHO)."* However, the fluoride concentration has been found
to be as high as 30 mg L™ in more than 25 countries from Af-
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rica, Europe and America.’ In this regard, fluoride remedia-
tion has been an active field of research for a long time. To
date, a variety of technologies and methods have been pro-
posed for the removal of unwarranted fluoride from water, in-
cluding ion-exchange, chemical precipitation, membrane-
based processes, and adsorption.®” Owing to its simple opera-
tion, effectiveness and low cost, the adsorption method is
considered as one of the most promising and applicable ap-
proaches for defluoridation.® Consequently, numerous adsor-
bents, such as activated alumina,’ zirconium-based sor-
bents,'® calcium-based sorbents,'* and iron-based sorbents,'>
have been used for effective fluoride removal from water. In
addition to these inorganic adsorbents, multivalent
lanthanide-based rare-earth metal composites have high spe-
cific affinity for undergoing complexation with fluoride due
to their hard acid nature, for example, Fe-Al-Ce trimestral hy-
drous oxide,"® Mn-La bimetal composite,"* and La-loaded
magnetic cationic hydrogel.’> Although these lanthanide-
based inorganic adsorbents possess a positive charge, the sur-
face area of these adsorbents are very low which thereby re-
sults in a low fluoride adsorption capacity. Therefore, there is
still plenty of scope to explore the unfulfilled potentials of
lanthanide-based complexes for the development of high ca-
pacity fluoride adsorbents.

As a class of newly developed porous materials, metal-or-
ganic frameworks (MOFs), which are conventionally designed
and constructed using a large number of metal ions/clusters
and organic ligands through coordination bonds, are consid-
ered as an attractive alternative platform for the adsorptive
capture and removal of fluoride-containing species.'

This journal is © The Royal Society of Chemistry 2017
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Compared with traditional porous materials, the interest in
MOFs-based materials arises because of their extraordinarily
high porosities, diverse functional sites, and easy modulation
of their pore size, which is achieved by changing the connec-
tivity of the inorganic vertices and the organic braces.'”” These
distinct characteristics make them very promising for a wide
variety of potential applications,"® " such as catalysis,'® gas
storage and separation," and drug delivery.*’ In terms of the
adsorption of hazardous molecules and ions from aqueous
solution, MOFs are promising materials for adsorption-
related applications because the size, shape and composition
of their pores can be controlled for the uptake of specific haz-
ardous molecules.>” Some porous MOFs have been explored
for the removal of hazardous materials and they showed ex-
cellent adsorption abilities and selectivity.> However, most
reports concerning the adsorption and removal of contami-
nants from water using MOFs are limited to heavy metal
ions, organic dyes, oil droplets, and toxic sulfur-containing
compounds.”*’ To date, sporadic pioneering studies have
been reported for the removal of fluoride using MOFs as ad-
sorbents (e.g., AlFu MOF,*® Ui0-66-NH,,>* MIL-88(Fe),*° and
MIL-96(Al)*"). However, to the best of our knowledge, there is
no report on the utilization of lanthanide-based MOFs as ad-
sorbents to remove fluoride from water.

Considering the abovementioned facts and in the quest
of new lanthanide-based MOFs that may act as efficient
adsorbents of fluoride two MOFs, {[Ce(L1),5(NO3z)(H,0),]
2DMF} (1) and [Eus(L2),(OH)(DMF), 5,(H,0)s 5¢]-guest (2)
(H,L1 = 2,5-di(3',5-dicarboxylphenyl)benzene and H,L2 =
3,5-bis(isophthalic acid)-1H-1,2,4-triazole) (Scheme S17),
were designed, characterized and synthesized and their
possible application as adsorbents for fluoride were ex-
plored, and the results of these investigations are
presented herein.

