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Abstract: This work is part of addressing the problem of water contamination with last generation
pollutants. To solve this problem, the FeBTC metal organic framework (MOF) incorporated with
magnetite is proposed as a novel material. The material was synthesized by the in situ solvothermal
method, and FesOs nanoparticles were added during FeBTC MOF synthesis and used in drug ad-
sorption. The materials were characterized by XRD, FTIR, Raman spectroscopy, and Nz-physisorp-
tion at 77 K. Pseudo-second-order kinetic and Freundlich models were used to describe the adsorp-
tion process, and the thermodynamic study revealed that the adsorption of three drugs was a feasi-
ble spontaneous exothermic process. The incorporation of magnetite nanoparticles in the FeBTC
considerably increased the adsorption capacity of pristine FeBTC. Fe3sOs-FeBTC material showed a
maximum adsorption capacity of 357.1 mg g™ for diclofenac sodium, 70.9 mg g™ for naproxen so-
dium, and 122.9 mg g for ibuprofen. Additionally, hybridization of the FeBTC with magnetite na-
noparticles reinforced the most vulnerable part of the MOF, increasing the stability of its thermal
and aqueous media. The electrostatic interaction, H-bonding, and interactions in the open-metal
sites played vital roles in the drug adsorption. The competition of sites in the adsorption of the
multicomponent mixture showed selective adsorption of diclofenac sodium and naproxen sodium.
This work shows how superficial modification with a low-surface-area MOF can achieve important
results of adsorption of water pollutants—not limited to drugs, but extended to other pollutants
such as colorants, heavy metals, chlorides, and fluorides—in addition to showing the preferential
adsorption sites by means of Raman spectroscopy.

Keywords: metal organic frameworks (MOF); nonsteroidal anti-inflammatory drugs (NSAIDs);
FeBTC; magnetite

1. Introduction

Many industrial pollutants can be found in wastewater. The industrial sector manufac-
tures different chemical reagents to support factories or supply the market with the nec-
essary nutritional, residential, farming, livestock, pharmaceutical, and personal products.
Simultaneously, along with these products, the manufacturing sector generates great
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quantities of chemical waste that go to the air, soil, and water. Sooner or later, most of the
pollutants make their way into rivers, lakes, and seas. Moreover, people and animals
transform all of those products, generating residual inorganic and organic compounds
such as detergents and pharmaceuticals and personal care products (PPCPs) [1]. Indeed,
all of these pollutants constitute an important threat to flora and fauna, and public health.
For this reason, to supply populations with necessary drinking water, it is imperative to
find effective procedures for cleaning wastewater [2]. However, in the case of wastewater
contaminated with medicines such as nonsteroidal anti-inflammatory drugs (NSAIDs),
the cleaning treatment is complex and expensive due to the high concentrations of drugs
[3]. When this wastewater is mixed with inorganic pollutants (cation metals, fluorides,
nitrates, and phosphates), the cleaning treatment becomes very difficult [4].

Metal organic frameworks (MOFs) are materials with metal aggregates strongly
bound by organic ligands containing potential adsorption sites; this feature generates high
porosity, and consequently, a highly specific surface [5]. Ligands are typically didentate,
tridentate, or tetradentate organics such as benzene dicarboxylate (BDC) or benzenetri-
carboxylate (BTC) [6]. FeBTC (iron-benzenetricarboxylate) is an MOF with the molecular
formula CoHsFeOs, commercially known as Basolite F300. Although its chemical compo-
sition is well known, it shows poor crystallinity and its structure is unknown [7]. Efforts
to elucidate the structure suggest an octahedral metal cluster formed of iron trimers con-
nected to benzene tricarboxylate ligands. Additionally, this MOF shows unsaturated ver-
tices that interact with water molecules and open metal sites (Fe 2/**), high water stability,
drug-compatible pore size (2 nm diameter), many structural defects, etc. [8]; based on
these characteristics, this material could be an excellent candidate for the adsorption of
drugs in water.

PPCPs such as diclofenac sodium (DCF), naproxen sodium (NS), and ibuprofen (IB) (Fig-
ure 1) have been studied as contaminants to be removed by MOFs because they are among
the most abundant in polluted waters. The MOFs MIL-101 (Cr) and MIL-100 (Fe), studied
by Jhung et al. [9], proved to be good candidates to remove naproxen and clofibric acid.
By analyzing the pollutant capture process, the authors deduced that electrostatic interac-
tion and stereo porous selectivity dominate the adsorption procedure. Later, Jhung et al.
[10] studied the adsorption of the same pollutants on MIL-101-Cr functionalized with
acidic (-SOsH) and basic (-NHz2) groups to determine their influences in the aqueous sys-
tem.

