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ABSTRACT

Metal-organic frameworks (MOFs) have attractive properties, including regular pore
structure, high specific surface area, tunable surface properties, and abundant active sites.
Such properties have boosted their recent development in many fields, including water
treatment. In this study, MOFs composed of tetravalent metals (Ti** and Zr*) and
dicarboxylate linker (terephthalate — BDC) were modified using surface functionalization
and/or pore structure through defect engineering to enhance adsorption properties. It has
been shown that the Ti-containing materials (MIL-125) show a greater affinity for
cationic species, while the Zr-containing samples (UiO-66) have a higher affinity for
anionic species. Surface charge and electrostatic interactions could account for such a
difference in adsorption properties. Zeta potential measurements showed that MIL-125
has a more negative surface charge for both non-functionalized and amino-functionalized
versions, which favors the interaction with cationic molecules. On the other hand, UiO-
66 has a more positive surface, which facilitates interactions with anionic molecules.
Within each MOF family, the non-functionalized structures emerged as the best-
performing materials. Specifically, MIL-125(H) and UiO-66(H)_5eq, with 5eq denoting
the amount of H,O added during synthesis, showed superior performance. Furthermore,
by performing simultaneous adsorption experiments with anionic and cationic
contaminants, it was found that the adsorption of the anionic dye acid orange 7 (AQ7)
onto the UiO-66 framework is primarily based on specific interactions between the
sulfonic group (-SO3°) within the AO7 molecule and the inorganic core ZrgO4(OH)4 of
UiO-66. The interaction between MIL-125 and the cationic dye methylene blue (MB)
was found to be more delocalized, based on electrostatic and n-x interactions between the
benzene domains. Finally, except for MIL-125(H), all the tested MOFs showed high

stability in water and in the adsorption process. The higher stability of UiO-66 over MIL-



125 materials can be attributed to steric effects and lower metal electronegativity.
Compared to MIL-125(H), the higher stability of MIL-125(NH>) is probably related to

the formation of intramolecular hydrogen bonds.
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1. Introduction

Metal-Organic Frameworks (MOFs) have recently emerged as novel materials for
applications in many fields, including water purification [1-3]. The remarkable properties
of these materials, such as their pronounced porosity resulting from a well-defined
intrinsic pore structure and the abundance of active sites, have driven their recent and
substantial progress [1,4-6]. Among the many options for the preparation of such
materials, the use of tetravalent metal MOFs such as MIL-125 and UiO-66 has been of
particular interest in many studies. Their typical robustness in harsh environments and
relatively high permanent porosity are often cited as reasons for this preference [7,8].
Their usual stability can be explained by the strong coordination bonds between the hard
Lewis acid (tetravalent metal) and the hard Lewis base (carboxylate moieties) that form
their framework. Furthermore, their structural rigidity and high coordination number also
help to protect such materials from chemical attack by guest molecules [9-11]. Such
properties make them suitable candidates for water treatment, as many MOFs exhibit poor
stability in humid environments [12]. Although UiO-66 has systematically shown high
stability in water [13,14], some studies have reported that MIL-125 has some instability

[15,16].



In a recent work [17], we modified the crystalline structure of UiO-66(H) (where 'H'
indicates the use of the terephthalate — BDC - linker) by using different additives and
adjusting the synthesis conditions. The primary objective of this study was to achieve
precise control of defects within the MOF framework, resulting in improved adsorption
capabilities for anionic compounds at the expense of their cationic counterparts. The
synthesis of its aminated version UiO-66(NHz) (where 'NH>' indicates the use of the 2-
aminoterephthalate linker) was now studied using different amounts of H20, in low molar
ratios, which was observed to give the best results both in morphology control and
adsorption performance. Thus, the different versions, functionalized (NH.) and non-
functionalized (H), could be compared in terms of their structure, surface properties, and
adsorption behavior. In addition, we also investigated the adsorption of other tetravalent
MOFs, MIL-125(H) and MIL-125(NHy), due to their well-known stability. Furthermore,
these structures are expected to have a more negative surface charge compared to UiO-
66, which can greatly influence the adsorption mechanism of various positively charged
pollutants [17,18]. The crystalline structure of MIL-125 could not be obtained when water
was used in the synthesis step. Thus, the synthesis described here was based on the
standard synthesis developed in another work [19]. The aim of this study is a comparative
evaluation of the structural features and stability of two closely related MOFs (M**-BDC)
with different crystal frameworks, pore structures, and surface properties. Furthermore,
the effect of these differences on the adsorption behavior of anionic and cationic
molecules will be investigated, while also attempting to elucidate the different adsorption

mechanisms involved in the application of different adsorption systems.



