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ARTICLE INFO ABSTRACT
Keywords: Ionic Covalent Organic Frameworks are a special subgroup that has risen as promising materials
COF for innovative applications. In parallel, some of the so-called Reticular Innovative Organic

Water treatment
lanthanides
Dopant substances

compounds (RIOs), which are ionic and non-ionic porous materials have been used with great
versatility, for several purposes. In this work, the ionic dye-based RIO-55 was chosen to capture a
series of lanthanides (Eu, Gd, Dy, and Tb) from water, observing their affinity with the lattice and
the performance of the adsorbent. Thus, the higher adsorbed amount was referred to as Eu®*
(Qmax = 370 mg/g), as well as the best affinity (K;, = 5x10’3), following the Langmuir model. The
impregnated Eu’"@RIO-55 was used for chemical sensing, capturing dopant molecules (ephed-
rine and dopamine) from water, showing great performance, even after some reuse cycles. In
addition, some initial fluorescence tests were performed using RIO-55 and Eu®t@RIO-55 to
observe the spectrum before and after lanthanide impregnation.

1. Introduction

Lanthanides are an interesting class of elements due to their high reactivity, being used for various purposes, converging to the
areas of health and imaging [1,2]. Lanthanide-based materials have been increasingly explored [3], especially in electroluminescent
devices [4], as components of fuel cells [5], microelectronics [6], liquid crystal displays [7], etc. With this, these compounds have
generated a considerable amount of waste that stays in the environment [8]. The common use of these elements in new technological
products has resulted in significant changes in natural environmental processes, especially due to the increase in mining [9].

The search for materials that capture pollutants from water, soil, or air has been growing, due to the protocols established
worldwide [10,11]. However, using these materials for a more targeted purpose is an advantage of some of these compounds,
especially the porous ones. This class covers a wide variety of multifunctional materials, which can be used in a single approach for
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different purposes, as adsorbents for different fluids that, by impregnation, form new functionalized materials [12]. These new
functions enlarge the number of applications, generally improving the physicochemical characteristics of the original material [13,14].
A special and most robust class of porous materials, called Covalent Organic Frameworks (COFs), has been shown to be versatile, which
makes them widely used in the most diverse purposes, especially in technologies related to environment and energy [15-21]. COFs and
their derivatives (Covalent Organic Networks/Nanosheets, Porous Organic Polymers, among others) can be subdivided into ionic or
non-ionic [22-24]. The ionic porous materials have been little reported, even though they have great potential for innovative ap-
plications, such as sensing, solid-state electrolytes, selective gas capture, etc. Reticular Innovative Organic frameworks (RIOs) are part
of a subclass that integrates compounds with high and low crystallinity and different topologies, presenting 2D and 3D cross-linked
materials with high porosity and great surface area values [25,26].

Here, we relate the efficiency of the pre-reported ionic porous material RIO-55°“ in the adsorption of some lanthanides, named
europium (Eu3+), gadolinium (Gd®H), dysprosium (Dy3+), and terbium (Tb®") from water. These metals are widely used as contrast
agents, optical products, catalytic systems, etc [27]. Despite they are not considered toxic elements, many adsorption and recovery
studies have been carried out, mainly for the industrial area [9]. The mesopores of RIO-55 work as good hosts for ions and molecules in
a significant amount. Besides, its chemical functions in the pores and the lattice contribute to several interactions [28]. Once
impregnated in the pores of the material (lanthanides@RIO-55), these elements favored the increase in the emission band of the
compound, being good candidates for fluorescence sensors. Furthermore, Eu>* @RIO-55 was chosen for detection tests of substances
used in doping (ephedrine and dopamine). In the case of competitive sports, ephedrine has been used to improve exercise tolerance and
prevent fatigue, in addition to accelerating the metabolism [29]. In turn, dopamine acts as a neurotransmitter and an excessive amount
in the body can lead to several serious problems and may not be reversed [30]. Metal-modified COFs commonly increase the capacity
of interaction with other molecules, ions, fluids, etc [31]. The formed interactions facilitate other impregnations by promoting a more
robust system. This method validated the good efficiency of RIO-55 and the improvement of its performance after introducing
europium into the pores and the lattice (Eu3+@RIO-55).
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2. Methods
2.1. Synthesis and characterization

RIO-55 was synthesized as presented in the literature [16]. In short, 125 mg (0.30 mmol) of the dye Bismark brown Y (Sigma
Aldrich, 85 %) and 110 mg (0.52 mmol) of triformylphloroglucinol were added to a high-pressure vessel (ChemGlass, 48 mL). Then, 1,
4-dioxane was added (10 mL), followed by HOAc 6M (3 mL). The reaction remained under stirring and heating (120°) for 3 days. After
this, the product obtained was a reddish powder, being dried by supercritical CO3 (scCO3) and characterized by FTIR-ATR, 3¢ NMR
(CP-MAS), PXRD, TGA, and N adsorption/desorption (see ESI).

