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Abstract. Two modiﬁed metal–organic frameworks (MOFs), were synthesized by immobilization of tributyl phosphate (TBP) on the UiO-66 and vacated UiO-66 (UiO-66-vac), and investigated for the removal of
uranyl ion from aqueous solution. Characterization of MOFs was carried out by various techniques such as
X-ray diffraction (XRD), Fourier Transform Infra-Red Spectroscopy (FTIR), Field Emission Scanning
Electron Microscopy (FESEM), and BET surface area. FTIR conﬁrmed efﬁcient immobilizing of the TBP on
the MOFs. Sorption results show that modiﬁcation of MOFs enhances uranyl sorption capacity. Kinetics of
sorption was investigated by pseudo-ﬁrst-order and pseudo-second-order models. It is shown that at pH 5,
sorption equilibrium for all MOFs, reaches a little more than 8 h. Equilibrium studies were done by Langmuir
and Freundlich models and the sorption capacity of UiO-66, UiO-66-vac, UiO-66-TBP and UiO-66-vac-TBP
obtained 177.1, 193.8, 201.9 and 203.5 mg g-1, respectively. Moreover, TBP immobilized MOFs, show
more selectivity than UiO-66 and UiO-66-vac towards uranyl in wastewater containing cationic and anionic
interferences. The effect of the contact time and pH for maximum removal of uranyl was studied.
Keywords. Metal–organic frameworks; tributyl phosphate; UiO-66; uranium; uranyl; removal; sorption.

1. Introduction
Uranium is one of the most critical waste materials
from nuclear facilities. In aqueous solutions, uranium
is in UO22? type, usually. Since serious health problems are probable in long exposure to such radioactive
materials, the decontamination of uranium metal ions
remains a vital topic for countries.1 Several materials
and procedures have been used for uranium removal
from water, such as; polyacrylhydroxamic acid sorbent,2 magnetic adsorbents,3 electrodialysis,4 carbon
nanotubes,5 complexations and precipitation at aAl2O3 surfaces,6 and uranium removal using silica.7,8
Low stability, complicated synthesis method and, slow
sorption process are the disadvantage of former
methods.
Metal–organic frameworks (MOFs), have been
introduced as particular materials composed of organic
linkers and metal nodes. Because of high porosity and
unique structural properties, these compounds have
been interested in several applications, including
sensing, gas storage, catalyst and separation.1,9–11
*For correspondence

Owing to appropriate sorption capacity, proper selectivity and usability of metal-organic frameworks, these
materials are advantageous candidates for sorption
purposes. Some MOFs including UiO-68-type11 and
MOF-7612 have been used to eliminate uranium from
aqueous media. Recently several works have been
done on the functionalization of MOFs to improve
sorption capacity. Bai et al., showed that attachment of
amino groups on MIL-101 enhance U(VI) sorption.13
Moreover, functionalization of MIL-101 by carboxyl
group improves uranium sorption.14 Luo et al.,
demonstrated that uranium sorption capacity for amine
derivative of UiO-66, UiO-66-NH2, is 114.9 mg g-1,
which is a little more than UiO-66, 109.9 mg g-1.9
Efﬁcient extraction of uranium from seawater using
amidoxime appended UiO-66, UiO-66-AO, has been
done recently.15
Since UiO-66 analogs possess proper surface area
and high chemical and thermal stability, they are
suitable alternatives for uranium and other heavy
metals sorption.16,17 Moreover, it has been cleared that
tributyl phosphate (TBP), has a high tendency for
U(VI) sorption.5,18 Thus, in this work, UiO-66 and
UiO-66-vac were functionalized with TBP and ﬁrstly
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used for U (VI) removal from aqueous solution. All
prepared MOFs were characterized by XRD, BET,
FESEM and FTIR. In order to compare sorption
capacities of MOFs, the sorption reactions were performed at the same condition such as solution concentration, temperature, contact time, and pH. So the
examination of the relationship between physicochemical parameters and sorption capacity is not the
matter of this paper, however, the effect of contact
time and pH were investigated. It will be showed that
the functionalization of UiO-66 improves maximum
sorption capacity toward uranium.
2. Experimental
2.1 Chemicals and reagents
All chemicals and reagents including zirconium chloride
(ZrCl4), uranyl(VI) nitrate (UO2(NO3)2.6H2O), tributyl
phosphate (TBP), dimethylformamide (DMF), terephthalic
acid (H2BDC), and hydrochloric acid (HCl), are of analytical
grade and were purchased from commercial sources and used
without any puriﬁcation. Deionized water maker, Zinser
model, was used for the preparation of deionized water.

