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ABSTRACT: Halogen bonding (HaB) is a weak interaction that assists in
the recognition of nucleophilic molecules. However, HaB elements are
currently under-investigated as a part of functional materials in separation
science. Herein, we develop a novel approach for introducing HaB elements
into UiO-66 to fine-tune the adsorption properties toward chlorobenzenes
(CBs). A series of UiO-66 containing various contents of 2-iodoterephtalic
acid (I-TA) (0%, 33%, 50%, 67%, and 100%) was prepared, characterized,  C! 52 Haloge
and applied for the selective removal of CB contaminants from BIR.. bonding
nonchlorinated aromatic analogues that cannot be separated by common ’
distillation. Investigation of the structure—property relationship revealed
that the highest adsorption capacity was achieved in the case of UiO-66
loaded with 50% I-TA (UiO-66-Iopt) , and this was attributed to the balance
between the number of HaB elements and the surface area of the UiO-66
structure. According to density functional theory calculations, the formation of a conjugate between dichlorobenzene and
Ui0-66-1,,, was more energetically favorable (up to 1.7 kcal/mol) than that of the corresponding conjugate with UiO-66. The
formation of HaBs was experimentally verified by UV—vis, Raman, and X-ray photoelectron spectroscopies. To obtain
functional materials for separation applications, waste polyethylene terephthalate (PET) was used as a support and feedstock
for the surface-assisted growth of UiO-66-1,,. The as-prepared PET@UiO-66-1,,, exhibited a close-to-perfect selectivity and
reusability for the separation of a wide range of CBs from nonchlorinated aromatic analogues.

Cl

ntermolecular interactions play a significant role in all principle. In addition, halogen bonded systems have been

processes in which molecular recognition and self- employed as pure substances or composites for the molecular

assembly occur. They are of crucial importance in recognition and binding of neutral molecules,” ions,® and ion
nanoscience, nanotechnology, and other fields as diverse as pairs” in the solution or gas phases.”” The potential of HaBs
catalysis,"* bioph logy,"” and photophysics.'® Optimiza- i

ysis,  biopharmacology, ~ and photophysics. ptimiza has also been explored in the capture of substances of
tion of the interactional landscape in a material is therefore environmental concerns,'® such as in the removal of radio-
essential to boost its functional performance in target active diiodine'® and the extraction of perfluoroalkyl

applications.”

The halogen bond (HaB) is an attractive interaction in
which a halogen atom acts as the electrophilic site.”* This type
of interaction is a relatively new entry in the toolbox available
to scientists for controlling the structural and functional
properties of systems in the gas, liquid, and solid phases.” To
date, HaBs have been successfully employed in the synthesis of
molecular’ and polymeric** materials such as liquid crystals,*”
gels,” and photoluminescent compounds.”® They have also
been extensively used to improve the properties of bioactive
derivatives, more specifically to promote the binding of a drug
to a receptor” and enhancing the processability of a solid active

iodides.'”™ However, despite its rapidly evolving applications
in molecular recognition, halogen bonding is currently under-
investigated'*° in the context of functional materials for use in
separation science.
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Figure 1. Artwork picturing the binding of 1,4-dichlorobenzene (DCB, a prototypal CB) by UiO-66-1 via the HaB-based I-Cl
supramolecular synthon. The reported UiO-66-1 structure is that of UiO-66 (CSD refcode AZALOF) wherein one iodine atom has been

“electronically” substituted for a hydrogen atom.

One possible solution for enhancing the usage of HaBs for
separation is the hybridization of halogen-bonded systems with
metal—organic frameworks (MOFs). Although MOFs are well-
known functional materials for gas separation,'' their
application in the separation of structurally similar molecules
in the liquid phase is also gaining momentum.''

