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Overview

Electronic structure calculations in the framework of density functional theory (DFT) are used
to investigate the interaction of selected pharmaceuticals and personal care products with
zeolites. Throughout the project, focus is placed on different organic species that are important
in the context of wastewater treatment (pollutant removal) or drug delivery, with separate
studies investigating the adsorption of carbamazepine (an anticonvulsant medication),
triclosan (a disinfectant), and 5-fluorouracil (an anticancer drug). The calculations are used to
obtain a detailed understanding of the host-guest interactions and, in more recent studies, of
the competitive adsorption of water, which is important in real-world scenarios. Collaborative
projects done with experimental partners focus on the adsorption of organic UV filters and drug
molecules in cationic zeolites.

Scientific background

Zeolites are inorganic crystalline materials whose structures are constituted by frameworks of
corner-sharing TO,4 tetrahedra (where T = Si, Al, ...). More than 250 zeolite framework types
have been reported, with distinct topologies being assigned three-letter codes like FAU, MFI,
or MOR.[1] The presence of accessible cavities or channels is a distinctive feature of zeolite
structures. This intrinsic porosity is pivotal for their large-scale industrial applications in
catalysis, ion exchange, and separation. Apart from these established uses, zeolites could also
be employed in applications involving the adsorption of functional organic molecules. On the
one hand, zeolites could find use in the adsorption-based removal of emerging organic
contaminants from wastewaters. In this context, the active ingredients of pharmaceuticals and
personal care products (PPCPs) have been identified as pollutants of particular concern.[2]
On the other hand, zeolites could also be suitable host materials for the encapsulation of drugs
or other active compounds, such as organic UVfs that are used in sunscreen lotions.[3]

With regard to the potential use in PPCP removal, highly siliceous zeolites appear as the most
promising zeolitic adsorbents, as their hydrophobicity limits the co-adsorption of water.[4,5,6]
Two DFT investigations carried out in the initial phases of this HLRN project focused on the
adsorption of carbamazepine (CBZ) and triclosan (TCS). For both species, several structurally
distinct all-silica frameworks were considered, allowing insights into the relationships between
zeolite topology and affinity towards organic contaminants. The study of TCS adsorption also
evaluated the impact of framework protons on the affinity towards TCS, as well as including
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the co-adsorption of water. More recently, emphasis was placed on the adsorption of 5-
fluorouracil (5-FU), an anticancer drug for which highly siliceous FAU-type zeolites have been
proposed as carrier materials in prior experimental work.[7] In order to investigate the
relationship between adsorption behavior and different features in the local structure,
interactions with framework protons, which have Brgnsted acidic properties, and with Lewis
acidic octahedral aluminium atoms were studied.

Whereas these purely computational investigations concentrated on hydrophobic high-silica
zeolites, the adsorption of functional organic molecules in low-silica aluminosilicate zeolites
was studied together with experimental collaboration partners. One project, pursued in
collaboration with researchers from Modena and Turin (ltaly), looked at the adsorption of
organic UVfs in Na-containing zeolite FAU, with emphasis on the analysis of vibrational
(infrared) spectra. Another, ongoing collaboration with researchers from Poznan (Poland)
addresses the adsorption of several drug molecules such as the antibiotic ciprofloxacin
(CIPRO) in zeolites exchanged with different types of extra-framework cations.

Funding of this research is provided through a Heisenberg grant to PD Dr. Michael Fischer
(Deutsche Forschungsgemeinschaft project no. 455871835, Fi1800/6-1). The associated PhD
candidates are funded by the DFG (Jakob Brauer, DFG project no. 492604837) and by the
Central Research Development Funds of the University of Bremen (Lobna Saeed).

Project results I: Hydrophobic zeolites for the removal of PPCP contaminants

A detailed DFT investigation considering eleven different all-silica frameworks revealed a large
influence of the zeolite topology on the affinity towards CBZ.[P1] Figure 1 illustrates that CBZ
fits nearly perfectly into the zig-zag channels of zeolite IFR, maximizing attractive van der
Waals interactions. In contrast, the adsorption in the straight channels of zeolite MOR requires
a significant deformation (“flattening”) of the guest molecule, resulting in a reduced adsorption
energy. Further calculations considering the adsorption of CBZ dimers showed that attractive
guest-guest interactions between co-adsorbed guest molecules are usually much weaker than
host-guest interactions. They may, however, become significant in zeolites with relatively
spacious pores, such as FAU, where the CBZ dimers can assume an energetically optimal
arrangement.
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Figure 1: Left: Molecular structure of carbamazepine. Middle and right: Space-fill representation of
low-energy adsorption complexes of CBZ in zeolites IFR and MOR. Insets indicate the adsorption
energy, with more negative values signifying stronger interaction.

The subsequent study of TCS adsorption showed that the higher flexibility of the TCS molecule
results in a less pronounced dependence of the adsorption energy on the pore shape in
comparison to the more rigid CBZ.[P2] This finding underlines the key role of guest molecule
rigidity/flexibility in determining the overall host-guest interaction. Calculations for TCS
adsorbed in highly siliceous aluminosilicate zeolites delivered a stronger interaction compared
to the all-silica counterparts, which was attributed to stabilizing hydrogen bonds involving
zeolite framework protons. However, DFT-based molecular dynamics (MD) simulations
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revealed that these hydrogen bonds are not stable in the presence of co-adsorbed water
molecules. In fact, they are quickly broken when water molecules are present, and the TCS
molecule is displaced from its initial position. It is thus clearly important to consider competitive
water adsorption when investigating PPCP adsorption in systems that contain hydrophilic sites.

