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ABSTRACT: A simple solvothermal method was used to synthesize a metal—organic
framework (MOF) with an Al metal entity, viz, CAU-1 NH,. The synthesized MOF was
characterized using different techniques like X-ray diffraction, Fourier transform infrared
spectroscopy, thermogravimetric analysis, scanning electron microscopy (SEM), field
emission SEM (FE-SEM), transmission electron microscopy, small-angle X-ray scattering,
positron annihilation lifetime spectroscopy, and X-ray photoelectron spectroscopy. The
radiation stability was evaluated by irradiating the material up to a cumulative dose of 2 0
MGy using “°Co for the first time. The studies showed a remarkable gamma irradiation
stability of the material up to 1 MGy. The porosity and surface area of the synthesized
MOF were determined by Brunauer—Emmett—Teller, which showed a high specific .
surface area of 550 m®/g. The pH dependence study of Th uptake from an aqueous  gycvim i I

solution was performed from pH 2—8, followed by adsorption isotherm and adsorption I
kinetics studies. These results revealed that the Langmuir and pseudo-second-order
kinetic models can be well adapted for understanding the Th uptake and kinetics, respectively. The synthesized MOF exhibited an
~404 mg/g thorium adsorption capacity. Selectivity studies of adsorption of Th w.r.t. to U and different metal ions such as Cu, Co,
Ni, and Fe showed that Th gets adsorbed preferentially as compared to other metal ions. In addition, the MOF could be used
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multiple times without much deterioration.

1. INTRODUCTION

The limited inventory of fossil fuels is expected to last for
another 100 years. Apart from the inadequate reserve, it also
possesses the risk of global warming due to the evolution of
CO,, and hence, a safe and secure source of energy is required
to meet the needs to prevent global energy crisis." A number of
renewable energy sources like wind, solar, nuclear, and so forth
could be used, but all of them have some limitations. Being a
zero-emission source, nuclear energy is considered to be the
future source of energy. Presently, uranium-based fuels are
used all over the world. However, due to limited reserves of
uranium, highly abundant thorium will become an alternate
fuel material in place of uranium in the future nuclear reactors
and may serve as a key fuel element and a valuable source to
produce uranium as ***U in breeder reactors. In principle,
thorium is obtained from its mineral, monazite, through
chemical separation.”” Since the chemical and physical
properties of uranium and rare-earth elements are comparable,
selective separation of thorium becomes a bit strenuous when
they co-exist. Conventionally, thorium is separated by liquid—
liquid extraction by functional organic extractants such as
tributyl phosphate, diphenyl phosphate, and so forth.*”
However, this process requires an enormous amount of
organic extractants which become radioactive during the
process, and disposal of such organic solvents poses threat to
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the environment. The presence of radioactive elements like U
and Th in water streams leads to the accumulation in the liver
of living organisms and hence poses serious health issues.’
Adsorption-based methods possess a number of advantages
over the conventional methods as they are simple and
economic and have a high adsorption capacity.”

Because of the above reasons, development of a simple and
efficient solid adsorbent which can be recycled effectively is
highly desirable. Though a large class of solid adsorbents such
as polymers,®~'> membranes,'”'* porous silica, mesoporous
carbonaceous materials,”>~>" zeolites,”* and porous nanoma-
terials”® were explored in the past for the removal of Th(IV)
from other metal ions, these adsorbents lack either selectivity
or efficient reusability. Owing to the occurrence of large
surface-to-volume ratio, high porosity, and availability of
abundant sites for binding a specific metal ion, metal—organic
frameworks (MOFs) are considered as next-generation
adsorbents. These are three-dimensional coordination poly-
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mers constituting an inorganic metallic node or a cluster and
an organic linker giving rise to a framework with high porosity
and suitable surface characteristics that are ideal for
applications in diverse fields like catalysis, biomedical
applications, magnetism, and water remediation.”* >’ Recently,
a few MOFs™® "> were exploited for selective sorption of
Th(IV) and UO,*, but the practical applicability of these
frameworks is restricted due to limited adsorption capacity and
low selectivity.

Sturdy and multipurpose MOFs have become urbane
gallows to meet the genuine requirements of the nuclear
community, but their features depend on the potency of their
structure under the thermal, chemical, and mechanical
environments and high radiation fields. Though many reports
mention about the thermal, chemical, and mechanical
stabilities of MOFs,>” there is scarcity in the studies pertaining
to the stability of MOFs under radiation.”*™*® According to
previous reports, irradiation of MOFs induces many changes
such as reduction in crystallinity, surface roughening,
modification in surface area and pore characteristics, and so
forth.””*® It has also been understood that the density and
absorption cross section of the metal ion greatly influence the
irradiation stability,36 viz., a lower Z metal cation has a lower
probability of absorbing the ionizing radiation. In this aspect,
the MOF derived from AI** metal nodes such as CAU-1 NH,
should be stable under gamma irradiation.

CAU-1 NH, (CAU stands for Christian-Albrechts-Univer-
sity, [AL(OH),(OCH;),(BDC-NH,);]) contains an alumi-
num metallic entity and 2-aminoterephthalic acid as the
organic linker which is cost-effective due to high abundance of
aluminum in the earth crust. Many MOFs reported in the
literature like HKUST-1, DUT-4, and so forth are known to be
water unstable and hence requires efforts to stabilize them in
aqueous solutions.””*" In this regard, CAU-1 NH, with its
strong structure possesses high aqueous and thermal stability
and is thus designed for the adsorption of Th from different
aqueous streams. Various synthetic methods commonly used
are solvothermal, ultrasonication, mechanochemical, and
electrochemical. In this study, we have employed the one-
step solvothermal-based method for the synthesis of CAU-1
NH,. The synthesized MOF was characterized using different
techniques like X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), thermogravimetric analysis
(TGA), Brunauer—Emmett—Teller (B.E.T.), scanning electron
microscopy (SEM), SAX, transmission electron microscopy
(TEM), positron annihilation lifetime spectroscopy (PALS),
X-ray photoelectron spectroscopy (XPS), and so forth. Studies
pertaining to Th adsorption were carried out by varying
numerous experimental factors such as pH, concentration of
Th, and equilibration time. Also, the selectivity studies among
different metal ions including uranium and reusability of the
MOF for successive adsorption were attempted. The presence
of thorium in the reactors utilizing the Th—**U cycle will
invariably lead to the presence of intense y-emitting isotopes
like **T1 and *"’Bi (daughter products of **U). So, it is
essential to estimate the gamma irradiation stability of the
adsorbent. Thus, the gamma irradiation stability of CAU-1
NH, was evaluated for the first time up to 2000 kGy using
®Co as the gamma source.

