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Abstract A hybrid of montmorillonite (Mnt) and
rifampicin (RIF) was synthesized and the structure
and stability of the drug carrier system clarified. Den-
sity functional theory calculations involving disper-
sion corrections (DFT-D3) were performed to char-
acterize interactions acting in the interlayer space of
montmorillonite intercalated with rifampicin. The
structure and stability of the RIF-Mnt intercalated
complex were determined. Calculations revealed the
deformation of the molecular structure of rifampicin
after intercalation into the Mnt interlayer space due
to the clay environment. The ansa chain of RIF was
bent in the interlayer space compared with the struc-
ture of the RIF molecule in the monocrystal. RIF was
keyed into the Mnt surface by means of numerous
hydrogen bonds of weak to moderate strength. The
calculated vibrational spectrum from ab initio molec-
ular dynamics (AIMD) was in good agreement with
the FTIR measured spectra and helped to analyze the
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overlapped vibrational bands. Based on analysis of
structural stability, theoretical calculations revealed
that Mnt is a suitable drug carrier for delayed release
of the RIF drug. Batch adsorption experiments
showed the large adsorption capacity of montmoril-
lonite for RIF.

Keywords DFT-D3 - Drug carrier - Hydrogen
bonds - Molecular dynamics - Montmorillonite -
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Introduction

Tuberculosis (TB), an infectious disease caused by
Mycobacterium tuberculosis, is still a global health
problem and the cause of> 1,000,000 deaths every
year (WHO, 2018). TB is second only to HIV/AIDS
as the greatest killer worldwide due to a single infec-
tious agent. Over 95% of TB deaths occur in low- and
middle-income countries, and is among the top three
causes of death for women aged 15 to 44 (Hanuma-
naik et al., 2020). The rifamycins (rifampin, rifabutin,
rifapentine) belong to a group of structurally similar,
complex macrocyclic antibiotics produced by Amyco-
latopsis mediterranei. Rifampin is a semi-synthetic
derivative of rifamycin B. It inhibits DNA-dependent
RNA polymerase of mycobacteria and other microor-
ganisms by forming a stable drug-enzyme complex
(Hanumanaik et al., 2020). Systemic administration
of anti-tuberculosis drugs such as Isoniazid (INH),
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Rifampicin (RIF), Pyrazinamide (PZA), Ethambutol
(EMB), and Streptomycin (SM) is complicated by
multiple-drug resistance and TB recurrence, which
have made it necessary to adhere to long-term, sys-
temic oral use of multiple anti-tuberculosis drugs.
Long-term systemic administration of first-line drugs
such as RIF and INH is limited by low bioavailability.
Side effects of systemic use include nausea, vomiting,
hepatotoxicity, deafness, or vestibular dysfunction,
which leads clinicians to resort to second-line drugs
which are less toxic but also less efficient, clinically
(Couri et al., 2009). Suitable new systems for admin-
istering tuberculostatic drugs that will avoid unwanted
adverse effects, increase their bioavailability, and
improve their therapeutic efficacy are essential.
Nanocomposite hydrogels based on polyvinyl alco-
hol (PVA) and sepiolite were studied as suitable drug
carriers (Vicosa et al., 2009). Methoxy poly(ethylene
oxide)-block-poly(e-caprolactone) nanoparticles
with several different molecular weights and sizes
(20-110 nm) of polymer blocks were developed and
compared critically as carriers for RIF, a cornerstone
in tuberculosis therapy (Trousil et al., 2019). The
prolonged-release, solid lipid nanoparticles of RIF for
oral drug delivery and the improvement in the bio-
availability of RIF based on the glycerol monostea-
rate and lipid core materials using poloxamer 188 as
a stabilizer were examined (Hanumanaik et al., 2020).
Further, the star-shaped polymer based on glucosa-
mine (Trousil et al., 2019), a poly(lactic-coglycolic)
acid (PLGA) nanoparticle matrix (Maghrebi et al.,
2020), polypyrrole within the interlayer space of
LDH (Riaz et al., 2020), and controlled drug release
in all these materials was achieved.