Experimental
Materials and methods

All purchased chemicals were used without further purifica-
tion. Powder X-ray diffraction (PXRD) data was collected on a
Bruker D8 ADVANCE X-ray diffractometer with Cu-Ko radia-
tion (4 = 1.5418 A) at 50 kv, and 20 mA with a scanning rate
of 6° min™" and a step size of 0.02°. Fourier transform infra-
red (FT-IR) spectra were measured using a Nicolet Impact
750 FTIR in the range of 400-4000 cm ' and KBr pellets.
Thermogravimetric analyses were performed under N, atmo-
sphere from room temperature to 650 °C at a heating rate of
10 °C min™", using an SDT Q600 thermogravimetric analyzer.
The fluoride ion stock solution (500 ppm) was prepared by
dissolving NaF in deionized water, and the test solutions
(12.5 to 400 ppm) were made by the subsequent dilution of
the fluoride stock solution with deionized water.

X-ray crystallography

Single crystal X-ray diffraction data were collected on a
Bruker SMART APEX diffractometer equipped with a graphite
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monochromated MoKa. radiation source (4 = 0.71073 A) using
the w-scan technique. The intensities were corrected for ab-
sorption effects using SADABS. The structures were solved by
direct methods (SHLEXL-2014)** and refined by a full-matrix
least-squares procedure based on F>. All the hydrogen atoms
were generated geometrically and refined isotropically using
the riding model. All non-hydrogen atoms were refined with
anisotropic displacement parameters. In 1, the free DMF sol-
vent molecules are disordered, and the attempts to locate
and refine all the solvent molecule peaks were unsuccessful.
Diffused electron densities resulting from these solvent mole-
cules were removed from the data set using the SQUEEZE
routine of PLATON and refined further using the data gener-
ated. The contents of the removed solvent region are not rep-
resented in the unit cell contents in the crystal data. The fi-
nal formula of 1 from the SQUEEZE results was determined
in combination  with elemental analysis and
thermogravimetric analysis data. The crystallographic details
and selected bond dimensions for 1 are listed in Tables S2
and S3.7 CCDC: 1518722 for 1.

Syntheses of 1-2

{[Ce(L1)y.5(NO3)(H,0),]-2DMF} (1). A mixture of Ce(NO;),
-6H,O (0.15 mmol) and 2,5-di(3',5-dicarboxylphenyl)benzene
(0.005 mmol) was dissolved in DMF (2 mL) in a screw-capped
vial. Then, three drops of HNO; (65%, aq) were added to the
mixture. The vial was capped and placed in an oven at 105 °C
for 72 h. Crystals were obtained and air-dried (yield 25%,
based on Ce). IR (KBr): 3126 (m), 2358 (m), 1650 (v), 1524
(m), 1386 (v), 1353 (s), 1192 (w), 1092 (w), 935 (W), 773 (s),
660 (m) cm™'. Elemental analysis (%) caled for 1,
{[Ce(L1),5(NO;)(H,0),]-2DMF}: C, 34.87; H, 3.96; N, 7.18;
found: C, 34.62; H, 3.85; N, 7.06.

[Eus(L2),(OH)(DMF) 5(H,0)5.75]-guest (2). The detailed
synthesis was described in our recent document.*

Results and discussion

Structural feature
{[Ce(L1)o.5(NO3)(H,0),]-2DMF} (1). Single-crystal X-ray dif-
fraction analysis shows that 1 crystallizes in the C2/c space

group. In the asymmetric unit, there exist one crystallograph-
ically unique Ce(m) atom, a half L1 anion, one NO;  anion,

Fig. 1 (a) Local ligand and metal coordination geometries in the
structure of 1 (symmetric codes: (i) —x, y, =z + 1/2 and (i) x + 1/2, y +
1/2); and (b) the second building unit for the dinuclear Ce; clusters.