2. EXPERIMENTAL SECTION

2.1. Chemicals. We have used A.R. grade chemicals for the
synthesis work without any further purification. Aluminum

chloride (AICl;-6H,0) was purchased from SRL Pvt. Ltd., 2-
aminoterephthalic acid was procured from Sigma-Aldrich,
methanol from Anim Fine Chemicals (CH;OH), and thorium
nitrate (Th(NO,;),-SH,0) was obtained from Indian Rare
Earth Ltd. We have used Milli-Q water for carrying out all
dissolutions of the salts used in our experiments.

2.2. CAU-1 NH, Synthesis. CAU-1 NH, was synthesized
using the procedure reported earlier using a high-pressure
solvothermal method. In brief, 3 mmol of AICl;-6H,0 was
taken in a beaker to which 14 mL of methanol was added. In
another beaker, 1.75 mmol of 2-aminoterephthalic acid was
added slowly to 14 mL of methanol. Both these solutions were
mixed and stirred continuously for 1 h. The resulting solution
was poured into an autoclave made up of stainless steel and
heated to 125 °C for S h. It was then cooled to 25 °C. Further,
it was centrifuged and washed twice with methanol. The
obtained solid was then dispersed in water to remove the
chloride ions from the pores if present. Finally a methanol
wash was given for complete water removal, which was dried
further at 100 °C under vacuum.

2.3. Characterization. XRD patterns were obtained on a
Miniflex Rigaku-600 with a D/teX Ultra silicon strip detector
using monochromatic Cu K, (4 = 1.5406 A) with 20 from 6 to
60° at 2°/min scan rate. The FT-IR spectra were recorded on a
Bruker make, tabletop model in the wavenumber ranging from
500 to 4000 cm™". To determine the typical size of the MOF
nanoparticles, small-angle X-ray scattering (SAXS) measure-
ment on the powder sample was carried out with a microfocus
Cu K, source. The two-dimensional (2D) SAXS data was
collected using a multiwire gas detector. For morphology
studies, SEM was carried out, whose details are provided in the
Supporting Information (SI). The FE-SEM measurements of
CAU-1 NH, powder samples were recorded prior and after Th
adsorption by the GEMINISEM300 instrument [Make Carl
Zeiss]. For this, the MOF powder was sprinkled on a sticky
conducting carbon tape, and data was acquired at low voltage
to avoid the charging effect. TEM images were recorded using
the field emission-TEM model no. JEM-2100F. An accel-
eration voltage of 200 kV was used for TEM measurement
with the sample dispersed in a carbon-coated 200 mesh Cu
grid. PALS measurements were performed using a positron
lifetime spectrometer comprising two fast-timing BaF,
scintillation detectors with fast—fast coincidence circuitry. An
~15 uCi of carrier-free *Na sandwiched between two 8 um
polyimide films (Kapton) was used as the positron source,
which was implanted with sufficient quantity of the powder
MOF sample to stop the positrons. In order to account for the
amount of positron annihilating in the source itself, the lifetime
spectrum of Si was used as a reference as per conventional
practice. The lifetime spectra were acquired and further
analyzed using PALSFit software.”' The thermal stability of the
as-synthesized CAU-1 NH, was investigated using Mettler
Thermoanalyzer (model: TGA/SDTA851e/MTS/LF1600) by
taking ~100 mg of the sample in a thermobalance, which was
heated to 873 K by flushing N, gas continuously with a heating
ramp of 10 K min~". B.E.T. measurement was carried out for
studying the adsorption—desorption characteristics on a
SORPTOMATIC 1990 at liquid nitrogen temperature (77
K). Prior to the experiment, ~100 mg of the sample was
degassed at 107> mbar at 100 °C to remove any absorbed gas
molecules or moisture. For radiation stability studies, the MOF
was irradiated in a y-irradiation facility (GC-5000) obtained
from BRIT (Board of Radiation & Isotope Technology, Navi
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Mumbai). The sample was positioned in a glass ampoule and
irradiated using a 60Co y-source. The gamma chamber used
possess a dose rate of 4.7 kGy/h. The sample was irradiated for
different durations such that cumulative doses of 200, 400, 600,
800, 1000, and 2000 kGy were imparted to the samples. After
completion of each irradiation, the XRD and IR spectra were
recorded for ascertaining the structural stability. XPS has been
used for understanding the Th adsorption in CAU-1 NH,. The
experimental details are given in the Supporting Information.

2.4. Adsorption Studies. Before carrying out adsorption
experiments, CAU-1 NH, was degassed under vacuum for 2 h.
For carrying out Th adsorption studies, the thorium nitrate
stock solution of concentration ~2 M was prepared. The
details of the solution preparation are given in the Supporting
Information. Minute quantities of 0.1 M nitric acid and 0.1 M
sodium hydroxide were used for pH adjustments. Batch
method was used for the Th adsorption studies in the pH
range 2—8. Approximately 5 mg of the sample was equilibrated
with 20 mL of thorium nitrate solution for S h. The
concentration of Th in the solution varied from 25 to 250
mg/L for adsorption isotherm studies. The kinetics was
monitored by analyzing the Th concentration in the super-
natant solution at different time intervals using total X-ray
fluorescence (TXRF). The detailed instrumental description is
provided in the Supporting Information. A typical TXRF
spectrum fitted using PyMca software is shown as Figure SI.
qe which is the adsorption capacity calculated using eq 1, is
described below.