3. Lanthanides adsorption

The solutions containing lanthanide salts (hexahydrates EuCls, GdCls, TbCl3, and DyCls) were prepared in Milli-Q water, ranging
from 50 to 500 ppm. Then, 4 mg of RIO-55 was left in contact with 4 mL of the solution, with different concentrations, at a fixed
temperature (24°C). These mixtures remained in a shaker (2400 rpm) for 24h. After this period, the suspensions were filtered with
filters attached to syringes (PTFE membrane, 25 mm, 0.45 pm). The resulting solutions were analyzed by ICP (Inductively Coupled
Plasma-Atomic Emission Spectrometer, Horiba Jobin-Yvon, Ultima). Thus, it is possible to quantify the final concentration of the
solution and calculate the maximum amount adsorbed (Qmax) by difference method (Cipitia-Cfinal) using the Langmuir parameters.
Adsorption curves for each one of the metals were obtained by plotting Q. (amount adsorbed in the equilibrium) versus Ce (final
concentration), following the Langmuir model. From its non-linearized form, it was obtained Qmax (Qe/Ce versus C.), with an R%®>0.9
(see ESI). During this step, it was made same assays with different pH values (2.5-8.5), due to the influence of the medium on the
adsorption. In this way, some solutions of EuCl;s 100 ppm were used, following the same methodology described above.

4. Selectivity

Tests of lanthanide adsorption in competitive solutions were realized to observe the selectivity between the ions and the porous
network. Solutions of 100 ppm of each lanthanide studied in this work were prepared (1 mL for each one). Then, 4 mg of RIO-55 was
added to the final solution and replaced under stirring in a shaker for 4h. After this, the material was filtered, and the liquid was
analyzed by ICP.

4.1. Fluorescence sensing analysis

Since lanthanides emit fluorescence, RIO-55 impregnated with europium (Eu>*@RIO-55) was selected to be analyzed as a solid
sensor. Tests were carried out using a Horiba-Jobin-Yvon SPEX Fluorolog 3.22 spectrofluorometer, adapted for assays in the solid state.
Firstly, an emission spectrum for RIO-55 was obtained, exciting the sample at 320 nm. Then, the same was made for Eu®T@RIO-55, to
observe the difference between the emission bands after metal impregnation.
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Fig. 1. Pore representation for RIO-55 (porous adsorbent), the lanthanides used in this study, and the doping substances.
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Fig. 2. Lanthanides adsorption isotherms for RIO-55, following the Langmuir model. The highest adsorbed amount is referred to Eu®>" with a Quax

= 370 mg/g.

4.2. Adsorption of doping substances

Aiming to direct a final application to the porous solids reported here, doping substances were selected to be detected. Thus, in

addition to performing the tests as a fluorescence sensor, the Eu>* @RIO-55 was used to detect ephedrine and dopamine (Fig. 1), known
among doping substances, which cannot be found in excess in the body to carry out certain sports activities. This way, 10 mg of RIO-55
was added to 10 mL of EuCls (50 ppm, Milli-Q water) and the mixture remained for 24h in a shaker (2400 rpm). As previously done, the
suspension was filtered using filters attached to syringes, and the liquid was analyzed by ICP. The resulting wet solid (Eu>* @RIO-55)
was filtered by vacuum. Then, 4 mg of RIO-55 was added to 4 mL of an ephedrine solution (100 ppm, ethanol) and 4 mL of a dopamine
solution (100 ppm, ethanol), separately. The same procedure was executed for Eu>" @RIO-55 to observe the difference in the ab-
sorption values.

