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y modified IRMOF-3 for efficient
recovery and selective sensing of U(VI) from
aqueous medium†

V. Venkata Sravani,ab Sarita Tripathi, ab B. Sreenivasulu,*b Satendra Kumar,b S. Maji,b

C. V. S. Brahmmananda Rao,ab A. Suresh *ab and N. Sivaraman ab

A simple and efficient route to develop various novel functionalized MOF materials for rapid and excellent

recovery of U(VI) from aqueous medium, along with selective sensing has been demonstrated in the present

study. In this connection, a set of four distinct post synthetically modified (PSM) iso-reticular metal organic

frameworks were synthesized from IRMOF-3 namely, IRMOF-PC (2-pyridine carboxaldehyde), IRMOF-GA

(glutaric anhydride), IRMOF-SMA (sulfamic acid), and IRMOF-DPC (diphenylphosphonic chloride) for the

recovery and sensing of U(VI) from aqueous medium. The MOFs were characterized by Fourier transform

infrared spectroscopy (FTIR), powder XRD, BET surface area analysis, thermogravimetric analysis (TGA),

NMR (13C, 1H and 31P), Scanning Electron Microscopy (SEM), and energy dispersive X-ray spectroscopy

(EDX). Among all MOFs, post synthetically modified IRMOF-SMA showed enhanced thermal stability of

about 420 �C. The MOFs were investigated for U(VI) sorption studies using a batch technique. All the

MOFs exhibit excellent sorption capacity towards U(VI) (>90%) and maximum uptake was observed at pH

6. Sorption capacity of MOFs have the following order; IRMOF-3-DPC (300 mg U g�1) > IRMOF-SMA

(292 mg U g�1) > IRMOF-PC (289 mg U g�1) > IRMOF-GA (280 mg U g�1) > IRMOF-3 (273 mg U g�1).

IRMOF-DPC shows rapid sorption of uranium within 5 min with excellent uptake of U(VI) (>99%). The

desorption of U(VI) was examined with different eluents and 0.01 M HNO3 was found to be most

effective. The fluorescence sensing studies of U(VI) via IRMOF-3 and its PSM MOFs revealed high

sensitivity and selectivity towards U(VI) over other competing rare earth metal ions (La3+, Ce4+, Sm3+,

Nd3+, Gd3+, and Eu3+), wherein IRMOF-GA displayed an impressive detection limit of 0.36 mg L�1 for U(VI).
1. Introduction

Uranium is a widely employed fuel material in the nuclear
industry as well as being a highly toxic element in the envi-
ronment. The availability of uranium in the earth's crust and
sea water is �2.8 ppm and �3.3 ppb, respectively.1–3 There is
a demand for alternative energy sources due to the rapid
increase in population.4 Among all energy sources, nuclear
power is best for its extreme power density and is not harmful to
the environment. Over the past few years, an appreciable
amount of uranium in a highly stable form has seeped into the
environment and ground water, due to various developmental
activities including uranium mining, milling etc.5–7 The release
of uranium into ecosystems is highly undesirable. Hence
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uranium monitoring and regulations are crucial and also for
preventing its accumulation. Hence there is a need to develop
suitable materials for the efficient detection and removal of
U(VI) from aqueous media.

A variety of chemical methods have been employed for the
extraction of U(VI) from aqueous medium such as solvent
extraction,8 co-precipitation,9 ion exchange,10 adsorption,11,12

and otation.13 Among all the techniques, adsorption is an
effective and attractive technique for the removal of U(VI) from
aqueous medium with trace quantities of uranium because of
its low cost, ease of operation and high efficiency.14,15 Although
several conventional adsorbents such as zeolites,16 activated
carbon,17 metal oxides,12 and silica gels18 are used for uranium
extraction, these have limitations such as very low surface area,
lower pore size, low adsorption efficiency, and less regeneration
ability. Considering these limitations, it is important to develop
novel materials for better and selective adsorption of U(VI) from
aqueous medium.

Metal–organic frameworks (MOFs) are highly porous crys-
talline coordination polymers possessing properties such as
high surface area, high porosity, tunable pore size, well ordered
crystalline structure, magnetic property, and luminescence
© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties.19,20 MOFs exhibit various applications including gas
adsorption/storage,21–23 catalysis,24,25 magnetism,26 drug
delivery,27 membranes,28 and sensing.29–32 In addition, they are
very prominent solid phase extractants (SPE) compared to
conventional adsorbents because of the mild synthetic proce-
dures, very high surface area (�14 000 m2 g�1), high and
tunable pore size.

By adopting post synthetic modication (PSM) strategies,
various organic functional groups can be graed onto pristine
MOFs to convert them to better materials with different physical
and chemical properties without affecting the structural
topology.33–35 Although, different approaches exist in PSM
strategy, covalent bond linker (organic ligand) modication is
considered to be the best approach to prepare various func-
tionalised MOFs for desired applications.36,37 It is possible to
prepare various permutations of MOFs via covalent graing of
organic ligand moieties (linker) to achieve desired utilities, by
systematic procedures. PSM strategy also enables the synthesis
of MOFs with enhanced structural stability.38 The presence of
pendant amino in MOFs is an excellent site for modication
with desired organic functional groups by PSM strategies
offering different applications viz., catalysis, adsorption, and
magnetism.39,40 Gascon et al. reported PSM of amino pendant
group in IRMOF-3 for catalytic applications.41While Cohen et al.
reported PSM strategy on the modication of the UiO-66 amino
group.42,43 Therefore, by using PSM strategy various organic
functionalities (hard bases) can be incorporated in the pristine
MOF to get the efficient extraction of U(VI) (hard acid) from
aqueous medium.44