G- Cf
=, <V (1)

2.5. Computational Studies. Density functional theory
(DFT) calculations were applied to understand the geometric
and electronic structure of the ligand and its corresponding
thorium complex. The detailed information is given in the
Supporting Information (SI).

9.

3. RESULTS AND DISCUSSION

CAU-1 NH, consists of a tetragonal structure assembled by a
pseudo bcc-type lattice with building blocks comprising 8-ring
[Al;(OH),(OCH,)g]"** units which are further joined through
12 aminoterephthalate ion linkers. This leads to the presence
of an octahedral and tetrahedral cage having reachable
diameters of 1 and 0.45 nm, respectively. The detailed cell
structure and framework information can be obtained
elsewhere.*” Figure 1 shows the single unit cell of CAU-1
consisting of eight-ring units attached with aminoterephthalic
acid (generated using CIF File 723320).

3.1. Characterization of MOFs. The XRD patterns of
simulated CAU-1 and the synthesized compound are
presented in Figure 2a. The compound crystallized into a
tetragonal crystal structure as reported elsewhere with the 14/
mmm space group.42 The characteristic (011) reflection at 26
= 6.9° and (022) reflection at 13.81° could be seen from
Figure 2a. The reflection 20 = 9.91° shows extra population of
CAU-1 crystals at the —OH-terminated interface in the [002]
direction. These two orientations of attachments of CAU-1
crystals are attributed to different reachable coordination
locations of the inorganic structure. The broadening of peaks
observed might be due to the nano nature of the MOF, which
could also be seen in electron microscopy images.

Figure 2b shows the FT-IR spectrum of the synthesized
CAU-1 NH,. The asymmetric stretching of C=0O at 1600

Figure 1. Single unit cell of CAU-1 NH, generated using the CIF file.

cm ™" and the symmetric stretching at 1430 cm™" confirmed the
binding of amino terephthalic acid with AI**. Further, the C—O
stretching could be observed at ~1070 cm™. The character-
istic Al-O—Al stretching frequency at ~605 cm™" confirms the
presence of Al-O—Al bonds in the MOF. The aliphatic C—H
groups present in the methoxy part of the structure are
ascertained through a band at ~2900 cm™'. The signature
peaks of the primary amine were not clearly observed, which
appear at the 3300—3450 cm™ region that could be owing to
the overlapping of O—H stretching at 3200—3500 cm ™. The
broad peak appeared suggests the presence of hydrogen
bonding between N—H—O. However, the existence of a C—N
bond could be established by the presence of a C—N aromatic
stretching band at ~1250 cm™. Thus, the aforementioned
findings confirm the synthesis of CAU-1 NH,.

An aluminum-based MOF such as CAU-1 is known to be
stable up to moderately high temperatures.”> To assess the
thermal stability of CAU-1 NH,, the MOF powder sample was
subjected to thermogravimetry. Figure 2c shows the % weight
loss as the function of temperature. The TGA curve shows
mainly three weight loss steps. The first step at ~70—90 °C
occurs due to the removal of water/methanol present. Further,
the steady decrease observed up to ~190 °C could be due to
the removal of a small amount of entrapped H,O molecules
present inside the pores of the MOF. The elimination of the
linkers starts beyond 200 °C and peaks at ~350 °C. The last
steep and continuous weight loss beyond 350 °C which
accelerates further at around 490 °C is due to the complete
removal of the carbonaceous framework, leaving only a stable
Al,O; phase.

3.2. Morphological and Particle Size Analysis. The
morphological investigation of the MOF powder sample was
studied by SEM, field emission SEM (FE-SEM), and TEM.
The SEM images are shown as Figure S2. Figure 3a shows the
FE-SEM image of the as-synthesized CAU-1 NH,. It can be
seen that CAU-1 NH, crystallized in the nano regime, which
was confirmed further in TEM studies. Figure 3b—d shows the
TEM images of CAU-1 NH, at different magnifications. These
studies showed that the particle size ranges from 60 to 110 nm,
and the particle size distribution calculated from TEM
micrographs is provided in Figure S3. The TEM studies also
revealed that the sample is highly porous in the order of 5—10
A pores (Figure 3d). These pores are highly desirable for the
sorption of Th(IV).

The particle size of CAU-1 NH, was also probed by SAXS.
The 2D SAXS profile was radially averaged, and the scattering
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Figure 2. (a) XRD patterns of simulated and as-synthesized CAU-1 NH,; (b) FT-IR spectrum of CAU-1 NH, and (c) TG curve of CAU-1 NH,

powder sample.

Figure 3. (a) FE-SEM micrograph and (b—d) TEM micrographs of
CAU-1 NH, powder.

intensity is given as a function of wave vector transfer range Q
which is defined as 4z sin 0/4 with 26 being the scattering
angle and A being the wavelength of X-rays. The accessible Q-
range was 0.1—2.5 nm™". The scattering intensity of the MOF
sample is shown in Figure 4a. For simplicity, the scattering

12271

intensity of the MOF was modeled as an ensemble of
polydisperse spheres (eq 2).

I(q) = NAp® fD(r)V(r)zP(q, r)dr @)

Here, D(r) is the log-normal size distribution of MOF
nanoparticles. The expression of the log—normal distribution
(eq 3) can be written as

1 - (In(7y))”
D(r, 1y, 0) = —c 26
2o r? (3)
Here, ry depicts the median radius and ¢ the polydispersity

2
index. The average radius r,, can be written as rye” /2. P(g,r) is
the form factor of the sphere with radius r (eq 4).

3{sin(gqr) — gr cos(qr)} ’
(qr)’ (4)

P(‘Zr r) =

The fitting of eq 2 is shown in Figure 4a, and the size
distribution obtained using the above equation is shown in
Figure 4b. The average size of the nanoparticle is ~70 nm,
which is comparable to the typical size obtained from the TEM
experiment.