2. Materials and Methods

2.1. Synthesis

- UiO-66

The synthesis followed a procedure similar to that described in a previous work [17].
Briefly, 8 mmol of zirconium tetrachloride (ZrCls, Sigma Aldrich, 99.5%) and 8 mmol of
either  1,4-benzenedicarboxylic acid (H:BDC, Sigma Aldrich, 98%) or
2-aminoterephthalic acid (H.BDC(NH), Sigma Aldrich, 99%) were initially mixed with
40 mL of N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8 %). Subsequently, 40 mL
of DMF solution containing X molar equivalents of H2O relative to ZrCls was slowly
added to the previously prepared solution. The samples prepared without the addition of
water were obtained using a less concentrated synthesis, employing 1.6 mmol of
precursors instead of 8 mmol. For a more detailed description of this approach, please
refer to our previous work [17]. The resulting solution was poured into a Teflon-lined
stainless steel autoclave and kept under autogenous pressure at 120 °C for 24 h. After
cooling to room temperature, the resulting crystalline powder was washed twice with
DMF and absolute ethanol (EtOH, Synth, 99.5%), using 20 ml for each washing step. The
obtained precipitate was then sonicated in EtOH (50 mL) for 30 min, dried, and then
activated in air at 100 °C. The samples were designated as UiO-66(H)_Xeq or UiO-
66(NH2)_Xeq, where X represents the amount of water added to the synthesis. UiO-66(H)

and UiO-66 (NH>) refer to non-modified and amino-functionalized samples, respectively.

- MIL-125



MIL-125(H) was prepared by a solvothermal route as described in detail in a previous
work[19]. A solution containing 4.5 mL of DMF (Sigma Aldrich, 99.8% anhydrous) and
0.5 mL of methanol (MeOH, Sigma Aldrich, 99.8% anhydrous) was initially prepared
under Ar atmosphere inside a glove box (JACOMEX, GP Campus model). Then, 300 puL
of titanium tetraisopropoxide (TTIP, Sigma Aldrich, 97%) and 459 uL of butyric acid
(Sigma Aldrich, > 99%) were added to the previous solution and kept under stirring for 5
min. Then, 250 mg of H.BDC was added and kept under stirring for another 10 min. The
resulting mixture was poured into a 25 mL stainless steel autoclave at 120 °C for 24 h. A
white powder was recovered by centrifugation and washed three times with DMF and

MeOH, with 20 ml in each washing step. Finally, it was calcined in air at 200 °C for 12 h.

MIL-125(NH>), an amino-modified sample, was prepared by a similar solvothermal route
described for MIL-125(H) [19]. A solution containing 4.5 mL of DMF and 0.5 mL of
MeOH was prepared under an Ar atmosphere inside a glove box. Subsequently, 300 pL
of titanium tetraisopropoxide (TTIP, Sigma Aldrich, 97%) was added dropwise and
stirred for 5 min. Then, 418 mg of H.BDC(NH>) was added and kept under stirring for
10 min. Subsequently, 4 mL of MeOH was added to the mixture. The mixture was then
placed in a 25 mL stainless steel autoclave at 150 °C for 16 h. A yellow powder was
obtained by centrifugation and washed three times with DMF and MeOH, with 20 ml in

each washing step. Finally, it was calcined in air at 100 °C for 12 h.

2.2. Characterizations

X-ray powder diffraction (XRD) was conducted on a PANalytical Empyrean

diffractometer at a scan rate of 0.03°.s%, using CuKq as the radiation source (. = 1.54 A).



Transmission electron microscopy (TEM) was conducted on a Tecnai G2-12 - FEI
SpiritBiotwin microscope at an accelerating voltage of 120 kV. The samples used in these
tests were previously dispersed in EtOH and sonicated at room temperature for 5 min.
The as-obtained suspensions were dripped on carbon-coated grids (Holey Carbon) and
air-dried at room temperature. N2 sorption tests were conducted at -196 °C on a
BELSORP-max analyzer using samples outgassed under vacuum at 100 °C for 12 h. The
specific surface area (SSA) was evaluated by the multipoint BET (Brunauer-Emmett-
Teller) model following the consistency criteria [7,20]. The non-local density functional
theory (NLDFT) and Barrett-Joyner-Halenda (BJH) method were employed to evaluate
the pore size distribution of the examined materials. Thermogravimetry (TG) was
performed on an Exstar 7200 thermal analyzer at a heating rate of 10 °C.min* and under
N, flow (20 mL.min). Dynamic light scattering (DLS) and Zeta potential ({) were
measured at room temperature using a ZetaPlus apparatus (Brookhaven Instruments). The
particles were first dispersed in deionized water (concentration 0.10 mg.mL™) using an
ultrasonic bath for 5 min. The pH of the solution was then adjusted to the desired value
using aqueous solutions of HCI and NaOH (0.1 M). A minimum of 20 measurements
were made for each suspension after redispersion. FTIR spectroscopy was performed
using a Bruker Alpha spectrometer equipped with an attenuated total reflectance module.
A diamond crystal was used as the reflecting element in these tests. Spectra were recorded
from 4000 to 400 cm™ with a resolution of 4 cm™ and 128 scans.