On the other hand, magnetite has proven to be an excellent candidate for removing pol-
lutants in an aqueous medium [11], in addition to its ability to incorporate quite well with
other materials [12-14], increasing not only its adsorption capacity but also its recovery in
aqueous medium and thermal stability [15]. Although MOFs incorporated with magnetite
have already been studied, few have been applied for the removal of contaminants in
aqueous media [12,16]. Giesy et al. [17] reported one of the first works to incorporate mag-
netite in MOFs using HKUST-1 incorporated with magnetic material to remove colorants
from water, showing a clear increase in the removal capacity of methylene blue. Chen et
al. [18] used an MIL-100 (Fe) MOF incorporated with magnetite to remove rhodamine B
from medium, highlighting the effective reuse of the material, the improvement of the
removal capacity of the dye, and the stacking of pi bonds and electrostatic interactions as
the main possible interactions. Hou et al. [19] used the Freundlich adsorption model and
pseudo-second-order kinetic model to describe the adsorption process of MIL-100 (Fe)
with magnetite for use with meloxicam and naproxen. Shortly after, the same research
group [20], using the same material, showed that photodegradation of drugs such as di-
clofenac was possible.
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Although there are several studies using MOFs incorporated with magnetite, most of
them are limited to MIL-100 and other MOFs with high specific areas. This study investi-
gated three drugs (ibuprofen, naproxen sodium, and diclofenac sodium) commonly used
without a prescription, which makes them the most prevalent and the most important in
waste management. In addition, we demonstrate the benefits of an MOF with a surface
area of 217 m?/g capable of obtaining superior adsorption capacity, showing preferential
adsorption sites through Raman and FTIR characterization after the adsorption process.
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Figure 1. Molecules with their dimensions: naproxen sodium (left), diclofenac sodium (center),
and ibuprofen (right).

In the present study, magnetite nanoparticles were proposed as a good interaction mate-
rial with the FeBTC MOF, because magnetite incorporated into various materials has been
shown to improve the capacity to remove drugs through electrostatic interactions with
their functional groups [21-24], modifying the surface properties of the FeBTC and in-
creasing its interaction energy with diclofenac, naproxen, and ibuprofen. Before and after
the material characterization was carried out to identify the drugs’ possible adsorption
sites in the MOF, the adsorption isotherms and kinetics of the three drugs were studied.
In addition, the thermodynamic parameters were calculated for the adsorption of the com-
pounds on the adsorbent.

2. Materials and Methods
2.1 Reagents

Sodium acetate anhydrous (CHsCOONa, purity 299%), ethylene glycol anhydrous
(HOCH2CH:0H, purity 299%), anhydrous iron nitrate (III) (Fe(NOs)3-9H20), trimesic acid
(GsHs(CO2H)s, purity 295%), N,N-dimethylformamide anhydrous (HCON(CHs)2, purity
=99.8%), diclofenac sodium salt (CiaH10C2NNaO2, purity >98%), naproxen sodium
(C1sH1sNaOs, purity 298%), and ibuprofen (Ci1sHisO2, purity 298%) were purchased from
Sigma-Aldrich, and iron (III) chloride hexahydrate (FeCls-6H-O, Reag. Ph Eur) was pur-
chased from Ensure.

2.2 FeBTC synthesis

The FeBTC MOF was synthesized using the solvothermal method as reported by Rojas et
al. [25]. Iron nitrate hexahydrate (8.7 mmol) and trimesic acid (HsBTC, 8.3 mmol) were
added to 30 mL of N,N-dimethylformamide (DMF) and sonicated in an ultrasound bath
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for 5 minutes. Subsequently, 30 mL of ethanol and 30 mL of deionized water were added
to the mixture, which was sonicated for 35 more minutes to ensure complete dissolution
of the components. Finally, the mixture was subjected to heating in a sand bath for 24
hours at 358 K [26].

2.3 Fe3O4 (magnetite) synthesis

Magnetite was obtained according the post-synthesis method of Liu et al. [27] with mod-
ifications. Briefly, iron (II) chloride hexahydrate (5.06 mmol) and anhydrous sodium ac-
etate (23.65 mmol) were added to 50 mL of ethylene glycol (50 mL). The previous disso-
lution was added in a steel autoclave with Teflon liner (100 mL). The autoclave was placed
at 473 K for 10 h. The solid obtained was washed with ethanol and water several times to
remove impurities. Finally, the magnetite was dried in an oven at 353 K for 12 h.

2.4 Synthesis of the FesOs+-FeBTC composite

Synthesis of the Fe304-FeBTC composite was based on the one-step hydrothermal/sol-
vothermal method reported by Jiang et al. [28]. An exact amount of magnetite (incorpora-
tion at 2 and 8% was also studied, but in this study only the best result is reported: 5% wt.
was added to 30 mL of ethanol and ultrasonicated to ensure complete dissolution of the
components (solution A). Solution B with trimesic acid precursors (7.88 mmol) and iron
nitrate hexahydrate (8.26 mmol) was dissolved in DMF. Subsequently, both solutions
were mixed and placed into an ultrasound bath for 5 minutes, then 10 mL of deionized
water was added, and the solutions were sonicated for another 30 minutes. The previous
solution was kept under vigorous stirring at 358 K for 24 h. Finally, the composite was
dried in an oven at 353 K for 12 h.

2.5 Activation of the materials

For activation of FeBTC and FesOus-FeBTC to free up their pores following synthesis, each
component was subjected a 3-step procedure. First, they were washed with methanol and
then filtered with filter paper. The exact procedure was repeated twice to ensure better
activation results. Additionally, the material was placed in an oven at 353 K for 24 hours,
to obtain reddish crystals (Fe III) [7]. Finally, they were stored in a desiccator.

2.6 Characterization of the materials

The materials were characterized by powder X-ray diffraction (PXRD) in an X'Pert diffrac-
tometer (Philips) with a CuKa (A =1.54 A) radiation source, with a step size of 0.02° in 20
per second in the range of 5 to 50° in 20, 45 kV, and 40 mA. Fourier transform infrared
(FTIR) spectra were determined in a Magna-IR 750 device (Thermo Nicolet) by the KBr
pellet technique, using controlled amounts of KBr (ratio of 1 mg sample to 100 mg KBr) to
take address the intensity of comparative bands between samples. Raman spectra were
recorded by an inVia microscope (Renishaw), using a green laser (A = 532 nm) as the exci-
tation line, 1% laser power, and a measurement range from 100 to 2000 cm-'. N2 adsorp-
tion-desorption isotherm at 77 K was performed in a BELSORP-Max instrument (BEL JA-
PAN Inc.). Before analysis, samples were degassed at 403 K for 24 h in nitrogen flow to
remove water and physisorbed gases.