3.3. Pore Size Measurements. Surface area, pore size,
and its distribution are very important characteristics when we
consider the adsorption of any metal ions from solution. A
high value of specific surface area is desirable to have good
adsorption characteristics. Moreover, the pore size and its
distribution should be optimum to get utmost adsorption. The
adsorption and desorption characteristics of CAU-1 NH, were
determined by B.E.T. The adsorption—desorption isotherm of
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Figure 4. (a) SAXS profile of the CAU-1 NH, MOF sample. Solid line portrays the model fit to the data. (b) Estimated size distribution of the
MOF nanoparticles and (c) pore size distribution of CAU-1 NH, using the N, adsorption—desorption isotherm fitted using log-normal

distribution.

Table 1. Extracted Positron and o-Ps Pick-Off Annihilation Lifetime and Their Corresponding Intensities in CAU-1-NH,

sample 71, (ps) 7 (PS) T;, (ns) I, (%) Ly (%) I, (%)

CAU-1 NH, 205+ 6 405 £ 6 2.340 + 0.065 404 £ 2.5 57.8 £ 2.5 1.8 £ 0.7
the sample is shown as Figure S4. The sample possesses a high 0.01 nm. These results are in concurrence with the TEM and
specific surface area of 550 m* g~ with a pore volume of 0.32 pore size distribution results by the HK method, establishing
cm® g~'. Figure 4c shows the pore size distribution of the as- the microporosity of the MOF material. We have observed a
synthesized MOF sample determined by the Horvath— low intensity of the pick-oft annihilation. The resultant low
Kawazoe (HK) method™ and fitted using log-normal intensity (I3,) of this factor can be accredited to the existence
distribution. of the Lewis acid center (AI**), which can suppress the o-Ps
These studies elucidated that the MOF exhibits mainly formation_ A similar behavior was also observed by
micrﬂoporous structures with the pore radius ranging from 4 to Warringham et al. in ZSM Zeolites, where both Bronsted

20 A constituting micropores with the relative volume more and Lewis acidity decreased the amount of o-Ps detected.”

than 90%. Pore size information of the MOF material was also 3.4. Gamma Radiation Stability Studies. For conven-
probed by PALS. The lifetime spectra were acquired for tional metal ion adsorption, it is essential to study the chemical

approximately 1 million counts, and the experimentally
acquired PALS spectrum of CAU-1 NH, was deconvoluted
with the detector resolution function and further analyzed
using PALSFit software. A typical PALS spectrum showing the
different extracted lifetime components for CAU-1 NH, is
presented as Figure SS. The extracted lifetime data are
summarized in Table 1.

A positron interacts with a porous solid and annihilates
either as a free and/or contained positron state or as a free
and/or contained positronium (Ps) state.”” Annihilation of
positrons and Ps is more favored in the free volume holes
which serve as localized sites compared to the bulk. Another
annihilation mode, namely, pick-off annihilation, results by
continuous collisions of contained Ps with the pore walls.

In the PALS study of CAU-1 NH,, we observed three
lifetime components. The first two lifetime components in the
picosecond range are accredited to the positron annihilations
in shallow traps and larger voids in the MOF material. The
lifetime corresponding to the third component is in the range
of typical pick-off annihilation and generally appears in ortho Ps
(0-Ps). The corresponding pore size has been calculated usin.

and aqueous stability of the material; however, for the
radionuclide immobilization, radiation stability studies become
a vital topic of interest since the presence of Th will invariably
lead to the presence of a high y-emitting radionuclide like ***T1
and *"’Bi due to the attainment of radioactive equilibrium.
Earlier reports have suggested Al-based MOFs to be highly
resistant to y-rays (refer the Introduction section); however,
we did not come across any studies specific to the CAU-1-
based MOF. Thus, to evaluate the y-radiation stability of CAU-
1 NH,, it was irradiated with a very high dose of up to ~2
MGy using “°Co as the source. Post-irradiation studies were
performed to check the effects on the structure of CAU-1 NH,.
No structural damage occurred up to 1 MGy, which could be
established from the XRD studies. However, as the dose was
increased to 2 MGy, altogether new XRD peaks were obtained,
which did not match with the pristine MOF and thus resulted
into decomposition of the framework. Figure 5 shows the XRD
patterns of CAU-1 NH, prior and after irradiation. To assess
the damage to atomic/functional groups, FT-IR spectra was
also recorded and did not show any effect of irradiation up to 1

the Tau-Eldrup equation assuming spherical pores (eq 5).** IS\/éGy. The corresponding FT-IR spectra are shown in Figure
R 1 . ( 27R )} 3.5. Adsorption Studies of Th. 3.5.1. Effect of pH. pH is

— =21l - —— + —sin| ——— - . L
T R+ AR 27 \R+ AR ) a principal constraint that s'1gn1ﬁcantly affects the nature and
pe rate of adsorption of metal ions from an aqueous solution on
where 7,, (ns) and R (nm) are the o-Ps pick-off annihilation the surface of MOFs. The speciation of metal in solution and
and the corresponding pore radius. The parameter AR = 0.166 the charge on the adsorbent resulting from protonation/
nm is an empirical value that represents an electron layer deprotonation of specific sites are highly influenced by pH. It
thickness on the pore surface. Using the above equation, the also affects the binding sites at the ligand surface. To assess the
calculated pore size of CAU-1 NH, is (dye) = 2R = 0.64 + pH-dependent adsorption, the pH of the thorium-containing
12272 https://doi.org/10.1021/acsomega.2c08274

ACS Omega 2023, 8, 12268—12282


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08274/suppl_file/ao2c08274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08274/suppl_file/ao2c08274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08274/suppl_file/ao2c08274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08274/suppl_file/ao2c08274_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

| ML WWaatVV
\ J A vV
|/ W AN

\ Synthesized CAU-1 NH2|

AN A

’5 I
s ||
> | “\ | 1000 KG
® o
c N mn s
U "”'M’M%‘M
- TAVAVIVEAL
LW 2000 KG
Ly
v v""‘*\a'w.ww»""“v\' o
i
",
T T T T T
10 20 30 40 50