2.3. Adsorption Tests

Batch adsorption tests were carried out at room temperature using aqueous solutions
containing 20 mg.L* of acid orange 7 (AO7 / Sigma-Aldrich) and/or methylene blue (MB

/ Synth). The molecular structure of these dyes in the ionic form is presented in the



Supplementary Material (Fig. S1). The adsorbent loading in these solutions was
100 mg.L™? unless otherwise specified. As will be discussed in more detail later, the
motivation for this approach stems from the significantly greater adsorption capacity of
MIL-125 compared to UiO-66. Consequently, to perform a more meaningful kinetic
study for both samples while keeping the dye concentration consistent in all tests
(20 mg.L1), it became imperative to change the initial concentration of MIL-125 from
100 mg.L™? to 50 mg.L. The initial pH of these aqueous solutions was about 5 and
remained nearly constant during the adsorption tests. Aliquots collected during the test
were centrifuged at 3000 rpm for 10 min. The particle-free supernatant was then
transferred to quartz cuvettes and examined by Ultraviolet-Visible (UV-Vis)
spectroscopy on a Shimadzu UV-2600 spectrometer with a resolution of 1 nm. The light
absorption at 484 nm and 664 nm were used as references for AO7 and MB, respectively.
The removal efficiency (R — %) was determined from Eq. (1), where Ce represents the

concentration at equilibrium (t = te).

R= (CO _ Ce) x100 1)

Kinetic calculations were performed based on the integrated form of the pseudo-second-
order kinetic model (Eq. 2), where k2 represents the rate constant (g.mg™*.min), ge is the
adsorption capacity at equilibrium (mg.g?), and q: is the adsorption (mg.g™*) measured at
time t (min). Adsorption systems similar to those studied in this work have been described

using this model [17,21-24].
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3. Results and Discussion

3.1. Characterization results

Figure 1 shows the XRD patterns obtained for the samples prepared in this study. The
incorporation of amino groups into the parent materials UiO-66(H) and MIL-125(H) did
not cause any substantial changes in their crystal structures, as supported by the constancy
of the Bragg diffraction peaks at their original positions. The UiO-66 samples showed
broadened diffraction peaks for H>O additions above 10 eq., indicating a reduction in
crystallinity due to the presence of framework defects in these samples. For smaller
amounts of H20, the crystal size remains approximately the same, mainly in the range of
100-300 nm (Figure 2b,d). However, the crystals lose their typical octahedral
morphology, which is only observed for water-free samples (Figure 2a,c). This was also
observed in our previous work [17]. MIL-125(H) and MIL-125(NH2) showed a
morphological mixture of irregular plates and crystals with the typical decahedral or
truncated square pyramidal (Figure 2e,f) [18,25], which have been identified with dashed
blue circles. MIL-125(H) has crystals in a wider size range than MIL-125(NH>), as the
former has crystals in the range of 100-300 nm, while the latter has crystals in a narrower
range of about 100 nm. This difference can be due to the increased solubility of NHa-
BDC in DMF, which accelerates the kinetics of framework formation compared to H-

BDC.
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Figure 1: XRD patterns of the synthesized MOFs; UiO-66 and MIL-125, with and without functionalization

with amino groups (-NH>). Different UiO-

66 samples were obtained by varying the amount of H,O (in

molar equivalents). The main diffraction peaks were indexed according to other works [26,27].
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Figure 2: TEM micrographs of UiO-66(H) Oeq (a), UiO-66(H) 5eq (b), UiO-66(NH2) Oeq (c),
UiO-66(NH2)_10eq (d), MIL-125(H) (e) and MIL-125(NH,) (f). The scale bars represent 100 nm and the
dashed blue circles highlight the typical decahedral or truncated square pyramidal structure of these

MOFs.

Figure 3 shows the N sorption isotherms collected and pore size distributions obtained
using the NLDFT and BJH models. Typically, MIL-125 has micropores that consist of

