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ABSTRACT: Adsorption is a widely used method for pollution = o =
removal and for the recovery of valuable species. In recent years, the ~ ,* _ o %, . -
use of metal—organic compounds among the adsorbents used in | J¥* age 4 e =
adsorption studies has increased. In this study, the performance of 1 ‘?",‘." 1 Soluion | 2288
the water-insoluble Fe complex as a metal organic framework \ .« ' ey T J
(MOF-Fe-Ta) of water-soluble tannic acid, which is not used as an - . 2

) MOF-Fe-Ta-U0,2* Dl

adsorbent in uranium recovery and removal, was investigated. For 107 B
the characterization of the new synthesized material, Fourier 2RV ¥y
transform infrared, scanning electron microscopy, and X-ray o ,v

diffraction analyses were performed. The changes in the adsorption . o

process based on various parameters were investigated and XS TF LK
discussed. The point of zero charges value of the adsorbent was Ta MOF-Fe-Ta
found as 5.52. It was noticed that the adsorption increases as the pH

increases. Analyzing the effect of concentration on adsorption, we determined which model explained the adsorption better. The
monolayer capacity of the adsorbent determined in light of the Langmuir model was reported as 0.347 mol kg~'. The Freundlich
constant, namely the f value obtained in the Freundlich model, which is a measure of surface heterogeneity, was found to be 0.434,
and the Epy value, which was found from the Dubinin—Raduskevich model and accepted as a measure of adsorption energy, was
10.3 kJ mol™". The adsorption was kinetically explained by the pseudo-second-order model and the adsorption rate constant was
reported as 0.15 mol ™! kg min~". The effect of temperature on adsorption was studied; it was emphasized that adsorption was energy
consuming, that is, endothermic and AH was found as 7.56 k] mol™". The entropy of adsorption was positive as 69.3 ] mol™' K™". As
expected, the Gibbs energy of adsorption was negative (—13.1 k] mol™" at 25 °C), so adsorption was considered as a spontaneous
process. Additionally, the power and mechanism of the interaction between studied adsorbent and adsorbate are explained through
density functional theory computations. Computationally obtained data supported the experimental studies.

Bl INTRODUCTION Nowadays, many physicochemical or biological methods to
remove metallic and organic wastes as well as recovery of
valuable species from aqueous environments are used.' *
However, for a method to be widely used, it must be sustainable,
economical, practical, and reproducible. When evaluated from
this point of view, recovery—removal by adsorption stands out
among methods such as precipitation, membrane filtration, and
biological increment.” The design of the adsorptive materials is
important in the removal of pollutants by adsorption. Properties
such as adsorption capacity, adsorption speed, selectivity to the
species to be adsorbed, and economic and practical use are

The rapid rise of industrialization and population growth in the
last century has led to an increase in the demand for energy and
raw materials use. This situation has also brought about an
increase in pollution in the environment. The inadequacy of
fossil fuels has led countries to seek alternative energy sources.
Nuclear energy is among the ones with a high preference rate
among alternative energy sources. The uranium element, which
is among the raw materials of nuclear energy, is among the
precious species in this respect. However, uranium enters the
waters for many reasons such as nuclear facilities, scientific
research laboratories, widespread use of uranium in many
industries, thermal power plants as well as natural causes such as Received: April 15, 2022
volcanic eruptions and has a negative effect on the environment Revised:  July 29, 2022
and to human health. Therefore, it is especially important to

remove uranium from wastewater. Considering its concen-

tration in seawater, its recovery as a raw material is also

economically important.
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Figure 1. (a) Structure of tannic acid. (b) Iron-tannic acid complex.
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decisive in the selection of an adsorbent. In addition to the
commonly used adsorbents like carbon, clays, zeolite, and
natural and synthetic polymers, other materials with improved
properties, such as composite metal organic frameworks
(MOFs), have found wide application in the adsorption field.””®

MOFs are multifunctional materials having metallic centers
and organic ligands bonded via robust coordination bonds.”
They numerous applications like sensing of chemlcals, catalysts,
drug delivery, gas storage and separation, etc.'”"! Moreover,
these materials have gained attention as adsorbents for the
removal of organic and inorganic species because of their porous
structure and functional groups on organic units. By selection of
ligands and metals, MOFs can be designed with different pore
sizes and surface functlonahtles, rendering them to adsorb
numerous ions or molecules.'”