In the last few years, iso-reticular metal–organic framework-3
(IRMOF-3) has been widely used for various applications such
as heterogeneous catalysis,45 gas storage/separation,46

membranes,47 and sensing of various metal ions,48 due to its
high surface area (BET reports 2200 m2 g�1), stability towards
atmosphere, high temperatures (�400 �C) and its high lumi-
nescence property. Recently, the work carried out in our labo-
ratory revealed the utility of PSM UiO-66-NH2 graed with
various functionalities for extraction of U(VI) from the aqueous
medium.49 Additionally, various luminescent MOFs were con-
structed using Zn and lanthanides as metal nodes for sensing
various metal ions,50 nitro explosives,51 and gases.52 The
successful studies on PSM of amino-pendant MOFs and the
properties such as high surface area, extra stability, high
porosity and highly luminescence, exhibited by IRMOF-3,
motivated us to perform the sorption and sensing studies of
U(VI) present in aqueous solution using different functionalised
IRMOF-3 MOFs, for MOF with better efficiency in extraction and
selectivity in sensing.

In the present study, we report the successful synthesis of
four PSM MOFs belonging to IRMOF-3 category by covalent
approach PSM at the amino pendant on IRMOF-3. The
successful functionalization of IRMOF-3 MOFs was conrmed
by FTIR, powder XRD, BET surface area analysis, TGA, 13C and
1H-NMR, and SEM & EDX. Sorption studies for U(VI) were carried
out with IRMOF-3 and its PSM MOFs in the pH range of 2 to 9
and saturation sorption time also conrmed with kinetic
studies. Excellent (97%) desorption of U(VI) sorbed on the MOFs
© 2021 The Author(s). Published by the Royal Society of Chemistry
was shown by 0.01 M HNO3. IRMOF-3 and its PSM MOFs were
also probed for their selectivity in sensing of U(VI), in the pres-
ence of competing metal ions (La3+, Ce4+, Sm3+, Nd3+, Gd3+, and
Eu3+) in aqueous medium by uorescence studies.

2. Experimental section
2.1 Chemicals and reagents

All the reagents, chemicals, and solvents used in the present
study are commercial products and were used without any
further purication. 2-Pyridine carboxylaldehyde, diphenyl-
phosphonic chloride, glutaric anhydride, and 2-amino benzene
dicarboxylic acid, N,N-dimethylformamide (DMF), triethyl-
amine, acetonitrile, and dichloromethane (DCM) were procured
fromMerck. Zn(NO3)2$6H2O was obtained from Acros organics,
sulfamic acid was acquired from Loba Chemie Pvt. Ltd. Meth-
anol and ethanol were procured from SD Fine-Chem Ltd and
Changshu Hongsheng Fine Chemicals Ltd, respectively. U(VI)
stock solution was prepared by dissolving appropriate amounts
of uranyl nitrate hexahydrate (UO2(NO3)2$6H2O) (Nuclear fuel
complex, Hyderabad, India) in de-ionized water.

2.2 Synthesis of IRMOF-3

IRMOF-3 was synthesised as per the procedure reported by
Gascon et al.,41withminor modications. Herein, zinc(II) nitrate
hexahydrate (4.5 g; 15 mmol) and 2-amino terephthalic acid
(0.905 g; 5 mmol) were dissolved in DMF (50 mL) in a round
bottom ask and stirred for 10 min. The solution mixture was
poured into an autoclave and kept in an oven at 120 �C, for 24 h.
This was then allowed to cool to room temperature, which
resulted in the formation of light-yellow crystals. The synthe-
sized IRMOF-3 was soaked in DCM for 3 days and every 12 h
replaced with fresh DCM to remove entrapped DMF from the
lattice, followed by drying at 100 �C for 24 h. The yield of
IRMOF-3 obtained by this method was about 62% (3.2 g). The
schematic diagram of the PSM MOFs synthesized from parent
IRMOF-3 is shown in Scheme 1.

2.3 PSM of IRMOF-3

2.3.1 IRMOF-PC. The synthesis of IRMOF-PC was carried
out as reported by Yaghi et al.54 developed for (Zn4O)3(BDC-
NH2)3(BTB)4, with slight modications mentioned by Sarita
et al.49 The percentage yield of the obtained IRMOF-PC was 62%.
IR (KBr, cm�1): 3114 cm�1 (br), 2351 cm�1 (w), 1604 cm�1 (vs),
1551 cm�1 (s), 1385 cm�1 (s), 1245 cm�1 (m), 1035 cm�1 (s),
768 cm�1 (m), 568 cm�1 (w).

2.3.2 IRMOF-GA. The synthesis was carried out by a proce-
dure reported by Rassaei et al.53 developed for NH2-MIL-53 (Cr
and Al) with slight changes mentioned by Sarita et al.49 The
percentage yield of the obtained IRMOF-GA was 50%. IR
(KBr, cm�1): 3136 cm�1 (br), 1540 cm�1 (vs), 1700 cm�1 (w),
1405 cm�1 (m), 1298 cm�1 (w), 1319 cm�1 (w), 850 cm�1 (m),
766 cm�1 (m), 566 cm�1 (w).