2.7 Evaluation of the materials

Before analyzing the samples, calibration curves were determined by a Varian 100G UV-
Vis spectrometer (Agilent Technologies) using the Lambert-Beer law (Equation (1) [29]:

Al=sldC (1)
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where C is the concentration (mg/L), Ax is the absorbance at a specific wavelength; d is
the thickness of the sample contained in the cell (cm), and ex is the absorptivity constant
((mg/L)* cm-?).

Mother solutions of 50 ppm of diclofenac sodium (DCF, C1sH10C2NNaOz, 98%), 15 ppm
of naproxen sodium (NS, C1sH13NaOs, 98%), and 21 ppm of ibuprofen (IB, C13HisOz, 98%)
were prepared. Then, 6 solutions of different concentrations were prepared to determine
the calibration curves of the 3 compounds.

The adsorbed quantity in the materials was calculated from the mass balance with Equa-
tion (2), where Co and C:t (mg/L) are the liquid phase concentrations of the pollutant in t =
0 and t = tn, respectively, and V (L) and W (g) are the volume of the solution and the mass
of the adsorbent, respectively.

qt = (CO—Ct) — (2)

For the adsorption tests, 3 mg of adsorbent was added to 50 mL of the initial concentration
of drug (50 ppm for DCF, 20 ppm for NS, and 15 ppm for IB) at pH values of 4.5 (DCEF),
5.6 (NS), and 3.5 (IB) and a temperature of 303 K. After, aliquots were taken at certain
adsorption times (10, 15, 30, 60, 120, 240, and 360 min) and analyzed in the UV-Vis spec-
trometer. The contact time of the material with the contaminant was 6 hours. The final
concentration of aliquots was determined using the maximum absorption band at a wave-
length of 276 nm for DCF, 230 nm for NS, and 221 nm for IB. To construct the adsorption
isotherms, 6 concentrations of each adsorbate were prepared (5, 10, 20, 30, 40, and 50 ppm
for DCF; 2, 3, 6, 9, 12, and 15 ppm for NS; and 2, 4, 8, 12, 16, and 20 ppm for IB). These
concentrations were selected because they are the maximum solubility of each drug, and
when working with these quantities we will obtain the maximum adsorption capacity
concerning this variable.

The multicomponent aqueous mixture was prepared with 50, 15, and 20 ppm of DCF, NS,
and IB, respectively, at pH 5.6. After adsorption of drugs in the adsorbents, the com-
pounds were recovered using an aqueous solution at pH 7 at 308 K in vigorous stirring
for 2 hours.

3. Results
3.1. Material Characterization

The magnetite nanoparticles had a crystal size of 19.5 nm, measured by the Scherrer
equation, and an average particle size of 90 nm, measured by scanning electron
microscopy (see the characterization of the magnetite in the supporting information
section).

The structures of pristine FeBTC and composite material were obtained by XRD (Figure 2
a). An X-ray diffraction pattern characteristic of pristine FeBTC was observed, one that is
consistent with what was reported in the literature [30]. The noise in the diffractograms
was attributed to the weak signal obtained from the diffraction of the peaks, caused by
the fact that it is a semi-crystalline material with microcrystallinity. Those aberrations
were observed not only in this work, but also different reports on this material [6]. In the
diffraction pattern of the FesOs~FeBTC composite, peaks of pristine FeBTC were observed,
with two main peaks at 20 = 36 and 44°, which were assigned to the magnetite
nanoparticles [31-33] according to the database (JCPDS 19-0629). Incorporating FesOs
nanoparticles in the FeBTC did not result in any considerable modification of the MOF’s
structure.
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Figure 2. (a) XRD patterns, (b) FTIR spectra, (c) Raman spectra, and (c) N2 adsorption—-desorption of FeBTC and FesO4+FeBTC at 77
K.

FTIR spectra of pristine FeBTC and composite material are shown in Figure 2b. In general,
the bands observed corresponding to the organic ligand (trimesic acid) of the MOF FeBTC
spectrum show characteristic bands of the MOFs based on bencentricarboxylate. Several
main bands are shown in the 1508-1623 cm! region, associated with asymmetric stretch-
ing vibrations of BTC carboxylate groups. The maximum bands being at 1384 and 1405
cm is typical of symmetrical stretching vibrations of the same group of bands shown at
around 1000 cm!, representing the C-C vibrational groups, and around 760 cm!, repre-
senting the C-H bonds of the aromatic ring [34]. A maximum band at 938 cm™ was ob-
served, corresponding to the metal interacting with carboxylate groups [35]. Other bands
were observed at 430, 580, and 635 cm [33], assigned to symmetrical and asymmetrical
vibrations of the Fe-O bond of the iron oxo-cluster. The Fe (II) cations can be identified
through the maximum band located at 430 cm, and the Fe (III) with maximum bands at
580 and 635 cm [36]. These same bands were observed in the spectrum of the FesOs-
FeBTC composite. Additionally, a band at 1250 cm™ was observed. Sudman et al. [37]
showed that this band could indicate magnetite presence and refers to C-O bonding de-
rived from a possible interaction between carboxyl groups and magnetite. Further evi-
dence of magnetite presence is given by the band at around 1600 cm, which presents
slight unfolding —a band that is typical of the spectrum of magnetite [38].