Smectite-based drug delivery systems have
attracted considerable attention due to their avail-
ability, low cost, and remarkable properties such as
large specific surface area, significant adsorption
and cation exchange capacity (CEC) (Brigatti et al.,
2011; Lagaly et al., 2013), surface activity (Matusik
et al., 2012; Taborosi et al., 2018), catalytic properties
(Zimowska et al., 2019, 2020), and various techno-
logical applications (Dedzo & Detellier, 2016; Ruiz-
Hitzky et al., 2015; Sempeho et al., 2015).

The incorporation of various drugs into clays can
be achieved by adsorption and intercalation (Yu et al.,
2017). Montmorillonite was used as a drug-delivery
vehicle, e.g. in a study of the release of intercalated
promethazine chloride and buformin hydrochloride
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(Fejer et al., 2001), 5-fluorouracil (Lin et al., 2002),
and ibuprofen (Zheng et al., 2007). Other clays, such
as kaolinite and halloysite nanotubes, are also promis-
ing carriers of anticancer drugs (Gianni et al., 2020).
Palygorskite, a fibrous clay mineral, was studied
recently as a potential nanocarrier for RIF. The results
indicated that the release of rifampicin occurred over
a prolonged period (Damasceno et al., 2020). A simi-
lar effect was also observed for RIF released from a
calcium sulfate hemihydrate/hydroxylapatite-based
cement (Qayoom et al., 2020).

Computational methods using modeling and simu-
lation techniques based on classical molecular and/or
quantum mechanics are powerful tools for studying and
understanding the binding mechanisms for numerous
materials (Churakov & Liu, 2018). These methods can
be applied to investigate materials considered to be pro-
spective solid carriers of various drugs. For example,
the density functional theory (DFT) method was used
successfully in the study of organoclay stability using
a different type of smectite intercalated with an organic
surfactant based on alkylammonium (Scholtzova et al.,
2013, 2014, 2016) and tetraalkylphosphonium cations
(Jankovi€ et al., 2021; Scholtzova & Tunega, 2019;
Scholtzova et al., 2018), tetramethylammonium cation
in hectorite (Scholtzova, 2021), atrazine in beidellite/
montmorillonite (Moreno-Rodriguez et al., 2021), and
benzothiazole in montmorillonite (Chen et al., 2017,
Li et al., 2016; Zhang et al., 2021). The DFT studies
of pesticides favored ionized forms of clofibric acid
adsorption on muscovite (Ramalho et al., 2013). Force
field molecular dynamics (FFMD) was often used for
calculations to cover adequately the large size of the
drug molecules. A thorough review of the studies of
drug-clay hybrid systems was done by Kubicki (2016).

The adsorption of fully protonated tetracycline
using Na-montmorillonite as an adsorbent was stud-
ied by the DFT method which revealed the electric
and magnetic properties of that system (Pirillo et al.,
2015). Halloysite nanotubes were examined as prom-
ising carriers for anticancer drugs such as irinotecan
(Gianni et al., 2019). The ethambutol interactions
with palygorskite revealed the suitability of this min-
eral as a drug carrier (Meirelles et al., 2019).

Classical molecular dynamics was used on RIF and
isoniazid interactions with hydroxylapatite as a ceramic
carrier finding good agreement with experimental
results, i.e. RIF was retained in the hydroxylapatite
matrix (Qayoom et al., 2020).
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The aim of the present study was to synthesize
and characterize the rifampicin drug—montmoril-
lonite carrier system. To understand the structure
and encapsulation of the rifampicin molecule in the
interlayer space of montmorillonite, experimental
methods such as X-ray diffraction (XRD) and Fou-
rier-transform infrared spectroscopy (FTIR) were
combined with molecular modeling simulations
based on the DFT approach. Finally, the adsorption
capacity of montmorillonite for RIF was determined
by batch adsorption experiments.

