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ABSTRACT

Micropollutants such as organic dyes and pharmaceuticals have received much attention
in recent years due to their harmful effects on humans and wildlife, high stability against
natural degradation, and difficult removal in conventional water treatment plants. In this
work, we have optimized the adsorption of organic pollutants on UiO-66 metal-organic
frameworks by changing some synthesis parameters, which allowed the tuning of their
crystal structure and pore architecture. Samples with an extended microporous structure
and specific surface areas over 1300 m2.g™ were prepared by a solvothermal approach,
which favored the access of the pollutant molecules to active adsorption sites. The
specific surface areas measured in this study are among the highest ever reported for UiO-
66. In batch adsorption tests conducted using aqueous solutions containing low initial
concentrations (20 mg.L ™) of acid orange (AQ7), ibuprofen (IBU), and methylene blue
(MB), the materials tested in this study exhibited preferential adsorption of the anionic
species AO7 (192 mg.g?) and IBU (173 mg.gY), resulting in AO7/MB and IBU/MB
selectivities of 9.6 and 8.7, respectively. The primary adsorption mechanism is most
likely a combination of electrostatic and Lewis acid-base interactions involving Zr-(-
SO3) for AO7 and Zr-(-CO2") for IBU. Subsequent tests with moderately higher
concentrations of AO7 (50 mg.L™) showed even higher adsorption capacities, exceeding
340 mg.gt. These results demonstrate that the optimized UiO-66 structure prepared in
this study exhibits high-performance adsorption capabilities for the removal of anionic
pollutants from aqueous media, thereby expanding the knowledge on the use of Zr-based

MOFs for water remediation.
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KEYWORDS: Metal-organic frameworks; UiO-66; organic dyes; non-steroidal anti-

inflammatory drugs; adsorption.

1. INTRODUCTION

Metal-organic frameworks (MOFs) have received much attention in the past few decades
due to their promising application in different fields, including adsorption (Pedro H M
Andrade et al., 2022; Liu et al., 2021b; Madumo et al., 2023; Oladoye et al., 2021; Zango
et al., 2021), gas separation/storage (Basu et al., 2011; Hu et al., 2014; Ren et al., 2014;
Xie et al., 2018), membrane separation (Deng et al., 2021; Fang et al., 2020), sensing
(Koo et al., 2019; Li et al., 2022), drug delivery (Della Rocca et al., 2011; Gordon et al.,
2015), and catalysis (Pedro H. M. Andrade et al., 2022; Du et al., 2020; Liu et al., 2023;
Man et al., 2022; Rao et al., 2023; Rimoldi et al., 2017). The success of these materials
lies in their unique advantages, including very high porosity and specific surface area,
controllable pore size, tunable pore surface, and low density (Cao et al., 2021; Furukawa
et al., 2010; Oladoye et al., 2021; Zhou et al., 2012). These materials have a highly
interconnected three-dimensional pore structure, resulting in specific surface areas of up
to several thousand m2.g* (Farha et al., 2012). They can be constructed from two
counterparts, namely secondary building units (SBUs) and linkers (Tranchemontagne et
al., 2009). SBUs are inorganic clusters containing one or more metal ions coordinated by
oxygen or nitrogen and connected by linkers (Butova et al., 2021). MOFs can be easily
modified by incorporating chemical groups into their structure and changing their surface
chemistry. Among the promising applications of MOFs, adsorption deserves to be
highlighted. Contaminants such as organic dyes, pharmaceuticals, and personal care

products have attracted considerable attention in recent years due to their harmful effects
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on humans and wildlife, their high stability against natural degradation, and the difficulty
of removal in conventional water treatment plants (Drumond Chequer et al., 2013; Lin et

al., 2018; Rozada et al., 2003).

Several strategies have been used for treating wastewaters contaminated with organic
pollutants, including ozonation (Wang and Chen, 2020), electrochemical oxidation
(Martinez-Huitle and Panizza, 2018), photocatalysis (Gongalves et al., 2019; Palhares et
al., 2020), filtration (Isawi, 2019; Lin et al., 2023), and adsorption (Dey et al., 2019; Lin
et al., 2023). Among these, adsorption has been considered a promising approach for
removing these and other pollutants due to its low environmental impact, ease of
operation, low cost, and high efficiency (Huang et al., 2022; Liu et al., 2021a, 2021b;

Wang et al., 2018).

The use of tetravalent metals and dicarboxylate ligands in MOFs is a relatively recent
development. First reported in 2008, UiO-66 is a zirconium-based MOF with cubic
symmetry and a three-dimensional pore system (Butova et al., 2019; Cavka et al., 2008).
This material is known for its good thermal and chemical stability, allowing it to
withstand adverse conditions without compromising its structural integrity. Although this
MOF has been tested in different applications, such works are generally based on standard
routes and barely investigate the influence of synthesis conditions on the structure and
properties of the prepared materials (Bambalaza et al., 2018; Bi et al., 2022; Castarlenas
et al., 2017; Chen et al., 2017; Dinh et al., 2021; Embaby et al., 2018; Li et al., 2020;
Nagarjun et al., 2021; Zhang et al., 2020, 1998). As far as we know, only a few works
have evaluated to some extent the influence of the synthesis route on the structure and

adsorption behavior of UiO-66 (Cao et al., 2021; Jrad et al., 2022; Qiu et al., 2017; Zhang
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etal., 2017). Furthermore, only a few synthesis conditions were evaluated in these studies,
indicating the need for additional research to fully understand the structural parameters
that impact the adsorption behavior of this MOF. Therefore, this study contributes to a
better understanding of the correlation between the synthesis conditions, structure and
adsorption properties of UiO-66-based materials. We show here that depending on the
type and concentration of the additive used, as well as the relative amount of solvent,
structures with different types and degrees of defects can be produced, resulting in

different adsorption properties towards anionic and cationic molecules.