Raman spectroscopy was used to determine the structure and presence of magnetite in
the composite material. Figure 2c shows the Raman spectra of FeBTC and composite ma-
terial. Two critical zones were observed in the Raman spectrum: the first zone between
1800 and 730 cm™ is associated with vibrations of bencentricarboxylate organic ligand,
and the second one at less than 600 cm! corresponds to the presence of metal coordination
with carboxylate groups. More specifically, in the 1612-1003 cm range, vibrations were
observed related to the aromatic part of the MOF upon the presence of C=C. The peaks at
826 and 742 cm! are typical of C-H group stretching and bending vibrations, respectively.
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The peaks located at 1461 and 1546 cm! are related to the presence of symmetrical and
asymmetrical vibrations of the carboxyl groups, respectively [39]. On the other hand, the
zone associated with the metallic part has certain variations concerning the positioning of
the bands related to O-M coordination; they vary between 118 and 500 cm-!. Finally, the
bands around 180 cm! relate to the M-M interaction of the exposed metallic site or "open
metal site" [40]. In the Raman spectrum of the composite material, a broad band at around
670 cm! is observable which was assigned to magnetite.

The textural properties of FeBTC and composite material were obtained using N2-phy-
sisorption at 77 K, and the surface area was acquired by the BET method. The results (Fig-
ure 2d) show a type II isotherm characteristic of mesoporous materials according to the
IUPAC classification [41]. This result indicates preferential adsorption in the monolayer
up to a certain pressure—in this case, around 0.1 relative pressure (point B); above this
pressure, a multilayer is formed with lower affinity. The curve that passes above the ad-
sorption process (in the direction of the relative pressure to Po=1) is the desorption curve
(in the direction of the relative pressure to Po = 0), which returns by a different path due
to capillary condensation in the pores of the material. This phenomenon is called a hyste-
resis loop, and its shape can give us information about geometry and pore type. These
materials also show small amounts of hysteresis type H4, confirming the presence of mes-
oporous materials according to the IUPAC classification, which correspond to pores
shaped like an inkwell —spherical with a narrow neck. Decreases in the BET surface area
and pore volume compared to pristine FeBTC were observed for the composite material.
The decrease in surface area of FesOs-FeBTC compared to pristine FeBTC could have been
due to the obstruction of pores by the magnetite nanoparticles or the generation of surface
defects from the inclusion of magnetic material; regardless, the pore size increased and its
volume decreased (see Table 1).

Table 1. Surface area parameters of FeBTC and FesOus-FeBTC metal organic frameworks (MOFs).

Material Surface area Total pore  Pore diameter
BET (m*/g)  volume (m*g)  BJH (nm)
FeBTC 815.84 0.92 3.26
Fes0s-FeBTC 217.04 0.86 3.71

3.2 Adsorption of pollutants on materials
3.2.1 Adsorption kinetics
Generally, the kinetic models that best describe the adsorption process in carbon materials

are pseudo-first-order (Equation (3)) or pseudo-second-order (Equation (4)) equations,
and sometimes the Elovich equation (Equation (5)) [42]:

qt = qe[1— e(—kqt)] (3)
_ (qe*kyt)
A ) 4
_ 1 1
qt = ﬁln(aﬁ) + Bln(t) (5)

where t (min) is a specific period of time; qt and ge (mg/g) are the drug amount adsorbed
at time t and at the equilibrium, respectively; ki (min!) and k2 (g/mg min™) are the adsorp-
tion constants for the pseudo-first order and pseudo-second order; and a (mg/g min) and
P (g/mg) are the Elovich constants.
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The kinetic adsorption model of NSAIDs in FeBTC and FesOs-FeBTC (Figure 3) fits a
pseudo-second-order model, with a suitable correlation coefficient for pollutant adsorp-
tion (Table 2). The average time for the equilibrium adsorption was 240 min.

The rate constant k2 shows how fast the adsorption process of each drug in the materials
reaches equilibrium; the higher this coefficient, the higher the adsorption speed. In gen-
eral, ibuprofen is absorbed faster and naproxen takes the longest to reach equilibrium.
FeBTC reaches equilibrium slightly earlier than the composite material, which could be
attributed to clogging of magnetite pores.
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Figure 3. Effects of contact time on adsorption of (a) diclofenac sodium, (b) naproxen sodium, and (c) ibuprofen on FeBTC and
FesO4+-FeBTC by different kinetic methods. Reaction conditions: 3 mg of adsorbent; reaction temperature 303 K; pH 4.5 (DCF), 5.6
(NS), and 3.5 (IB); initial concentrations of 50 ppm (DCF), 15 ppm (NS), and 20 ppm (IB).

Table 2. Kinetic parameters obtained from adsorption of contaminants in MOFs FeBTC and FesOs-FeBTC.