Experimental Details

Rifampicin was obtained from Sigma-Aldrich Inc.,
St. Louis, Missouri, USA and used without further
purification. The montmorillonite (SAz-2) used in
this study was obtained from the Source Clays Repos-
itory of The Clay Minerals Society.

The purified montmorillonite fractions were
obtained by dispersing 20 g of montmorillonite
lumps in 10 L of deionized water (0.2% (w/v)). They
were allowed to swell overnight and then stirred
(200 rpm) for 90 min. The supernatant slurry with
the desired size of clay particles (<2 pum) was col-
lected at a specific time (12 h) at room tempera-
ture (25°C) and at a pre-calculated time according
to Stoke’s law of sedimentation. The clay slurry
obtained was Na-saturated by repeated treatment
with 1 M NaCl, and the<2 pm fraction was col-
lected. Excess salt was removed by washing with
deionized water until the AgNOj; test for chlorides
gave a negative result. The sample was dried at 60°C
and ground to pass a 0.2 mm sieve.

The RIF-Mnt intercalate was prepared from Na-
Mnt and RIF salt. 1 g of Na-Mnt was dispersed in
100 mL of distilled water and stirred overnight. A
water solution (100 mL) containing the rifampicin
and equimolar proportion of acetic acid in an amount
corresponding to 20% of the CEC of Na-Mnt was
added slowly (2 mL min~!) to the stored suspen-
sion of sodium montmorillonite under intensive stir-
ring (500 rpm). Afterward, the slurry was stirred for
another 24 h at laboratory temperature (25°C). The
final product was obtained by repeated centrifugation
and washing with water to remove soluble side prod-
ucts (Na-acetate) created during the cation-exchange
procedure. The final dispersion of Mnt intercalated
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with rifampicin was transferred to a dialysis tube
and stored in deionized water (freshly changed) for
7 days. After dialysis, the dispersion was frozen rap-
idly and lyophilized. The synthesized sample was
then frozen quickly, freeze-dried (Labconco Freezone
4.5 freeze-drying instrument), and stored in a desic-
cator for later use.

The RIF-Mnt sample was characterized by pow-
der XRD and FTIR spectroscopy. X-ray powder
diffraction data were collected on a D8 Advance
Bruker AXS GmbH, Karlsruhe, Germany diffrac-
tometer using CuKa (40 kV, 40 mA, A=1.54178 A)
radiation and a secondary beam graphite monochro-
mator. Diffraction patterns were collected in the
1-10°20 range in steps of 0.02°20 and with a 2 s
counting time per step. The XRD results were used
to determine the changes in the basal spacing (dy;)
after intercalation.

The infrared spectrum was collected using a Nico-
let 6700 FTIR spectrometer from Thermo Scientific,
Waltham, Massachusetts, USA, by co-addition of 128
scans at a resolution of 4 cm™!. The KBr pressed-
disk technique (1 mg of sample and 200 mg of KBr)
and a Smart Diffuse Reflectance Accessory were
used to measure the spectrum in the mid-IR (MIR,
4000-400 cm™') region. Spectrum manipulations
were performed using the OMNIC™ software pack-
age from Thermo Scientific.