The tailored functionalization of MOFs is a useful synthetic
strategy for tuning the recognition and binding of guest
species.lz_14 For instance, di-, tri-, and tetracarboxylic acids
(e.g, biphenyl and p-terphenyl 4,4'-dicarboxylic acids,'*™'**
trimesic acid, *” and pyromellitic acids'*%"*) substituted with
halogen atoms and bearing functionalities based on oxygen,
nitrogen, sulfur, or other elements have been employed as
organic ligands between metal nodes. As the selectivity of
MOFs toward chlorobenzenes (CBs) primarily originates from
the decorating groups present in the framework, the
functionalization of organic linkers is generally considered to
optimize the separation properties. For example, Zr-based
MOFs, including UiO-66 and UiO-67, are widely used as
templates to introduce additional functionalities.'*>"*

More specifically, the high surface area, enhanced chemical
and thermal stabilities, and exceptional tunability of UiO-66
allow its versatile use in a range of applications.'* UiO-66-
based adsorbents have previously been demonstrated to exhibit
good efficiencies in the removal of dyes,15 insecticides,'® and
metal ions;'” hence, it was expected that the UiO-66
framework might also be applicable for the adsorption and
selective separation of CB derivatives as target pollutants. The
separation of benzene derivatives is known to be both energy
intensive and laborious because of their similar physicochem-
ical properties.® From the perspective of environmental safety,
the selective removal of CB contaminants from aquatic
environments is, therefore, of great interest. Although
nonchlorinated contaminants can be safely disposed of by
incineration,'® this process is not suitable for chloroarenes due
to the possible formation of dangerous phosgenes or chlorine
oxides. **

In this study, iodine-functionalized UiO-66 (UiO-66-1) is
initially prepared by incorporating 2-iodoterephthalic acid (I-
TA) as the linker. The as-prepared UiO-66-1 is then employed
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for the adsorption of CBs and its activity is compared to that of
the pristine UiO-66. It is hypothesized that UiO-66-1 will
exhibit a higher adsorption capacity due to the presence of
iodine atoms that can act as HaB donor elements. The
formation of HaBs between UiO-66-1 and the CBs is
experimentally and theoretically investigated using Raman
and X-ray photoelectron spectroscopies, and density functional
theory (DFT) calculations. Subsequently, to demonstrate the
applicability of the developed materials, waste polyethylene
terephthalate (PET) is employed as a support for the surface-
assisted growth of UiO-66-1 and the feedstock of terephthalic
acids. Finally, the adsorption capacity and selectivity of the
prepared PET@UiO-66-1 toward CBs in the presence of
nonchlorinated aromatic analogues.

Although CBs are widely used in the chemical and
pharmaceutical industries, they present numerous health
concerns because of their acute toxicity, bioaccumulation,
suspected endocrine toxicity, immunotoxicity, and neuro-
toxicity.'®*'” In addition, owing to their persistence, ground-
water contamination by CBs is a serious environmental
hazard."” CBs can function both as HaB donors via the small
regions of depleted electron density opposite to the C—Cl
covalent bond (o-holes) and as HaB acceptors via the more
extended belt region orthogonal to the C—Cl bonds. The
limited size of the o-holes at the Cl atoms imposes severe
structural requirements for achieving the structural direction-
ality and orientation required for effective HaB formation with
chlorine acting as the HaB donor atom. Moreover, the surface
electrostatic potential at the halogen o-holes is weakly positive
(egy Vomu = 5.3 keal/mol for chlorobenzene™™), which is
related to the known tendency of unfunctionalized CBs to
function as weak HaB donors. In contrast, the negative belt
occupies a significantly larger area of the molecule, and its
negative electrostatic potential enables it to effectively interact
with sites exhibiting a positive electrostatic potential, thereby
serving as a HaB acceptor.”” It was therefore considered that
the HaB-assisted adsorption and selective separation of CBs
using functionalized UiO-66 frameworks could be enhanced by
exploiting the negative belts of the chlorine atoms by installing
HaB donor sites on the MOF surfaces. Thus, for this purpose,
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Figure 2. Characterization of UiO-66-I-X (X = 0—100): (A) XRD patterns, (B) XPS survey spectra, (C) nitrogen sorption isotherms, and (D)
pore size distribution curves obtained by the Horvath—Kawazoe (HK) model.

iodine atoms were introduced to UiO-66 in the form of I-TA
that was used as a type of organic linker along with TA (Figure
1). Iodine is preferred over other halogens because it is the
strg)ongest HaB donor (i.e., HaB donor ability: F < Cl < Br <
.7

Functionalized UiO-66 samples containing varying ratios of
L TA and TA (I-TA/TA = 0%, 33%, 50%, 67%, and 100%)
were prepared and denoted as UiO-66-1-X (where X indicates
the percentage of I'TA). The formation of MOF mixed ligands
is known to proceed in different ways depending on the ligand
ratios employed.”' Thus, to determine the I-TA contents of the
prepared MOFs, quantitative analysis was performed for both
the TA and I-TA ligands in UiO-66 by means of digestion and
'H nuclear magnetic resonance (NMR) spectroscopic analysis
of the disassembled frameworks in an appropriate medium
(Figure S1). Analysis of the obtained data confirmed that the
ligand ratio was comparable to the target ratio in the I-TA/TA
mixture (Table S1).