In this work, we investigated the structure and adsorption behavior of UiO-66 samples
prepared by a facile solvothermal route. The synthesis conditions were varied aiming to
obtain specimens with different structures and properties. Organic pollutants such as dyes
(acid orange 7, AO7, and methylene blue, MB) and a non-steroidal anti-inflammatory
drug (ibuprofen, 1BU) were used in the adsorption tests. As mentioned earlier, these are
contaminants of great concern in recent years. The Lagergren kinetic model was
employed for evaluating the adsorption behavior of the tested samples. These materials
were examined by X-ray powder diffraction (XRD), N2 sorption, thermogravimetry (TG),

and transmission electron microscopy (TEM).

2. MATERIALS AND METHODS

The following materials were used in this study as received and without further
purification: zirconium tetrachloride (ZrCls / Aldrich / > 99.5%), terephthalic acid
(H2BDC / Aldrich / 98%), N,N-Dimethylformamide (DMF / Exodo / > 99.8% ),

hydrochloric acid (HCI / Vetec / 37%), glacial acetic acid (HAc / Synth / > 99.7%),
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absolute ethanol (EtOH / Synth / > 99.5%), and deionized Milli-Q water. For the
adsorption tests, acid orange 7 (AO7 / Sigma-Aldrich), methylene blue (MB / Synth), and

ibuprofen (IBU / Florien Pharmaceutical Supplies, Brazil) were used as the pollutants.

2.1 MOF SYNTHESIS

The UiO-66 samples were synthesized using a modified protocol of the standard
procedure described by Cavka et al. (Cavka et al., 2008). Typically, ZrCls (1.6 mmol)
and H2BDC (1.6 mmol) were initially mixed with DMF (40 mL). ZrCls, H.BDC, and
DMF acted as the metal precursor, organic linker, and solvent, respectively. H>O, HCI,
or HAc solutions (40 mL of DMF) were subsequently added to the previously prepared
solution. The effect of these additives on the structural properties and adsorption behavior
of the prepared MOFs was investigated. The additive/Zr molar ratio was adjusted between
0 and 150. To avoid overly acidic solutions and minimize the influence of large amounts
of water added to the reaction media, the molar ratio of additive/Zr was limited to 33
when HCI (37 wt%) was used. The as-obtained solutions were poured into a Teflon-lined
stainless-steel autoclave and kept at 120 °C for 24 h. After cooling to room temperature,
the obtained crystalline material was washed twice with DMF and then with EtOH. This
powder was subsequently sonicated for 30 min in EtOH (50 mL) before drying and finally
activated in air at 100 "C. The prepared materials were designated as UiO-66 (X_Y),
where X is associated with the additive/linker molar ratio and Y corresponds to the
additive used (H20, HCI, or HAC). For reference purposes, an additive-free sample was
prepared and referred to as UiO-66. In addition, another reference sample was synthesized
by reproducing the methodology described by Katz et al. (Katz et al., 2013), here
designated as UiO-66 (22_HCI_Katz) due to the HCI/Zr molar ratio used. This synthesis

method has become a standard in many other studies because it has been shown to
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produce MOFs with high specific surface areas (about 1580 m2.g™) and high adsorption

capacity (Katz et al., 2013; Zhang et al., 2017).

Samples were also obtained by increasing the concentration of metal precursor and
organic linker relative to the solvent content by a factor of five, resulting in higher yields
and more uniform crystal size. In this case, 8.0 mmol of ZrCls and 8.0 mmol of H.BDC
were initially mixed with 40 mL of DMF. The synthesis procedure used to prepare these
specimens is similar to that reported before. Samples obtained by this method were
labeled with the term “5x”. As discussed later, the addition of water provided an optimal
compromise between desirable structural properties, adsorption behavior, and feasibility.
For this reason, these samples were obtained using H->O as the additive. In these highly
concentrated reaction media, another Zr-based MOF could be obtained in the absence of
an additive, namely MIL-140A (Guillerm et al., 2012); it has been reported that this
framework forms a monoclinic phase with a one-dimensional pore system (Butova et al.,

2019; Guillerm et al., 2012).

2.2 CHARACTERIZATIONS

X-ray powder diffraction (XRD) was conducted on a Philips-PANalytical PW1710
diffractometer at a scan rate of 0.03°.s%, using CuKq, as the radiation source (A = 1.54 A).
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 (Ambroz et al., 2018; Guillerm et al., 2012). The non-local density functional

theory (NLDFT) and Barrett-Joyner-Halenda (BJH) method were employed to evaluate
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the pore size distribution of the examined materials. The microporosity and mesoporosity
fractions of the tested samples were evaluated from Eqg. (1) and (2), where Vmicro, Vmeso,

and Viotal represent, respectively, the micropore, mesopore, and total pore volumes (cm3.g-

1)_

V..
Microporosity = ——— (D
total
. _ Vmeso
Mesoporosity = —— (2)
Vtotal

Thermogravimetry (TG) was performed on an Exstar 7200 thermal analyzer at a heating
rate of 10 °C.min"t and under Nz flow (20 mL.min). Transmission electron microscopy
(TEM) was conducted on an FEI Tecnai G2-20 SuperTwin microscope at an accelerating
voltage of 200 kV. The samples used in these tests were previously dispersed in absolute
ethanol and sonicated at room temperature for 5 min. The as-obtained suspensions were

dripped on carbon-coated grids (Holey Carbon) and then air-dried at room temperature.