tetrahedral and octahedral cages, with diameters of about 6.1 and 12.5 A, respectively
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[28]. The microporous structure of UiO-66 is also formed by cages of similar morphology
but with diameters of 9 and 11 A [29]. The prepared samples generally show negligible
mesoporosity and high microporosity, as evidenced by the absence of a hysteresis loop in
the isotherms obtained. The only sample that showed a degree of mesoporosity was
obtained using a greater quantity of H2O in the synthesis (i.e., 20 eq.), following the same
trend as the previous study for the non-amined version of UiO-66 [17]. However, there is
a significant discrepancy in the microporous structure of the different UiO-66(NH2) Xeq
samples obtained here. We already showed in another work that the addition of H,O
induces an expansion of the microporous network of UiO-66(H) in both the tetrahedral
and octahedral cages, leading to the formation of defects in the MOF structure [17]. As
shown in Figure 3-c, the use of H2O in the synthesis of UiO-66(NH.) resulted in a
decrease in the tetrahedral pores and an increase in the octahedral pores. At first glance,
this observation seems to contradict the previous hypothesis, since an increase in both
pores should be observed. However, it can be inferred that the reduction of such pores is
associated with the growth of different crystals, producing particles of interconnected
crystals. This phenomenon is commonly observed for MOFs due to their intrinsic
porosity, especially in syntheses carried out in more concentrated reaction media such as
those used in this study [30,31]. This behavior is consistent with the micrographs
obtained, which show crystals with irregular shapes typical of the interpenetration of
multiple crystals. This phenomenon is schematized in Figure 4. For comparison purposes,
the pore distribution of UiO-66(H) 5eq, the sample that showed the highest pore
expansion, has also been included. It can be observed that this material has tetrahedral
pores similar to those of UiO-66(NH2)_0eq (about 1.0-1.1 nm) but with larger octahedral

pores (1.8 vs. 1.6 nm).
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Figure 4: Schematic representation of the effect of concatenated growth of different MOF crystals: 1)
representation of a single crystal; Il) interpenetration of 2 crystals and I11) interpenetration of multiple

crystals.
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Table 1 summarizes the textural characteristics obtained from the N2 sorption tests. It can
be inferred that the specific surface areas of MIL-125 are higher than those of UiO-66.
This behavior is in agreement with the theoretical and experimental values found in the
literature [14,28]. It should also be noted that the aminated versions of these materials
have slightly lower porosity and SSA. A partial blocking of the MOF pores by the NH>
groups may be responsible for this behavior. It can also be observed that despite a slight
decrease in the size of the tetrahedral pores, as discussed previously, there was still a
significant increase in porosity and SSA with the addition of H2O in the synthesis of UiO-
66(NH2)_X, reaching a maximum value at X = 10 eq. (Vmicro = 0.46 cm®.g™ and SSA =
1240 m?.gY). Nevertheless, we observed a decrease in porosity and SSA for higher water
contents (€.9. Vmicro = 0.27 cm3.g! and SSA = 679 m?.g* for X = 20 eq.). Thus, even
though the concatenation of the crystals tends to decrease these properties, the
introduction of defects due to the presence of HO can compensate for and even overcome
this effect, producing structures with higher porosity and SSA. It has already been shown
that such defects are mainly composed of missing linkers [17], which also occur in
synthesis using HCI as an additive [32]. In both cases, chlorine and hydroxyl groups

would compensate for the missing linkers [17,33].
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Table 1: Textural properties evaluated from the N2 sorption isotherms. Viorar Was measured at P/Po = 0.91,

corresponding to pores of up to 20 nm.

Sample SSA (M2.g2%)  Vmicro (€M3.81)  Vmeso (cm3.g81)  Viotal (cm3.g2)
MIL-125(H) 1569 0.59 0.04 0.63
MIL-125(NH>) 1411 0.53 0.04 0.57
UiO-66(H)_5eq 1280 0.48 0.04 0.52
UiO-66(NH,)_Oeq 437 0.17 0.02 0.19
Ui0-66(NH2)_5eq 797 0.29 0.04 0.33
Ui0-66(NH2)_10eq 1240 0.46 0.05 0.51
Ui0-66(NH2)_15eq 831 0.35 0.11 0.46
UiO-66(NH2)_20eq 679 0.27 0.34 0.61

The samples were also examined in terms of surface charge using Zeta potential
measurements (Figure 5). In general, UiO-66 samples showed a higher point of zero
charge (PZC) than MIL-125 samples, except for UiO-66(NH.) 15eq. These values are
consistent with those found in the literature, with values close to 6 for UiO-66 and below
5 for MIL-125 [18,34,35]. However, it can be observed that the addition of H20 in the
synthesis of UiO-66(NH2) generated particles with a more negative charge, shifting the
Zeta potential curve toward a lower pH and decreasing the PZC value. The maximum
shift is observed in the sample with 15 eq. of H20. The PZC value of UiO-66(NH2)_10eq
and UiO-66(NH2) 20eq decreased to about 5.5, while the PZC of UiO-66(NH2)_15eq
decreased to a value close to 4.5. This behavior was not observed for UiO-66(H), whose
PZC remained stable around 6. TG tests were also performed (Supplementary Material —
Fig. S2) and the samples displayed similar behavior compared to other studies [17,28,36—

40]. Typically, the aminated version of UiO-66 has lower thermal stability compared to
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its original non-aminated counterpart. On the other hand, UiO-66(H) exhibited a complete

collapse of the framework at temperatures slightly higher than those observed for MIL-

125 (560 °C vs. 500 °C).
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Figure 5: Zeta potential { measurements of MIL-125 and UiO-66 samples, without (a) and with (b)

functionalization with amino groups (-NHy).
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3.2. Adsorption of anionic and cationic species from single solutions