Subsequently, the as-prepared UiO-66-1-X (X = 0—100)
species were characterized by powder X-ray diffraction (XRD),
revealing the expected peaks at 7.3, 8.5, 12, 14.1, 14.8, and
17°>"** The XRD patterns of UiO-66-1-33, UiO-66-1-50,
Ui0-66-1-67, and UiO-66-1-100 matched those of pristine
UiO-66 (Figure 2A), confirming that the mixed-ligand
framework of UiO-66-1-X is isostructural with a face-centered
cubic (FCC) structure. In addition, the Fourier transform
infrared (FTIR) spectrum of UiO-66 features sharp bands at
1663, 1583, and 1395 cm™ corresponding to the coordinated
carboxyl groups and the asymmetric and symmetric stretches
of the COO—Zr bonds, respectively (Figure S2A and Table
S2). The FTIR spectra of UiO-66-1-50 and UiO-66-1-100 show
additional bands at 760 cm™ (C—TI stretching vibrations) and
1470 cm™" (C-CAr vibrations) associated with the presence of
additional substituent in the aromatic ring (Figure S2B and
Table S2). X-ray photoelectron spectroscopy (XPS) was also
used to study the elemental compositions of the prepared
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MOFs and verify the presence of I-TA. As a result, the survey
XPS spectra (Figure 2B) confirm a gradual increase in the
iodine content from 1.7 to 4.6 atom % upon increasing the I-
TA loading (Table S3).

As shown in Figure S3, the XPS spectra for Zr 3d are
deconvoluted into two components at ~185.3 eV (Zr 3d;/,)
and ~182.9 eV (Zr 3d,,); this is in good agreement with
previously published results.'> The I 3d spectra confirm the
appearance of I-TA units, with the typical I 3d doublets being
observed at 632.9 and 621.3 eV (Figure $4).”* The additional
low-intensity components at ~630.9 and ~618.9 eV confirm
the presence of lower-coordinate Ii§ands owing to defects in
Ui0-66-1-X, as reported previously.”*"

The nitrogen sorption isotherms of the samples measured at
77 K are shown in Figure 2C. All samples exhibited
microporous nature of the mixed-ligand Zr-MOFs. UiO-66
was found to exhibit a typical surface area of 1068 m*/g (Table
S4), and the introduction of I-TA led to a gradual decrease in
surface area and pore volume. The surface areas for UiO-66-1-
33, Ui0-66-1-50, UiO-66-1-67, UiO-66-1-100 are 743, 660,
637, and 350 mz/g, respectively. As expected, the bulky I
atoms (atomic radius = 0.14 nm) occupy some of the space in
the framework, as observed previously for a similar mixed-
ligand system.”’ To obtain detailed information regarding the
porosity and pore architecture of UiO-66-1, the pore size
distributions of the specimens were plotted according to the
Horvath—Kawazoe (HK) model (suitable for microporous
materials, Figure 2D).”** The observed peaks at 0.65 and 0.83
nm correspond to the tetrahedral and octahedral pores of a
nondefective UiO-66 framework.”*” The introduction of I-TA
causes a decrease in the volume of tetrahedral pores and an
increase in octahedral-related pores, which was attributed to
missing linker (ML) defects.”"** The absence of mesopores
indicates that there is only a negligible level of defect
originating from the missing clusters. In contrast to the
decrease in the internal pore volume of UiO-66 after
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Figure 3. (A) DCB removal efficiency vs I-TA loading amount in UiO-66-I1-X. The figure shows the balance between these parameters to
achieve the maximum removal efficiency of DCB (150 #uM) using 5 mg of the Ui0-66-1-X (X = 0—100)adsorbent. (B) Low-frequency region

of the Raman spectra of DCB and UiO-66-1,,
and (D) after interaction with the DCB solution.