2.3 ADSORPTION TESTS

Batch adsorption tests were carried out at room temperature using aqueous solutions
containing AO7, MB, or IBU. The adsorbent loading in these solutions was initially kept
constant at 200 mg.L%, while the concentration of AO7, MB, and IBU was set at 20 mg.L
! unless otherwise specified. The initial pH of these aqueous solutions was about 5 and
remained nearly constant during the adsorption tests. The adsorption behavior of the

samples prepared in this study was evaluated using the Lagergren kinetic model. The
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pseudo-nth-order kinetic law of Lagergren is expressed in Eq. (3), where kn represents
the rate constant for the nth-order adsorption (mg.g™.min™), ge is the uptake capacity at
equilibrium (mg.g™), and q: is the adsorption capacity (mg.g?) at time t (min) (Ho and

McKay, 1998).

dq
< = k(2 — a0 (3)

The integration of Eq. (3) fromt=0and t =t (qo = 0 and q: = qt) leads to Eq. (4) for the
pseudo-second-order (n = 2) law. This model has been effectively used to describe
adsorption systems similar to the one studied in this work (Guo et al., 2015; Li et al.,

2018; Lin et al., 2018; Qiu et al., 2017).

k,q2t

- _2der 4
1+k2qet ( )

de

Aliquots collected from these solutions after the adsorption step were centrifuged at 5000
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 at a resolution of 1 nm. The light absorption at 193 nm, 484 nm, and 664
nm was used as a reference for IBU, AO7, and MB, respectively. The uptake of these
pollutants on the prepared adsorbents (q: — mg.g*) was calculated from Eq. (5), where Co
and C; represent the initial concentration (to = 0) and concentration at time t (mg.L™), V
is the solution volume (L), and m is the adsorbent mass (g). The removal efficiency (R —
%) was determined from Eq. (6), where Ce represents the concentration at equilibrium (t

= te)
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\Y
qe = (Co—Cp) m (5)

R= (CO _ Ce) x100 (6)

3. RESULTS AND DISCUSSION
3.1 INFLUENCE OF H20, HCI, HAc ADDITIVES

- STRUCTURAL CHARACTERIZATION

The XRD patterns and TEM micrographs obtained for UiO-66 samples are shown in Fig.
1 and 2. The XRD pattern of the UiO-66 reference and the other samples show a high
degree of similarity, indicating that these materials have similar crystalline structures.
UiO-66 has particles in the size range of 120-180 nm according to TEM images. In
general, the higher the amount of H>O used, the smaller the particle size of the prepared
sample; UiO-66 (10_H20), UiO-66 (50_H20), and UiO-66 (150_H20) have particles in
the range of 30-50 nm, 15-25 nm, and 8-12 nm, respectively. This behavior is related to
the fast nucleation rate of ZrsO4(OH)4 clusters (SBUs) when high concentrations of H20
are used, which favors the formation of the UiO-66 framework (Ragon et al., 2014;
Schaate et al., 2011). On the one hand, the addition of HCI up to 11 eq. decreased the
particle size of the prepared MOF; this behavior can also be observed from the broadening
of the XRD peak at 20 ~ 7.3° when UiO-66 (2.2_HCI) and UiO-66 (11_HCI) are
compared to UiO-66. On the other hand, further additions of this acid caused a dramatic

increase in particle size. This seemingly contradictory behavior may be due to the
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combined effect of the pH decrease and the presence of water in the HCI solution (37
wt.% purity). At low pH, the nucleation rate of UiO-66 is slowed down because the
deprotonation of H.BDC (pKa = 3.54) is inhibited (Ding et al., 2019). However, as
discussed earlier, the addition of water has the opposite effect, favoring the nucleation of
metal clusters. Thus, HCI has a variable effect on the crystallite size of the prepared MOFs
depending on the concentration used. This controversial behavior of HCI has also been
discussed elsewhere (Ragon et al., 2014). The addition of either H20 or HCI caused a loss
of the octahedral shape commonly observed for UiO-66 crystals (Fig. 2b-2e). The same
behavior was not observed for HAc and the addition of this modulator up to 150 eq.
resulted in large octahedral crystals of about 415 nm in size (Fig. 2f). Similar behavior
has also been reported in other studies (Bueken et al., 2017; Ragon et al., 2014; Schaate
et al., 2011). The peak marked with an asterisk in the XRD patterns displayed in Fig. 1c

Is associated with a minor phase of unknown origin observed in the HAc-derived samples.

Table 1 brings the textural properties obtained in the N2 sorption tests (Fig. S1). UiO-66
has a microporous structure (microporosity = 0.9), SSA = 948 m2.g?, and Vieta =
0.41 cm®.g. These values are in agreement with those described elsewhere (Guillerm et
al., 2012; Hao et al., 2018). As a general trend, the use of the different additives slightly
expanded the typical micropore structure of the UiO-66 framework and increased the
mesopore volume (see NLDFT and BJH in Fig. S1). It can be observed that the use of
H>0O was more effective in creating mesoporosity, which can be related to the formation
of smaller crystals as discussed previously. This can be clearly seen by the formation of
hysteresis loops in the sorption isotherms and BJH distribution. The use of H,O at 10 eq.
caused a dramatic increase in SSA to 1255 m2.g* and Via to 0.64 cm®.g™t. These

structural changes were accompanied by an increase in the mesoporosity from 0.10 to
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0.22. Further additions of H>O at 50 eq. or 150 eq. caused an increase in mesoporosity
fraction to about 0.8, but a decrease in SSA to 831 m2.g* and 782 m%.g™. The higher
mesoporosity of UiO-66 (50_H»0) and UiO-66 (150 _H>0) compared to UiO-66 and
UiO-66 (10_H20) can also be observed in the N2 sorption isotherms (Fig. S1), as
evidenced by wider hysteresis loops. It has been reported that the hysteresis loop is due
to the capillary condensation of N2 in mesopores (Thommes et al., 2015). This increase
in mesoporosity was accompanied by an increase in Viot to 1.42 cmi.g* and 0.90 cm®.g°
! respectively. The use of HAc and HCI at 10 eq. and 11 eq., respectively, decreased the
microporosity of UiO-66 from 0.90 to 0.80. Nonetheless, further additions of these acids

increase the microporosity and SSA of this MOF, reaching values above 1300 m2.g.