Model Parameter Diclofenac sodium Naproxen sodium Ibuprofen
FesOs- FesOs- FesOu-
FeBTC FeBTC FeBTC
FeBTC FeBTC FeBTC
qt (mg/g) 139 233.1 51.2 70.4 75.1 102.6
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Pseudo K1 (min?) 0.22 0.2 0.01 0.31 0.15 0.23
first order R2 0.994 0.981 0.920 0.962 0.950 0.920
qt (mg/g) 149.3 238.1 52.4 69.4 76.9 114.9
Pseudo

1.62 x 10- 2.39 x

second or- | K2 (g/mgmin) | 9.31 x 106 . 8.85x107 3.56 x 107 | 2.91 x 10 105

der

R2 0.995 0.991 0.997 0.990 0.990 0.940
B (mg/g) 85.53 87.96 11.35 21.43 15.54 14.47

Elovich a (g/mg min) 0.068 0.021 0.113 0.090 0.076 0.052
R2 0.971 0.924 0.981 0.930 0.970 0.930

3.2.2 Adsorption isotherms

The adsorption models were used to calculate the theoretical adsorption from the experi-
mental data, since the parameters obtained had so much importance in evaluating the
adsorbent’s effectiveness. The most representative models that usually well describe the
process of NSAID adsorption on MOFs are the Langmuir (Equation (6)), Freundlich
(Equation (7)), Temkin (Equation (8)), and Dubinin-Radushkevich (Equation (9)) models:

gqmKkL Ce

9 = T ilce (6)

ge = kp Cet/™ (7)

ge = Aln(Ce ky) (8)

qe = qmexp [ky, [In(1+1/Ce)]?] (9)

where Ce(mg/L) represents the equilibium aqueous solution concentra-

tion; ge and qm (mg/g) are the equilibrium and maximum adsorptive capacity, respec-
tively; ko (L/mg), kr, kr, and kor are the Langmuir, Freundlich, Temkin, and Dubinin—Ra-
dushkevich adsorption constants, respectively, which also have thermodynamic infor-
mation about the affinity adsorbent-adsorbate; and n and A are dimensionless constants.

Figure 4 shows the adsorption isotherms for FeBTC and Fe3Os-FeBTC for DCF, NS, and
IB, adjusted for the different adsorption models. Table 3 shows the parameters obtained
from the isotherms of pollutants in FeBTC and FesOs-FeBTC MOFs. DCF adsorption in the
materials adjusted better to the Langmuir model, indicating the presence of an energeti-
cally homogeneous surface during the adsorption process. On the other hand, there was
minimal interaction between DCF molecules, suggesting that the adsorption process just
forms a monolayer.

The naproxen adsorption process of the MOF is well depicted by the Freundlich model
using FeBTC material and the Temkin model for FesOs-FeBTC composite. In this case, the
adsorption energy decreased while the naproxen molecule’s adsorption increased; there-
fore, the highest energy sites are on the material modified surface, without adsorbate—
adsorbate or weak interactions.
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Finally, ibuprofen adsorption in the FeBTC is better described by the Langmuir model.
However, when the magnetite is incorporated, the experimental data are better described
with the Freundlich model, probably due to an energetic modification after adding the
magnetic material.
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Figure 4. Adsorption isotherms of (a) diclofenac sodium, (b) naproxen sodium, and (c) ibuprofen over FeBTC and FesOs-
FeBTC, comparing Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich methods.

The FeBTC maximum adsorption capacity for NSAID pollutants was increased by the in-
fluence of magnetite, as shown in Table 3. The improved adsorption could be attributed
to magnetite modifying the surface of the material through the addition of superficial de-
fects (substitutional)[43,44], providing energy to the electrostatic energy [9] that magnetite
already possesses by itself and favors the interaction of bonds [45]. Although the compo-
site material had a significantly smaller surface area, H-bonding possibly played a vital
role in NSAID adsorption.

Table 3. Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich parameters obtained from isotherms of pollutants in FeBTC
and Fe3Os+-FeBTC MOFs.
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Model Parameter Diclofenac sodium Naproxen sodium Ibuprofen
FeBTC 0% FBIC OO0 | peBTC 0"
FeBTC FeBTC FeBTC
qm (Mg/g) 2475 347.1 56.8 70.9 76.3 142.9
Langmuir Kt (L/min) 0.40 0.35 0.29 0.25 0.54 0.30
R2 0.987 0.989 0.854 0.98 0.990 0.961
n 4.6 2.4 4.6 2.7 5.8 2.1
Freundlich | Kr((g/mg) (L/mg)) 108.3 96.1 44.2 17.1 70.8 36.4
R2 0.904 0.911 0.956 0.970 0.750 0.979
Kr (J/mol) 794 36.9 2.68.9 248.6 2071 88.9
Temkin A (L/mg) 34.0 3.9 16.7 5.6 21.5 4.0
R2 0.910 0.903 0.804 0.990 0.730 0.941
o q: (mg/g) 199.5 272.3 34.0 61.6 75.9 86.9
Dubinin- ]
Radush- Kor ((mol/])2) ! :10 3x107 1x107 2x107 | 3x101°  1x107
kevich
R? 0.876 0.791 0.617 0.890 0.821 0.731

3.2.3 Adsorption thermodynamic parameters

Adsorption enthalpy (AH®), and free energy (AG®) and entropy (AS®), can be calculated
according to Equations [10] and [11] equations [43]:

AS°

In L = s p-1
Ce R R

(10)

AG° = AH° — TAS® (11)
where R is the constant of gases (8.314 J/mol K) and T is the temperature in Kelvin.
Adsorption tests were carried out at different temperatures (293, 298, 303, 213, and 318 K)
at a maximum concentration of adsorbate (50 ppm for DFC, 15 ppm for NS, and 20 ppm

for IB) in 50 mL solutions and with 3 mg of MOF adsorbent material. The obtained values
of the thermodynamic properties for FeBTC and FesOs-FeBTC are shown in Table 4.

Table 4. Thermodynamic data of adsorption for drugs on FeBTC and FesOs-FeBTC.