The adsorption of different dyes, namely anionic AO7 and cationic MB, was initially
studied using solutions containing only one of the contaminants (single solutions of either
AO7 or MB). These oppositely charged molecules were selected due to their similar
dimensions (1.57x1.00x0.54 nm for AO7 and 1.63x0.79x0.40 nm for MB) — Fig. S1
(Supplementary Material). MB is slightly smaller than AO7, which allows for a
meaningful comparison of adsorption based on the inherent electrostatic nature of these
molecules. In addition, these dimensions match the pore size measured by N2 sorption
(Figure 3). The influence of adding H20O during the synthesis of UiO-66(NH>) was thus
compared with the optimized sample obtained in a previous study [17], here referred to
as UiO-66(H)_5eq. For a more thorough comparison, UiO-66(H) Oeq and UiO-
66(H)_20eq were also included. The adsorption curves obtained from solutions
containing 20 ppm of AO7 or MB are shown in the supplementary material (Fig. S3).
Summarized data, along with results obtained using the pseudo-second-order kinetics
model, are presented in Table 2. Note that because the initial concentration (100 mg.L™)
was found to be excessive, the adsorption performance of MIL-125 for the cationic dye
MB is presented for two concentrations of MOF (50 and 100 mg.L™). In general, it can
be seen that the MIL-125 samples have a higher affinity for the cationic pollutant MB,
whereas the UiO-66 materials have a stronger affinity for the anionic dye AO7, as
indicated by the calculated adsorption capacities (qge) presented in Table 2. However, an
opposite trend was observed when the water volume was increased during the synthesis
of UiO-66(NH>). The adsorption behavior of the different materials (Table 2) can be
strongly correlated with their surface charge (based on Figure 5) and textural properties

(Figure 3 and Table 1). Higher SSA and larger pores are associated with faster adsorption
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kinetics and higher adsorption capacities. At the same time, the surface charge plays a
critical role in determining the preference for adsorption of either positively or negatively
charged pollutants. Among the UiO-like samples, UiO-66(H) 5eq showed superior
adsorption efficiency for capturing AO7 molecules, while among the MIL-like samples,
MIL-125(H) emerged as the most effective material for adsorbing MB molecules. The
non-aminated versions of each MOF family performed better than the aminated versions

in both cases.

The presence of amino groups in the structure of MOFs has been associated with their
greater electronegativity and affinity for cationic molecules such as MB. This is due to
the ability of the amino group to form hydrogen bonds with the cationic molecules, as
well as the availability of an electron pair on the nitrogen atom [15,18]. Because of that,
it was observed higher adsorption of MB on the functionalized versions of MIL-125.
However, this behavior was not reproduced with the samples synthesized in this study,
most likely due to the lower porosity (and SSA) and the presence of typically smaller
pores in MIL-125(NH2) compared to MIL-125(H) (Figure 3b). Since the pore dimensions
are close to the molecular size of MB, the slightly larger pore distribution of MIL-125(H)
undoubtedly contributes to improved accessibility and interaction of MB on the MOF

surface.

Concerning the UiO-66 samples, a greater affinity of MB was observed for the aminated
versions, mainly with the decrease in the PZC value in the samples synthesized with
greater amounts of water (from 5.9 to 4.6), as previously discussed. This relationship is
exhibited in Figure 6, where the difference in affinity for anionic and cationic groups is

clear. In addition to the amino groups acting as a specific MB adsorption site, it also
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favors electrostatic interaction, making the surface more negatively charged in syntheses
with greater additions of water. This behavior enhances the adsorption of cationic species.
Furthermore, the broader and typical bimodal pore size distribution observed for UiO-66
compared to MIL-125, with some pores over 2 nm (Figure 3), allows easy access
throughout the porous structure for both MB and AO7. This feature is particularly

advantageous for AO7 due to its slightly larger molecular size.

The non-aminated version of UiO-66 shows a minimum MB adsorption at 5 eg. of H20,
which coincides with a maximum for AO7 adsorption. These observations are consistent
with the values of Zeta potential measured for these samples, which is much more positive
for UiO-66(H)_5eq compared to the other samples. Its higher SSA and more positive
surface charge explain its greater tendency to interact with anionic species and repel
cationic ones, contributing to its greater affinity for anionic species. Regarding the
functionalized UiO-66(NH2) samples, the one with the best selectivity was
UiO-66(NH2)_10eq, with a removal efficiency ratio AO7/MB of 2.2. However, this value
is still well below the optimal selectivity determined in single solution tests using
UiO-66(H)_5eq, with the high removal efficiency ratio AO7/MB of 10.7. Such samples,
together with MIL-125 were then compared in adsorption tests performed using a mixture
of AO7 and MB. The adsorption process in solutions containing both dyes can be

evaluated in these tests.
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Table 2: Summary of the adsorption kinetics of AO7 and MB for both MIL-125 and UiO-66-like structures,
with the removal efficiency measured at 180 min. Unless otherwise specified, the MOF concentration used

was 100 mg.L™ . The best-performing material for each contaminant is highlighted.