From the results described so far, it can be observed that the preparation of UiO-66 MOFs
with small crystallites leads to samples with low microporosity and lower SSA. On the
other hand, specimens with large crystallites also have high SSA. This trend was observed
for all the additives used in this study. For instance, adding only 10 eq. of H20 leads to
samples with about 40 nm crystal size and 1255 m?.g™. Increasing this concentration to
50 eq. or 150 eq. results in the formation of materials with crystallites of 20 nm and 10
nm, respectively. The resulting samples have SSA of 831 m?g! and 782 m2.g7,
respectively. In the case of HCI and HAc, a higher amount of additive results in an
increased SSA. The high SSA of UiO-66 (22_HCI_Katz) has been assigned to the
presence of defects related to missing linkers in the MOF structure; Katz et al. (Katz et
al., 2013) estimated that about 1/3 of the linkers are missing in this material. The same
reasoning can be applied when water is used as an additive, where hydroxyl groups and
CI" from the ZrCl4 precursor can partially replace the BDC linkers (Shearer et al., 2014).

Achieving high SSA requires the controlled formation of defects while maintaining the
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integrity of the framework. However, the use of large amounts of water is not effective
for this purpose. Finally, it has been argued that the high SSA obtained with the addition

of HAc is more likely related to missing cluster defects (Shearer et al., 2016).

- ADSORPTION TESTS

AO7 was initially used as a contaminant in adsorption tests on UiO-66 samples prepared
with various additives. The pH remained stable at about 5 and no significant changes were
observed throughout the experiments. Table 2 summarizes the evaluated adsorption rate
(k2) and uptake capacity (de) based on the adsorption curves obtained (Fig. S2). It can be
observed that the pseudo-second-order kinetic model fitted well to the experimental data,
displaying a goodness-of-fit (R?) close to 1. In general, the use of H,O, HCI, or HAc had
a positive effect on the adsorption behavior of UiO-66. As mentioned before, these
additives can cause the formation of defects such as missing linkers and missing clusters
in the MOF structure, which in turn can increase the total pore volume and improve the
adsorption performance. As it can be noticed, such an improvement was not observed for
Ui0-66 (150_HAC) because this material showed a lower uptake capacity than UiO-66
(51.8 mg.gt vs. 80.2 mg.g™), despite having faster adsorption kinetics (1.18 mg.g™t.min-
1 vs. 054 mg.gt.min?). This result could be considered unexpected since
Ui0-66 (150 _HAC) is the sample with the highest SSA among those obtained in this work
(1356 m2.g). However, as mentioned earlier, the use of HAc is often associated with the
presence of missing cluster defects in the MOF structure. According to Zhang et al.
(Zhang et al., 2017), zirconium ions act as open active sites and can coordinate with the
sulfonate groups contained in AO7 through Lewis acid-base interactions. Therefore, the

decrease in adsorption capacity observed in samples prepared with higher amounts of
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HACc can be attributed to the presence of missing Zr clusters, leading to a reduced number

of active sites available for AO7 adsorption.

Zeta potential and thermogravimetric (TG) tests were performed on selected samples
(Fig. S3) to validate the adsorption mechanisms. The results were consistent with the
previous observation, indicating that the use of HAc is more likely to be associated with
the generation of missing cluster defects in the UiO-66 structure than with missing linker
defects. On the other hand, the use of H,O and HCI at 10 eq. and 33 eq. caused a lack of
linkers in the MOF framework, which positively affected their adsorption behavior due
to the presence of open active sites. In the UiO-66/A07 system, it was observed that
higher positive zeta potentials did not always correlate with increased adsorption of the
anionic AQ7, contrary to what might have been expected. Again, it was expected that
UiO-66 (150 HAc) would have the highest adsorption capacity, but this was not
observed. Thus, both the TG and zeta potential results confirm that the primary adsorption
mechanism is based on more specific interactions than just electrostatic interactions. In
this case, AO7 coordinates with the readily accessible Zr-cluster, facilitated by the
presence of missing linker defects, through Lewis acid-base interactions (Zhang et al.,

2017).

The most promising adsorption behavior was observed for samples prepared with either
low amounts of H2O (up to 50 eq.) or high additions of HCI (above 11 eq.). In both cases,
the pollutant was nearly completely removed from the solution after 180 min of
adsorption. UiO-66 (10_H»0) and Ui0-66 (33_HCI) were able to remove about 95% of
AQ7 in the first 60 min of adsorption. Among the samples prepared with H2O, it is worth

highlighting that UiO-66 (50_H>0) had faster adsorption kinetics than UiO-66 (10_H>0)
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(5.27x10° mg.gt.min? vs. 2.47x10° mg.gt.min), even though the latter exhibited a
higher adsorption capacity (96.3 mg.g™* vs. 101 mg.g™). This result may be due to the
large difference in the pore structure of these samples (Table 1). The pore volume and
mesoporosity assessed for UiO-66 (10_H.0) and UiO-66 (50_H.0) were 0.64 cm®.g™
and 1.42 cmg?, 0.22 and 0.80, respectively (Table 1). On the other hand,
Ui0-66 (10_H,0) displayed a higher SSA (1255 m2.g* vs. 831 m2.gt). These results
strongly support the correlation between the adsorption kinetics and the pollutant
diffusion within the porous structure of the MOF, which in turn is influenced by the
presence of defects. Moreover, the adsorption capacity is influenced not only by the
accessibility of the SBUs (which serve as specific sites for the adsorption of anionic
species), but also by the abundance of these active sites, which, as previously discussed,

is related to both a high specific surface area and the presence of missing linker defects.