AH° AS° AG°
Drug Material R2
(kJ/mol)  (kJ/molK)  (kJ/mol)
FeBTC -10.26 -0.007 -6.7 0.995
DCF

FesOs-FeBTC -34.09 -0.083 74 0.990
NS FeBTC —28.87 -0.079 —4.2 0.988
FesOs+-FeBTC —45.89 -0.138 -2.8 0.991
B FeBTC -75.04 -0.226 -8.2 0.996
FesOs-FeBTC -80.03 -0.240 -9.0 0.994

In all pollutant adsorption processes, the free energy change (AG®) is negative, which in-
dicates that it is a spontaneous process. For the enthalpy change (AH®), all values are neg-
ative, suggesting an exothermic process in most tests. At the same time, it is possible to
detect lower energy values, as we can observe how lower energy values are obtained (AH®
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> —40 kJ/mol), which indicates a physisorption process. In the case of ibuprofen adsorp-
tion, higher energy values are obtained (AH® > —40 kJ/mol), which refers to a process of
chemisorption [46]. The negative value of entropy indicates a decrease of the randomness
in the solid-liquid interface during the adsorption process and a lower degree of freedom
of the adsorbed species [47], represented by AS° values near zero.

3.2.4 Multi-component mixture adsorption

Table 4 shows the adsorption capacity of the multicomponent mixture of DCF, NS, and IB
by FeBTC and FesOs+-FeBTC materials at 303 K and pH 5.6, and pollutant drug recovery
capacity after desorption in water at 303 K and pH 7.

In the multicomponent mixture adsorption study, the most adsorptive component was
ibuprofen, and next came diclofenac, according to their maximum capacities in a simple
system (122.9 and 357.1 mg g, respectively, for FesOs-FeBTC); naproxen adsorption in the
simple system reached 70 mg g for FesOus-FeBTC. The single MOF and the composite had
a better affinity for ibuprofen, since the adsorption heat values are the highest among the
NSAIDs, to the point of exceeding the physisorption limit, indicating the presence of a
chemisorption adsorption process, with AH® values up to 50 k]J/mol. This can be observed
in the recovery of ibuprofen, which was below 10% for FeBTC. Adsorption close to 100%
could not be expected for each drug compared to the simple system, because there is com-
petitive adsorption at the same type of site.

On the other hand, naproxen recovery was almost 87% in FesOs-FeBTC. DCF had the low-
est adsorption energy compared to the other NSAIDs, and therefore was expected to be
the one with the highest amount recovered, but only 85% was recovered for FesOus-FeBTC.
This result could be explained by considering sites with higher interaction energy and
greater affinity with adsorbate, and the data are shown in Table 5.

Table 5. Adsorption capacity of multicomponent mixture and recovery of Nonsteroidal Anti-inflammatory Drugs.

Multicomponent drug adsorption (mg/g) Multicomponent drug recovery (mg/g)

DCF NS 1B DCF NS 1B
Material
FeBTC 162.5 18.7 102.7 146.3 (90%) 16.4 (87%) 13.3 (13%)
FesOs-FeBTC 204.1 18.2 1179 124.7 (61%) 15.6 (85%) 12.6 (11%)

3.2.5 Effects of adsorbent mass, temperature, and pH on the adsorption process

To understand the MOF-drug adsorption process, it was decided to analyze how the var-
iables of the process affect it; for this, the concentration of adsorbent, temperature, and pH
were studied.

The adsorption capacity differences (mgadsorbent/gadsorbate) concerning the amount of adsor-
bent shows that the lower the adsorbent/adsorbate ratio, the higher the adsorption capac-
ity. The explanation for the increase in adsorption capacity is that the adsorbate increases
the chance of contact with the adsorbent surface. This behavior occurred in both materials
with all NSAIDs.
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After studying the influence of temperature on the adsorption process, a slight increase in
the adsorption capacity of drugs was seen when the temperature decreased. This shows
the exothermic and spontaneous nature of the process.

pH is shown to be the variable that most influences the adsorption process; for high pH
values, adsorption decreases. Since the adsorption capacity decreases significantly when
the pH rises for all NSAIDs, according to the values found in this research work, the iso-
electric point at pH 4.6 and 4.1 for FeBTC and Fe304-FeBTC, respectively, would guaran-
tee a positive surface charge density in the MOF and composite materials, obtaining a
good interaction with the NSAIDs at values above their pka (4 and 4.2 for DCF and NS,
respectively). Below these values, they lose solubility; IB is soluble up to pH 3 [9]. This
shows that pH is the most important variable in the adsorption process and surface elec-
trostatic interactions.

3.2.6 Characterization of materials after adsorption

After adsorption, the materials were characterized by XRD and Raman spectroscopy, as
shown in Figure 5. The X-ray diffraction pattern of pristine FeBTC after adsorption
showed a decrease in peak intensity. Additional peaks were observed associated with a-
FeOOH [47], corresponding to the JCPDS data (JCPDS number 29-0713) (Figure 5a).

Raman spectra (Figure 5b) show that the MOF and composite structures remained com-
pletely stable after pollutants were added in an aqueous solution in the range of pH 3.5-
5. The most common difference is shown in the two materials after adsorbing the NSAIDs;
the band’s relative intensity associated with the metal cluster intensified, and the bands
at around 125 and 180 cm™ separated and looked more pronounced. In addition, a shift of
the bands at 1461 and 1546 cm! was observed for both materials, attributed to the bonds
of the carboxylate group attached to the metal clusters and the open metal sites, which is
evidence of an interaction of drugs at these sites. Another band observed with greater
relative intensity is the band at 1003 cm™ associated with the C=C bonds of the aromatic
part of the MOF. This confirms that the most critical interaction sites are the C=C bonds
reported by different authors, and m interactions between the aromatic groups of the MOF
and those that make up the NSAIDs, in addition to a strong interaction in the metal cluster
translated as electrostatic interaction, supported by evidence shown by other researchers
[9,10].