before and after interaction with the DCB solution. XPS I 3d region for UiO-66-1,, (C) before

introducing I-TA to the framework, the presence of ML defects
potentially have the opposite effect by increasing the internal
pore volume. Thus, to verify the presence of ML defects, the
procedure described by Lillerud et al.”*! was employed (Figure
SSA). More specifically, the thermogravimetric (TG) analysis
(Figure SS) shows that an increase in the I-TA content of UiO-
66-1 from 0% to 100% results in a decrease in the number of
carboxylate units per cluster from 12 to 6.9, indicating that up
to 40 wt % of UiO-66-1-X (X = 0—100) consists of ligand
defects. These changes correlate with the broadened Zr 3d
(Figure S3) peaks, indicating that modification of the active
center coordination environment may take place in the
presence of ML defects.”*! In general, an increase in the I
content in the UiO-66-1 frameworks has contrary effects on the
possible CB adsorption and binding process. When the I-TA
content is increased, the number of HaB donor sites available
for CB binding via I--Cl HaBs is increased, and the number of
ML defects in the structure is also increased (as proven by TG,
XPS, and pore size distribution). In addition, the surface area
and pore volume are reduced, indicating that the size effect of
the bulky I atom prevails over the effect of the ML defects
(Table S4).

Prior to evaluating the effect of the I-TA content on the
adsorption of CBs, the possible formation of I--Cl HaBs was
theoretically evaluated. For this purpose, DFT calculations
were performed using a single-molecule model based on I-TA
and 1,4-dichlorobenzene (DCB, Figure S6). The theoretical
study reveals the possibility of forming a HaB between DCB as
a nucleophile and I-TA as a o-hole source with considerable
strength (from —1.6 to —2.0 kcal/mol). Moreover, the initial
results of single-molecule modeling were confirmed by
periodic DFT calculations using models of UiO-66 and UiO-
66-1-50 clusters (Figures S7—S10). The formation of a
conjugate between DCB and UiO-66-1,, was found to be
more energetically favorable (up to 1.7 kcal/mol) than the
conjugate with UiO-66 (Table SS). The difference is in
accordance with the corresponding I---Cl HaB energies.

To experimentally reveal the complex influence of I-TA
loading on the adsorption properties of UiO-66-1, an in-depth
analysis was conducted for the adsorption capacities (Figure
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S11) and the removal efficiencies of DCB by Ui0-66-1-X (X =
33%, 50%, 67%, and 100%, Figure 3A). It was identified that
UiO-66 is capable of removing 52% of the DCB from an
aqueous solution (150 xM, 1000 mL), while UiO-66-1-33 and
Ui0-66-1-50 exhibit improved adsorption efliciencies of 60%
and 67%, respectively.

Interestingly, further increases in the I-TA content (i.e., for
Ui0-66-1-67 and UiO-66-1-100) result in a reduction in the
adsorption capacity toward DCB. It therefore demonstrates
that the reduced surface area by the increased content of I-TA,
in turn, negatively affects the adsorption performance.
However, because the I atoms present in UiO-66-1-X are
responsible for the formation of HaBs, which are required for
the generation of selective interactions with CB, a careful
balance between the surface area and the number of HaB
elements is required to maximize the removal efficiency of CB.
As Ui0O-66-50 ofters the optimized adsorption performance, it
is denoted as UiO-66-1,, in the following discussion.

Importantly, these effects offer a considerable advantage in
terms of the material cost effectiveness because the price of
UiO-66-1,, is 50% cheaper than that of UiO-66-1-100 (Table
S6). Owing to its high removal efficiency, UiO-66-1,, was
selected to experimentally confirm the formation of I.--Cl
HaBs, as suggested by theoretical calculations. The first
indication of possible HaB formation was given by the UV—
vis spectra (Figure S12), wherein the peak at 194 nm for UiO-
66-1,, was blue-shifted by ~3 nm after exposure to the DCB
solution.”* According to IUPAC rules,” the UV—vis
absorption bands of the HaB donor usually shift to shorter
wavelengths; thus, it can be used to detect the formation of
HaBs. However, the observed blue shifts are less noticeable
than those revealed by XPS and Raman spectroscopy. Indeed,
Raman spectroscopy has been previously employed to monitor
the C—I stretching band at ~150—300 cm_l,zsa_c1 which shifts
to lower energies (or forms a new peak) during I---X
bonding.”>* Upon exposure to DCB, the Raman spectrum of
Ui0-66-1,,, undergoes minor changes (Figure S13 and Table
S7) that are similar to those observed for other HaB
systems,”" " and the most relevant variations are observed
for modes associated with the C—I bond. More specifically, the
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Comparison of the
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1,4-dichlorobenzene, 4-chlorotoluene, 3-chlorotoluene, 4-chlorophenol, and chlorobenzene) in competitive adsorption experiments.

peak at 164 cm™" (C—I deformation vibrations) shifts to 138
ecm™" (Figure 3B), which is consistent with I--Cl HaB
formation between the DCB and I-TA ligands.