Tannic acid (Figure 1a) is among the most abundant and well-
known polyphenolic molecular structures in nature that consists
of glucose at the center linked to gallolyl residues via ester bonds.
Tannins are abundant in plants such as grapes and bananas as
well as beverages like black tea, green tea, wine, and beer."®
These compounds are known as macromolecules having a large
number of hydroxyl groups. The structures with hydroxyl and
carboxyl groups can easly form chelates with metal ions.
However, their high water solubility in a broad pH range
prevents use as an adsorbent, but it has been reported that metal
tannates such as zinc, titanium, zirconium, and iron are almost
insoluble in water, so they can be used as adsorbents for ions and
molecules in water environments. Due to these properties,
tannic acid based MOFs are promising materials for an
adsorbent that is economic, eco-friendly, and easy to
produce.'*™"?

In this report, the complex of tannic acid formed with Fe
(Figure 1b) was synthesized and its characterization clarified by
scanning electron microscopy (SEM), Fourier transform
infrared (FTIR), and X-ray diffraction (XRD) analyses. The
surface charge characteristic was elucidated using the point of
zero charges (PZC) method. The adsorption property of the
newly synthesized material was tested for the uranium ion, and
the effects of the factors closely related to the adsorption like
concentration, time, pH, and temperature were analyzed and

reported as comprehensive within the scope of the study. We
investigated the change of adsorption in different pH values,
temperatures, and uranyl ion concentrations. Additionally, we
analyzed how adsorption changes with the time. Based on
density functional theory (DFT) computations, the adsorption
mechanism and the nature of the interactions were highlighted.
Theoretically obtained results and experimental insights show
that the newly synthesized material has a very high affinity for
uranium.

B MATERIALS AND METHODS

Chemical Substances and Devices. In this study, FeCl;-6H,0,
NaHCO, HCl, NaOH, KNO,, and (CH;COO),U0,2H,0 were
bought from Merck (Germany). Tannic acid and the other chemicals
used were purchased from Sigma-Aldrich.

The concentration of uranyl ions was analyzed via a Shimadzu UV—
vis spectrophotometer. It is well-known that this spectrometer with a
wavelength accuracy of +0.2 and 2 nm over a wide wavelength range is
widely preferred in such an experimental process. To check the
important functional groups in the structure, the FTIR analysis was
carried out with a PerkinElmer Spectrum two ATR FT-IR. While pH
measurements were made with a Selecta pH meter, a Hettich centrifuge
device was used for the centrifugation processes. To work at a constant
temperature, a Nuve NT 120 thermostat was used.

SEM analysis was conducted with a TESCAN Mira3 XMU FEG
(Brno, Czechia) with a 10kV accelerating voltage and a 10 mm working
distance. The powders were poured on a double-sided carbon tape on
an aluminum stub, and the residue was cleaned by an air gun. To
produce a conductive surface, S nm of gold was coated by a Quorum
QISOR ES magnetron sputter (Birmingham, UK). SEM analysis was
performed with a backscattered detector (BSE) to evaluate possible
different phases or atoms to be adsorbed on MOF-Fe-Ta. Energy
dispersive spectroscopy (EDX, Inca x-act, Oxford Inst, UK) was
conducted on a flat surface of powders with a 10 mm analytical distance
and 10 kV as in SEM investigations to identify U related species
semiquantitatively. XRD analysis was performed with a Rigaku X-ray
diffractometer (RSGD T01453).

Preparation of Fe-Tannate Complex. The iron-tannate complex
was prepared as described in the literature.'® Briefly, 10 mL of an
aqueous solution of commercially available tannic acid (0.1 M) was
drop-wise added to a well-stirred solution of 20 mL of FeCl;-6H,0
(1IM) under continuous stirring. Later, using a sodium bicarbonate
solution, the studied pH was fixed to 7. The final mixture was mixed for
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2 h. Then the resultant was centrifuged at 3000 rpm for 3 min. Washing
and drying processes of the complex were carried out, respectively.

Adsorption Experiments. In all adsorption experiments, we used
the batch method. Solutions to be used in the adsorption experiments
were prepared by adding 10 mL of a 400 mg L™' UO,* ion solution to a
solution of 50 mg of MOF-Fe-Ta in 10 mL of a polypropylene solution
at pH 4.5. These were allowed to reach equilibrium at 140 rpm for 24 h,
after which the aliquots were withdrawn and filtered. To analyze the
concentration of UO,*" ions, the PAR method”® was considered. In this
method, a complex with PAR (4-(2-pyridylazo) resorcinol) at pH 8.5 of
uranyl ions was obtained. A 3.5 X 107> M PAR solution was prepared
using a buffer solution [Tris/HCI buffer solution with pH 8.5, 0.7 M].
To compute the adsorption % Q (mol kg™') and % desorption, the
following formulas were used:

G -G

adsorption % = [ X 100

(1)
C -G

m

XV

QZ[ @)

Q
desorption % = —des 5 100

Qads (3)

where C,, Cy, and m are first and final concentrations of the UO,*" ion
and the MOF-Fe-Ta mass (g), respectively. V represents the volume
value of the solution.