The only MOF that presented a significant change at 1250 and 1700 cm! was FesOus-FeBTC,

which may be because the NSAIDs began to be adsorbed in another area to the surface
energy modification produced by the incorporation of magnetite.
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Figure 5. (a) X-ray diffractogram and (b) Raman spectra of materials in their pristine state and (*) after adsorption pro-
cess with pollutants.

On the other hand, in the FeBTC diffraction pattern, a structural disturbance was observed
after the adsorption process, unlike FesOs-BTC, which maintained the same diffractogram.
Although the FeBTC continued to preserve its structure, a typical diffraction pattern of
partial collapse was observed, which did not occur in the composite material since the
magnetite provides stability for the MOF. The decrease in the characteristic peaks of mag-
netite nanoparticles in FeBTC could be due to re-dispersion or size reduction. The X-ray
technique can no longer detect since the presence of the material is confirmed by Raman
spectroscopy.

The results of the Raman spectroscopy analysis of NSAIDs in our previous work [10]
helped us to build the model or interaction shown in Figure 6.

Figure 6. Possible interactions of drug molecules (DCF, NS, and IB) with MOF structure. (C: gray; H: white; O: blue; Cu:
orange; Cl: yellow; N: green; DCF: green oval; NS: blue oval; IB: gray oval.)

3.2.7 Reutilization and economy

The reuse process is crucial when looking for materials to remedy environmental prob-
lems; for this purpose, it is necessary to study and guarantee the material's efficiency in
different adsorption cycles. These materials were shown to be easily regenerated using
only water and modifying the pH at room temperature, in addition to recovering the drug
from the adsorbent material. Figure 7 shows three reuse cycles for FeBTC and FeiOs-
FeBTC in the adsorption process of the three drugs. In the gray scale (for diclofenac ad-
sorption), almost constant adsorption is observed for both materials; in the blue scale
(naproxen adsorption), almost constant adsorption is also observed; in the green scale
(ibuprofen adsorption), it is observed that after the first cycle, the adsorption decreases.
The only drug that has decreased adsorption efficiency (Figure 7) is ibuprofen, since it is
chemically adsorbed at some sites. This is because the enthalpy of adsorption of ibuprofen
is such that it chemisorbs and deactivates some sites, leaving them unavailable for subse-
quent adsorption.

According to the values obtained, 1 gram has the capacity to treat more than 16 liters of
contaminated water at maximum amounts with NSAIDs. Regarding the values obtained
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from the adsorption kinetics, 200 liters of water could be treated in one day. The reusabil-
ity of this material makes it a good candidate for the sequestration of not only drugs but
also heavy metals, inorganic compounds, colorants, etc.

600
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300

NSAIDs Adsorption [mg/g]

FeBTC Fe,0,-BTC

Figure 7. Adsorption cycles for three drugs on pristine FeBTC MOF and magnetite FesOs-FeBTC composite.
4 Conclusions

A novel and stable composite material based on an FeBTC MOF was prepared using a
solvothermal method incorporating magnetite in situ. It was used for removing drug pol-
lutants (naproxen sodium (NS), diclofenac sodium (DCF), and ibuprofen (IB)) in an aque-
ous medium. X-ray and Raman spectroscopy analysis confirmed the presence of magnet-
ite in the composite material.

A pseudo-second-order kinetic model can describe the adsorption process. The thermo-
dynamic study revealed that adsorption of the three drugs was a feasible, spontaneous,
and exothermic process. XRD and Raman analysis confirmed the stability of FesOs-FeBTC
after the pollutant adsorption process, and the main sites and principal effects in the struc-
ture through the modification of bands in the spectrum refer to one interacting with an-
other, thus evidencing the exposed open-metal sites as one of the main areas of interaction
of adsorbent with adsorbate.

The composite material presented an increase in surface heterogeneity compared to the
MOF without magnetite; this was observed through the Freundlich empirical adsorption
model for most drugs, indicating a non-ideal adsorption process on an energetically het-
erogeneous adsorption surface with little interaction between adsorbate molecules. This
heterogeneity could be due to the inclusion of new higher-energy structural defects that
decrease the material's specific area, decreased pore volume, and pore obstruction by
magnetite. The comparison of Raman spectroscopy before and after the adsorption pro-
cess showed a small decay of the C-C, C-O, and O-Fe vibration bands, which indicates
that the adsorption sites are carried in the open metal sites and by -7 staking.
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Even though magnetite incorporation did not modify the structure of the material for
three regeneration cycles, it changed the surface, increasing the non-coordinated active
sites and the number of available sites. Due to this, the surface energy of the material in-
creased. This is because, after adding the magnetite, the number of active Fe-O sites in-
creased.

The study of adsorption enthalpy showed that the adsorption of all drugs is an exothermic
process and therefore spontaneous; diclofenac and naproxen had physisorption energy,
while ibuprofen was chemisorbed. In multicomponent adsorption, it was shown that ibu-
profen was preferentially adsorbed, followed by diclofenac, consistent with the adsorp-
tion energy found.

Although the recovery of contaminants was relatively good for diclofenac and naproxen,
chemisorbed ibuprofen is not easy to recover; therefore, the FeBTC material composed by
magnetite nanoparticles is not suitable for adsorbing ibuprofen. Consequently, it is better
to modify the FeBTC by potentiating the pi bond instead of the exposed metallic sites for
the physisorption process.