k: x 103 Removal
Adsorbent Pollutant ge (mg.g?) R?
(g.mgl.min?) Efficiency (%)

MIL-125(H) AO7 0.18 27.1 0.76 5
MIL-125(H) MB 3.54 202.8 0.999 100
MIL-125(H)_50mg.L* MB 0.09 417.0 0.986 95
MIL-125(NH2) AO7 0.09 41.6 0.915 8
MIL-125(NH2) MB 0.77 2049  0.999 99
MIL-125(NH2)_50mg.L? MB 0.59 238.9 0.986 61
UiO-66(H)_Oeq AO7 0.56 68.3 0.944 43
UiO-66(H)_Oeq MB 1.37 39.5 0.974 19
Ui0-66(H)_5eq AO7 2.85 191.5 0.999 96
UiO-66(H)_5eq MB 15.2 19.6 0.987 9
Ui0-66(H)_20eq AO7 1.06 186.1  0.992 92
Ui0-66(H)_20eq MB 0.95 1012 0.973 50
UiO-66(NH,)_Oeq AO7 48.3 12.2 0.988 6
UiO-66(NH,)_Oeq MB 1.50 20.5 0.977 9
UiO-66(NH2)_5eq AO7 0.47 177.5 0.996 84
UiO-66(NH2)_5eq MB 0.63 100.9 0.994 47
UiO-66(NHz)_10eq AO7 0.42 191.0 0.998 89
UiO-66(NHz)_10eq MB 0.86 81.2 0.970 40
Ui0-66(NH,)_15eq AO7 1.17 100.5  0.997 49
UiO-66(NH,)_15eq MB 0.74 133.7  0.987 66
UiO-66(NH,)_20eq AO7 2.37 75.7 0.991 38

UiO-66(NH,)_20eq MB 0.73 123.3 0972 61
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Figure 6: AO7 and MB removal capacity of the different synthesized UiO-66 samples, with and without
amino group, as a function of the different amounts of H,O used in the synthesis. The values refer to the

end of the test (180 min) using 20 ppm of the dyes and 100 mg.L* of the different materials.

3.3. Simultaneous adsorption of anionic and cationic species — adsorption

mechanisms

In this section, selected samples with the best adsorption properties from each class of
synthesized MOFs were investigated by performing additional adsorption tests using a
mixture of AO7 and MB at a concentration of 20 mg.L™ each. Figure 7 shows the
absorbance spectra of various concentrations of the prepared mixtures compared to the
spectra of the pure dyes. It can be observed that the mixture of these contaminants
produces a moss-green colored solution whose absorption spectrum does not exactly

match the sum of the spectra of the two contaminants when separated. This change is
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more pronounced for MB in the spectral region between 550 and 700 nm. Although no
references were found in the literature regarding the interaction of MB with other
molecules similar to AO7, studies of the interaction between MB molecules themselves
may help in understanding the possible mechanism associated with such an event [41,42].
From these studies, it can be realized that the MB molecule can have two distinct
electronic configurations in resonance (Figure 8): (1) with a positive charge located at the
chromophore group, represented by the N-S conjugate system of the central ring; (11) with
a positive charge on one of the auxochrome groups, represented by the terminal amines.
Thermodynamic calculations indicate that configuration Il is the most abundant at room
temperature. Also, mesomer | becomes thermodynamically favorable only at
temperatures above 65 ‘C, while the formation of dimers is thermodynamically favorable
for temperatures below 521 °C [41]. Thus, the occurrence of dimers with a resonance
structure of mesomer 11 is expected (Figure 8). The occurrence of tetramers can also be
observed, especially at higher concentrations. As expected, the formation of both clusters
is unfavorable with increasing temperature, especially for tetramers. However, at
temperatures close to room temperature and moderate concentrations (e.g., 20 ppm), a
mixture of the different configurations is expected, with a significant proportion of dimers
and tetramers [41]. It is noteworthy that the formation of these clusters is responsible for
the broadening of the absorption bands and their blue shift, especially in the case of

tetramers.
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Figure 7: Absorbance spectra of solutions containing a mixture of equimolar amounts of AO7 and MB at

different concentrations. For the sake of comparison, solutions containing only AO7 or MB were also

included.
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Figure 8: Possible electronic configuration of the cationic MB molecule and formation of dimers.
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As for the effect observed in the adsorption tests shown in Figure 7, the presence of AO7
may have promoted the formation of MB/AO7 hybrid clusters through electrostatic and
n-m interactions between benzene groups, resulting in the formation of organic
agglomerates similar to the MB dimers and tetramers described previously. The shape of
the spectrum between 550-700 nm for the mixture (AO7&MB)_20ppm is consistent with
this assumption. Besides, a decreased intensity of this band was observed. As the
concentration of both pollutants decreases, the absorbance spectrum in this spectral region
becomes closer to that of MB monomer, with the main peak around 664 nm, although
still of lower intensity. The typical region corresponding to that of AO7 (maximum at 484
nm) has a behavior closer to the ideal, indicating that the azo chromophore group of AO7

(R—N=N-R’) plays little role in the formation of the dye agglomerates.