B RESULTS AND DISCUSSIONS

FTIR Analysis. FTIR spectroscopy was performed for the
structural characterization of the adsorbent (Fe-tannate)
compared with starting material, pure tannic acid. Moreover,
the interactions between the adsorbent and uranyl ions were
demonstrated. After recovery of the uranyl ions, it was
confirmed that the adsorbent’s FTIR spectra matched with the
one before adsorption. FTIR spectra of tannic acid, Fe-tannate
before and after uranyl adsorption, and uranyl adsorbed Fe-
tannate is illustrated in Figure 2. The broad peak between 3500

T T
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Figure 2. FTIR spectra of the (a) tannic acid (blue), (b) MOF-Fe-Ta
complex (red), (c) uranyl adsorbed MOF-Fe-Ta (green), and (c)
MOF-Fe-Ta after regeneration (black).

and 3000 cm™' was observed, which is an indication of phenolic
OH groups and aromatic C—H stretching should have seen at
this range, but this can be overlapped with OH stretching. The
peak noticed at 1320 cm™ is because of phenolic hydroxyl
groups. The peaks at 1530 and 1440 cm™" are due to the C=C
stretching of tannic acid. Phenolic C—O stretching appeared at
1160 cm™~'.*"** After complexation of tannic acid with iron, the
peaks were slightly shifted and their intensities decreased. A peak
appeared at 597 cm™" due to Fe—O bond formation.””** After
UO,>" adsorbed on new designed adsorbent system, four new

and pronounced peaks were observed. The peaks at 1533 and
1470 cm™" can be related to carboxylate groups in the structure.
Additionally, the peak at 930 cm™' originated from the
stretching vibration of linear structure of uranyl ions ([O=
UY=0]**). The peak located at 677 cm™' can be the
complexation of phenolic oxygen with uranyl.***°

SEM Analysis. It can be understood from Figure 3(a) and
(a’) the MOF-Fe-Ta samples exhibit different particle
distributions with irregular shapes in the range of 10—200 ym.
The MOEF-Fe-Ta surface is a brittle type fractured morphology
as being an organic material Fe centered. MOF-Fe-Ta becomes
solution sensitive, which may be attributed to be solved by an
acid or basic environment by having Fe in the centers. Since it is
bare MOF-Fe-Ta, due to the carbon tape underneath, it can be
seen as more white. However, in (a’), there is no phase
difference on the surface due to no extra phase. For (b'), it is
evident to have a phase contrast on the surface due to the
presence of denser phases as U—O related species where they
show darker and brighter regions.

From Figure 3(b) and (b’), the dimensional stability of MOF-
Fe-Ta by U doping changes and the surfaces of the powders
become brighter. Most particles are about 200 ym in size, while
there are also many particles about 70 ym in size. Additionally,
particles smaller than 10 ym are still present, albeit in very small
quantities. The surface of bare MOF is seen as very smooth due
to polymerization and brittle features. As it was doped by U-O
species, it is noteworthy the intense pore structure is evident. As
Fe is in the center of MOF-Fe-Ta, there occurred some holes like
pores on the surface of <1 ym in diameter, which may be
attributed to Fe loss. Because the red circles are found to be U
species, the substitution of Fe with U from the solution may
occur. These holes may also favor the fracture of bigger particles
to produce average size particles of ~70 um due to the crack
intensity increase of the inorganic structure as ceramics around
pores while precipitating from solution.

From the EDX analysis in Figure 4, MOF-Fe-Ta was proved
to have Fe centers along with C and O. MOF-Fe-Ta was doped
with U species as seen from the map spectrum and
quantification. The U doping is seen as well distributed and
has 2.23 wt % on the MOF-Fe-Ta surface. Fe may remain on the
surface pores by U doping and react with the liquid medium
prior to U adsorption, which in turn may result in Fe loss on the
surface seen by holes. Possibly, U takes the place of Fe in the
MOF-Fe-Ta surface. Since the surface has pores smaller than 1
pm, this may be concluded as the loss of Fe while U penetrates to
the vacancy of Fe.