2.2 Preparation of UiO-66
UiO-66 was prepared based on the method described by
Peterson et al. In a proper beaker, 19.07 mmol of ZrCl4 and
terephthalic acid were mixed in 742 mL of DMF and stirred
until completely dissolved. The obtained solution was
divided into three identical portions and moved to the same
jars and placed in an oven to heat for 24 h at 120 °C. The
mixture was cooled to room temperature and frequently
washed with DMF.10,19

2.3 Preparation of UiO-66-vac
Katz et al., were described as a method for synthesis of
UiO-66-vac, in which 0.54 mmol of ZrCl4 and subsequently
1 mL of HCl and 5 mL of DMF was added to the vial. The
vial was sonicated several minutes until dissolving ZrCl4.
Sonication was continued after adding 0.75 mmol terephthalic acid and 10 mL DMF to the vial until terephthalic
acid was dissolved. The mixture was heated at 80 °C
overnight and then washed repeatedly with DMF.10,20

2.4 Preparation of UiO-66-TBP and UiO-66-vacTBP
An amount of 8 ml of TBP was added to 0.4 g UiO-66 and
UiO-66-vac, separately, and the mixture was sonicated for
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22 h and then washed several times by deionized water,
centrifuged and dried at 70 °C overnight. The phosphate
atom in TBP can bond with free –COOH group exists in the
surface of the MOF.5

2.5 Batch sorption studies
In a typical procedure, sorption experiments were carried
out using 0.02 g of adsorbents and 3 mL of uranium solution with a concentration of 100 mg L-1 at pH 5 for a time
ranging from 15 to more than 480 min. An inductive coupled plasma-mass spectrometry (ICP-MS), was used for
determining of uranyl ions in the solution. It seems that the
mechanism of uranyl sorption is similar to Mishra et al.,
work because in both works uranyl adsorbs by TBP.5
The sorption capacity, qe, toward uranyl ion was measured by the following equation:
qe ¼

ðci  ce Þ  v
m

ð1Þ

where Ci and Ce are the initial and equilibrium concentrations of uranyl (mg L-1), respectively. V is the volume of
the solution (L), and m is the mass of sorbent (g). The effect
of contact time and pH of the test solution was studied.

2.6 Instrumentation
Powder X-ray diffraction (PXRD) patterns of the MOFs
were obtained on an AW-XDM300 X-ray Diffractometer
with a Cu Ka radiation (k = 1.5406 Å) at a step size of
0.05°. Result of Fourier transform infrared (FTIR), were
recorded on a Bruker Tensor 27 spectrometer containing a
Micro-ATR sampling accessory. BET surface area measurements were carried out by N2 sorption/desorption using
a Belsorp mini instrument and degassing at 200 °C under
vacuum. FESEM images were obtained using a TESCAN
MIRA3 XMU machine. An inductive coupled plasma-mass
spectrometry (ICP-MS), Varian, with detection limit around
ppb (lg L-1), was used to measure uranyl ion concentration
of the solution.

3. Results and Discussion
3.1 Characterizations of MOFs
The PXRD patterns of the four MOFs, are shown in
Figure 1. The obtained result is consistent with literature,10,20–22 which demonstrate that all MOFs have
been synthesized successfully. As seen, there are two
distinct peaks at 2h around 7 and 9, which the ﬁrst
peak has a higher height than the second one. Moreover, some small peaks at 2h around 12, 15, 17, 19, 23
and, 26 is recognizable. Since the MOFs possess the
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Figure 1. The PXRD patterns of the MOFs.

same topology, they present the same PXRD patterns.
Figure 2 shows the FTIR spectra of all MOFs which is
in conformance with the results of the previous articles.10,23 A broadband around 3400 cm-1 indicates the
O–H stretch frequency of the hydroxyl group.
Carboxylate anion asymmetric and symmetric
stretch modes appear at 1600 and 1400 cm-1,
respectively. The spectra of MOFs-TBP present two
peaks at around 2962 cm-1 and 2875 cm-1 due to
methyl groups and symmetric stretching of CH2
groups of the TBP, respectively. Moreover, the P=O
stretching and P-O-C vibrations appear at around
1270 cm-1 and 1029 cm-1, respectively which proves