Due to the difficulty in correlating the influence of the concentration of different
pollutants with the measured absorbance, several absorbance spectra of mixtures with
different concentrations of AO7 and MB between 0 and 20 ppm were obtained and used
as a reference (Fig. S4 in Supplementary Material). Figure 9 shows photographs of the
aliquots taken during the adsorption tests for the different samples, using a mixture of
AO7 and MB. Such tests were carried out with the samples that showed the best
performances in the removal of AO7 and MB contaminants in the previous section (single
solutions). See Supplementary Material (Section S5) for the absorbance spectra obtained
in these tests. By comparing the absorbance spectrum obtained with those with known
concentrations of AO7 and MB, an interpolation was performed to calculate the
approximate concentrations and the removal efficiency of each sample. The values thus

calculated are summarized in Figure 10.
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Figure 9: Image of aliquots taken at different time intervals for each adsorption test performed using a
mixture of AO7 and MB at a concentration of 20 ppm each. For the MIL samples, 50 mg.L* was used,

whereas 100 mg.L* was used for the UiO samples.
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under different conditions. ““Single solution” corresponds to the removal capabilities using separate
solutions of either AO7 or MB. “Mixture” corresponds to the removal capabilities using the solution

resulting from mixing 20 ppm AO7 with 20 ppm MB, labeled as (AO7&MB)_20ppm.

As observed in the previous section, the MIL family showed much higher adsorption
efficiencies for the cationic MB and the UiO family for the anionic AO7. In both cases,
unmodified versions of each material performed better than their aminated counterparts.
In solution with a mixture of these contaminants, both maintained similar removal
efficiencies to those previously observed (single solution vs. mixture — Figure 10),
considering the contaminant with the highest affinity (AO7 for UiO and MB for MIL).
Thus, it can be concluded that the presence of a second oppositely charged contaminant
has little effect on the adsorption mechanism of the species with greater affinity for the
adsorbent in question. Regarding the pollutant with lower affinity, some differences were
observed when the solution contained the (AO7&MB)_20ppm mixture. While the MIL-

125 family continued to reject virtually all of the anionic AO7, the UiO-66 family showed
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a significant increase in adsorption of the cationic MB. This behavior indicates a
fundamental difference in the adsorption mechanism of the two MOFs studied here. As
also discussed in our previous work [17], the adsorption of AO7 on UiO-66 is mainly
governed by electrostatic interactions between the sulfonic group (-SOz’) present in the
AO7 molecule and the inorganic core ZrsO4(OH)4 of UiO-66. It has been shown that such
interaction is favored in defective UiO-66 frameworks (especially in the form of missing
linkers) due to the easier accessibility of pollutant molecules to the inorganic clusters
[17]. This behavior leaves the rest of the molecule, dominated by benzene groups, free to
interact with other organic molecules such as MB through hydrophobic and =n-m
interactions. Thus, the previously existing AO7/MB agglomerates can be maintained and
adsorbed onto UiO-66 through these sulfonic groups. On the other hand, the adsorption
of MB on MIL-125 is governed by the interaction with the organic linker (BDC) through
electrostatic and m-m interactions [18]. For this reason, the AO7/MB organic clusters
previously formed in the solution may be disrupted by the addition of the adsorbent, since
such molecules are linked by interactions of the same type. The obtained results suggest
that the interaction between MB and BDC is thermodynamically more favorable than the
interaction between MB and AO7. This is because there was no significant change in the
adsorption capacity of MIL-125 when the pollutants were found mixed in solution.
Therefore, it can be concluded that the actual selectivity of the UiO-66 family is much
lower than what would be the ideal selectivity due to the coadsorption of the cationic MB
previously bound to AO7. The actual selectivity of the MIL-125 family is very close to
ideal because the previously formed AO7/MB agglomerates are broken apart when the

MB begins to interact with the adsorption sites present in the MIL-125 structure.
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3.4. Stability tests in aqueous solution