XRD Analysis. Figure 5 shows the XRD patterns of MOF-Fe-
Ta prior to background removal and after background removal
of patterns for bare MOF-Fe-Ta and subsequent U doping. As
seen in the pattern without background removal, MOF-Fe-Ta is
most likely a hump-like organic structure pattern due to its low
crystallinity while having some crystallization peaks originate
from the volumetric crystallization of C—H—N—O species via
the centered Fe.”” It is evident that a bare MOF has a suppressed
peak series without U doping, where U species make the
polymeric structure more crystallized locally to produce U-O
related phases. One may not be able to see the all phases in detail
unless decreasing the background. After doping with U, a
significant difference occurred due to U—O peaks that
originated from the adsorption of U on MOEF-Fe-Ta. To
evaluate the differences better, the background of the peaks was
taken by a linear fit, and below peak list was seen as “After
background removal”. It is clearly seen as a rectangle sign the
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Figure 3. SEM images: (a)/(a’), the pure MOF-Fe-Ta; (b)/(b’), UO,** adsorbed MOF-Fe-Ta.

peaks at 20.3°, 24.2°, 25.5°, 32.3° and 33.2° 26 were directing
the U;O; with a JCPDS file of 23-1460. This uranium-oxide is a
multivalent combined structure of U,O4 and UOj; and have +5
and +6 valences of U, respectively.”® This is well understood to
be widely found in the surface by being more in volume by
higher peak intensities and sharper peaks. The precipitation of
this phase is favorable from solutions by acidic environments
due to different rates of oxidized species to precipitate might
statistically combine them together. The peaks at 24.9°, 26.1°,
29.2°,29.4° and a split peak at 36.2° belong to UOj; as shown by
circles with a JCPDS file #22-1079. This excess oxygen
compound (UO;) would be produced by gaining oxygen to

U0y in any part of the precipitation or adsorption process.””*’
The possible oxidation reaction could be as follows
U0, + L 0, — 3U0
38 2 2 3 (Rl )

Uraninite-Q as U;0-, shown by triangles, with a JCPDS file #15-
0004, could have been considered another oxygen deficient
phase. Uraninite-C was shown by diamonds with JCPDS file
#41-1422, to be consumed during the adsorption process that
has the lowest volume amount among the phases. UO, was the

main ion to be used in experiments, which cannot stand still
while oxidizing or deoxidizing reactions happened.”’ The U,0,
phase could be evaluated as oxygen deficient from the U;Oq
viewpoint, while it is an oxygen gaining phase from the UO,
viewpoint, which can be concluded as reactions as follows

1
300, + 20, = U0, ()

or

1
U,0; — U0, + 502 (R3)
The U,O; phase, shown by stars, with a JCPDS file #43-0111, is
one of the most common compounds, seen after adsorption, and
also can be concluded as oxygen gaining from the UO, side while
it is oxygen deficient from the UQ; side as shown by possible
reactions as follows

1
2U0 -0 U,0
) 5 2 = UyU (R4)

or
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Figure 4. SEM-EDX analysis of pure and UO,>* adsorbed MOF-Fe-Ta spectra.

1
2U0 U,0, + —O
3 = UUs 2 2 (RS)

The main peaks for nano crystallites are not of interest. It can
be reported that very low nano sized (<10 nm) oxides cannot be
related to the main peak’s direction of most preferred
orientations of a polycrystalline powder. The nano grains are
formed on the surface by adsorption on the surface, and the
orientation of precipitation could be other than the main peak as
seen from SEM-EDX elemental mapping, which was well
distributed along the surface about a few nanometers in
diameter. This would also prove the presence of U—O related
phases especially adsorbed onto the surface that can affect XRD.
As described in the equation formulations presented, the
combined phases of two main compounds either by gaining or
losing oxygen, such as U;Og, UO;, and U,0Os, are the main
compounds of the surface in Figure 5. The U—O related species
in high intensities originated from from the increasing of U
concentration on surface of MOF-Fe-Ta.