XPS analysis of the I 3d spectra of UiO-66-1,; shows a slight
downshift in the positions of the 630.8, 633.1, 621.6, and 619.0
eV peaks after DCB exposure (Figure 3C). These changes after
HaB formation have also been reported in other relevant
systems whose HaBs involve the I atom as a 6-hole donor.”*
As indicated in Figure 3D, the observed downshift is attributed
to the electron density at the I atom being elevated upon HaB
formation. Overall, the UV—vis, Raman, and XPS analyses
confirm that the CI atoms of DCB are halogen-bonded to the I
atoms of I-TA in the porous structure of UiO-66-1,.

To understand the adsorption mechanism associated with
UiO-66-1, the pore size distributions before and after DCB
exposure were investigated. Typically, the volume of micro-
pores of UiO-66 (centered at 0.65 and 0.83 nm) is relatively
reduced in the presence of DCB, while the pore volumes in the
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mesopore region remain rather consistent (Figure S14A). This
suggests that the nonfunctionalized and high-surface-area
pristine UiO-66 adsorbed DCB mainly in its micropores. In
contrast, the adsorption of DCB causes a substantial decrease
in the pore volume in both the micro- and mesopore regions of
Ui0-66-1,, (Figure S14B). The loss of pore volume in the
mesopore region suggests that the mesopores derived from ML
defects in UiO-66-1,, (Figure SS) are more actively involved
in the adsorption of DCB than the micropores, which
underlines the importance of the morphology in the adsorption
of DCB.

Following the above optimization studies, the practical and
scalable use of UiO-66-1,, as an effective adsorbent for CBs
was investigated (Figure 4). The application of MOFs in their
powder form is generally hampered by their low wettability
and permeability, which render them less appealing and
attractive in practical scenarios.'*" Herein, the surface-assisted
growth of UiO-66 on a PET support was adopted as an
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effective strategy to overcome this issue."> Importantly, the use
of PET waste as feedstock decreases the cost of the materials
associated with this system. Indeed, the possibility of
employing waste PET as a source of ligands for MOF
construction has attracted significant research interest in terms
of the development of functional upcycling methods.'**°

For UiO-66-1,, growth on PET, a mixture of I-TA/TA
ligands was synthesized by the Tronov—Novikov method”’
using PET waste as a feedstock (Figures S1S and S16). The
prepared PET@UiO-66-1,,, material was fully characterized
using FTIR, XRD, XPS, BET, and scanning electron
microscopy combined with energy dispersive spectroscopy
(SEM-EDX), as described in the Supporting Information
(Figures S17—S22 and Table S8). Based on the obtained
results, it is confirmed that a homogeneous polycrystalline film
of UiO-66-1,,, was formed, and its properties are similar to
those of UiO-66-1,.. Importantly, the preparation of UiO-66-
Iope from cheap and available waste PET reduces the estimated
cost associated with the material (Table S9).

The PET@UiO-66-1,, material should exhibit adsorption
properties similar to those of the pure UiO-66-I,,, but PET-
su §p(grted materials are preferable for separation applicatio-
n. ”*” Thus, the prepared PET@UiO-66-I,, was tested in the
selective removal of CBs in the presence of nonhalogenated
arenes from aqueous solutions. To verify the key role of HaBs
in this process, the adsorption of diluted DCB (15 pM, 100
mL) was compared on PET-H, PET@UiO-66, and PET@
UiO-66-1,,, as a function of the contact time 23 °C (Figure
SA). PET-H demonstrates a low adsorption capacity with a
considerable disorder of the DCB concentration over time,
indicating the reversibility of DCB capture. In contrast, PET@
UiO-66 achieves more efficient adsorption with an adsorption
capacity (Q.) of 28.2 mg/g, as calculated using eq 1:

o[58
(1)

where C, (uM) is the initial concentration of the DCB, C,
(uM) is the concentration of the solution at equilibrium, M is
the molecular weight of DCB (147 g/mol), m (mg) is the mass
of adsorbent employed, and V (L) is the solution volume.