3.2 INFLUENCE OF ZrCls and H.BDC CONCENTRATION

- STRUCTURAL CHARACTERIZATION

Fig. 3a shows XRD patterns of samples prepared with a 5-fold increase in metal precursor
and organic linker concentration relative to the solvent amount. The XRD patterns of
MIL-140A and UiO-66 are also shown for comparison purposes. Although UiO-66 and
MIL-140A have similar XRD patterns, the latter has its main peaks shifted to larger 26
values (Butova et al., 2020). The coexistence of these MOFs in MIL-140A can be noted
in Fig. 3b, in which rectangular plates characteristic of the former and octahedral crystals
typical of the latter are observed (Butova et al., 2020). The addition of H2O led to

specimens in which UiO-66 is the only phase present. As already observed, increasing



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

16

the water concentration decreases the particle size of the prepared MOF (Fig. 3c to 3e).
This behavior can also be observed in the XRD patterns displayed in Fig. 3a, where the
broadening of the main peak at 26 ~ 7.3° occurs with increasing the water concentration.
The addition of H2O at concentrations up to 10 eq. led to samples with well-resolved
XRD patterns, while further increases in this concentration resulted in specimens with
poorly-resolved peaks. Once again, water appears to play a key role in the crystallization

of UiO-66.

Fig. 4 shows the N sorption isotherms and NLDFT pore size distributions of the samples
prepared after increasing the concentration of ZrCls and HBDC. Table 3 summarizes the
textural parameters obtained from these tests. The theoretical SSA calculated by other
authors for MIL-140A and UiO-66 were 360 m?.g™t and 1125 m?.g%, respectively (Butova
et al., 2020). The values obtained in this work were 597 m2.g* and 948 m?.gL. This
difference can be due to the presence of structural defects in these samples, in addition to
the existence of additional phases in the MIL-140A sample (Fig. 3a and 3b). The addition
up to 10 eq. of water increased the microporosity of the prepared samples (Table 3) and
shifted their pore size distribution to larger sizes (Fig. 4b). As a result, UiO-66 (5_H20)
(5x) and UiO-66 (10_H20) (5x) displayed SSA of 1280 m2.g?! and 1241 m2.g¥,
respectively. The use of water at higher concentrations (i.e., 50 eq. or 150 eq.) resulted in
samples with higher mesoporosities (up to 0.78) but much lower SSA (as low as 567 m2.g"
1. From Fig. 4b it can also be seen that the micropores, which are the typical tetrahedral
and octahedral cages, are enlarged for all water-synthesized samples compared to the
standard UiO-66. In particular, the UiO-66 (5_H-0) (5x) sample exhibited the most

significant expansion of the tetrahedral cage, leading to enhanced accessibility of the
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SBUs to AO7 molecules.. This behavior is discussed in more detail in the following

sections.

- ADSORPTION OF AO7

The adsorption behavior of the samples prepared with a high concentration of precursors
is summarized in Table 4 (Fig. S4). MIL-140A had a lower uptake capacity (ge) than UiO-
66, which can be related to its smaller micropores, SSA, and Viotal Of the former compared
to the latter (597 m2.g* vs. 948 m2.gt, and 0.31 cm®.g vs. 0.41 cm®.g2). This could result
in fewer adsorption sites on the MIL-140A surface, which could reduce its adsorption
performance. Regarding the UiO-66 materials obtained with water, their adsorption
behavior is positively influenced by increasing the precursor concentration as long as the
water addition is maintained up to 10 equivalents. UiO-66 (5_H20) (5x) was the sample
with the best adsorption performance, displaying a much higher adsorption rate (0.078
g.mgt.min?). This material was able to remove 97% of AO7 after 5 min of adsorption,
and 99% after 15 min. It is worth recalling that this MOF exhibited a very high SSA (1280
m2.g™1) and the largest expansion of the tetrahedral cage to about 1.1 nm (Fig. 4b), which
was attributed to the presence of missing linker defects. Considering the dimensions of
the AO7 molecule (1.57x1.00x0.54 nm®) (Zhao et al., 2013), also shown in Fig. S4), it
can be inferred that the observed expansion allows the longitudinal access of the dye
molecules into the small cages. This in turn not only increases the mobility of the organic
molecules within the microporous structure, but also increases the number of accessible
adsorption sites (based on Lewis acid-base interactions). The combination of both
features explains the high adsorption efficiency of the sample UiO-66 (5_H.0) (5x).

Besides, it showed a well-resolved XRD pattern with sharp peaks (Fig. 3a), which
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suggests that it has a highly crystalline structure. The same trend was not observed for
Ui0-66 (50_H20) (5x) and UiO-66 (150_H»0) (5x). These samples had a sharp decrease

in SSA, which is consistent with their poor adsorption performance.

Since Ui0-66 (5_H20) (5x) showed the most promising adsorption behavior, additional
tests were performed with this sample. In these tests, the concentration of adsorbent in
the starting solution was systematically varied, from 50 mg.L™ to 200 mg.L? (Table 5
and Fig. S5). Additionally, the dye concentration was increased from 20 mg.L™? to
50 mg.L. When used at a concentration of 50 mg.L™, UiO-66 (5_H20) (5x) showed an
outstanding adsorption capacity of more than 300 mg.g* after only 60 min. Notably, this
performance exceeds that of previously reported studies, especially under similar test

conditions (Yoon et al., 2019; Zhang et al., 2017).