Effect of pH and PZC for MOF-Fe-Ta. In such studies, the
pH of the studied solution is one of the remarkable parameters.
The solution pH is important for two reasons. First, it can
change the interaction with the surface by affecting the types of
ions or molecules in the solution. For example, polyanionic
species formed with increasing pH in metal ion adsorption cause
both precipitation of ions and a decrease in the adsorption. The
second effect is on the surface. The proportional increase of H*
or OH™ ions in the solution medium can make the surface
positive or negative. Although most of the adsorption studies are
performed at the natural pH of the studied systems, the
optimum pH research gains importance in adsorbent regener-
ation or adsorbate recovery studies. Optimum pH research was
conducted, and Figure 6 shows the results obtained. It is clear
from the figure that adsorption of uranyl on the new adsorbent
system increases as pH increases. This result can be attributed to
the decrease in the cationic groups on the surface together with
the numerical decrease of the H" ions in the environment with
increasing pH, and accordingly the decrease in the repulsion
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Figure 5. XRD pattern of MOF-Fe-Ta and UO,*" adsorbed MOF-Fe-Ta samples.
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Figure 6. Graph showing pH effect on adsorption of UO,** onto MOF-Fe-Ta.

forces between the adsorbed cationic uranyl ions and the low pH leads to increased adsorption.”” Adsorption studies
surface. In addition, with an increasing pH, the substitution of could not be performed in alkaline conditions because the
polycationic species instead of the dominant UO,*" cation at a precipitation of polyanionic species and hydroxides formed
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Figure 8. Graph showing the effect of adsorbent dosage on adsorption of UO,** onto MOF-Fe-Ta.

under these conditions adversely affects adsorption.” Since the
natural pH of uranyl is in the range of 4—35, it has been observed
that this adsorption pH can be also used for this new material.

It is well-known that PZC is reported as the solution pH value
that the adsorbent has zero surface charge.”* To find the PZC
value of the new designed adsorbent system, the new material
was kept in the solution having 0.1 mol L™" KNO; in the pH =
1.0—12.0 range during a 24 h period, and then equilibrium pH
values for all solutions were noted. pH adjustment was made
with the help of 0.1 M HCI or NaOH solutions. The PZC value
can be found via the linear relation between pH; and ApH. Here
ApH represents the difference between the initial pH; and final
pH; It is clear from Figure 7 that surface charge of the new
designed material MOF-Fe-Ta was determined as 5.23.

Effect of Adsorbent Dosage. One of the commonly used
parameters in adsorption research is the determination of the
amount of adsorbent used. Naturally, the adsorption will
increase with the amount of the adsorbent. However, especially
in chemical adsorption, when the adsorption centers and the
liquid—solid interface are evaluated together, the adsorption

reaches saturation above a certain amount. Above this amount,
the amount of adsorbed species is independent of the amount of
the adsorbent. The variation of the composite uranyl ion
adsorption study with the adsorbent mass was studied, and the
result is shown in Figure 8. As can be seen, the adsorption
increases with the increasing amount of the adsorbent, but then
it reaches a plateau. The amount of the adsorbent at the point
where it reaches the plateau was selected, and other parameters
were studied at this amount of the adsorbent.

Adsorption Isotherm Models. In adsorption studies, the
analyzing of the amount of the adsorption in different
concentrations is quite important. In particular, the different
distributions in the concentrations of the pollutants are
important for understanding the behaviors of the designed
adsorbent under these conditions. Important parameters
reflecting the adsorptive capacity of the designed materials can
be determined via mathematical isotherm models developed for
this aim. For this purpose, the adsorption ability of the newly
synthesized complex at different concentrations of uranyl was
investigated. The agreement with developed mathematical
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Figure 9. Agreement between various adsorption models and our experimentally obtained isotherm.

models of our experimental results are shown in Figure 9. The

parameters provided from these models are listed in Table 1.

Table 1. Adsorption Parameters Obtained from Langmuir,
Freundlich, and Dubinin—Radushkevich Models

measure of the adsorption energy.39 The Epy value found in this
study was 10 kJ mol ™. Tt implies that adsorption is chemical. It
can be predicted that the adsorption occurs via chelate/complex
or ion exchange of uranium over the —OH groups in the tannic
acid molecule in the new designed material.

Adsorption Kinetics. Kinetic studies provide useful

Isotherm Parameter Value R information about the optimum interaction time and explan-
Langmuir X, mol kg™ 0.347 0.931 ation of the mechanism of the adsorption process.
Ky, L mol™ 1899 Three kinetic models to explain the adsorption process of
Freundlich X¢ 421 0.990 UO,* ion onto MOF-Fe-Ta, pseudo-first-order (PFO) (e
B 0.434 1),* pseudo-second-order kinetic models (PSO) (eq 2),""*
DR Xpg, mol kg™ 0.855 0.977 and intraparticle diffusion (IPD) (eq 3),*’ were applied, and the
Kpg, X10°/mol? KJ™* 471 results are presented in Table 2.
Epg, kJ mol™! 10.3 "y
Qt=Qe[1 —¢ 1] (4)
The compatibility of the experimental results with popular ¢
adsorption models such as Langmuir, Freundlich, and Dubinin— Q, =
Raduskevich (DR)*® was investigated by a nonlinear regression [ ! 2} + [L}
method, and the R* values were found to be quite high. The b Q. (5)
maximum adsorption capacity determined via the Langmuir 08
model was reported to be 0.347 mol kg™'. The Langmuir model Q, = kit (6)