CrystEngComm, 2017, 19, 2172-2177 | 2173
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two coordinated water molecules and two free DMF mole-
cules (Fig. 1a). The structure of 1 contains dinuclear Ce, clus-
ters in which pairs of Ce(m) metals are bridged by four car-
boxylate groups from four separate L1 ligands (Fig. 1b and
Fig. S17). The coordination spheres of the Ce(m) centers are
completed by coordinated nitrate ions and water molecules.
The L1 ligands in turn coordinate to four separate Ce, di-
mers. The 3D network can be simplified by treating both the
Ce, dimers and L1 ligands as 4-connecting nodes. This re-
duces the structure to a network with a PtS topology (Fig. 2),
in which the Ce, dimers act as the square planar nodes of
this net, whereas the L1 ligands act as the tetrahedral nodes,
with the pseudo-tetrahedral geometry generated by a signifi-
cant twist of one of the phenyldicarboxylate groups relative to
the other two aromatic rings (Fig. 1b).

[Eus(L2),(OH)(DMF), ,(H20)s.75]-guest (2). The detailed
structural feature of 2 has been described in our current re-
port.>® The most striking feature of 2 is that two types of
metal clusters and eight L*” ligands interlink to form an
M;,Lg cage with a diameter of 1.7 nm (Fig. 3a). Excluding
DMF and the aqua ligands, each cage in 2 contains two
equivalent square windows of approximate dimensions 6.4 x
6.4 A aligned along the c axis, with each window defined by
four clusters. Adjacent cages are joined together by the shar-
ing of these windows, generating 1D channels along the ¢
axis (Fig. 3b).

Fig. 2 Schematic of the 3D PtS network formed in the structure of 1.
Green nodes represent the ligands, whereas the orange nodes
represent the Ce, dinuclear clusters. A single ligand of the unsimplified
structure, with coordinated Ce atoms, is shown in the bottom right
corner.

Fig. 3 (a) 3D framework viewed along the c axis, and (b) 1D square
channels in 2.

2174 | CrysttngComm, 2017, 19, 2172-2177

View Article Online

CrysttngComm

Effect of pH on adsorption

Solution pH is one of the most significant factors in the ad-
sorption process because it can influence the surface charge
and plays an important role in the adsorption capacity of the
adsorbent. To evaluate the influence of solution pH on the
adsorption efficiency for fluoride, 30 mg of the lanthanide-
based MOFs adsorbents (1 and 2) were suspended in 15 mL
fluoride ions solution (12.5 ppm) under constant shaking at
various pH (from 2 to 10), and the results are presented in
Fig. 4. It can be observed that the adsorption is higher at
lower pH (3-7) and drops drastically after pH 8, which can be
attributed to the adsorption competition between F~ and
OH . At a lower pH, the lanthanide-based MOFs adsorbents
are positively charged and this nucleophilic replacement of
OH™ by F is very easy, whereas such nucleophilic replace-
ment is not preferred at a higher pH because of the abun-
dance of OH . At pH 2, however, the MOFs were found to
have negligible adsorption efficiency of fluoride, which may
be due to the decomposition of the MOFs in such strong
acidic conditions. Therefore, it is apparent that the best pH
range for the adsorption of fluoride from water is from 3 to
7. However, the pH value of the actual prepared fluoride solu-
tion was 7.09, and thus we did not adjust the pH during the
subsequent experiment.

Adsorption kinetics for fluoride removal from water

In order to evaluate their fluoride adsorption rates, fluoride
was adsorbed on 1-2 for different time intervals up to 120
min. The quantity of adsorbed fluoride is displayed in Fig. 5
when the initial fluoride concentration was 12.5 ppm. As can
be seen in Fig. 5, the adsorbed quantity of fluoride is in the
order of 2 < 1 during the entire adsorption period. The fluo-
ride removal increases rapidly with contact time. Signifi-
cantly, the adsorption time needed for the saturation of the
adsorbed amount over sample 1 is practically completed in
only 5 min, which suggests that 1 possesses a rapid
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Fig. 4 Effects of pH on the removal efficiency of fluoride by the MOF
adsorbents at 298 K with the initial fluoride concentration of 12.5 ppm.
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Fig. 5 Effect of contact time on the adsorption of fluoride over the
two MOFs adsorbents at 298 K with the initial fluoride concentration

of 12.5 ppm.