Batch adsorption experiments were conducted
on purified Na-Mnt using 12 initial aqueous RIF
solutions with concentrations ranging from 0.1 to
3 mmol L', All the experiments were run in triplicate
and average values were reported. The solid-to-liquid
ratio was kept constant, where 100 mg of sorbent was
used for 100 mL of RIF aqueous solutions in poly-
propylene centrifuge tubes. Samples were shaken on
a rotary shaker at 50 rpm for 24 h to reach the final
equilibrium concentrations and centrifuged at 5000 X g
for 15 min. Supernatants and sorbents were removed,
and supernatants were analyzed three times using
liquid chromatography (HPLC). The amount of RIF
adsorbed was calculated by the difference between the
initial and final equilibrium concentrations, permit-
ting determination of the equilibrium adsorption iso-
therms. HPLC measurements were carried out using
a Varian instrument consisting of a ProStar 230 sol-
vent delivery module, ProStar 330 Photodiode array
detector (with detection at 254 nm), and ProStar 410
autosampler, Varian Inc., Palo Alto, California, USA.
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A 5-um CI18 reverse-phase analytical column (Par-
tisil 5 ODS-3, 4.6 mmXx25 cm, Whatman Inc., Ban-
bury, Oxfordshire, UK) was used. The optimized mobile
phase was a mixture of methanol-acetonitrile-mono-
potassium phosphate (0.075 M)—citric acid (1.0 M)
(28:30:38:4, v/v). The flow rate was set at 2 mL min™"
and the detection wavelength was set at 254 nm. The
injection volume was 10 pL. The analysis was con-
ducted at room temperature and the retention time for
rifampicin was 7.6 min. Analytical performance was
within acceptable limits with inter-day and intra-day rel-
ative standard deviations of <3% with external standard-
ization. Measured adsorption isotherm data were fitted
to two standard, non-linear isotherm models, Langmuir
and Freundlich (Foo & Hameed, 2010).

Computational Details

All calculations were performed within the frame of
Kohn —Sham electron density functional theory by
using the Vienna ab initio simulation package (VASP)
(Kresse & Furthmuller, 1996; Kresse & Hafner, 1993).
The exchange—correlation energy was expressed in
the frame of the generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE)
functional proposed by Perdew et al. (1996). The elec-
tron—ion interactions were described using the pro-
jector-augmented-wave (PAW) method (Blochl, 1994;
Kresse & Joubert, 1999) in a plane wave basis set with
an energy cut-off of 500 eV and with the required con-
vergence in total energy of 107 eV. Brillouin-zone
sampling was restricted to the I" point only because of
the large computational cell. In addition, calculations
with the PBE functional also included dispersion cor-
rections represented by the D3 type (Grimme et al.,
2010). The vibrational density of states (VDOS) was
calculated from the Fourier transform of the veloc-
ity autocorrelation function obtained from ab initio
molecular dynamics simulations (AIMD). AIMD
was performed with an energy cut-off of 400 eV and
electronic energy convergence of 10~ eV. The Verlet
velocity algorithm (Ferrario & Ryckaert, 1985) with a
time step of 1 fs was chosen for a numerical solution
of equations of motion. The finite temperature calcula-
tions were performed on a canonical (NVT) ensemble
applying the Nosé —Hoover thermostat (Nosé, 1984)
at 300 K with a simulation time of at least 10 ps in
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the initial thermal equilibration phase of the dynam-
ics. After equilibration, the system was changed to the
microcanonical (NVE) ensemble to obtain VDOS. For
the NVE ensemble, the total length of the AIMD run
was 10 ps.