As shown in Figure SA, PET@UiO-66-1,, exhibits a 30%
increase in adsorption capacity as compared to PET@UiO-66,
potentially due to the presence of HaB donor elements. The
adsorption of DCB into the pores of PET@UiO-66-I, occurs
rapidly, with 87% of the DCB being removed from the aqueous
solution only after 20 min. Beyond this point, the adsorption
rate decreases until reaching the equilibrium at ~40 min. This
short equilibration time can be attributed to the uniform pores
present in the polycrystalline film and the ease of access of the
HaB elements.”® This improved adsorption capacity, therefore,
allows more efficient and potentially selective separation of
CBs from the mixtures involving nonhalogenated aromatic
compounds.

Separation processes are essential technolo§ies in nearly
every aspect of any chemical industrial process."’ The selective
separation of chlorinated aromatics is more challenging than
their simple sorption, particularly when the selectivity is
signiﬁcantly compromised among structurally similar aromatic
molecules.'® As mentioned above, although the different
disposal routes required by chloroarenes and arenes necessitate
their separation,'® previously reported materials did not
provide high adsorption capacities or selectivities for the

(Cy— C) X M

m
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separation of chloroarenes over their nonhalogenated ana-
logues (Table S10). Thus, the separation abilities of PET@
Ui0-66 and PET@UiO-66-1,, were tested using aqueous
solutions (150 1M, 100 mL) containing toluene and a mixture
of CBs (i.e., 1,4-dichlorobenzene, 4-chlorotoluene, 3-chlor-
otoluene, and 4-chlorophenol).

A kinetic study was then carried out for the adsorption of a
mixture of toluene and 4-chlorotoluene using PET@UiO-66
and PET@UiO-66-1,,. As shown in Figure SB, these two
adsorbents exhibit drastically different behaviors. More
specifically, for PET@UiO-66, both toluene and 4-chloroto-
luene are taken into the pores (Figure SC), while for PET@
Ui0-66-1,,, only 4-chlorotoluene is adsorbed (Figure 5D). A
similar tendency is observed for other mixtures (Figures S23
and S24), with PET@UiO-66 demonstrating a relatively low
selectivity for different CBs in comparison with toluene
(Figure SE). It is therefore considered that the preferable
capture of CBs be related to the Lewis basicity of chlorine,
which may suggest a nonminor contribution of Lewis acid—
base interactions to the adsorption phenomenon.”” In contrast
to previously reported materials (Table S10), PET@UiO-66-
L« demonstrates an extremely high adsorption selectivity for
the CBs over toluene (Figure SF). Considering the lower
surface area of PET@UiO-66-1,, (surface area of powdery
Ui0-66-1-50, 660 m*/g) compared to that of PET@UiO-66
(surface area of powdery UiO-66-1, 1068 m’/g), it is
reasonable to suggest that the exceptional selectivity correlates
with the formation of HaBs between the electrophilic iodine
(electropositive o-holes) and the nucleophilic chlorine
(electronegative belt). Despite the weakness of this interaction
(1.65 kcal/mol according to DFT calculations), it succeeds in
securing the selective sorption of CBs in the presence of
toluene.

It is subsequently deduced that the adsorption of DCB by
PET@UiO-66-1,, occurs according to the pseudo-second-
order model (Figures S25 and S26 and Tables S11 and S12),
which is dominated by chemical interactions. The adsorption
capacity is therefore related to the number of available HaB
elements, and so the sorption of DCB by PET@UiO-66-1,,,
could be assisted by (i) 7—x interactions between the benzene
rin§s of the DCB molecules and the aromatic structure of UiO-
66,°7** (i) Lewis acid—base interactions between the
framework Zr and the CI atom of DCB,*" (iii) hydrogen
bonding (e.g., #3—OH--7 interactions),”** and (iv) a suitable
pore architecture.’”® However, due to the different adsorption
behaviors exhibited by PET@UiO-66 and PET@UiO-66-1,
(Figure SA), it is apparent that 7—z and Lewis acid—base
interactions are not likely to be dominant, but the adsorption
capacity is enhanced by the pore architecture, implying the
existence of active HaB elements and a suitable surface
area.’”"® These assumptions agree with the above-described
adsorption performances of the powdery UiO-66-1-X’s (X =
0%, 33%, 50%, 67%, or 100%). Analysis of the different
adsorption models (Figure S27 and Table S13) shows the
strongest correlation with the Freundlich isotherm (Figure
S27). This indicates that DCB sorption occurs through
multilayers of UiO-66 with Lewis acid centers and I acting
as HaB donors. The adsorption profile of PET@UiO-66-1,,
therefore, prompted us to evaluate its selective separation of
DCB in the presence of nonchlorinated arenes.