Figure 2. The FTIR spectra of the MOFs.
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the immobilizing of tributyl phosphate on the UiO-66
surface. Furthermore, a band at 745 cm-1, indicates
Zr–O bond for all MOFs. The BET surface areas for
synthesized UiO-66, UiO-66-vac, UiO-66-TBP, and
UiO-66-vac-TBP are 553.4, 982.1, 134.3, and
208.7 m2 g-1, respectively, that demonstrate all
MOFs have a high surface area. Moreover, their total
pore volumes 2.46, 0.72, 0.09, and 0.11 cm3 g-1,
indicate mesoporous structure.
Since some linkers are lost in UiO-66-vac, the
increase in the surface area is expected. It has been
shown that four of the twelve linkers are missed per
SBU.20 On the other hand, decreasing the surface area
of immobilized UiO-66 and UiO-66-vac is predictable due to bonded TBP. The N2 adsorption–desorption isotherm of MOFs are shown in Figure 3.
Surface morphology of adsorbents were investigated using FESEM. Figure 4 shows MOF’s FESEM
images. As can be seen, the prepared MOFs are in the
cubic shape with a particle size of 100 to 200 nm. It
was found that the TBP immobilized MOFs show no
signiﬁcant changes in their shapes after loading of
TBP, which revealed that the morphology of MOFs
are maintained during the immobilization process.
Furthermore, the energy dispersive spectroscopy
(EDS) showed the presence of phosphorus in UiO-66TBP and UiO-66-vac-TBP that conﬁrm efﬁcient
immobilization of TBP on MOFs.

3.2 The effect of initial pH and contact time
on uranyl sorption
As seen in Figure 5, sorption of uranyl by all UiO-66
analogs were performed at pH values ranging from 2.0
to 8.0 to investigate the sorption capacity of MOFs at
different pH. All MOFs show same behavior for uranyl sorption in a similar pH. It was found that the
sorption capacity at pH 2 to 4 was not very high, while
a sharp increase in sorption was observed at pH 4 to 5.
The sorption was increased with increasing pH that is
in compliance with literatures.9 Such a different
behavior for uranyl sorption in various pH can be
explained based on the surface charge of the used
MOFs. At pH 2, the anionic active sites on the MOFs
surface, are protonated and can’t be occupied by
positive uranyl ions because of the repulsion effect.
Deprotonating of active sites starts with increasing pH
and repulsion effect decreases. So higher sorption
capacity in pH 5 is anticipated. Moreover, it was clear
that with the increasing of pH, free UO22? spices
convert to multi-nuclear hydroxide compounds such as
(UO22?)3(OH)?
5 . These positively charged complexes
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Figure 3. (a) The BJH, and (b) The Adsorption/Desorption plots of the MOFs.

may be more favorable to be captured by anionic
active sites.9,24 However, the sorption capacity in pH 8
is higher than pH 5, to avoid repulsion and hydrolysis
of U (VI) at low and high pH, respectively, pH 5 was
selected for sorption process in this work.
The effect of contact time on U (VI) sorption is
shown in Figure 6. As can be seen, sorption
increases rapidly during the ﬁrst 1 h for all of

MOFs. However, for the immobilized UiO-66 the
sorption kinetics is a little slower than UiO-66 after
1 h. This is due to decreased surface area and pore
volume of UiO-66-TBP and UiO-66-vac-TBP in
comparison of UiO-66 and UiO-66-vac. No signiﬁcant increase in sorption was seen around 8 h that
indicates that equilibrium for all MOFs is reached.
In order to investigate the kinetics of sorption,
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Figure 4. FESEM images of (a) UiO-66, (b) UiO-66-vac, (c) UiO-66-TBP, and (d) UiO-66-vac-TBP.
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lnðqe  qt Þ ¼ ln qe  k1 t

ð2Þ

t
1
t
¼
þ
2
qt k2 qe qe

ð3Þ

where qt (mg g-1) is U(VI) adsorbed at time t (min)
and qe is U(VI) adsorbed at equilibrium; k1 (min-1)
and k2 (g mg-1 min-1) are the pseudo-ﬁrst-order and
pseudo-second-order sorption rate constants, respectively. Table 1 shows the parameters obtained from
the two models. As seen, for all MOFs the pseudosecond-order models have better regression coefﬁcient
(R2[0.99) than pseudo-ﬁrst-order (R2[0.96). Thus the
pseudo-second-order model is more proper to describe
the kinetics of uranyl sorption.9 From these results, it
could be concluded that the chemical interactions
between U(VI) and active sites on the surface of
MOFs, control the U(VI) sorption rate, however, the
diffusion of U(VI) also affect the sorption rate.