3.3 SELECTIVE ADSORPTION OF ANIONIC SPECIES

Several studies have suggested that these organic contaminants are adsorbed onto the
MOF's surface through a combination of hydrophobic, n-n, electrostatic, and hydrogen
bonding interactions (Cao et al., 2021; Chen et al., 2017; Oladoye et al., 2021; Panda et
al., 2020). To further investigate the main adsorption mechanism of UiO-66 (5_H20)
(5x), it was used in adsorption tests conducted with aqueous solutions containing AO?7,
MB, and IBU. UiO-66 was also employed in these tests for comparison purposes. Both
MB and AO?7 are organic dyes with comparable molecular sizes of 1.63x0.79x0.40 nm®
and 1.57x1.00x0.54 nm®, respectively (Zhao et al., 2013). Moreover, MB is cationic
while AO7 is anionic. IBU, a non-steroidal anti-inflammatory drug, is a compound of

significant global concern (Rahman and Aziz, 2022). It is anionic and has molecular
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dimensions significantly smaller than those of AO7 and MB (IBU = 1.03 x 0.52 x
0.43 nm® (Mestre et al., 2007)). Fig. 5 shows the adsorption behavior of UiO-66 and
Ui0-66 (5_H20) (5x) as well as the structure of the different molecules tested. It can be
seen that the adsorption of both anionic species IBU and AO7 was greater on
Ui0-66 (5_H20) (5x) compared to UiO-66, following the same trend previously
observed for AO7 (Table 4). However, an opposite behavior was observed for the cationic
MB. UiO-66 (5_H20) (5x) showed AO7/MB and IBU/MB selectivities of 9.6 and 8.7,
respectively, indicating a greater preference for AO7 and IBU adsorption over MB. These
selectivities are much higher compared to those obtained for UiO-66 (2.2 and 2.6,

respectively).

The adsorption of MB was much less pronounced compared to AO7 and IBU, suggesting
that electrostatic interactions may also play an important role in the adsorption
mechanism of these pollutants on UiO-66 when comparing oppositely charged species.
Figure 6 depicts the zeta potential as a function of pH for UiO-66 and UiO-66 (5_H20)
(5x). The zeta potential of these materials at pH 5 is positive and equal to 10 £ 4 mV
(Ui0-66) and 15 + 10 mV (Ui0-66 (5_H20) (5x)). While the adsorption mechanism of
different samples cannot be fully explained by the surface charge alone, as discussed in
the previous section (3.1 - Adsorption Tests), the consideration of the opposite charges
can certainly help to justify the observed adsorption differences. The positively charged
surface of the MOF initiates an electrostatic interaction with the guest molecules,
resulting in the repulsion of cationic molecules such as MB, while favoring the
penetration of anionic molecules such as AO7 and IBU into the microporous network.

Subsequently, more specific interactions can occur leading to the increased adsorption
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capacity of anionic species as discussed above. Therefore, the greater surface positivity

of Ui0-66 (5_H20) (5x) contributes to its higher selectivity compared to UiO-66.

As discussed earlier, the porous structure plays a key role in the adsorption process by
favoring the diffusion of target molecules into the adsorbent's pore structure, threreby
accelerating the adsorption process. This behavior occurs for both anionic (AO7 and IBU)
and cationic (MB) species, as evidenced by the increased kinetic rate constants observed
for Ui0-66 (5_H20) (5x) (Fig. 5c¢), which has an optimized porous structure when
compared to that of UiO-66. Also, the adsorption behavior of UiO-66 and
UiO-66 (5_H20) (5x) was different concerning the anionic pollutants; while the
adsorption rate and uptake capacity of UiO-66 is higher when using IBU, the opposite is
observed for UiO-66 (5_H.0) (5x) with AO7 being more adsorbed. UiO-66 exhibited
higher adsorption affinity for IBU, which can be attributed to the greater accessibility of
IBU to the active adsorption sites due to its smaller molecular size compared to AO7. On
the other hand, because UiO-66 (5_H.0) (5x) has larger micropores, this effect is less
pronounced. In fact, its adsorption capacity is even higher for AO7, although the
accessibility of IBU is still higher, as suggested by its size and confirmed by the faster
kinetic constant. However, it is important to note that when these values are converted to
molar capacity, the adsorption capacity of UiO-66 (5_H20) (5x) would be 0.59 mmol.g
! for AO7 and 0.84 mmol.g* for IBU. The values obtained are more representative
because adsorption occurs at a finite number of active sites. In this case, both kinetics and
adsorption capacity would be higher for IBU compared to AO7. The adsorption

differences suggested here are schematically displayed in the inset of Fig. 6.
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The adsorption capacities of various adsorbents, including similar MOF structures such
as UiO-66 isostructures, are shown in Table 6. It can be observed that the optimized
sample, UiO-66 (5_H-0) (5x), exhibits an excellent adsorption capacity towards anionic
pollutants even at relatively low pollutant concentrations at equilibrium (up to 33 ppm).
The only other studies that reported similar or higher adsorption capacities used pollutant
concentrations much higher than those used here, which was beyond the scope of this
investigation. Our optimized material shows not only a significant improvement in
adsorption capacity, but also a remarkable increase in adsorption selectivity. The selective
adsorption of AO7/MB increased from 2.2 to 9.6 compared to regular UiO-66, indicating

a more than 4-fold increase in selectivity.

4. CONCLUSION

We have shown that both crystallinity and porous structure play an important role in the
adsorption capacity of organic pollutants on the UiO-66 framework. It was observed that
as the SSA and crystallinity increased, the number of active sites for adsorption also
increased, resulting in higher adsorption capacity. The intrinsic microporous channels of
the framework were also found to be critical in facilitating the access of the adsorbate to
the active sites. An optimal number of defects, in the form of missing linkers, resulted in
expanded micropore structures with increased specific surface area and exposed cationic
Zr active sites. As a result, materials with higher adsoption capacity and faster kinetics
could be obtained. The samples that best combined these two properties were obtained
using small amounts of water (i.e., 5 eq. or 10 eq.) in a highly concentrated reaction
medium. Loading capacities of up to 341 mg.g™* for AO7 and 173 mg.g* for IBU were

achieved at relatively low pollutant concentrations, which are significantly higher
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compared to other reports. In addition to the incredibly high adsorption capacity for
anionic species, the optimized UiO-66 framework showed outstanding selectivity for the
separation of anionic and cationic species, which can be associated with the expanded
micropore structure and the increased zeta potential. The main adsorption mechanism
involves an initial electrostatic interaction that repels cationic species and restricts their
interaction to a few sites on the surface, while allowing anionic species to interact
throughout the micropore structure. Subsequently, such anionic molecules can interact
more specifically with the defective Zr cluster through Lewis acid-base interactions
involving Zr-(-SO3z") for AO7 and Zr-(-CO;") for IBU. The AO7/MB* adsorption
capacity ratio was remarkably high, reaching 9.6, which is more than 4 times higher than

that of the Ui0O-66 reference sample.
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841