RIF-Mnt Model

The structural model of the RIF-Mnt complex was
proposed to involve the possible species present in
the interlayer space, particularly the RIF moiety and
residual water, which is almost always present in
Mnt. The computational cell of the Mnt structural
model was taken from previous work (Scholtzova
et al., 2014). This cell has a lateral size of 4a2b of
the elementary cell @ and b vectors. In the model,
two Mg'/AI'' substitutions are in the octahedral
sheet resulting in the Mnt formula of Na,s5(Sig)
(Al; 7sMg( 55)0,0(OH),. This composition produces
a smaller excess layer charge than the montmoril-
lonite probe used in the experiment with a composi-
tion of  Nay 54Cag 03K 02(Sig o) (Als 13F€0 0oMgp 75)
0,,(OH),. It was necessary to use the composition
of the Mnt model with the smaller concentration of
Mg'/AI'! substitutions because it allowed the size of
the computational cell (451 atoms) to be kept reason-
able and also allowed us to perform computationally
very demanding AIMD simulations. The Mnt model
used is representative enough to describe all impor-
tant interactions of RIF in the interlayer space. The
negative layer excess charge (—2) was compensated by
one protonated rifampicin structure (RIF*) and one
hydrated Na™ cation coordinated by four H,O mol-
ecules, both localized in the interlayer space of Mnt.
The RIF structural data were taken from the experi-
mental work of Ibiapino et al. (2014). The RIF mol-
ecule was protonated on the N50 atom (Fig. 1) as the
protonated form of RIF was used in the experimental
preparation of the RIF-Mnt intercalate. The hydrated
Na* cation was used successfully in previous work,
where water molecules represented a residual water
content in the Mnt samples (Moreno-Rodriguez et al.,
2021).

The summary formula of the final structural model
of the RIF-Mnt intercalate was then Na(H,0),(Siq,)
(Al;pMg,)0,60(OH)+,)(C43N,O,,Hso) with the lattice
vectors 4a="20.966 A, 2b=18.176 A, and c=30.00 A
at the starting point of calculations (Fig. 2).
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Fig. 1 The structure of RIF. Its heterocyclic structure containing a naphthoquinone core is spanned by an aliphatic ansa chain (upper
part of the RIF structure); the red arrow highlights the protonated site (N50)

Results and Discussion
Structural Optimization

Structural relaxation of the model revealed the influ-
ence of the environment (montmorillonite layers) on
the deformation of the RIF structure after intercala-
tion into the interlayer space of Mnt. The optimized
interlayer distance, dyy,;, achieved a value of 16.4 A,
in good agreement with an experimental value of
15.6 A. The RIF molecule was flattened in the con-
fined space between montmorillonite layers. The
extent to which the flexible ansa chain of the RIF
structure was deformed in comparison with the origi-
nal structure of RIF taken from the molecular crystal
is shown in Fig. 3.
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Hydrogen Bonds

The RIF molecule was anchored on the montmoril-
lonite surface through many hydrogen bonds (Fig. 4).
Besides the stabilizing intra-hydrogen bonds of strong
to moderate strength in the RIF molecule, further
cross-linking hydrogen bonds of moderate to weak
strength (Desiraju & Steiner, 2006) were determined
(Table 1). These hydrogen bonds formed between the
RIF molecule, water molecules (hydrated Na%t), and
basal oxygen atoms of the montmorillonite surface.
The strongest intramolecular hydrogen bonds were
of the Ogp-H--Ogr type, while the weakest were of
the C—H---Ogy type. The RIF was anchored into the
Mnt surface mainly through multiple hydrogen bond
types such as C-H--O, (b- basal) and Ogp—H:--Oy
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Fig. 2 Proposed model of the RIF-Mnt structure; the red
arrow highlights the protonated site (N50)

(moderate to weak), and strong N-H---O1, and very
weak N-H:-O2, of the protonated piperazine ring
and two different basal oxygen atoms (O1 and O2) of
the Mnt surface. Similar hydrogen bonds were also
identified in a study of interactions of palygorskite
with RIF (Damasceno et al., 2020).

The N-H--O, hydrogen bond had an essential
importance in the anchoring of RIF onto the clay
mineral, as the unprotonated form of rifampicin is
difficult, even impossible, to intercalate into the inter-
layer space of montmorillonite.