adsorption efficiency for the removal of fluoride. In addition,
to verify the F~ adsorption capacity on 1 and 2, X-ray photo-
electron spectroscopy (XPS) studies were carried out on 1@F
and 2@F . The peak at 681 and 684 eV in the F1s XPS spectra
for 1@F and 2@F , respectively, is attributed to F~ ions (Fig.
S2t). Moreover, the powder X-ray diffraction (PXRD) patterns
(Fig. S3t) indicate that the basic frameworks of both MOFs
remained intact when 1@F and 2@F were formed in the
ion solutions. The stabilities of 1@F and 2@F were also
confirmed by IR spectroscopy after the inclusion (Fig. S47).

In order to analyze the adsorption kinetics for both MOFs,
the kinetics parameters were treated with the pseudo-second-
order kinetic equation.>® The final values of k,, g. and R are
listed in Table S1.f It has been found that the linear correla-
tion coefficients are very close to 1, which indicates that the
adsorption behaviors of fluoride on 1-2 conform with a
pseudo-second-order kinetic model. The adsorption kinetic
rate constant, k,, for fluoride adsorption is in the order of 2
< 1, which is in good agreement with the adsorbed quantity
(Fig. 6). Remarkably, the k, value for 1 was determined to be
1.79 g mg" min™". This value is superior to many of the pre-
viously reported porous adsorbents.>**"** Therefore, 1 is the
most effective adsorbent for fluoride removal from water in
the viewpoint of adsorption amount and rate.

Adsorption thermodynamics

The removal ability of 1 and 2 was preliminarily tested under
a wide range of known fluoride concentrations. The plots of
C. vs. q. of the fluoride adsorption at different temperatures
are presented in Fig. 7a and b. The adsorption isotherms
were obtained after the adsorption of fluoride for a time pe-
riod of 120 min. The presented data indicates that the ad-
sorption capacities of MOFs 1 and 2 to adsorb fluoride in-
creases with an increase in fluoride equilibrium
concentration. Moreover, to quantitatively analyze the adsorp-

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Plots of the pseudo-second-order kinetics of fluoride adsorp-
tion over the adsorbents 1 and 2 at 298 K with the initial fluoride con-

centration of 12.5 ppm.

tion isotherm data, the Langmuir adsorption model was
employed to evaluate the maximum adsorption capacity of 1
and 2:*

c, 1 C
—_ +_

9. 9uKy 4

The plots of C. versus C./q. at different temperatures were
well fitted by the linear regression, indicating that the ad-
sorption of fluoride also conforms to the Langmuir adsorp-
tion model (Fig. 7c and d).

The maximum adsorption capacity gy, for all of the sam-
ples is summarized in Table 1. The maximum adsorption ca-
pacity of 1 and 2 was calculated to be 103.95 and
57.01 mg g ' at 298 K, respectively. The coordinatively

Fig. 7 Adsorption isotherms and the linear regression by fitting the
equilibrium adsorption data with the Langmuir adsorption model for
fluoride adsorption over adsorbents 1 (a and c) and 2 (b and d) at 298
K, 308 K and 318 K.
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Table 1 The maximum adsorption capacities and thermodynamic pa-
rameters of fluoride adsorption over adsorbents 1 and 2 at three
temperatures

Temp. AG K] AH K] AS J mol™
Adsorbent K gmmgg' mol' molt K
1 298 103.95 —4.23

308 119.90 -5.22 18.52 76.56

318 137.17 -5.70
2 298 57.01 -0.74

308 68.87 -1.77 25.32 87.75

318 75.02 —2.56

unsaturated Ce(m) centers in sample 1 were surrounded by
-OH and NOj; . The fluoride ion attacked the Ce centers in
the frameworks and its adsorption occurred at the Ce center
with the simultaneous displacement of -OH and -NO;,
resulting in the formation of Ce-F bonds. The larger adsorp-
tion capacity of 1, compared to that of 2, is probably due to
the stronger interaction between Ce(ur) and the fluoride ions.
In comparison to the previously reported adsorption capaci-
ties of MIL-96(Al) (31.69 mg ¢ ')*' and UiO-66-NH,
(58.82 mg g™"),*° the fluoride adsorption capacities presented
herein exceed by a factor of ~3.28 and ~1.77 for 1 and 2,
respectively.