842  Table 1: Textural properties evaluated from the N, sorption.

SSA Vmicro Vmeso Vtotal Micro- Meso-

FIPE L gh Cmied) Emig) @mgh) (TR PR
Ui0-66 948  0.37 0.04 0.41 0.90 0.10
Ui0-66 (10_H,0) 1255  0.50 0.14 0.64 0.78 0.22
Ui0-66 (50_H.0) 831  0.28 1.14 1.42 0.20 0.80
Ui0-66 (150_H.0) 782 0.20 0.70 0.90 0.22 0.78
Ui0-66 (2.2_HCI) 503 0.23 0.12 0.35 0.66 0.34
Ui0-66 (11_HCI) 833 033 0.08 0.41 0.80 0.20
Ui0-66 (22_HCI_Katz) 1349  0.55 0.10 0.65 0.85 0.15
Ui0-66 (33_HCI) 1292 051 0.07 0.58 0.88 0.12
Ui0-66 (10_HAC) 1223 052 0.12 0.64 0.81 0.19
Ui0-66 (50_HAC) 1305  0.58 0.12 0.70 0.83 0.17
Ui0-66 (150_HAC) 1356  0.56 0.04 0.60 0.93 0.07

843

844



845

846
847

848
849

‘ ke x 103 | ) Re_m_oval

ample (g.mgmin?) % (mgg®) R Effég/lf)ncy
UiO-66 0.54 80.2 0.97 75
Ui0-66 (10_H-0) 2.47 101.0 1.00 100
Ui0-66 (50_H-0) 5.27 96.3 1.00 97
UiO-66 (150 H.0) 2.52 95.5 0.99 96
Ui0-66 (2.2_HCI) 1.24 76.9 0.99 74
UiO-66 (11_HCI) 2.20 95.6 1.00 95
Ui0O-66 (22_HCI_Katz) 2.68 102.8 1.00 98
Ui0-66 (33_HCI) 3.25 102.6 1.00 98
Ui0-66 (10_HAc) 3.72 101.5 0.99 93
Ui0-66 (50_HAC) 1.51 98.9 0.96 90
Ui0-66 (150_HACc) 1.18 51.8 0.97 51

34

Table 2: Summary of AO7 adsorption by various samples using pseudo-
second-order kinetics, with the removal efficiency evaluated at 180 min.
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850

851 Table 3: Textural properties of samples prepared using water as an additive
852  at higher concentrations.

Sample (HS]ZS gfl) ( c\r/nm;.cg:r]?l) ( C\rf]";e;‘)_l) ( C\n’]‘g E'_l) pl\él:gg?t-y pI(\)Ar%Ss?iy
(Vmicro/Vitotal)  (Vmeso/ Vitotal)
UiO-66 948 0.37 0.04 0.41 0.90 0.10
MIL-140A 597 0.24 0.07 0.31 0.77 0.23
Ui0-66 (5_H:0) (5X) 1280 049 0.04 0.53 0.92 0.08
Ui0-66 (10_H.0) (5x) 1241 047 0.04 0.51 0.92 0.08
Ui0-66 (50_H:0) (5x) 890 0.31 111 1.42 0.22 0.78
Ui0-66 (150_H.0) (5x) 567 0.18 0.22 0.40 0.45 0.55
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Table 4. Summary of AO7 adsorption kinetics on samples synthesized with
H,0 and a 5-fold increase in precursor concentration, evaluated with pseudo-
second-order kinetics, with the removal efficiency measured at 180 min.

Ko x 107 Removal

Sample ( mz L min) (mqe 1) R2  Efficiency
g.mg-—. 9.9 (%)
MIL-140A 1.56 57.8 0.97 58
UiO-66 0.54 80.2 0.97 75
UiO-66 (5_H20) (5x) 78.31 102.1  1.00 100
Ui0-66 (10_H20) (5x) 7.23 100.7  1.00 100
Ui0-66 (50_H20) (5x) 2.47 80.3 0.99 80
Ui0-66 (150_H20) (5x) 1.83 61.5 0.98 61




862

863  Table 5: Summary of AO7 adsorption kinetics on UiO-66 (5_H20) (5x%)
864  optimized sample at different concentrations, using pseudo-second-order

865  Kinetics and measuring removal efficiency at 180 min.

Adsorbent Ky x 1073 Removal
concentration St Ge 1 R? Efficiency
(mg.L) (9.mg*.min*) (mg.g™) (%)
50 0.47 341.10 0.99 34
100 0.70 295.10 0.99 59
150 1.21 262.50 1.00 78
200 1.67 230.00 1.00 92

866

867
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Table 6: Comparison of the adsorption performance of the samples prepared
in this study and others reported elsewhere.