The hydrated sodium cation supported anchoring
of the RIF molecule into the Mnt siloxane surface
through the net of hydrogen bonds formed by the
coordinated water molecules. One water molecule
was moving away from the coordination sphere of the
Na cation, interacting with oxygen from the carbonyl
C=0 group of RIF (Fig. 4). Outgoing water (w)
interacted through moderate hydrogen bonds with the
Mnt surface (O,—H--O,) and through strong hydro-
gen bonds with other water molecules (O,—H--Oy,).
These H,O molecules interacted further with the
rifampicin molecule (O, —H:--Ogp), which then inter-
acted with the opposite siloxane surface (Og—H:--Oy)

@ Springer
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Fig. 3 Comparison of the RIF structure in the molecular crys-
tal (black) with the optimized RIF structure in the interlayer
space of montmorillonite (orange); the red arrow highlights the
protonated site (N50)

of Mnt. These interactions contributed to the stability
of the RIF-Mnt system (Table 1, Fig. 4). The strength
of hydrogen bonds was in full accordance with the
hydrophobicity of the siloxane surface of montmo-
rillonite. The siloxane surface of montmorillonite is
hydrophobic due to the character of the substitutions
in the octahedral sheet and low humidity (Szczerba
et al., 2015, 2020); therefore, O,—H--O,, hydrogen
bonds were stronger than O,,—H:--O,.

The stability of the RIF-Mnt structure was
expressed by the calculated intercalation energy as
a difference between the sum of total energies of
products and the sum of total energies of reactants
(AE,,=XE -2E, e actants) fOr the reaction:

products —

[Na(H,0),]", = Mnt +RIF* — RIF*[Na(H,0),]" - Mnt + [Na(H,0),]*

(1)
where [Na(H20)4]+2—Mnt is pure model montmoril-
lonite, RIF* is a protonated rifampicin molecule, and
RIF*[Na(H,0),]*-Mnt is the complex. The hydrated
[Na(H,0),]* cation and RIF* were calculated as iso-
lated species in the computational cell of the RIF-
Mnt complex. The calculated intercalation energy
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Fig. 4 Network of hydrogen bonds in the RIF-Mnt structure. Intra hydrogen bonds: Og—H:-Ogp (lime), N-H---N (light blue),
C-H--N (olive) and C-H---Og (orange); O,—H:--O,, (magenta), and inter hydrogen bonds O,~H:--Oy (blue), Og;—H:-O, (cyan),
C-H---O, (black), N-H:--Oy, (petrol) and O,—H:--Ogy (mint). The red arrow highlights the protonated site (N50)

accounted for —4300 kJ mol™, indicating that the syn-
thesized RIF-Mnt complex is stable; thus, montmo-
rillonite could be a suitable carrier for RIF for post-
poned stimuli-induced release of this drug.

Table 1 The D-H--A hydrogen bond lengths (min, median,
max) [A] present in the RIF-Mnt structure (RIF — rifampicin,
w — water, b — basal, D — donor, A — acceptor)

D-H---A min; median; max Note
Ogi—H--Ogp 1.57;1.59; 1.76 Intra RIF
N-H---N 1.65;2.68 Intra RIF
O,~H--0, 1.82;2.35;2.75 Water-Water
C-H---N 2.44,2.45 Intra RIF
C-H---Ogp 2.27;2.46;2.75 Intra RIF
N-H:---O, 1.71; 3.04 RIF-Mnt
Og—H--Oy 2.55;2.57;2.78 RIF-Mnt
0O,—H--Oy 2.12;2.19; 3.00 Water-Mnt
C-H--O, 2.31;2.79;3.18 RIF-Mnt
O,—H:-Ogp 3.09 Water-RIF

The underlined numbers are medians
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FTIR and Calculated Spectra

The total vibrational density of states (VDOS) of the
RIF-Mnt model calculated from AIMD showed simi-
lar features to the measured FTIR spectrum of the
synthesized RIF-Mnt intercalate (Fig. 5). The contri-
butions of the individual functional groups were iden-
tified by the calculated projected spectra (PVDOS).
The vibrational spectrum of the RIF-Mnt structure
can be divided into two main frequency regions.