2.3.3 IRMOF-3-SMA. The synthesis was carried out by
following the literature procedure reported by Sarita et al.49

developed for UIO-66-NH2. The percentage of yield of the
RSC Adv., 2021, 11, 28126–28137 | 28127



Scheme 1 PSM of IRMOF-3 with various functional groups: (i) 2-pyridine carboxaldehyde;53 (ii) glutaric anhydride;54 (iii) sulfamic acid;49 (iv)
diphenylphosphonic chloride.55
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obtained IRMOF-SMA was 35%. IR (KBR, cm�1): 3122 cm�1 (br),
1554 cm�1 (vs), 1434 cm�1 (w), 1395 cm�1 (s), 1312 cm�1 (m),
1243 cm�1 (m), 1129 cm�1 (w), 905 cm�1 (m), 842 cm�1 (m),
766 cm�1 (s), 573 cm�1 (w).

2.3.4 IRMOF-3-DPC. The synthesis was carried out by
following the literature procedure by Freek et al.55 was devel-
oped for NH2-MIL-53(Al) by slight changes mentioned by Sarita
et al.49 The percentage yield of the obtained IRMOF-DPC was
93%. IR (KBR, cm�1): 3396 cm�1 (br), 2337 cm�1 (w), 1678 cm�1

(m), 1501 cm�1 (s), 1422 cm�1 (m), 1310 cm�1 (w), 1230 cm�1

(vs), 1127 cm�1 (m), 963 cm�1 (w), 742 cm�1 (s), 534 cm�1 (w).
2.4 Characterizations

Fourier Transformed Infrared (FTIR) spectra (attenuated total
reection mode, 400–4000 cm�1) for IRMOF-3 and its PSM
MOFs were obtained using, a Bruker-Vertex 70 spectrometer, to
conrm the presence of modied functional groups in PSM
MOFs. Powder XRD data were acquired using GNR instrument
with Cu Ka radiation (1.540598 Å) with a scan rate of 0.05� s�1 at
293 K to investigate the retained crystalline structure of the
parent IRMOF-3 in all PSM MOFs. Thermo gravimetric analysis
(TGA) was carried out using QMS 403 D NETZSCH in argon
atmosphere, with a heating rate of 10 �C min�1 to measure the
thermal stability of IRMOF-3 and PSM MOFs. BET surface area
analysis was performed to obtain the surface area of MOFs on
autosorb IQ station 1 at 77 K aer pre-treatment by heating the
samples under vacuum at 105 �C for about 24 h. NMR spectra
obtained from a Bruker Avance DMX-400 spectrometer and
operating frequencies are 400.13 MHz for 1H-NMR, 100.61 MHz
for 13C-NMR, and 161.92 MHz for 31P-NMR in DMSO-d6 and HF.
SEM analysis was done using SEM CARL ZEISS cross beam 340,
and energy dispersive X-ray (EDX) data were obtained using EDX
OXFORD instrument X-MaxN. Shimadzu Digital pH meter 335
was used to measure the pH of solutions. Shimadzu UV-3600
28128 | RSC Adv., 2021, 11, 28126–28137
UV-Vis-NIR spectrophotometer was used to estimate U(VI)
concentration. FLS920 model of spectrouorimeter of Edin-
burgh instruments with a 450 W xenon lamp was used for
uorescence sensing studies of U(VI) from aqueous medium.
Fused silica cuvette of 2 mm path length was used as the sample
cell.
2.5 U(VI) sorption studies

U(VI) sorption studies from aqueous medium were carried out
using IRMOF-3 and PSM MOFs by batch method. Studies were
performed in the pH range 2 to 9 and pH was adjusted by
adding small amounts of 0.1 or 3 M NaOH and 0.1 M HNO3. For
all sorption studies, U(VI) of given concentration, pH, contact
time were optimized at room temperature (25 � 1 �C). About
10 mg of MOF was equilibrated with 3 mL of uranyl nitrate
solution (1000 mg L�1) for 3 h in an equilibration tube at room
temperature. Subsequently, the mixture was centrifuged for
10 min at 5000 rpm. The supernatant liquid was separated and
used for the analysis of U(VI) using by UV-spectrophotometry
using Arsenazo-III as the chromogenic agent (lmax ¼ 655 nm).
For practical applications, the sorption rate of U(VI) from
aqueous solution is associated with the evaluation of sorbents.

For all kinetic studies, 10 mg of the sorbent (MOF) was taken
in 3 mL of U(VI) (1000 mg L�1) at pH 5 and MOF solutions were
kept for equilibration with varying time intervals from 0 min to
6 h followed by centrifugation for 10 min at 5000 rpm. The
supernatant obtained aer centrifugation was used for the
uranium analysis. The sorption (%), distribution coefficient
(Kd), and amount of uranium adsorbed (qe) onto MOFs were
calculated using the following equations:

Sorption efficiency ð%Þ ¼ C0 � Ce

C0

� 100
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Kd ¼ C0 � Ce

Ce

� V

m

qe ¼ C0 � Ce

m
� V

Here, C0 and Ce denote the initial and equilibrium concentra-
tions (mg L�1) of U(VI), V is the volume of solution (L) added,
and m is the mass of sorbents (g). All the sorption experiments
were performed in duplicate. The sorption efficiency (%),
distribution coefficient (Kd), and amount of uranium adsorbed
(qe) were determined in duplicate. Reproducibility of data
(sorption efficiency, Kd and qe) and material balance was within
�5%, taking into consideration all other sources of errors
including pipetting, weighing etc.
2.6 Desorption studies