To obtain further information regarding the role of I atoms
in arene adsorption by the MOFs, adsorption capacities
(Figure S28) and the removal efficiencies (Figure 6A) of
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PET@UiO-66, PET@UiO-66-1,,, and PET@UiO-66-1-100
were compared using a 1:1 solution of toluene/4-chloroto-
luene in water (150 M, 100 mL). Interestingly, PET@UiO-66
adsorbs toluene with a preference over 4-chlorotoluene, which
represents an opposite selectivity compared to the iodine-
functionalized system, thereby confirming the active role of
iodine in the CB adsorption process. PET@UiO-66-1-100
shows the same preferential adsorption of 4-chlorotoluene as
PET@UiO-66-1,,, but the selectivity is lower, possibly due to
the lower surface area and/or increased number of defects in
the fully iodinated system.

PET@UiO-66 adsorbed a greater amount of toluene than
PET@Ui0O-66-1,,, and PET@UiO-66-1-100, which preferen-
tially adsorbed the CBs. At the same time, UiO-66 has the
highest surface area compared to PET@UiO-66-I,, and
PET@Ui0-66-1-100 (Table S4). However, the Q. of PET@
UiO-66-1,, for 4-chlorotoluene is higher than those of PET@
Ui0-66 and PET@UiO-66-1-100 (Figure S28), thereby further
demonstrating the importance of a balance between the
material porosity and the number of HaB donor elements.

Finally, the possibility of recycling the PET@UiO-66-I,
adsorbent was evaluated after washing with ethanol and
subsequent activation for 2 h at 60 °C. After five adsorption
cycles in an aqueous DCB solution and subsequent desorption
in ethanol, the sorption properties of PET@UiO-66-1,
remain largely unchanged (Figure 6B). This can be attributed
to the conservation of its UiO-66-I,, crystal structure, as
verified by XRD measurements (Figure S29).

In summary, this study demonstrates that the introduction
of HaB elements into the structures of MOFs produces highly
functional materials for the selective separation and removal of
CB contaminants. The investigation of a series of UiO-66
MOFs with various contents of I-TA (i.e., 0%, 33%, 50%, 67%,
and 100%) reveals that the highest adsorption capacity is
achieved with a 50% I-TA content (UiO—66—IOPt), due to the
fact that this composition leads to a balance between the
surface area and the number of HaB recognition elements. The
formation of halogen bonds between UiO-66-1,, and CBs is
confirmed both theoretically and experimentally. HaBs have
previously been used occasionally to assemble supramolecular
organic frameworks by exploiting the established tendency of
nitrogen-based HaB acceptors with iodobenzene derivatives or
by exploiting the simultaneous action of HaBs and hydrogen
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bonds.” In addition, they have been used to enhance the
functional properties of MOFs.””> However, despite the
diversity of previously reported structures that can utilize
HaBs to drive the removal of halogenated contaminants (Table
S14), achieving a high adsorption capacity and selectivity
remained challenging. Thus, in the current study, the
limitations of HaB use in separation science were challenged
by improving the technological appeal of UiO-66-1,
containing HaB and decreasing the material cost. Within the
framework of the suggested experimental strategy, waste PET
was recycled for the surface-assisted growth of UiO-66-1,,
using a mixture of TA and I-TA. The prepared PET @UiO-66-
L, exhibited a high adsorption capacity toward the CBs, which
was described by the pseudo-second-order model, thereby
confirming the role of the number of available HaB elements.
This high adsorption capacity was accompanied by an
unprecedented selectivity in the separation of CBs from
nonchlorinated aromatic compounds owing to the formation
of I-Cl HaBs. In addition, the prepared PET@UiO-66-1,,
was successfully recycled five times without any loss in
performance. These results suggest that high-surface-area
MOFs operating in aqueous media and containing HaB
donor or acceptor sites may be particularly promising for the
sequestration of contaminants containing HaB acceptor or
donor sites, respectively. It is anticipated that this work will lay
the foundations for the use of HaB in the preparation of
functional materials for contaminant separation.
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