For the first high-frequency region (4000-2500 cm™),
the stretching modes of the OH, NH, and CH groups are
typical. The OH-stretching vibrations were recognized as
the highest-energy band having a maximum at 3773 cm™
(calculated VDOS). This band consists of overlapped
stretching vibrations of the OH groups of the Mnt layer,
OH groups of RIF, and H,O molecules from the coordi-
nation shell of sodium cation. H,O modes were detected
as small shoulders at the high-frequency edge of the main
peak at~3860 and~3800 cm™!, respectively. In the experi-
mental FTIR spectrum, the corresponding broad band
was observed at a lower-frequency range (maximum at
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3634 cm™) compared to the band from VDOS (Fig. 5).
Generally, there is an evident high-frequency shift of the
calculated stretching modes compared to experimental
bands. This shift is obvious when DFT-calculated and
experimental values are compared. Usually, a scaling fac-
tor is recommended (Scott & Radom, 1996) for a better
match between calculated and experimental frequencies.
For example, if the calculated stretching vibrations of OH
groups of montmorillonite (3773 cm™) were to match
the experimental value of 3634 eml a scaling factor of
0.9632 should be applied. However, the scaling factor
could shift some bands (especially deformation and low-
frequency bands) in the wrong direction. Therefore, scal-
ing was not applied further.

The well-recognized calculated band at~3500 cm™
representing the NH stretching vibration in the VDOS
spectrum helped to detect the position of the N-H
stretching vibrations in the experimental FTIR spec-
trum of the RIF-Mnt, where just a broad band of low
intensity spanned 3550-3150 cm™'. Obviously in this
broad experimental band, the overlapping bands of the
NH and OH stretching vibrations of water are present.
The observed FTIR spectrum of pure RIF (measured
as solid molecular crystal in the KBr pellet) showed
the broad band spanned the region of ~3750-3250 with
a maximum at~3440 cm™' (Fig. 5). This band con-
sisted of the overlapped OH- and NH-stretching modes
of the RIF molecule, in which OH modes were more
populated in the higher-frequency part of the band

3773

Intensity (a.u.)

Wavenumber (cm'1)

Fig. 5 Calculated (red) and experimental (black) FTIR spectra
of the RIF-Mnt structure and FTIR spectrum of the RIF molec-
ular crystal (blue)
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range. The NH modes were in the lower-frequency
part. Comparing calculated and FTIR spectra of the
RIF-Mnt and pure RIF, it was estimated that there was
a red-shift of ~50-70 cm™ of the NH-stretching modes
of RIF in the RIF-Mnt intercalate due to hydrogen
bonds formed with the Mnt layer (see previous sec-
tion). This assumption is in accord with a similar red
shift observed in the study of RIF-nanohydroxylapatite
(3425 vs. 3350 cm™) (Qayoom et al., 2020).

The CH-stretching vibrations were well recog-
nized in both calculated and experimental spectra
of the RIF-Mnt structure (Fig. 5). Calculated bands
at 3096 and 3009 cm™' were assigned to asymmet-
ric and calculated bands at 2941 and 2877 cm™! to
symmetric stretching CH vibrations. These calcu-
lated bands correspond to the multiple experimental
bands at 2977 and 2929 cm™' (asymmetric stretch-
ing CH modes) and 2889 and 2865 cm™ (symmetric
stretching CH modes), respectively. CH-stretching
vibrations were also well resolved in the FTIR spec-
trum of the RIF molecular crystal in the spectral
region from 3100 to 2700 cm™! (Fig. 5).