Desorption studies were carried out to evaluate the recovery of
the sorbed U(VI) from IRMOF-3 and its PSM MOFs. Initially, the
U(VI) sorbed MOF samples were centrifuged for 10 min at
5000 rpm. The aqueous supernatant was decanted completely
and sludge was used for desorption studies aer drying at
100 �C. Desorption studies were performed using different
eluents namely; 0.1 M HNO3, 0.1 M Na2CO3, 0.01 M HNO3,
0.01 M Na2CO3, and de-ionized water. The dried MOF samples
were suspended in 3 mL of each eluent solution and equili-
brated for 3 h followed by centrifugation for 10 min at
5000 rpm. The supernatant was analyzed for the concentration
of U(VI) by UV-spectrophotometry.

Desorption (%) was calculated using the following equation:
Desorption ð%Þ ¼ 100�
�
amount of UðVIÞ present in MOF� amount of UðVIÞ present the eluent

amount of UðVIÞ present in MOF
� 100

�

2.7 Recyclability studies

The reusability of IRMOF-3 and its PSM sorbents for U(VI)
sorption were examined by performing recyclability tests.
Foremost, the recovery of U(VI) from MOFs surface was executed
by following the same procedure mentioned for desorption
studies and the supernatant was analyzed for U(VI) concentra-
tion. Aer that, theMOF solutions were thoroughly washed with
distilled water and dried at 100 �C following which the MOFs
residue can be reused for sorption studies. The procedure was
repeated twice for U(VI) sorption using MOFs.

2.8 Fluorometric analysis of U(VI)

Sensing U(VI) from aqueous medium using IRMOF-3 and its
PSM MOFs at room temperature (25 �C) was analyzed from
uorescence spectra. Initially, 10 mg of nely ground MOFs
were suspended in 25 mL of de-ionized water followed by
© 2021 The Author(s). Published by the Royal Society of Chemistry
sonication for 10 min for homogeneous distribution. Various
concentrations of U(VI) solution (0 to 300 mg L�1) at pH 4 were
prepared from 1000 mg L�1 of U(VI) stock solution. Each test
sample was prepared by mixing 250 mL of MOF suspension,
varying concentrations of U(VI) solution, 10 mL of 0.5 M NaNO3,
and remaining portion made up to 500 mL with ultra-pure water
(pH 4). The purpose of adding NaNO3 is to x the nitrate ions
concentration same in all the solution. Therefore, quenching of
uorescence intensity for all the MOFs is only due to U(VI). The
test solutions were aged for 2 h, followed by uorimetric
analysis.

In order to investigate the selectivity of IRMOF-3 and its PSM
MOFs towards U(VI) from aqueous medium, 1000 mg L�1 solu-
tions of various lanthanide ions (La3+, Ce4+, Nd3+, Sm3+, Gd3+,
and Eu3+) were prepared at pH 4. The uorimetric sensing
studies of U(VI) with competiting metal ions were carried out in
the similar way of mentioned for U(VI) by considering
100 mg L�1 as standard concentration. In order to minimize the
uncertainty due to suspension change and instrumental uc-
tuations, all spectra were recorded in duplicate.
3. Results and discussion

The pendant amino group present in IRMOF-3 was used for the
synthesis of four functionalised MOFs namely IRMOF-PC,
IRMOF-GA, IRMOF-SMA, and IRMOF-DPC using 2-pyridine
carboxylaldehyde, glutaric anhydride, sulfamic acid, and di
phenyl phosphonic chloride, respectively by PSM strategy. The
newly synthesised PSM MOFs exhibited varied properties viz.
stability, surface area, pore size, and binding efficiency towards
U(VI).

The synthesised IRMOF-PC having the imine (C]N) group
furnishes metal binding site obtained by covalent graing of 2-
pyridine carboxaldehyde onto IRMOF-3. The presence of amide
(NH–CO–) and carboxylic acid (–COOH) groups simultaneously
cannot be achieved by direct synthesis, but through PSM by
treating IRMOF-3 with glutaric anhydride resulted into IRMOF-
GA possessing both the functional groups offering more
binding efficiency. The sulphur functionalised MOFs (S-MOFs)
have been extensively studied as solid phase extractants
towards adsorption of heavy metals (Hg(II), Pb(II), Cd(II)),
following HSAB principle.56 Therefore, IRMOF-SMA was syn-
thesised by treating IRMOF-3 with sulfamic acid via PSM
strategy in order to analyse the behaviour of sulphur based
extractant for U(VI) from aqueous medium. Phosphorous based
functional groups are widely used for the extraction of radio-
nuclides e.g., solvent extraction using some alkyl phosphates.
This motivated us to synthesize phosphorous based, IRMOF-
RSC Adv., 2021, 11, 28126–28137 | 28129
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DPC, by treating IRMOF-3 with di phenyl phosphonic chloride
and studied for extraction of U(VI).
3.1 Characterization

The IR spectrum of synthesised IRMOF-3 was veried and
matched well with reports, conrming the formation of IRMOF-
3. The IR spectra of PSM MOFs conrmed the presence of
graed functional groups (Fig. S1†). Compared to the parent
IRMOF-3, the representative IR peak for C]N in IRMOF-PC is
observed at 1604 cm�1, a medium intense peak observed at
about ca. 1700 cm�1 (NH–CO–) may be attributed to the amide
functional group present in IRMOF-GA, the strong peak
observed at 1225 cm�1 indicates the presence of (S]O) in
IRMOF-SMA, and strong intense peak observed at 1127 cm�1 is
attributed to (P]O) in IRMOF-DPC. The IR results conrm the
successful synthesis of different functionalized IRMOF-3 MOFs
via PSM strategy.