20

Figure 5. XRD pattern of the as-synthesized CAU-1 NH, before and
after irradiation.

solution was varied from 2 to 8. The variation of Th(IV)
adsorbed at different pHs is shown in Figure 6. The results
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Figure 6. Removal of Th (IV) by adsorption on CAU-1 NH, at
different pHs.

obtained showed a high dependency of pH for Th(IV)
adsorption. At the lower pH region (2—4), the adsorption of
Th is very less. However, beyond pH 4, almost 95% of Th (IV)
got adsorbed, showing maxima at pH ~7. Due to the
occurrence of higher hydroxonium ions (H;O0), it may
compete with Th*'ions at lower pH, resulting in low
adsorption capacity.*” Also, hydroxonium ions would lead to
the protonation of binding sites of the MOF, which includes
—NH, and —OH groups, and result into a lower Th sorption.
Instead, when the pH increases, the deprotonation may be
taking place, resulting into the release of —NH, moiety in the
MOF, and hence, more chance of chelation results in an
increase in Th adsorption. Similar results have been reported
widely in the literature.”® The chemistry of Th is very complex
in aqueous solutions, and still there is an ambiguity about exact
species of Th at higher pH. The main species include Th*,

Th(OH)**, Th(OH),**, Th(OH);*, and finally Th-
(OH),,'>'>* and the key species at pH ~ 5 is Th(OH),*".
When the pH further increases (beyond pH = 7), Th(OH),
starts precipitating and hydrolyzin§ to form multinuclear
complexes such as [Th,(OH),]°", [Th,(OH);]**, and
[The(OH),5]**, which might have reduced the interaction
with the MOF and hence a decrease in Th adsorption can be
seen.’* The type of these polymeric species will also be
contingent on the strength of ions present in the medium. To
avoid thorium precipitation as Th(OH),, our further experi-
ments were centered at pH S.

3.5.2. Adsorption Kinetics Studies. An ideal solid adsorbent
should possess fast adsorption rate. The faster the kinetics, the
lesser would be the energy required to attain equilibrium, and
hence, the practicality of the material is more superior. The
rate of adsorption of Th(IV) at MOF was studied by varying
the time intervals (10—240 min). For this study, 100 mg/L
Th(IV) (initial concentration) was taken. The adsorption
kinetics was rapid during the initial time interval of 10—120
min, which was attributed to the free abundant active sites
which was slowed down as the time progresses. Within 30 min
of equilibration, ~70% of the saturation level of adsorption was
achieved. It was observed that the MOF attained equilibrium
in 4 h, after which the adsorption capacity remained constant.
The rate of adsorption of thorium with respect to time is
presented in Figure 7c. According to the above observations,
further experiments were conducted by fixing the equilibration
time to 4 h. Adsorption kinetics was explored to extract the
mechanistic information of sorption processes on the MOF by
fitting the kinetic data using pseudo-first-order (PFO) as well
as pseudo-second-order (PSO) model employing eqs 6 and 7,
respectively.Here, g, stands for adsorption capacity at time “t”
(min), g. = adsorption capacity at equilibrium, and k; and k,
are rate constants of PFO and PSO, respectively.

In(g, — q) =Inq, — k¢t ()
t 1 t
- = 3 + —
9  kryq” g, )

Figure 7a,b represents the experimental data fitted with PSO
and PFO kinetic models, respectively. The high correlation
factor and comparable results between the calculated
adsorption capacity and the experimental value suggested
that this model (PSO) with R* > 0.99 is more relevant as
compared to PFO with inferior R* ~ 0.72. The adaptation of
PSO kinetics further confirms that the mode of sorption is
mainly chemisorption rather than only physical adsorption on
its surface. Thus, in the rate-controlling step, Th(IV) diffuses
out and interacts with the MOF. Table 2 gives the kinetic data
and rate constants obtained by using the two models.

3.5.3. Adsorption lIsotherm Studies. The adsorption
isotherm is a phenomenon that enlightens us about the
interaction between the adsorbate molecule or ion with the
surface sites available on the adsorbent molecule. Generally,
this is carried out by analyzing the extent and nature of
adsorption processes and correlating the equilibration data
with a suitable empirical equation. To determine the maximum
adsorption capacity of CAU-1 NH,, adsorption isotherm
studies were undertaken. Figure 8a represents the variation of
adsorption capacity of CAU-1 NH, for Th(IV) at different
initial concentrations. With the increase in the initial
concentration of Th(IV), there observed an increase in

https://doi.org/10.1021/acsomega.2c08274
ACS Omega 2023, 8, 12268—12282


https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08274?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
07 a Experi | Data Poi -
xperimental Data Points - = Experimental data points
Pseudo second order fit Pseudo first order fit
0.8 . 5 1
L}
‘ a - b
0.6 ?'_ - L]
- g
g £ 4 |
0.4+
- - -
0.2+ -
3
-
a®
0.0 T U T 1 1 M Ll v T T T T T T T T T T T
0 50 100 150 200 250 300 350 0 20 40 60 80 100 120 140 160 180 200
Time (min.) Time (min.)
400
= Experimental kinetics data points
- - L}
__ 350
'.m - -
o C
E 300
2 = =
‘©
2
@ 250 - a
[}
=
8
=
S 200
o
123
o
<
1504 =
T T T T T T T T
0 50 100 150 200 250 300 350 400
Time (min.)

Figure 7. (a) Kinetic data fitted with the PSO model; (b) kinetic data fitted with the PFO model; and (c) effect of contact time of CAU-1 NH,

with Th(IV) solution.