The best-performing samples in each series were subjected to two stability tests. The first
test consisted of suspending the samples in water for 24 h and drying directly at 100 'C
overnight. The second test consisted of performing adsorption tests of either MB or AO7
and washing the samples with EtOH before drying at 100 "C overnight. UiO-66 showed
excellent stability in water, even when dried from the water suspension at 100 °C (Figure
11a), for the both non-functionalized and functionalized (-NH>) versions. MIL-125, on
the other hand, showed much less stability (Figure 11b). The non-aminated version, MIL-
125(H), experienced a complete collapse of its crystalline framework. In this case, the
formation of different crystalline structures is evident, consisting of a mixture of
crystalline terephthalic acid, nanocrystalline TiO2, and possibly an amorphous phase. It is
believed that the structural collapse of MIL-125(H) begins immediately after its addition
to water, which is accompanied by audible crepitation. The greater stability of UiO-66
compared to MIL-125 was also confirmed by FTIR (Figs. S9 and S10 — Supplementary
Material) [35,43,44]. It can be seen that the greater stability of UiO-66 can be explained
by the fact that Ti has a higher electronegativity than Zr, in addition to having a lower
coordination number (CN) with neighboring O species (CN = 6 vs. 8 for Zr). Thus,
nucleophilic species are more likely to attack the metallic cores of MIL-125, even though
such cores have the same coordination number with the organic ligands as in UiO-66
(CN =12). This reasoning finds support in the reactivity of alkoxides involving
tetravalent metals such as Ti and Zr [45]. Furthermore, the more open structure of the
SBU corresponding to MIL-125 certainly contributes to easier access to reactive species.
The aminated version, MIL-125(NH>), on the other hand, appears to retain its crystalline

structure, as well as the other structures of the UiO-66 family, as also confirmed by FTIR.
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This difference in water stability between the aminated and non-aminated versions of
MIL-125, as well as other MOFs, has been similarly reported elsewhere [15,16]. It has
been reported that the greater stability of structures with an amino group is due to an
intramolecular interaction via hydrogen bonding between the H of the amino group and
the O of the carboxylate attached to the inorganic cluster. The adsorption process in both
the Ui0-66 and MIL-125 families seems to have little influence on the structural stability
of the MOFs, and the small variations observed, especially concerning the MIL series,
are mainly due to the instability in water and not to the adsorption process itself. By
comparison, the drying process from aqueous suspension at 100 ‘C seems to be much
more detrimental to the stability of MIL-125(H), which may be related to an increased

kinetics of structural collapse due to the chemical attack of water molecules.
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4. Conclusions

In this work, it was possible to compare different MOF structures in terms of their
textural, surface, and adsorption properties. The size and morphology of both aminated
and non-aminated UiO-66 crystals, as well as their pore structure, could be finely tuned
by the addition of water to the reaction medium, allowing control over the level of defects
in the structure. As a result, their adsorption performance could be effectively improved,
with a maximum adsorption capacity when moderate molar fractions (H.O/Zr) of water
were added. UiO-66(H)_5eq and UiO-66(NH2) 10eq showed the highest adsorption
performance for the unfunctionalized and amino-functionalized groups, respectively.
Specifically, UiO-66(H)_5eq showed superior performance over UiO-66(NH.) 10eq in
the adsorption of the anionic dye AO7, removing 96% of the contaminant after 180 min
compared to only 89% for the latter. This improvement is due to the synergy of several
features, in particular the increase in SSA and the expansion of the microporous structure,
coupled with the maintenance of an appropriate surface charge. Together, these factors
allow for improved interaction with the target pollutant. While the UiO-66 samples
showed a higher affinity for anionic species (AO7), the opposite was observed for the
MIL-125 frameworks, which practically adsorbed only cationic species (MB). Such
adsorption properties can be explained in terms of surface charge and electrostatic
interaction, with MIL-125 materials typically displaying more negative PZC compared to
UiO-66. Within the MIL-like samples, the non-functionalized MIL-125(H) showed
significantly superior adsorption of MB. This observation contrasts with some previous
studies suggesting a higher efficiency of MIL-125(NH>) due to specific interactions with
the amino group. In this work, the reduced performance of the aminated version could be

attributed to a significantly smaller SSA and pore size, leading to a reduction in the
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number and accessibility of adsorption sites. The adsorption mechanism of the different
dyes was found to be fundamentally different: the anionic AO7 coordinates more
specifically with the inorganic clusters, whereas the cationic MB interacts in a more
delocalized manner with the organic linkers. Such adsorption mechanisms could be
observed experimentally when a mixture of AO7 and MB was used in the adsorption
tests. The previously formed AO7/MB agglomerates are maintained when UiO-66
materials are used as adsorbents since the interaction mechanisms are fundamentally
different and do not interfere with each other. However, when the MIL-125 materials are
used, the previously formed AO7/MB agglomerates break apart because the interaction
mechanisms are fundamentally similar, and a higher affinity between the MOF and MB
is observed. Finally, the materials were tested for stability. The high instability of MIL-
125(H) in water was evident, while the other structures UiO-66(H), UiO-66(NH), and
MIL-125(NH>) showed high stability, even when dried from water suspension at 100°C.
In MIL-125, the amino group is probably responsible for the higher framework stability,

which can be explained by intramolecular hydrogen bonding.
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