The powder XRD patterns of synthesized IRMOF-3 matched
well with reported patterns, conrming its formation (Fig. S2†).
The PSM MOFs exhibit PXRD patterns similar to that of parent
IRMOF-3 indicating intact structure of IRMOF-3, with no
apparent loss of crystalline nature upon graing of functional
groups. Marginal changes observed, could be attributed to the
variation in the electron density due to the presence of func-
tional groups.

Thermogravimetric (TGA) prole for IRMOF-3 and its PSM
MOFs are different due to the presence of different functional
groups (Fig. S3†). The parent IRMOF-3 is stable up to 400 �C and
is similar to the reported one. The TGA prole of IRMOF-PC
showed that it is less stable than parent MOF and is stable up
to 330 �C. TGA prole of IRMOF-GA and IRMOF-DPC are similar
to the parent MOF and these are stable up to 400 �C and 360 �C
respectively. Interestingly, thermal stability of IRMOF-SMA is
Fig. 1 1H-NMR (400 MHz, in DMSO-d6) spectra of IRMOF-3 and its fun

28130 | RSC Adv., 2021, 11, 28126–28137
high and it is stable up to 420 �C. However, all the four PSM
MOFs are having the good thermal stability (>300 �C).

The PSM of IRMOF-3 was further conrmed by acid-digested
(HF and DMSO-d6) NMR spectroscopy (1H-, 13C- and 31P-NMR).
The 1H-NMR spectra of all PSM MOFs exhibit a down eld shi
for the modied BDC ligand, compared to the parent MOF,
along with the unmodied ones (Fig. 1). Additionally, IRMOF-
GA displayed new peaks corresponding to the alkyl groups of
glutaric anhydride appearing in the range of 1.4–2.5 ppm.
IRMOF-PC and IRMOF-DPC exhibit peaks in the aromatic
region and can be attributed to the iminopyridine moiety and
aromatic protons of the new phenyl rings, respectively. The 13C-
NMR spectra also exhibit new peaks corresponding to the
modied frameworks and conrm the presence of intended
functionalities in the framework (Fig. S4†). In addition, the 31P-
NMR spectrum of IRMOF-DPC is simulated with that of the
starting material, i.e., diphenylphosphinic chloride (Fig. S5†).
Therefore, the NMR studies conrm the conversion of IRMOF-3
to modied MOFs.

The surface morphology and quantitative compositional
characterization of synthesized IRMOF-3 and obtained PSM
MOFs were done by SEM and EDX analysis, respectively (Fig. S6–
S10†).

BET surface area analysis was performed using approxi-
mately 0.8–1 g of MOFs in order to observe the changes in
surface area as well as porosity by measuring the Brunauer–
Emmett–Teller (BET) with N2 at 77 K (Table S2†). The results
reveal that decrease in the porosity and surface area for func-
tionalised MOFs due to the presence of various graed organic
functional groups. The large functional groups were lled in the
pores led to decrease in size and followed by decrease in
porosity.
ctionalized MOFs.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Effect of solution pH on U(VI) sorption (%) onto IRMOF-3 and its
PSMMOFs, t¼ 180min,msorbent¼ 10.0mg, Vsolution¼ 3mL, C0¼ 1 mg
mL�1, T ¼ 25 � 1 �C.

Fig. 3 U(VI) sorption (%) onto IRMOF-3 and its PSM MOFs; pH ¼ 6, t ¼
180min,msorbent¼ 10.0mg, Vsolution¼ 3mL,C0¼ 1 mgmL�1, T¼ 25�
1 �C.
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3.2 U(VI) sorption studies

In order to compare the U(VI) sorption behaviour of the newly
synthesized PSM MOFs and the parent IRMOF-3, a series of
batch experiments were performed at various conditions of pH,
contact time, and U(VI) of known concentration.

3.2.1 Effect of solution pH on sorption behaviour of U(VI).
The pH of the solution plays a very crucial role in sorption of
U(VI) from aqueous (acidic/basic/neutral) medium, since it
affects the specic state of uranium as well as the surface charge
distribution of binding sites across sorbents. In order to
investigate the inuence of solution pH on the sorption
behaviour of U(VI) onto IRMOF-3 and its PSM MOFs, studies
were performed as a function of the pH of the solution in the
range from 2 to 9 (Fig. 2). The results revealed that the sorption
of U(VI) strongly depends on pH. Sorption of U(VI) onto MOFs is
less up to pH 4 beyond which sorption of U(VI) increases up to
pH 6 for all MOFs and then decreases aer pH 7. The modied
IRMOF-DPC exhibits greater sorption behaviour (300 mg U g�1)
than that of IRMOF-3 (239 mg U g�1). The increasing order of
sorption capacity of U(VI) onto IRMOF-3 and PSM MOFs (Table
1) are as follows: IRMOF-3-DPC (300 mg U g�1) > IRMOF-SMA
(292 mg U g�1) > IRMOF-PC (289 mg U g�1) > IRMOF-GA
(280 mg U g�1) > IRMOF-3 (273 mg U g�1). Sorption (%) of
IRMOF-3 and its PSM MOFs at pH 6 is shown in Fig. 3.