considers the surface as homogeneous and adsorption as a
process that takes place through active centers. Considering the
experimentally found isotherm, it can be said that the adsorption
increases as the initial pH increases and a plateau is reached after
a certain concentration. In this equilibrium state, the adsorption
centers on the surface are now filled and the maximum
adsorption capacity has been found by extrapolation of this
graph 37

The parameters appearing in the Freundlich equation provide
remarkable information regarding to the heterogeneity of the
surface. The f value is a measure of surface heterogeneity, and
smaller  values indicate the strong binding of the species in
solution to the solid surface. The f value of 0.434 can be
considered as proof of stron% binding between the new designed
material and the uranyl ion.™

The DR model gives information about the physical or
chemical nature of adsorption, with the Epy value, which is a

wherein Q, and Q, represent the adsorption capacities (mol
kg™') at time ¢ and at equilibrium, respectively. k; (mol™" kg

Table 2. Pseudo-First-Order, Pseudo-Second-Order, and

Intraparticle Diffusion Kinetic Models Parameters

Kinetic model

Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

Parameter

Q, mol kg™*

Q,, mol kg™!

ky, d k!

H, mol kg_1 min~
Q, mol kg™!

Q,, mol kg™!

k,, mol™" kg min~
H, mol kg™! min~

k, mol kg™! min™~

1

1

1

0.5

Value

0.185
0.165
0.023
0.038
0.185
0.186
0.150
0.052
0.125

R?
0.953

0.956

0.877
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min~"), k, (mol™! kg min~"), and k; (mol kg 'min~") are the
PFO, PSO, and IPD rate constants, respectively.

Kinetically obtained data emphasized that the adsorption of
UO,* ions is relatively fast, and the UO,*" ions exhibit high
binding affinity to the active centers on the MOF-Fe-Ta surface.
After rapid adsorption, a transitional stage occurred where there
was a relatively slower adsorption rate before reaching
equilibrium. In kinetic analyses, the time required to reach to
the balance of the studied system was noted as 4 h (Figure 10).
As a result of the comparison made between the PFO and PSO
models via the correlation coefficients presented in Table 2, it
can be said that our results are more compatible with PSO
kinetic model. Additionally, computed Q, and experimentally
determined Q, values also imply the compatibility with the PSO
model. In the IPD model plot, the existence of two lines implies
that adsorption occurs both on the surface and inside the

surface. For that reason, as beginning, the UO,** ions speedly
attack to the active centers on the MOF-Fe-Ta surface and then
slowly and gradually penetrated the pores of the MOF-Fe-Ta.

Adsorption Thermodynamics. For the determination and
reporting of adsorption parameters, the adsorption equilibrium
concentrations were measured by using different temperatures
at constant concentration and other conditions, and adsorption
parameters, AS, AH, and AG values were calculated by using the
Van't Hoft equation. A graphic of results is presented in Figure
11. The AH? and AS° values were reported as 7.56 k] mol ™" and
69.3 ] mol™ K7, respectively. The free energy values at 5, 25,
and 40 °C temperatures were reported as +11.7, —13.1, and
—14.2 kJ mol™’, respectively.

The adsorption process is a very complex phenomenon. Along
with the realization of adsorption, some secondary events occur.
These are events such as dehydration, ion exchange, hydrolysis
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Table 3. Calculated Characteristics of the Adsorbent, UO,*" Ion, and Their Complex”

q E,, eV HOMO, eV LUMO, eV n, eV
adsorbent 0 —4.17 —2.40 1.77
UO,** ion +2 —25.23 -21.13 4.10
complex +2 12.07 —11.63 —10.11 1.52

1 eV w, eV w™, eV w', eV AEy 4 D, Debye
3.28 3.04 7.84 4.56 —0.44 3.78

23.1 65.5 142.89 119.71 —1.02 0.00

10.8 38.8 24.32 72.39 —0.38 10.20

“Adsorption energy E, was calculated as E, = E(adsorbent) + E(UO,*" ion) — E(complex).