Figure 5. Effect of pH on the sorption of U(VI) on to
MOFs.

3.3 Equilibrium studies

pseudo-ﬁrst-order (Eq. 2) and pseudo-second-order
(Eq. 3) models were used. The linear form of
models are shown below:5,9

In order to study the sorption isotherm of all MOFs,
the Langmuir (Eq. 4) and Freundlich (Eq. 5) models
were used:9
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Figure 6. The effect of contact time on U (VI) sorption.
Table 1. The parameters of two kinetic models.
Pseudo-ﬁrst-order
Adsorbent

-1

Pseudo-second-order
2

k1 (min )

R

0.004
0.004
0.004
0.004

0.989
0.962
0.959
0.976

UiO-66
UiO-66-vac
UiO-66-TBP
UiO-66-vac-TBP

k2 (g mg-1 min-1)

R2

0.012
0.015
0.011
0.012

0.999
0.999
0.999
0.999

Table 2. Isotherm parameters of MOFs.
Langmuir model
Adsorbent
UiO-66
UiO-66-vac
UiO-66-TBP
UiO-66-vac-TBP

Freundlich model

qm

b

R2

KF

n

R2

177.1
193.8
201.9
203.5

0.0232
0.0286
0.0292
0.0299

0.998
0.997
0.997
0.997

18.8
23.4
24.7
25.3

2.42
2.48
2.49
2.50

0.961
0.964
0.964
0.965

ce
1
ce
¼
þ
qe bqm qm

ð4Þ

1
ln qe ¼ ln KF  ln Ce
n

ð5Þ

where Ce is the equilibrium concentration (mg L-1). qe
(mg g-1) and qm (mg g-1) are the equilibrium and
maximum sorption capacity, respectively. The b (L
mg-1) is the Langmuir coefﬁcient and is related to the
energy of adsorption, and the KF (mg g-1) is the
Freundlich coefﬁcient and represent the sorption
capacity. The ‘‘n’’ parameter indicates the sorption
intensity, which the values between 1 and 10 conﬁrm
the appropriate adsorption.5 The parameters of isotherm models are listed in Table 2. As seen the ‘‘n’’

value for all MOFs is more than 2.4 that conﬁrm the
good operation of the adsorbent.
The maximum sorption capacity (qm) for all MOFs
were obtained from the Langmuir adsorption isotherms. 5 mL of U(VI) solution with initial concentration ranging from 50 to 400 mg L-1 at pH 5 and
3.0 mg of each adsorbent were used for equilibrium
studies. The normal and linear form of Langmuir and
Freundlich isotherms are shown in Figure 7.

3.4 Comparison of sorption capacity of MOFs
Based on eq. 1 the sorption capacity, qe, for UiO-66,
UiO-66-vac, UiO-66-TBP, and UiO-66-vac-TBP were
obtained 177.1(±3.5), 193.8(±3.9), 201.9(±4.0), and
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203.5(±4.1) mg g-1, respectively. As seen, since the
surface area and pore volume of UiO-66-vac are
higher than UiO-66, it has more sorption capacity.22
However, the surface area of MOFs-TBP is less than
UiO-66, but the sorption capacity of TBP immobilized
UiO-66 is more than UiO-66 which is related to TBP
ability for uranyl sorption.
It was found that the sorption capacity of UiO-66vac-TBP is 1.15 times higher than synthesized UiO66, in this work, and 1.85 times higher than pristine
UiO-66.9 The maximum sorption capacity of four
MOFs was compared with other MOF-based compounds and is shown in Table 3. The sorption capacity
for TBP immobilized MOFs is higher than UiO-66,
UiO-66-NH2, MIL-101, MIL-101-NH2, MOF-3, GOCOOH/UiO-66, and ED grafting MIL-101, but lower
than MOF-76, and MIL-101-DETA.