5. Results and discussion

RIO-55 was obtained as previously reported and all the physical-chemical characterizations are present in the ESIL. In summary, Ny
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Eu®**@RIO-55

Fig. 3. DFT calculation for the impregnated Eu®>* @RIO-55. The high density of interaction shows the preference for oxygen atoms, even from the
water molecules. Besides, there is a growing increase in density near the diazo groups.

adsorption/desorption for RIO-55 showed a type IV isotherm, indicating the presence of mesopores (~35 A). The surface area (Sggr)
was calculated as 420 m%/g, which is high if compared to other ionic mesoporous materials. The pattern PXRD indicated that RIO-55
presents a low crystallinity profile, which can be explained by the charge repulsion (Cl-ions), favoring a turbostratic disorder, as found
in previous works [22,32]. The peak at 28° is suggestive of a lamellar structure typical of bidimensional materials (see ESI).

Adsorption curves were obtained for each one of the lanthanides captured by RIO-55. All the isotherms were calculated following
Langmuir parameters, being classified as of the favorable type (Fig. 2). RIO-55 captured a greater amount of Eu’* (Qmax = 370 mg/g)
than the other lanthanides, presenting a better affinity to the adsorbent (K, = 0.005), besides the lanthanide contraction. This can be
explained by the intraparticle diffusion (transfer of solute in the solution to the adsorbent) or by the negative steric effect on coor-
dination. It is possible to identify this behavior from the isotherms in the initial points, showing the capture by larger pores, i.e., a faster
diffusion step [33]. For a better understanding of the great amount of Eu adsorbed, it was calculated the weight of Eu per mol of pore of
RIO-55, resulting in 115g of Eu/mol of pore (see ESI). Besides, RIO-55 adsorbed a good amount of Gd>* (285 mg/g), Tb®* (160 mg/g),
and Dy>* (200 mg/g). All the Langmuir fittings (non-linearized forms) are present in the ESIL Due to its large pore size (35 A), this
nanoporous material can capture a greater number of fluids, such as biomolecules, ions, metals, and metalloids. In addition, the
structure of RIO-55 is composed of many N and O atoms, which increases the selectivity for these rare earth metals. These compounds
can strongly attach via these sites which affect the complex stability. As observed, there is not a linear trend when comparing the ion
size with the affinity in the adsorption or the amount captured. This non-linear trend obtained for lanthanides is due to other forces
besides the ionic radii, as well as geometry, and steric effects of all the systems, for example.

To better understand this discussion, DFT calculations were conducted to provide a comprehensive comparison and perspective on
the results. Europium is the most reactive metal among the lanthanides, seeking to interact quickly with available oxygen atoms
[34-36]. According to the theoretical calculations carried out, europium has a great preference for the oxygen atoms of the
keto-enamine groups and water (Fig. 3). The other lanthanides studied here also form strong interactions with other elements present
in the structure of RIO-55, but less intensely than europium. However, a higher density of interaction is observed between the
europium ion and water, suggesting a chemisorption that can be reversed, as observed experimentally during the reuse process. The
methodology for the DFT calculation is presented in ESI.

Similar results were found for other lanthanides, such as La (III) e Sm (III), adsorbed by hydroxyapatite with Qmax = 200-400 mg/
g%. On the other hand, Nitrolite captured only 5 mg/g of La (III); the doped silica sol-gel with a bifunctionalized ionic liquid adsorbed
~9mg/g of Eu(Ill). A carbonaceous material (C-IOP) obtained a Qmax = 14,5 mg/g for Eu(Il) [37-40]. However, there are few cases of
capture of lanthanides from water. Making discussion in a comparative way with other adsorbents, RIO-55 is more suitable due to its
stability and robustness (covalent bonds), besides its highly porous matrix, being an ionic framework. This materials class has been
used in the capture of metals, ions, and organic compounds, among others, whose results are promising.

The effect of the pH of the medium on the adsorption was carried out using EuCls as adsorbate. The results show that the best
performance is obtained in a neutral or slightly acidic medium, i.e., as carried out in the first tests (Fig. SO5). This behavior occurs at
higher pH values, where Eu3* jons can compete with hydrogen ions. On the other hand, the solution with lower pH values implies an
effect of hydroxyl groups, decreasing the interaction by the adsorbent. The same occurred with the functionalized resin poly
(amidoxime-hydroxamic) acid, an N-, O-rich structure, where the higher amount was adsorbed at pH = 7 for different lanthanides
[41].