(a)

(b)

Figure 12. Optimized geometry (a), molecular electrostatic potential (b), and frontier orbitals HOMO (c) and LUMO (d) of the uranyl ion UO,*".

on the surface, and association of water molecules.** Therefore,
the found adsorption thermodynamic parameters are not only
the transfer of ions from the aqueous phase to the solid surface
but also the parameters of the whole process. Enthalpy is
generally endothermic as seen in adsorption events, while the
free enthalpy value is measured negatively as an indicator of the
spontaneous nature of the adsorption. A positive entropy
indicates an increase in total entropy, that is, an increase in
disorder. Although it is expected that the adsorption entropy will
be negative due to the more ordered phase, that is, the
accumulation on the solid, an increase in entropy has been
observed with the effect of secondary events occurring in the
total process.

Details of the Calculations. We did restricted orbitals
calculations with the B3LYP functional coupled with the all-
electron SARC-DKH2 basis set for U atom and the 6-31G*
basic set for other atoms. Basis functions were taken from a
public repository.** GAMESS-US** and wxMacMolPlt 7.7*
software were used for calculations and visualization,
respectively. Dispersion corrections D3** were performed to
see noncovalent interaction. Conceptual density functional
theory has many applications in the various fields. This theory
introduced by Parr and his team presents the following formulas

to calculate the popular chemical reactivity parameters.*”>’
e |2]
N L ™)

n_la%
)
210N (8)
oc=1/n )

Here u, y, 1, and ¢ are chemical potential, electronegativity
(absolute), hardness (absolute), and softness, respectively. E
and N among the parameters appearing in the equations
represent total electronic energy and total number of the
electrons of the chemical system, respectively. The equations
given in the following show the relation with ionization energy
and electron affinities calculated in the ground state of chemical
matters of the reactivity parameters.

DENIEE)

m= 2 (10)
_I-4A
= (11)
_ 2
TICa (12)

Parr’s electrophilicity index (@)>' is calculated based on
absolute hardness and absolute electronegativity of chemical
systems via the following equation:

w=(T+A)/8(I - A) =" /2n = u’/2n (13)
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(5)

Figure 13. Optimized geometry (a), molecular electrostatic potential (b), and frontier orbitals HOMO (c) and LUMO (d) of the adsorbent

Fe[C,H,0;]5.

The electroaccepting power (w*) and the electrodonating
power (@) of chemical systems can be predicted via the
equations derived by Gazquez and co-workers.”® The equations
derived to compute these parameters are given as follows

w" = (I+34)*/(16(I1 — A)) (14)

w = GBI+ A)?*/(16(I — A)) (15)

Gomez and co-workers®” noticed that back-donation energy
(ABp,cdonation) 15 dependent on the chemical hardness of

molecules. The authors proposed the following equation to
calculate the back-donation energy:

AEback—donation =- ’7/4 ( 16)

For the estimating of the ground state ionization energy and
electron affinity of the studied chemical systems, Koopmans
Theorem™” showing that I = —Eyopo and A = —Ej 0 for a
molecule can be preferred. We also used this theorem in the
prediction of I and A.
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(a) (b)

Figure 14. Optimized geometry (a), molecular electrostatic potential (b), and frontier orbitals HOMO (c) and LUMO (d) of the UO,*" adsorbed on
Fe[C,H,0;]5.

B RESULTS AND DISCUSSION the interaction mechanisms. CDFT is the branch related to
chemical reactivity of DFT. In Table 3, calculated quantum
chemical parameters for the adsorbent, UO,>* ion, and complex
between chemical systems are more dominant and to propose system forming with their interaction are presented. Figure 12

DFT calculations are widely preferred to see which interactions
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Table 4. Q,,,, Values for UO,>* Adsorption to Various MOF Structures

Adsorbent type pH Temperature (°C) Qupax (mol kg™) References
[Mn,(izdc);(ox),] 1916 60
[Ui0-66-(COOH)4-180] 40 20 0.528 61
[MIL-101-OA ] 1.189 62
[Ui0-68] 2.5 23 0.803 63
[Ui0-66-A0] 8.23 0.00993 64
MOF [MIL-101(Cr)-NH,] 5.5 25 0378 65
[NU6CN] 5.0 25 0.821 66
[Zn(ADC)(4,4"-BPE), ] 6.0 1312 67
MOE-76 3.0 25 1.252 68
[UIO-66-NH, ] 55 0.482 69
[ZS-2/75-3] S.5 0.244 70
MOE-Fe-Ta 4.5 25 0.347 This study