The effect of solution pH on U(VI) sorption by IRMOF-DPC is
shown in Fig. 4 for more clarity. The improved sorption
behaviour shown by IRMOF-DPC could be is due to the strong
Table 1 Sorption of U(VI) onto IRMOF-3 and PSM MOFs (pH ¼ 6)

MOF Sorption (%) Kd qe (mg g�1)

IRMOF-3 91 � 2.7 3096 � 93 273 � 8
IRMOF-PC 96 � 2.9 8122 � 244 289 � 8
IRMOF-GA 93 � 2.8 4277 � 128 280 � 9
IRMOF-SMA 97 � 2.9 12 384 � 371 292 � 9
IRMOF-DPC 99 � 3.0 24 983 � 749 300 � 9

© 2021 The Author(s). Published by the Royal Society of Chemistry
electrostatic interaction between hard Lewis acid U(VI) and hard
Lewis base: phosphoryl oxygen (P]O). Furthermore, the
bonding between IRMOF-DPC and U(VI) was conrmed by FTIR
(Fig. 5) wherein the intensity of P]O (1127 cm�1) decreases
signicantly with a peak shi due to bonding with U(VI). Addi-
tionally, the new intense strong sharp peak observed at
925 cm�1 is attributed to the UO2

2+ ions. The IR analysis thereby
conrms the formation of strong bond between P]O and U(VI).

Although all the ve MOFs showed signicant extraction
efficiency towards U(VI) from aqueous medium, in terms of
response time (�5 min) (Fig. 6a), thermal stability (400 �C) and
sorption efficiency (99.1%), IRMOF-DPC is the best sorbent for
the extraction of U(VI) from aqueous medium. The sorption (%),
distribution coefficient (Kd), and amount of U(VI) sorbed (qe) for
all the MOFs are shown in Table 1.

3.2.2 Effect of contact time and sorption kinetics. The
kinetic studies conrmed that IRMOF-DPC (Fig. 6a) responds
Fig. 4 Effect of solution pH (2 to 9) on U(VI) sorption (%) onto IRMOF-
DPC, t¼ 180min,msorbent¼ 10.0mg, Vsolution¼ 3mL,C0¼ 1 mgmL�1,
T ¼ 25 � 1 �C.
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Fig. 5 FTIR spectra of IRMOF-DPC before and after U(VI) sorption.

Fig. 7 Sorption (%)/desorption (%) bar graph of U(VI) from IRMOF-DPC.
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quickly (�5 min) and has highest sorption efficiency towards
U(VI) from aqueous medium. For IRMOF-3, IRMOF-PC, IRMOF-
GA, and IRMOF-SMA the saturation sorption was observed aer
3 h, however they exhibited higher efficiency beyond 60minutes
(Fig. S11†).

The plot drawn between contact time (t, min) vs. t/qt (qt is the
amount of U(VI) sorbed at a time t) shows the straight line and it
is not passing through origin indicating IRMOF-DPC follow
pseudo second order kinetics (Fig. 6b) and all other MOFs also
follow similar trend (Fig. S12†).
Fig. 8 Recyclability tests bar graph for IRMOF-3 and PSM MOFs.
3.3 Desorption and recyclability studies

In order to recover the U(VI) from MOFs, a series of desorption
studies were performed with different eluents (0.1 M HNO3,
0.01 M HNO3, 0.1 M Na2CO3, 0.01 M Na2CO3, and de-ionised
water). The results revealed that 0.01 M HNO3 (Fig. S13;†
97%) is an excellent desorbing agent for U(VI) sorbed on IRMOF-
Fig. 6 Effect of contact time on (a) qt and (b) t/qt of U(VI) sorption onto IRMOF-DPC; pH¼ 6,msorbent¼ 10.0mg, Vsolution¼ 3mL,C0¼ 1 mgmL�1,
T ¼ 25 � 1 �C.

28132 | RSC Adv., 2021, 11, 28126–28137 © 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 9 The emission spectra of (a) IRMOF-3; (b) IRMOF-PC; (c) IRMOF-GA; (d) IRMOF-SMA; and (e) IRMOF-DPC with increasing U(VI)
concentration (0 to 300 mg L�1).

Paper RSC Advances
3 and its PSMMOFs. Using 0.01 M HNO3 eluent up to 97% U(VI)
was recovered from IRMOF-DPC (Fig. 7). Here, desorption (%)
was calculating based on the amount of U(VI) sorbed on MOFs,
and does not depend on the initial concentration of U(VI).

Recyclability studies were performed with IRMOF-3 and its
PSM MOFs for U(VI) sorption in order to understand the
© 2021 The Author(s). Published by the Royal Society of Chemistry
reusability aspects of these MOFs for practical applications.
Sorption (%) indicates only marginal decrease in sorption
capacity for U(VI) aer two cycles (Fig. 8). Therefore, IRMOF-3
and its PSM MOFs are versatile sorbents for reusability for
extraction of U(VI) from aqueous medium.
RSC Adv., 2021, 11, 28126–28137 | 28133



RSC Advances Paper
3.4 U(VI) sensing studies

IRMOF-3 and its PSM MOFs were examined for uorescence
sensing of uranyl ions. The excitation wavelengths are different
for different MOFs; IRMOF-3 (lex ¼ 428 nm), IRMOF-PC (lex ¼
426 nm), IRMOF-GA (lex¼ 330 nm), IRMOF-SMA (lex¼ 424 nm),
and IRMOF-DPC (lex ¼ 334 nm). The difference in wavelengths
Fig. 10 The effect of increasing U(VI) concentration (0 to 300mg L�1) on q
SMA; and (e) IRMOF-DPC.