Table 2. Kinetic Data of Th(IV) Adsorption Obtained Using
PFO and PSO Models

PFO model PSO
9e kl 9e
(mgg™)  (min™) R (mgg™) (g mgz?min'l) R?
142.6 0.0096 0.725 378.8 0.00018 0.998

adsorption capacity as many of the adsorption sites would still
be vacant at lower Th concentration. The adsorption capacity
reaches a constant value at higher concentration of Th. This
implies that after a certain concentration, a plateau is formed
(at the higher end of Figure 8a). This clearly shows that
saturation of adsorption sites has reached. Models such as
Langmuir, Freundlich, Temkin, and so forth elucidate the
nature of adsorption isotherms and can explain most of the
adsorption phenomena in solids. According to the Langmuir
isotherm model, uniform and fixed adsorption sites are
involved in the adsorption process as a monolayer.”>*® In
contrary to this, the Freundlich isotherm takes into
consideration diversified energetics of adsorption at heteroge-
neous sites that result into multilayer formation.”’ Similarly,
the Temkin isotherm deals with the heat of adsorption of
molecules in the layer, which decreases with the increase of
surface occupancy by adsorbate molecules.’® We have used the
above three mathematical models to comprehend the dispersal
of adsorbate molecules on CAU-1 NH, and to extract the
information of maximum adsorption capacity for Th(IV) ions.

The equations for Langmuir, Freundlich, and Temkin
isotherms are given as eqs 8, 9, and 10 respectively.
C, 1 C.
Ge K o ®)
1
Log g = Log K¢ + —Log C,
¢ n )
q,=BInC, + BlnK; (10)
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In eq 8, q. (mg g™') depicts the equilibrium adsorption
capacity and ¢, and K; being the maximum adsorption
capacity (mg g~') predicted by the Langmuir model and
equilibrium binding constant, respectively (1 mol™), in eq 9,
Again g, is the amount of ions sorbed at equilibrium (mg g™*),
C, denotes the equilibrium concentration of the adsorbate (mg
L™!), whereas K; and n are constants. In the Temkin
mathematical expression (eq 10), B is the Temkin constant
related to the heat of sorption and Ky is the Temkin
equilibrium binding constant corresponding to the maximum
binding energy calculated from adsorption isotherm studies.
The experimentally obtained g, was 404 mg/g, which is
higher than most of the known adsorbents used till date for Th
adsorption as shown in Table 3. This capacity can be
reciprocated as 1.74 mmol g~', assuming the molecular
formula of CAU-1 NH, as Al,(OH),(OCH,;),(BDC-NH,);).
The detailed calculations are given in the Supporting
Information.
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Figure 8. (a) Variation of adsorption capacity of CAU-1 NH, for Th(IV) at different initial concentrations; adsorption isotherms (b) assuming
Langmuir model; (c) assuming Freundlich model; and (d) assuming Temkin model.

Table 3. Comparison of Adsorption Capacity of Th for
Different Adsorbents

adsorption capacity

adsorbent mg g~
MOF-LIC-SA 149
MIL-100(Al) 167
Ui0-66-(COOH), 350
Cuy(BTC), 757.08
UiO-66-OH 47.5
Py 454
ANSC 252.5
amorphous SiO, (200—300 nm) 134.4
HQ-bentonite 65.44
CAU-1 NH, 404

references

23
28
32
59
60
61
62
63
64
this work

Applying these above-mentioned isotherm models, it can be
seen that the best fit was obtained for the Langmuir model,
where R* = 0.999 and all others had a value inferior to this.
Also, the close proximity of the calculated g, using the
Langmuir model and the experimentally observed value
corroborate the above result. Thus, it can be inferred that
the monolayer mechanism is dominant with chemisorption.
Table 4 lists all the critical parameters of different isotherms.
Figure 8b—d denote the Langmuir, Freundlich, and Temkin
model isotherms for Th removal using CAU-1 NH,.

3.5.4. Selectivity Studies. Th-based fuel after producing
electricity through breeding followed by fission would contain
a large number of other elements. Hence, it is essential to
realize the interference of other metals on the adsorption
behavior of Th(IV) for CAU-1 NH, MOF. Thus, to assess the
selectivity of CAU-1 NH, for Th(IV) ions among other

Table 4. Adsorption Isotherm Parameters CAU-1 NH, Obtained Using Different Models

Langmuir model

Freundlich model

Temkin model

parameter

Gmax
K;
RZ

value parameter
406.5 mg g~ n
0.39 L mol™ K;
0.999 R?

value parameter value
4.11 B 109.8 J mol™
137.84 mg L-"g™' L" Ky 2008 L g™
0.556 R 0.86
12275 https://doi.org/10.1021/acsomega.2c08274
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Figure 9. (a) Removal of different metal ions by adsorption on CAU-1 NH, MOF and (b) amount of Th and U co-adsorbed in CAU-1 NH, at

different Th/U ratios.

competing metal ions, a stock solution was prepared
containing Fe*’, Co*", Ni**, Cu*, and Th*" having similar
concentrations of ~20 mg/L. The studies showed that Th
could be adsorbed on the MOF almost quantitatively (>95%)
in the presence of these ions. Among them, Fe was the most
interfering ion with an adsorption of ~50%, and none of the
others had any much affinity to the MOF synthesized and
hence showed the least interference. Transition metal ions in
their lower oxidation state such as Fe**, Co**, Ni**, Cu**, and
so forth are moderately softer acids due to their lesser charge
density (lower ionic charge/ionic size ratio) when compared to
Fe**, which has got comparatively higher charge density.
Similarly, Th*" is a hard acid, which binds with ease with any
hard base such as the —NH,, —OH group present in the MOF
according to the HSAB theory.”® Because of these reasons, the
binding and % removal by adsorption are exclusively higher for
Th*" compared to those for other metal ions. In addition to the
adsorption of different metal ions, the adsorption character-
istics of the counter NO;™ ion were also investigated at pH S.
As the concentration was less, the amount of NO;~ ion
adsorbed on the MOF was insignificant. These details are
given in the Supporting Information and in Table S1.