presents the optimized geometry, molecular electrostatic
potential, and frontier orbitals highest occupied molecular
orbital (HOMO) and lowest occupied molecular orbital
(LUMO) of the uranyl ion UO,*". Figure 13 presents the
HOMO, LUMO images and optimized structure of Fe-
[C,H,0;];. Figure 14 shows the optimized geometry, molecular
electrostatic potential, frontier orbital electrostatic potential,
and frontier orbitals HOMO and LUMO of the UO,** adsorbed
on Fe[C,H,0,];. Chemical hardness’”* represents the
resistance to polarization of compounds. According to HSAB
Principle,” hard chemical systems are not polarizable while soft
ones exhibit high polarization. The Hard and Soft Acid—Base
Principle has many applications in chemistry. Toxic effects and
toxicity of chemical species can be explained in light of chemical
species. Some researchers have used this principle in the design
of new drugs. Effective corrosion inhibitors are soft compounds.
In Hard and Soft classification of Pearson, UO,>" acts as a hard
acid. In uranyl ions, the oxidation state of uranium is +6. Thanks
to this charge, the uranyl ion acts as a hard acid. The interaction
between the uranyl ion and Fe[ C,H,0,]; is clearly presented in
Figure 14. It can be easily understood from the mentioned figure
that the uranyl ion interacts with OH groups of the
Fe[C,H,0,]; structure. In the hard and soft classification of
Pearson, —OH groups act as a hard base. For that reason, the
interaction regarding to adsorption process is a hard—hard
interaction.

It can be seen from the related table that the chemical
hardness value of the uranyl ion is higher than those of other
studied chemical systems. The big difference between chemical
hardness and electronegativity values of adsorbent and
adsorbate implies a high amount of electron transfer between
the adsorbent and the adsorbate. This can be predicted in light
of Hardness Equalization Principle and Electronegativity
Equalization Principle.”® The Maximum Hardness Principle’’
states that a hard chemical system is more stable compared to
soft ones. Some researchers have noted that the dipole moment
can be considered as a measure of the polarizability of any
chemical system. The Minimum Polarizability Principle states
that chemical stability increases if polarizability is minimized.
With a similar logic, Chamorro, Chattaraj, and Fuentealba®®
proposed the minimization of electrophilicity in stable states. In
a recent paper, Szentpaly and Kaya” noted that the Minimum
Electrophilicity Principle cannot serve as a basis for theory. The
results obtained showed that the Minimum Electrophilicity
Principle does not work well in this study. Binding energy (E;)
calculated regarding to the interaction between the uranyl ion
and Fe[C,H,0;]; reflects the power of the interaction and the

performance of the adsorbent. The binding energy value of
12.07 eV is proof of a quite powerful interaction between the
uranyl ion and Fe[C,H,0,];. This value implies that adsorption
is chemical, not physical. This observation is in good agreement
with the experimental data.

Performance parameters of the adsorption process are
adsorption capacity, adsorption kinetic parameters, adsorption,
and thermodynamic parameters of adsorption. Theoretically,
binding energy and chemical hardness values calculated can give
information of the efficiencies of the adsorbent. Both
experimental and theoretical parameters show that the new
adsorbent material is quite useful and preferable for the
adsorption of UO,**.

B CONCLUSION

In the present study, a novel high-performance material for the
effective removal of uranyl ions from solution was synthesized
and characterized. Normally, tannic acid cannot be used as an
adsorbent because it is a water-soluble chemical system.
However, it was seen that the Fe complex of tannic acid is
quite effective in the removal of uranyl ions. The experiments
showed that the new designed material has a high adsorption
capacity due to the large number of hydroxide ions in its
structure. The parameters affecting the adsorption process were
analyzed as detailed. It was shown that adsorption occurs at the
natural pH of uranium. The maximum adsorption capacity of the
adsorbent was found to be quite high. The kinetics of adsorption
was explained by the PSO model. The adsorption rate is quite
high. The enthalpy of adsorption is endothermic, the process is
with increasing entropy and the free enthalpy value is negative,
that s, it is evaluated as a spontaneous process. Studies on MOFs
in the literature are listed in Table 4. The interaction mechanism
regarding to adsorption process was explained by DFT
calculations. The stability of the studied chemical systems was
predicted through popular electronic structure principles.
Binding energy from the interaction between the new designed
material and the uranyl ion was found as 12.07 eV. The results of
theoretical and computational approaches support the exper-
imental observations.
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