28134 | RSC Adv., 2021, 11, 28126–28137
is due to the presence of different functional groups and vari-
ation in charge transfer from ligand to metallic node present in
the MOFs. The uorescence intensity of MOFs due to ligand-to-
metal charge transfer (LMCT) spectra primarily depends on the
presence of benzene derivatives in linkers, which plays a crucial
role in the uorescence intensity. Depending on the electronic
uenching (%) of (a) IRMOF-3; (b) IRMOF-PC; (c) IRMOF-GA; (d) IRMOF-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conguration of metal and relative linker and metal orbital
energies, the metal ion inuences the emission. Initially, the
charge transfer from the amino (–NH2) substituted benzene
rings to Zn-metal was very high in IRMOF-3 resulting in high
uorescence intensity. However, PSM MOFs displayed
decreased uorescence intensities due to graed organic func-
tional groups. Among them, IRMOF-DPC exhibits lowest uo-
rescence intensity, compared to IRMOF-3, and can be attributed
to the presence of two aromatic rings which could hinder the
ligand to metal charge transfer (LMCT).57

In order to understand the effect of U(VI) sorption on uo-
rescence intensity, IRMOF-3 and its PSMMOFs suspensions (250
Fig. 11 Quenching (%) of IRMOF-3 and its PSM MOFs with U(VI) an
concentration of each ion is 100 mg L�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
mL) were treated with varied concentrations of U(VI) (1 to
300 mg L�1) in ultra-pure water, at pH¼ 4. It can be seen (Fig. 9)
that all the MOFs except IRMOF-DPC show good quenching
when concentration of U(VI) is 6.25 mg L�1. The quenching of
uorescence intensity of the MOFs at 6.25 mg L�1 of U(VI) shows
the following trend: IRMOF-SMA (65.4%) > IRMOF-3 (64.3%) >
IRMOF-PC (63.5%) > IRMOF-GA (58.6%) > IRMOF-DPC (10.9%).
Further increase in U(VI) concentration (up to 300 mg L�1), leads
to further decrease in uorescence intensity. Langmuir model
was used here to t the uorescence quenching ratio [((I0 � I)/I0)
� 100] plotted as a function of uranium concentration. We
hypothesize that the decrease in uorescence intensities of
d competing metal ions (La3+, Ce4+, Nd3+, Sm3+, Gd3+, and Eu3+);

RSC Adv., 2021, 11, 28126–28137 | 28135
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IRMOF-3 and its PSM MOFs following the interaction of ligands
in MOFs with U(VI), was due to the variance in charge transfer
from frameworks to U(VI). Therefore, the uorescence quenching
phenomena can be directly correlated with U(VI) concentration-
dependent sorption behaviour on IRMOF-3 and its PSM MOFs,
which is described by Langmuir model tting (Table S4†). When
the simulated Langmuir equation was transformed into the
correlation between U(VI) concentration (C) and C/[(I0 � I)/I0 �
100] (Fig. 10 inset), a nearly linear correlation was obtained. The
correlation coefficients of IRMOF-3 and its PSM MOFs using
Langmuir model was found to be greater than 0.993 and are
shown in Table S4.† Therefore, this method can be used for the
quantitative analysis of uranium over a wide range of concen-
tration (6.25 to 300 mg L�1).
3.5 U(VI) detection limit and selectivity

Comparison of uorescence intensity of PSM MOFs and parent
MOF displayed signicant quenching at and above 6.25 mg L�1

of U(VI) (Fig. 9). It can be seen that IRMOF-GA responded more
sensitively to U(VI) than other MOFs. Even 1 mg L�1 of U(VI)
quenches the uorescence intensity of the MOF by nearly 30%.
The detection limit (3s/slope) was calculated to be 0.36 mg L�1,
clearly demonstrating the potential application of IRMOF-GA as
quantitative sensor for U(VI). Xiohong et al.58 already reported
PtRu bimetallic based MOFs for U(VI) sensing with detection
limit 0.024 mM and Linnan Li et al.59 also reported U(VI) sensing
with detection limit 0.9 mM. Although, the reported MOFs are
showing the good detection limit for U(VI), by considering the
quick response time (�5 min), easy synthesis, high extraction
efficiency (300 mg g�1) for U(VI) made these functionalised
IRMOF-3 MOFs selective agents for U(VI) extraction and sensing.