The thermodynamic behavior of the adsorption of fluoride
on the adsorbents at different temperatures can be obtained
from the adsorption free energy (AG), enthalpy (AH) and en-
tropy (AS). The adsorption isotherms and the corresponding
Langmuir plots at the temperatures of 298, 308 and 318 K are
shown in Fig. 8. Their adsorption capacity will be accompa-
nied by an adsorption temperature (Fig. 7 and Table 1), and
thus it can be seen that the adsorption of fluoride on 1 and 2
is endothermic in nature. The change in Gibbs free energy
(AG) can be calculated using the following equation:>*

AG = -RTInK

24

2.0-
1.6
1.2

0.8

0.4 -

T T T T Y
0.0031 0.0032 ; 0.0033 0.0034
1UTIK

Fig. 8 van't Hoff plots of the AH and AS of the fluoride adsorption
over the 1 and 2.
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The AG values of the adsorption of fluoride on 1 and 2 at
different temperatures are presented in Table 1. The calcu-
lated AG values at 298, 308 and 318 K are all negative, which
reveals that the adsorption of fluoride on both 1 and 2 are
thermodynamically feasible and spontaneous in nature. The
AG values become more negative when the temperature in-
creases, which suggests that the adsorption process is more
favorable at high temperatures. The enthalpy change (AH)
and entropy change (AS) of the adsorption can be calcu-
lated:*

mg =25 _AH
R RT

Using above equation, the plot of InK vs. =1/T is shown in
Fig. 8, and the values of AH and AS can be directly obtained
from the slope and intercept of the van't Hoff plot. The fitted
values of AH are 18.52 and 25.32 kJ mol™ for 1 and 2, respec-
tively (Table 1). The positive values of AH for 1 and 2 also
confirm the endothermic nature of the full adsorption pro-
cess. The endothermic feature of the adsorption process may
be ascribed to the stronger interaction between pre-adsorbed
water and 1-2. Similar findings were also reported in previ-
ous investigations.*”

Furthermore, the AS parameters obtained from the van't
Hoff plots, are 76.56 and 87.75 ] mol™* K* for 1 and 2, re-
spectively (Table 1). The positive AS values imply an increase
in randomness at the solid/solution interface during the ad-
sorption process of fluoride. It is generally known that a large
positive AS or large negative AH will be helpful for spontane-
ous adsorption (negative AG). Herein, both the AH and AS of
the fluoride adsorption over 1 and 2 are positive values.
Therefore, the driving force of fluoride adsorption over 1 and
2 in this study is attributed to an entropy effect (AS) rather
than an enthalpy change (AH).

Conclusions

In summary, two lanthanide-based MOFs, 1 and 2, have been
used as adsorbents for the removal of fluoride from water,
and they show excellent performances. It is found that 1 ex-
hibits a higher adsorption capacity and faster rate of uptake
for fluoride than 2. The adsorption capacity of 1 for fluoride
was 103.95 mg g* at 298 K. The adsorption capacity of fluo-
ride by the lanthanide-based MOFs almost remains constant
in the pH range of 3-7. However, the comparison between
the adsorption capacities of 1 and 2 suggests that the fluo-
ride adsorption to 1 might involve a strong interaction be-
tween fluoride and the Ce site. The kinetics, adsorption iso-
therm and thermodynamics of fluoride adsorption on 1 and
2 were also investigated in this study. Furthermore, the driv-
ing force of fluoride removal by 1 and 2 is due to an entropy
effect rather than enthalpy change. The present study pro-
vides a new insight into the design of MOFs for adsorption
applications and water remediation.

This journal is © The Royal Society of Chemistry 2017
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