Many efforts are being made to find strategies that increase the stability of pristine MOFs
in aqueous media. The incorporation of metallic oxide nanoparticles into MOF made it
possible to improve the stability and increase the capacity to remove all contaminants in
the present work. The values obtained from removing the three pollutants are promising
for functionalized MOF-type materials that are stable in an aqueous medium. The open
metal sites, carboxylate functional groups, acid-base properties, and magnetic proprieties
of the composite material not only make this material a good candidate for adsorption
processes, but it could also be applied in photocatalysis, organic catalysis, electrocatalysis,
gas storage, supercapacitors, etc.
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Figure S1. FesOs-FeBTC MOF being used to remove diclofenac sodium, naproxen sodium, and ibuprofen from water—
inset shows a view through a Raman microscope.

The magnetite diffraction pattern (Figure S2) shows seven main reflections, 20 = 19, 30,
36, 44, 54, 57, and 63°, corresponding to planes (220), (311), (400), (422), (511), and (440),
respectively, associated with a simple cubic system of Fd-3m spatial group (JCPDS PDF19-
0629). The average crystallite size of magnetite was 19.3 nm, which was calculated using
the Scherrer equation.
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Figure S2. XRD patterns of magnetite nanoparticles.

In the most representative magnetite band, it is possible to see a sharp peak at about 570
cm™ (Figure S3) characteristic of Fe—O bond absorption. The maximum band presence at
3500 cm™ is typical of H-O bonds, which is related to the humidity of the material. The
stretching vibration of the C-O bond at 1600 is characteristic of small impurities from
ethylene glycol.
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Figure S3. Fourier transform infrared spectroscopy spectra of magnetite.

The results of Raman spectroscopy (Figure S4) show the spectrum characteristics of mag-
netite nanoparticles, where the maximum band located at 661 cm refers to the modes of
vibration stretching of oxygen bound with iron (II) and (III) along the entire crystal lattice.
The second most important band is located at 310 cm, and the ones located below 500
cm! are represented by the phononic activity caused by the dispersion of light after po-
larization of the material.
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Figure S4. Raman spectra of magnetite.
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Figure S5 shows the materials through a Raman microscope. The images do not show
strong differences between FeBTC and FesOs-FeBTC with regard to superficial morphol-

ogy.

Figure S5. Raman micrographs of (a) FesOs-FeBTC, (b) FeBTC, and (c) magnetite.

Scanning electron microscopy (Figure S6) was performed to obtain information on the
morphology of the particles and the apparent size of their average particle. The FeBTC
observed in Figure 6a—c presents particles that tend to form bars and cubes, with a non-
homogeneous and very well defined population typical of this material, which was re-
ferred to in previous works.

Characterization by EDS was carried out with the aim of corroborating the presence of
representative elements of the material, and although this study was merely semi-quanti-
tative, it gives us an approximate idea of the proportion of elements present in the mate-
rial, which we can compare with respect to the stoichiometry. In the case of FeBTC, only
the elements that are part of the MOF (Fe, O, and C) with some impurities below 1% are
presented, which adjust quite well to the stoichiometry of the material after three regions
of the material were explored.
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Figure S6. Scanning electron microscopy of FeBTC: (a) scanning at 5 Kx by variable pressure, (b) scanning at 5kx with
secondary electrons, (c) scanning at 10 kx with secondary electrons, and (d) by dispersive energy (results).

Scanning electron microscopy of the FesOs-FeBTC composite MOF (Figure S7) shows the
presence of particles that tend to form bars; like the FeBTC MOF in its pristine state, they
do not have a well-defined morphology or a specific size (Figure S6a—c). On the other
hand, EDS characterization shows small increases in the populations of oxygens and
irons, which is justified by the presence of magnetite (Figure S6d).
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Figure S7. Scanning electron microscopy of FesOs-BTC: (a) scanning at 5 Kx by variable pressure, (b) scanning at 5kx
with secondary electrons, (c) scanning at 10 kx with secondary electrons, and (d) by dispersive energy (results).

The thermal stability of the materials was evaluated by means of in situ Raman spectros-
copy using a Linkam cell reactor (Figure S8). The procedure consisted of increasing the
temperature until the decomposition temperature of MOF with nitrogen flow as treatment
gas. The results reveal that the band to 500 cm™ corresponding to Fe—O vibrations tended
to disappear with increasing temperature.

The incorporation of magnetite provided FeBTC with greater stability (to 523 K, 30 K more
than FeBTC), because—as the characterization by this same technique shows—the mag-
netite was incorporated in the most vulnerable sites of the MOF, in such a way that it
could reinforce the structure (Figure S8).
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Figure S8. Thermal stability followed by on-site Raman spectroscopy of (a) FeBTC and (b) FesOs-FeBTC.

Characterization by infrared (Figure S9) after the adsorption process shows that there was
no change in the functional groups that compose either of the two materials, since the
various characteristics of each material are present and well defined.


https://doi.org/10.20944/preprints202102.0399.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 February 2021 d0i:10.20944/preprints202102.0399.v1

——

M\ [\ FeBTC — ]
R
V

=

SLANTW WD T FeBTC*

3 [\ V\/ \/\/

C

g

= -+ T
= Fe,0,-FeBTC

)

=

Fe,O,-FeBTC*

v

I 1 ! ' | | ! | ' | I ! ' | ! | ! |
600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900

Wavenumber [cm™]

Figure S9. Infrared spectra of materials in their pristine state and after adsorption process with pollutants.
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