In order to investigate the selective sensing of U(VI) over other
metal ions from aqueous medium using IRMOF-3 and its PSM
MOFs, lanthanide ions (La3+, Ce4+, Nd3+, Sm3+, Gd3+, and Eu3+)
were chosen for uorescence studies. The quenching of uo-
rescence intensity of all MOFs by lanthanides was found to be in
the range of 2 to 53% for 100 mg L�1 of lanthanides (Fig. 11).
However, it is to be noted that this quenching is lower than that
of same amount of U(VI) (�98%) indicating that all MOFs were
highly selective for sensing of uranyl ions. The selectivity could
be due to the electrostatic interaction between U(VI) and varied
functional groups present in MOFs, which leads to efficient
energy transfer, by resonance, than the lanthanide ions. This
effect can be further investigated by the so nitrogen donor
ligand (IRMOF-GA, amide group), which also enables selective
enrichment of the U(VI) than lanthanide ions. Furthermore, the
arrangement of coordination sites in the crystalline structures
of MOFs contain variable donor groups namely amine (NH),
imine (C]N), amide (NH–C]O), carboxylate (–COO), sulfa-
mide (NH–S]O), phosphamide (NH–P]O) as preferential
binding sites for the U(VI) ions over other competing metal ions.
These results demonstrate that the excellent detection selec-
tivity toward U(VI) may indeed originate from the capability of
efficient and selective enrichment of U(VI) by IRMOF-3 and PSM
MOFs, providing opportunities for applications in uranium
sensing within aqueous media.
28136 | RSC Adv., 2021, 11, 28126–28137
4. Conclusions

In the present study, we report four PSMMOFs namely, IRMOF-
PC, IRMOF-GA, IRMOF-SMA, and IRMOF-DPC synthesised via
covalent graing of functional moieties (amide, anhydride,
sulphur, and phosphorous) by modifying pendant amino
(–NH2) group present in the IRMOF-3. The resultant MOFs
displayed varying porosity, surface area, stability, and binding
affinities. These properties made PSM MOFs signicance
difference towards U(VI) sorption in aqueousmedium (pH¼ 2 to
9), due to the different electrostatic interactions between graf-
ted functional groups and U(VI). The leaching studies revealed
that quantitative recovery of U(VI) from MOFs and good recy-
clability studies showed considerable stability of these MOFs
making them suitable environmentally clean materials. There-
fore, the easy functionalization of MOFs using PSM to get the
selective sorbents becomes useful for sorption of U(VI) from
aqueous medium.

Additionally, present study revealed that IRMOF-3 and PSM
MOFs are excellent materials for the sensing and detection of
U(VI) from aqueous medium. IRMOF-GA offered impressive
detection limit (0.36 mg L�1). These results revealed the
participation of organic functional groups in the uorescence
sensing of U(VI). Moreover, these MOFs furnished excellent
selectivity via uorescence quenching for U(VI) (�98%) over
other lanthanide ions (La3+, Ce4+, Nd3+, Sm3+, Gd3+, and Eu3+)
(2–53%). This strategy is useful for studies seeking to synthesize
highly stable solid-state sorbents and sensors selective to U(VI)
from aqueous media, within the context of nuclear industry as
well as the ecosystem.
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39 J. Čejka, Angew. Chem., Int. Ed., 2012, 51, 4782–4783.
40 W. Liu, L. Zhang, F. Chen, H. Wang, Q. Wang and K. Liang,

Dalton Trans., 2020, 49, 3209–3221.
41 J. Gascon, U. Aktay, M. D. Hernandez-Alonso, G. P. M. van

Klink and F. Kapteijn, J. Catal., 2009, 261, 75–87.
42 S. J. Garibay and S. M. Cohen, Chem. Commun., 2010, 46,

7700–7702.
43 M. Kandiah, M. H. Nilsen, S. Usseglio, S. Jakobsen,

U. Olsbye, M. Tilset, C. Larabi, E. A. Quadrelli, F. Bonino
and K. P. Lillerud, Chem. Mater., 2010, 22, 6632–6640.

44 S. Sharma, S. Panja, A. Bhattacharyya, P. S. Dhami,
P. M. Gandhi and S. K. Ghosh, Dalton Trans., 2016, 45,
7737–7747.

45 S. Rostamnia and H. Xin, Appl. Organomet. Chem., 2014, 28,
359–363.

46 E. Gulcay and I. Erucar, Ind. Eng. Chem. Res., 2019, 58, 3225–
3237.

47 T. Isobe, Y. Arai, S. Yanagida, S. Matsushita and A. Nakajima,
Microporous Mesoporous Mater., 2017, 241, 218–225.

48 M. Wang, L. Guo and D. Cao, Sens. Actuators, B, 2018, 256,
839–845.

49 T. Sarita, B. Sreenivasulu, A. Suresh, C. V. S. B. Rao and
N. Sivaraman, RSC Adv., 2020, 10, 14650–14661.

50 A. Kumar, A. R. Chowdhuri, A. Kumari and S. K. Sahu,Mater.
Sci. Eng. C, 2018, 92, 913–921.

51 S. S. Nagarkar, B. Joarder, A. K. Chaudhari, S. Mukherjee and
S. K. Ghosh, Angew. Chem., Int. Ed., 2013, 52, 2881–2885.

52 H.-Y. Li, S.-N. Zhao, S.-Q. Zang and J. Li, Chem. Soc. Rev.,
2020, 49, 6364–6401.

53 C. Tudisco, G. Zolubas, B. Seoane, H. R. Zafarani,
M. Kazemzad, J. Gascon, P. L. Hagedoorn and L. Rassaei,
RSC Adv., 2016, 6, 108051–108055.

54 C. J. Doonan,W.Morris, H. Furukawa and O.M. Yaghi, J. Am.
Chem. Soc., 2009, 131, 9492–9493.

55 S. Castellanos, K. B. Sai Sankar Gupta, A. Pustovarenko,
A. Dikhtiarenko, M. Nasalevich, P. Atienzar, H. Garćıa,
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