From the selectivity tests, it was noticed that the absorbed amount of each lanthanide decreased concerning the tests made
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Table 1

Selectivity of the lanthanides in the competitive environment.
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Absorbed amount (ppm)

Lanthanides Non-competitive environment (100 ppm)
Eu 62.6

Dy 30.6

Gd 21

Tb 20.8

Competitive environment (100 ppm)
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Fig. 4. Adsorption of the dopant molecules by RIO-55 (left) and by RIO-55@Eu>" (right), being represented by dopamine. In the bottom, the

dopamine amount was removed for 5 cycles.

separately (described above). However, the percentage of Gd>* and Tb®* in an environment with and without competition was similar,
as shown in the table below. This can be interpreted by the fact that these ions are bigger than Eu and Dy. Then, more interactions occur
with the smaller ions, and more interactions occur with the smaller ions faster more interactions occur with the smaller ions in a faster

way (Table 1).

From these data, Eu>* @RIO-55 was selected for some initial tests as a proof of concept to understand its fluorescence charac-
teristics after the impregnation. These properties can open new strategies of applications, such as fluorescence sensors. The emission
curves show that RIO-55 emits lower fluorescence, which increases with the presence of Eu(IIl) in the lattice (Fig. S04). These tests
were performed with the same powdered masses for both samples (4 mg). It is observed that the bands at 420 and 440 nm are higher for
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the Eu®* @RIO-55. These bands can occur due to the reticulated extended structure forming a large n-conjugated system, which results
in electro-relocation, besides transitions of n*—x type [22].

Eu*@RIO-55 was used as a detector for determining doping substances (ephedrine and dopamine). Tests were performed using
RIO-55 and Eu®>* @RIO-55 to compare the adsorption efficiency with and without lanthanide. The solutions were analyzed by UV-vis
and it was possible to obtain the final concentration values from the absorption bands. RIO-55 trapped 47 mg/g of ephedrine (or 47 %),
while EuT @RIO-55 adsorbed 72 mg/g (or 72 %). This shows that Eu®*@RIO-55 obtained the best performance, e.g., the presence of
Eu(IIl) impregnated in the network increased the amount absorbed (Fig. 4). The same occurred for dopamine, where RIO-55 captured
60 mg/g (or 60 %) and Eu®*@RIO-55 adsorbed 82 mg/g (or 82 %). The greater adsorption of dopamine may be due to its chemical
structure, having more hydrogenated groups. On the other hand, ephedrine has methyl groups, with fewer possible interactions. Eu(IIl)
prefers to interconnect with -OH and -NH functional groups, which are more available in dopamine molecules. It is interesting to
notice that the europium coupled to the organic network provides even higher adsorption values than the porous structure itself.
However, europium salt (EuCls) alone does not have the same result. Instead, the adsorption data are almost zero (see ESI). This
chemical determination can be used as a promising technique to detect doping substances and other organic compounds.

Aiming to know the stability of the Eu>* @RIO-55 as an adsorbent of dopamine, tests of reuse were performed. Fig. 4 shows good
behavior, even after 5 cycles. The percentage of removal remains similar during the assays. From 100 ppm, the absorbed amount of
dopamine was 60 % in 15min, presenting good stability and a considerable performance in the adsorption (Fig. 4).

6. Conclusions

In this work, RIO-55 (previously synthesized and characterized) was used as an efficient adsorbent to capture lanthanides from
water, obtained great values of Quay (Eu" = 370 mg/g, Gd>* = 286 mg/g, Tb>* = 160 mg/g and Dy>* = 200 mg/g). Its large pores
and chemical structure are crucial to improve the affinity with the adsorvate. From these results, some tests for fluorescence sensing
were developed using RIO-55 and Eu**@RIO-55 as sensors in the solid state. The lanthanide-impregnated material showed the best
performance, emitting higher fluorescence than the standard RIO-55. Moreover, Eu>* @RIO-55 was also used to capture some dopant
substances (ephedrine and dopamine), working as a chemical sensor. The assays were realized using the standard RIO-55 to compare
the results. The affinity between Eu®* @RIO-55 and the biomolecules was higher than RIO-55, due to the presence of Eu®*, which can
generate more interactions with the network and the dopant substances, mainly due to its structure charged by N and O atoms. Then,
the impregnation of lanthanides in the lattice of porous organic materials increases the efficiency of organic substance adsorption. It
was noticed that the good performance of the adsorbent after some cycles of reuse makes it a promising one. The larger pores of RIO-55
and its chemical groups in the lattice are crucial for attaching these lanthanides selectively.
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