1.8

(b)

1.6

3.5 Selectivity test

1.4
Ce/qe(g/L)

1.2
1
0.8
0.6
0.4
0.2
0
0

100
200
Ce(mg/g)

UiO-66
UiO-66-TBP

5.5

300

UiO-66-vac
UiO-66-vac-TBP

(c)

5.3
5.1

ln qe(mg/g)

4.9
4.7
4.5

The selectivity is an important parameter for the
sorption applications of MOFs. In order to compare
the selectivity of four MOFs, the sorption of uranyl
(0.01 mg L-1) from a real wastewater containing
several ions such as Al3? (0.50 mg L-1), Mg2?
(44.87 mg L-1), Cu2? (0.20 mg L-1), Fe2?/3?
(1.00 mg L-1), Hg? (0.005 mg L-1), Zr2? (0.01 mg
L-1), Ag? (0.10 mg L-1),NH4? (600 mg L-1), NO-3
-1
(1750 mg L-1), PO34 (13.37 mg L ), Cl (3700 mg
2-1
-1
L ), SO4 (272 mg L ) and some detergents and oil,
was examined at pH 5±1. The result is shown in
Figure 8. As seen, the per cent of uranyl adsorbed by
UiO-66-TBP and UiO-66-vac-TBP in wastewater is
more than UiO-66 and UiO-66-vac, respectively.
Actually, the TBP immobilized MOFs show less
reduction in sorption capacity than UiO-66 and UiO66-vac when used wastewater instead of uranium
standard solution. It indicates that the selectivity of
MOFs toward uranyl sorption improves with immobilizing of TBP. It was cleared that however, the
competing ions in wastewater reduce the uranyl
sorption, but TBP immobilized MOFs operate more
efﬁcient than other MOFs.

4.3
4.1
2.5

4.5
ln Ce(mg/L)

UiO-66
UiO-66-TBP

6.5
UiO-66-vac
UiO-66-vac-TBP

Figure 7. (a) The Langmuir adsorption isotherms, (b) The
linear form of Langmuir isotherms, and (c) The Freundlich
isotherms.

3.6 Desorption and reusability studies
After sorption of uranyl ions by MOFs, the washing
process was done by 0.1 M HCl and the amount of
removed uranyl, measured by ICP-MS. It was found
that the amount of adsorbed U (VI) was decreased in
the order of 16 and 25% over three consecutive cycles.
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Table 3. Comparison of the maximum sorption capacities of various MOF-based materials
towards uranyl removal.
Sorption capacity (mg g-1)

MOF-based materials
UiO-66
UiO-66-NH2
MIL-101
MIL-101-NH2
MOF-3
GO-COOH/UiO-66
ED grafting
MIL-101(Cr)
MOF-76
MIL-101-DETA
UiO-66
UiO-66-vac
UiO-66-TBP
UiO-66-vac-TBP

100%
84%

90%

84%

81%

74%

70%

58%

56%

60%
50%
40%

36%

30%

30%
20%

109.9
114.9
20
90
109
188.3
109

9

300
350
177.1
193.8
201.9
203.5

12

9
13
13
11
25
26

13

Present
Present
Present
Present

work
work
work
work

capacity of functionalized UiO-66, is due to TBP
tendency toward uranyl ion. Moreover, TBP immobilized MOFs have more selectivity than other MOFs
toward uranyl sorption in wastewater. Finally, the
higher regression coefﬁcient of the pseudo-secondorder model demonstrates that chemical interactions
between U(VI) and the surface of MOFs mainly control the sorption rate.
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Standard Solution
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Standard Solution

Wastewater

Standard Solution

Wastewater

0%

Standard Solution

Percent of uranyl adsorbed %

80%

Reference

UiO-66 UiO-66- UiO-66- UiO-66TBP
vac vac-TBP

Figure 8. Comparison of selectivity of MOFs.

4. Conclusions
UiO-66 and UiO-66-vac were synthesized as previously reported and UiO-66-TBP and UiO-66-vac-TBP
were synthesized by immobilization of TBP on MOFs.
The FTIR spectra conﬁrmed the proper immobilizing
of TBP on MOFs surface. Moreover, the PXRD patterns demonstrated that UiO-66 analogs have been
synthesized successfully. All MOFs were used for
removal of uranyl from aqueous solution. The sorption
capacity of 177.1, 193.8, 201.9, and 203.5 mg g-1
were obtained for UiO-66, UiO-66-vac, UiO-66-TBP,
and UiO-66-vac-TBP, respectively. Higher sorption
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