3.5.4.1. Selectivity between U and Th. Since uranium is
always produced in the reactor where Th is utilized as a fuel
material, it is important to know the selectivity for Th against
different proportions of U present in the aqueous solution for
practical applicability in considering the selectivity of MOF.
Thus, studies were performed keeping in mind the different
ratios of U and Th to mention 1:1, 1:2, and 1:3.

In all the ratios studied, it was observed that the selectivity of
thorium was much better in comparison to that of uranium.
The preferential adsorption toward thorium is attributed to the
higher ionic potential of Th*" ions (charge/size). In the case of
actinide elements, the complexation tendency decreases in the
order M* > MO,** > M>' due ionic potential. Due to the
association of oxygen atoms in the uranéyl entity, the average
charge on uranium is around 3.3.°° Even though the
adsorption capacity of Th was seen to be decreasing with an
increase in the ratio of U/Th, Th was preferred over U for all
the cases studied. The decrease of Th adsorption with an
increase in U/Th is due to the higher competition of
UO,**over Th*" due to its high abundance. Figure 9a shows
the ease of removal of various metal ions studied, and Figure

9b shows the amount of Th and U adsorbed simultaneously at
different Th/U ratios.

3.5.5. Reusability Studies. After adsorption, it is important
to consider the reusability of the MOF by successive
adsorption—desorption cycles. Thus, a number of eluting
media like HNO;, HCl, Na,CO;, and NaOH at different
concentrations were employed to desorb Th(IV) ions from the
MOF. It was observed that the CAU-1 NH, synthesized was
neither stable in highly acidic conditions nor in high basic
conditions (0.1—0.3 M). Both these media caused disintegra-
tion of the MOF and yielded colored solutions. Thus, acids
such as HNO; and HCl (moderate acidity of 0.01 M) were
used for elution of Th adsorbed from the MOF. Even though
the MOF decomposed in 0.01 M HCI during the third cycle, it
was quite stable in 0.01 HNO; and hence subsequently chosen
as the eluting medium. Figure 10 shows the relative percentage
of Th adsorbed during each successive cycle. As observed from
the figure, the tendency of Th adsorption decreases as the
numbers of cycles increased, and this could be due to the
combination of fractional loss of MOF during removal of
supernatant after centrifugation and partly ineffective stripping
of Th using a 0.01 M HNOj solution. Nevertheless, Th could

100
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Figure 10. % of Th adsorbed in CAU-1 NH, in successive cycles.
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Figure 11. (a) XRD pattern of CAU-1 NH, prior and after Th adsorption and (b) FT-IR spectra of CAU-1 NH, prior and after Th adsorption.
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Figure 12. XPS spectra of CAU-1 NH, after Th adsorption: (a) survey scan; (b) Al 2p; (c) Th 4f; and (d) N 1s.

be adsorbed ~65% even for the third cycle, and hence, MOF
could be utilized for successive cycles. In future, efforts would
be put up to improve the recyclability studies.

3.5.6. Probable Adsorption Mechanism. 1t is very
important to know the mode of adsorption of metal ions. In
order to ratify the mechanism of adsorption involved, we have
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carried out XRD, FT-IR, and XPS after Th adsorption and
compared with the sample prior to adsorption. Also,
computational-based models were used to understand the
adsorption mechanism. First, XRD studies revealed that there
was no change in the structure of MOF before and after
adsorption of Th as can be seen from Figure 1la. This
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confirms that the Al metal cluster does not get affected by Th
adsorption. In post-IR experiments, we observed some changes
when compared to sample prior to Th adsorption. As
described earlier, comprehensible NH, peaks were not
observed due to the occurrence of hydroxyl groups (yO—
H).”” However, a red shift in the region 3200—3400 cm™' is
observed, which explains the role of NH, and O—H groups
participating in the chelation of Th as shown in Figure 11b. In
addition to this, a shift in the Al-O stretching frequency was
also observed, which could be due to the participation of
(—OH) bonds for adsorption and is supported further by XPS
experiments. An additional peak due to the formation of O/
N—Th bond at around 510 cm™' could be seen in the Th-
adsorbed sample. This peak was absent in the case of bare
MOF, which can be seen from the inset of Figure 11b. Similar
results were obtained by Kazy et al.®® in their uranium and
thorium sequestration studies on biomass at 800—400 cm ™/,
which was assigned to the formation of § (M—O) and § (O—
M-0) bonds (M = metal ion). The rest of the spectrum was
almost identical to the MOF prior to Th adsorption. This
confirms that adsorption of Th occurs through —NH, and
—OH associated with Al via the chelating mechanism.

Further, XPS studies were carried to get a comprehensive
insight of the adsorption mechanism. Figure 12 shows the XPS
recorded after Th adsorption. The survey scan depicted in
Figure 12a clearly shows the presence of characteristic 4f and
4d peaks of Th apart from the main four elements Al, N, C,
and O which are marked at the respective positions. The XPS
spectrum (full range) and the deconvoluted scans of individual
elements of bare CAU-1 NH, (prior to Th adsorption) are
shown in Figure S7. As the intensity of C and O peaks was so
high that these were overshadowing the presence of N, a
magnified image with deconvoluted peaks is shown in the inset
of Figure S7a. Two peaks at 398.7 and 400.3 eV were obtained,
which could be assigned to the N (1s) peaks of C—N and NH,
groups, respectively, which are shifted to 398.9 and 401.7 eV,
respectively post-adsorption and confirms the participation of
NH, groups.69 We also observed a slight blue shift of Al (2p)
peaks in the samples containing Th, which hinted in the
involvement of O attached to Al in the adsorption of Th ions.
Due to this interaction, the electron density of the Al metal
reduced, resulting into an increase in the binding energy of Al
(2p) after Th adsorption. The Al (2p) peaks before and after
Th adsorption are shown in Figures S7b and 12b, respectively.
Figure 12c¢ shows the deconvoluted Th f,,, and Th f;,,
appearing at 336. 3 and 345.8 eV, respectively. These Th
(4f) peaks were in agreement with the values reported in the
literature, confirming the presence of Th(IV) ions.”’ Further,
the role of O could also be confirmed by observing a slight
shift in the C (1s) XPS spectra after Th adsorption as shown in
Figure S7¢,d. The role of amino/—OH groups can be
pictorially represented as eq 11. The mechanism was further
supported by structure modeling and DFT-based computation
studies.