Project results Il: Adsorption of 5-FU at different types of acid sites

Due to the continued interest in zeolites as materials for the controlled release of 5-FU, the
adsorption of this anticancer drug was studied in depth using DFT calculations. A first
investigation considered the adsorption in FAU-type aluminosilicates containing different
numbers of framework protons within a single twelve-membered ring of TO4 tetrahedra.[P3]
With its two negatively polarized carbonyl groups, the 5-FU molecule can simultaneously
interact with two framework protons (Figure 2), resulting in a considerable additional
stabilization compared to the interaction with a single proton. However, as for TCS, DFT-based
MD simulations indicated that the hydrogen bonds to framework protons are quickly broken
upon interaction with co-adsorbed water molecules. It was inferred that loading of 5-FU from
non-aqueous solvents and subsequent exposure to humidity in the human body could be a
viable pathway to release the drug in a controlled way.

In an experimental study of 5-FU adsorption in FAU, only partial release of the drug was
observed, which was tentatively explained with an irreversible binding of 5-FU to octahedrally
coordinated aluminium atoms.[7] In order to investigate the adsorption at such sites, a model
of FAU containing a framework-associated octahedral Al atom was constructed, and different
5-FU adsorption complexes were investigated using DFT calculations and DFT-based MD
simulations.[P4] It was found that the 5-FU molecules remain bonded to the octahedral Al atom
in the presence of water, in contrast to the observations made previously for the interaction
with framework protons. This finding corroborates the previous assumption that the presence
of octahedral Al atoms in the zeolite pores has a detrimental impact on the 5-FU release
properties. A DFT-calculated infrared spectrum of FAU containing Al-coordinated 5-FU
showed good agreement with experimental data, providing further evidence that the adsorption
at octahedral Al sites was indeed an important process in previously investigated samples.[7]

Figure 2: Left: “Multi-site” interaction of 5-FU with two framework protons. Right: Representative
adsorption complex of 5-FU interacting with an octahedral aluminium site. For simplicity, both panels
show only the surrounding part of the zeolite framework.

Project results lll: Combining experiments and calculations to study adsorption in
cationic zeolites
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A comparative experimental study of a series of zeolites with different topologies, Si/Al ratios,
and charge-balancing cations showed that a FAU-type zeolite X with a Si/Al ratio close to 1
that contains Na® cations, dubbed NaX in the following, is a suitable material for the
encapsulation of the organic UVfs octinoxate (OMC) and avobenzone.[3] The adsorption into
the pores of NaX improves the stability of the organic species by preventing unwanted
decomposition reactions, at the same time retaining the UV filtering ability. Due to the disorder
of the UVf molecules in the pores, diffraction methods cannot provide any detailed insights into
the local structure of the host-guest system. Therefore, infrared spectroscopy experiments on
OMC-loaded NaX samples were combined with DFT calculations to obtain a microscopic
picture of the dominant interactions.[P5] In addition to electrostatic interactions between Na*
cations and oxygen atoms of OMC, interactions between the cations and the OMC aromatic
ring were found to play a significant role in stabilizing the adsorbed molecule. The DFT
calculations also helped to understand why OMC is dominantly adsorbed in the trans form,
which has a higher UV absorption capacity than the cis isomer.

Cationic zeolite X samples were also used in a series of experiments investigating the storage
and release of CIPRO, a widely used fluoroquinolone antibiotic. While the parent form NaX
was found to exhibit no appreciable CIPRO adsorption, forms exchanged with divalent cations
(Mg?*, Ca**, Sr**, Zn®") adsorbed different amounts of the drug.[P6] Among the four zeolites,
MgX and ZnX took up considerably larger amounts of CIPRO than CaX and SrX, and this
behavior was mirrored in the DFT adsorption energies, which were considerably more negative
for MgX and ZnX. Whereas MgX released most of the drug within a few hours in simulated
body fluid, only partial release occurred for ZnX. An explanation for this distinctive behavior
was provided by the DFT calculations, which predicted an additional binding of CIPRO to
framework aluminium atoms for ZnX, but not for any of the other zeolites.

Outlook

The investigations summarized above focused on the equilibrium adsorption of guest
molecules, mostly neglecting the aspect of diffusion (although some preliminary predictions of
diffusion coefficients using empirical parameters were made in [P2] and [P5]). In the final phase
of the project, machine learning methods will be used to develop a set of DFT-based neural
network potentials that may allow accurate predictions of guest molecule diffusion,
concentrating in the first place on CBZ diffusion in hydrophobic zeolites. Further calculations
on cationic zeolites address the adsorption of bisphosphonate drugs, which are intensively
studied by the experimental collaboration partners in Poznan. Finally, the project is also
extended towards the adsorption at external surfaces of zeolites, rather than in the pores,
looking at PPCP adsorption on clinoptilolite, a natural zeolite mineral that could find use as a
low-cost adsorbent in wastewater treatment.
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