Adsorption Condition

Adsorption Result

Adsorbent Pollutant Qe and Qmax in mg.g? | Ref.
Ceq inmg.L?
ks in x10°g.mg*.min
-Langmuir isotherm Ceq up to 230 -Qmax = 332
(Zhang
(298K)
UiO-66 AO7 - -Qe =220 (k. = 0.025) etal.,
2017)
-Kinetics — pseudo 2" order Ceq = 28
UiO-66 -Kinetics — pseudo 2" order Ceq = 39 -Qe = 107 (k2 = N/S) (Yoon
AO7 — etal.,
UiO-66 (NHy) -Kinetics — pseudo 2" order Ceq = 41 -Qe =85 (k2 = N/S) 2019)
AO7 - -Langmuir isotherm Ceq up to 130 -Qmax = 427
(Zhao
and
UiO-66(Ce) MO — -Langmuir isotherm Ceq up to 150 -Qmax =298
Cai,
2021)
MB + -Langmuir isotherm Ceq up to 160 -Qmax = 249
MO - -Qmax = 176
(Yang,
UiO-66 Langmuir isotherm Ceq up to 500
2017)
MB + 'Qmax = 22
MO — -Qmax = 3.5
(Yang,
UiO-66-P Langmuir isotherm Ceq up to 500
2017)
MB + 'Qmax = 95
MO — -Kinectics — pseudo 2" order Ceq = 6 -Qe =70 (k2 = N/S) (Qiu et
UiO-66 al.,
MB + -Kinectics — pseudo 2" order Ceq = 7 -Qe =67 (ko = N/S) 2017)
MO — -Kinectics — pseudo 2™ order Ceq = 2 -Qe =85 (k2 = N/S) (Qiu et
UiO-66 (HCI) al.,
MB + -Kinectics — pseudo 2™ order Ceq =17 | -Qe = 13 (k2 = N/S) 2017)




870

39

MB + -Langmuir isotherm Ceq up to 160 Qmax=41.7 (Dinh
UiO-66-NO; etal.,
MO — -Langmuir isotherm Ceq up to 160 Qmax = 142.9 2021)
-UiO-66 -Kinectics — pseudo 2™ order Ceq = 1.8 | Qe = 73 (ko = 11) (Cao et
IBU - al.,
-D_Ui0-66 -Kinectics — pseudo 2™ order Ceq = 0.3 | Qe = 79 (k2 = 558) 2021)
-Ui0-66 -Kinectics — pseudo 2™ order Ceq = 3 -Q. = 128 (k2 = 0.56) (Sun et
IBU - al.,
-NH2-Ui0-66 -Kinectics — pseudo 2" order Ceq = 6.5 | -Qe = 51 (k2 = 0.85) 2019)
MB + -Kinectics — pseudo 2™ order Ceq = 8 -Qe = 37 (k2 = N/S) (Gomes
Silica etal.,
DIP - -Kinectics — pseudo 2™ order Ceq =79 | -Q. = 8.5 (k2 = N/S) 2021)
Q=89 (k2 =5.2) (Mestre
Activated
IBU -Kinetics — pseudo 2™ order Ceq = 0.5 etal.,
Carbon CPAC
2007)
-Langmuir isotherm Ceq Up to Qmax=78
MB + 135(298K) (Brido
Zeolite Qmax = 86 etal.,
CV + -Langmuir isotherm Ceq up to 2018)
185(298K)
-Kinectics — pseudo 2" order Ceq =33 | -Qe =341 (k2 =0.5)
UiO-66 This
AO7 -Kinectics — pseudo 2™ order Ceq =20 | -Qe =295 (k2 = 0.7)
(5_H20) (5%) work
-Kinectics — pseudo 2™ order Ceq = 0.8 | -Qe = 192 (k; = 2.9)
UiO-66 This
IBU Kinetics — pseudo 2" order Ceq = 2.9 Qe =173 (k2 =4.3)
(5_H20) (5x) work
UiO-66 This
MB Kinetics — pseudo 2" order Ceq = 18 Qe =20 (k2 = 15)
(5_H20) (5x) work
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877

878  Figure 1: XRD patterns of UiO-66 specimens prepared using (a) H20, (b) HCI, and (c)
879  HAc as additives. The peak marked with the symbol “*” is assigned to minor phases
880  observed in the HAc-derived MOFs.
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Figure 2

- Figure 2: TEM micrographs of UiO-66 samples obtained in this work. (a) UiO-66, (b)
Ui0-66 (10_H-0), (c) Ui0-66 (50_H»0), (d) UiO-66 (150_H-0), (e) UiO-66 (33_HCI),
and (f) UiO-66 (150_HAc).
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Figure 3
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- Figure 3: (a) XRD pattern of samples obtained after a 5-fold increase in the
concentration of ZrCls and H.BDC. The XRD patterns of UiO-66 and MIL-140A are also
displayed for reference purposes. The highlighted diffraction peaks have been indexed
according to the work of Butova et al. (Butova et al., 2020). TEM micrographs of (b)
MIL-140A, (c) Ui0O-66 (5_H20) (5x), (d) UiO-66 (10_H.0) (5%), and (e)
Ui0-66 (50_H20) (5x) are also exhibited.
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918 - Figure 4: (a) N2 sorption isotherms and (b) NLDFT and BJH (inset) pore size
919  distributions of samples obtained after a 5-fold increase in the concentration of ZrCls and
920 H.BDC relative to DMF. The closed and open symbols are related to the adsorption and
921  desorption branches, respectively. The data ascribed to UiO-66 and MIL-140A are also
922  depicted for comparison purposes.
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Figure 5
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- Figure 5: Adsorption behavior of (a) UiO-66 and (b) UiO-66 (5_H.0) (5x) in aqueous
solutions containing AO7, IBU, and MB. The concentration of adsorbent and pollutants
was kept at 100 mg.L* and 20 mg.L, respectively. (c) Comparison of the pseudo-second-
order adsorption rate constant (k2) and uptake capacity at equilibrium (qe) evaluated for

these MOFs. (d) Structural representations of the different pollutants used.
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936 Figure 6
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939 - Figure 6: Zeta potential as a function of pH for UiO-66 and UiO-66 (5_H»0) (5x). Inset:
940  schematic representation comparing the adsorption mechanism of AO7, IBU, and MB on
941  the optimized porous structure of UiO-66 (5_H-0) (5x).
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