R-OH /R-NH2

(11

R-NH; / R-OH + Th(OH),(H;0),* __Chelation y
Th(OH);(H,0),.*"

2

R-NH; /R-OH

In the computational work, aniline was used as a simplified
molecule to model the binding site of the MOF during the
DFT calculation. Modeling the entire MOF is computationally
difficult due to which this simplified moiety was used to
elucidate the interaction behavior of the MOF with Th(IV).
The ligand, aniline, was subjected to geometry optimization at
the RI-BP86-D3BJ/def2-TZVP level to obtain its lowest
energy structure.

According to the literature, the Th(IV) ion exists mainly as
Th(OH),(H,0).** around pH S, where the adsorption studies
are performed.”’ Since the primary coordination sphere of
Th(IV) in an aqueous solution is composed of nine molecules,
various starting geometries of the Th(OH),(H,0)¢—aniline
complex were obtained by replacing the water molecule and
keeping the number of donor atoms directly bonded to
thorium to be 9.”* In a similar manner, systematic geometry
optimization was performed to obtain the lowest energy
structure for the Th(OH),(H,0)s—aniline complex. The
corresponding lowest energy structures for Th(OH),(H,0),*",
aniline, and Th(OH),(H,0)¢—aniline complex are shown in
Figures 13a—c. Also, harmonic vibrational frequency analysis
was done to characterize the lowest energy structure as energy
minima in the potential energy surface.

In order to elucidate the metal—ligand interaction in the
thorium—aniline complex, natural bond orbital analysis was
performed. The positive charge on the acceptor atom of Th
decreased from 1.74 in the Th(OH),(H,0),** complex to
1.70 in the Th(OH),(H,0)¢—aniline complex, suggesting an
electronic charge transfer from ligand to metal during the
complexation process. Also, the Wiberg bond index, which can
be used to quantify the strength of the Th—N (aniline) bond
in the complex, shows a value of 0.29. This indicates that a
moderate interaction exists between the acceptor and donor
atoms.

An “atoms in molecules” analysis was also carried out to get
understanding of the nature of bonding operating between
thorium ligand in the complex. The properties of the Th—N
bond critical points (bcp’s) such as electron density (p},), the
Laplacian of electron density (V?p,), and the energy density at
the bep (Hy) are listed in Table S. The calculated py, value was
found to be 0.034 e /bohr’ at the Th—[N](ligand) critical
point, which is comparatively similar to the electron density
calculated for the LiF molecule, indicating that the metal—
aniline bond is possessing an ionic character.”” The positive
value of the Laplacian of electron density indicates a closed-
shell interaction in the complexes, indicating that the metal—
ligand bond is indeed ionic.

In order to estimate the complexing ability of the ligand with
the thorium ion, we have calculated the complexation energy
for the metal complex using eq 12, from the energy difference
between products and reactants.

Th(OH),(H,0),*" + aniline
— Th(OH),(H,0), — aniline®* + H,0 (12)

The estimated complexation energies at the RI-BP86-D3B]J-
ZORA-def2-TZVP (gas phase) level shows a value of —15.17
kcal/mol, indicating the feasibility of the metal—ligand binding

process.

4. CONCLUSIONS
A highly y-resistant (up to 1 MGy) CAU-1 NH, MOF was
synthesized using a simple one-pot solvothermal method. The
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Figure 13. Optimized geometries of the lowest energy structure for (a) aniline, (b) Th(OH),(H,0),**, and (c) Th(OH),(H,0)s-aniline®* at the
BP86/def2-TZVP level. Color code: gray balls represent carbon, blue balls represent nitrogen, red balls represent oxygen, light big blue ball

represents thorium, and white color represents hydrogen atoms.

Table S. Properties of beps for the M—[N](Ligand) Bond in
the Th(OH),(H,0)¢—aniline?>* Complex

molecule

Th—[N] (ligand)

thorium—aniline complex Py V2p, H,
+0.03 +0.07 —0.003

synthesized MOF exhibited good thermal stability up to 350
°C. The N, adsorption—desorption isotherm yielded a high
surface area and a large pore volume. The morphological
studies by TEM and SAXS showed that the material
synthesized was nano in nature. The pore size calculated
using B.E.T. and PALS unveiled it to be microporous in nature.
Though the synthesized MOF was stable in moderately acidic
and basic conditions, it was not stable at high acidic and basic
conditions. Based on the speciation of Th(IV) ions at different
pH conditions, it was observed that pH = S was ideal for good
thorium adsorption characteristics. The prompt adsorption
kinetics during the initial adsorption cycle was attributed to the
abundant active sites, which slowed down as the time
progresses. The MOF showed a high adsorption capacity of
~404 mg/g for Th, and its preferential adsorption compared to
many metal ions including UO,*" ascertained that it is highly
suitable for Th(IV) separation from aqueous streams. The high
correlation factor obtained for PSO kinetics and its
corroboration with the experimental results showed that the
mode of sorption is mainly chemisorption rather than mere
physical adsorption on its surface. The reusability studies
postulated encouraging results, which showed that Th could
adsorb ~65% even for the third cycle and hence demonstrated
the usability of CAU-1 NH, MOF for successive adsorption
cycles. The adsorption mechanism studied by FT-IR and XPS
after Th adsorption confirms that the adsorption of Th occurs
through —NH,/—OH functional groups via the chelation
mechanism. Moderately high complexation energy of the Th—
N ligand center implied high feasibility of the metal—ligand
binding process studied by the DFT-based computational
method. Thus, these studies provide a solid proof that
inexpensive MOF like CAU-1 could be used for radionuclide’s
sequestration from aqueous solutions.
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