The second low-frequency region (below
1800 cm™) of the calculated spectrum represents
a range of the complex spectrum with overlapped
bands by different functional groups and types of
vibrations (bending, deformation, skeletal). Spe-
cifically, performing an unambiguous and complete
assignment is extremely difficult in the experimen-
tal spectrum (mainly below~1200 cm™). Fortu-
nately, identifying individual bands was possible in
the calculated VDOS spectrum by using calculated
projected VDOS (PVDOS) spectra of the respective
groups of atoms. Typical bending vibrations were
identified for water (1630 cm™) together with the
overlapped bands of vibrations of N19-H86 (Fig. 1)
amide group (1614 cm™), and CH groups (1444
and 1353 cm’l) in the calculated spectrum. Further,
calculated Si—-O stretching modes were assigned
to bands at 1124 and 1015 cm™!. Vibrations of the
C7=059 unit of the acetyl and furanone groups
(Fig. 1) detected at 1710 cm™ in the calculated
spectrum could correspond to the broadened band
at 1725 cm™! in the FTIR spectrum of the RIF-Mnt
structure. The overlapped bands of stretching vibra-
tions at 1614 cm™ in the calculated PVDOS was
assigned to the amidic C20=021 group (Fig. 2).
The value of 1670 cm™' was examined for this
functional group in the RIF-palygorskite system
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(Damasceno et al., 2020). The lower value in the
current findings could result from an interaction
of this amidic C20=021 group with the sodium
cation, as discussed in the previous paragraph. The
experimental C—O-C bending vibrations of RIF
(1310 cm™ and range of 1166-1000 cm™) over-
lapped with Si—-O-Al stretching vibrations agreed
with the assignment of similar bands at 1300 and
1100-900 cm™ of the RIF-palygorskite complex
(Damasceno et al., 2020). Furthermore, the N50-H
bending modes of the protonated nitrogen atom
at 922 and 549 cm™!, the Si—O-Al bending and
bridging modes at 925, 599, and 453 cm™!, and the
Si—O-Si bending and bridging modes at 383 and
187 cm™! were distinguished clearly in the calcu-
lated PVDOS spectrum. The CH rocking vibrations
contribute to the band at 187 cm™!. The experimen-
tal spectrum in the region below ~1100 cm™ was
typical of the very complex shape with distinctive
bands at 1048, 975, 518, and 464 cm™', attributed to
the naphthohydroquinone chromophore unit in the
spectrum of pure RIF.

Analysis of the measured FTIR spectrum of pure
RIF was focused on the low region and showed
characteristic absorption bands at 1733 cm™
(acetyl -C=0), 1652 cm™!  (furanone C=0),
1567 cm™ (-CONH,), 1452 cm™! (-C=C-stretch-
ing), 1376 cm™' (-CH,, -C=C), and 1253 cm!
(-C-0-C-). Owing to the angular deformation of
methylene units, the 947 cm™' peak could be assigned
to the bending vibrations of the CH and CH, groups
(Fig. 5). The IR bands of the pure RIF at 1726, 1643,
and 1566 cm™! were attributed to hydroxyl N-methyl
acetyl-carbonyl, furanone-carbonyl, and amide-car-
bonyl groups, respectively (Agrawal et al., 2004).
Additionally, the skeletal deformation modes and the
ring stretching modes of the naphthohydroquinone
chromophore can be observed in the 400-1300 cm™!
and 1300—1600 cm™! regions, respectively (Favila
et al., 2007).

Adsorption Study

Adsorption isotherm data of RIF on the montmo-
rillonite and their fit to Langmuir and Freundlich
adsorption isotherm models are shown in Fig. 6a,b.
The adsorption isotherm for Na-Mnt displays a pro-
gressive evolution with a rapid increase in the amount
adsorbed as the equilibrium concentration increased;
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a steady state or plateau was observed indicating sat-
uration. Na-Mnt is a very efficient material with the
largest amounts adsorbed of 1.13 mmol g~!. Surpris-
ingly, even at high RIF concentrations, the amount
adsorbed did not exceed the CEC (1.21 mmol g~!) of
the montmorillonite used, probably due to the lack of
the intramolecular affinity or bulkier size of the mol-
ecule adsorbed. Of the two standard, non-linear iso-
therm models, the Langmuir model (R=0.998) fits
the measured data much better than did the Freun-
dlich model (R=0.901), indicating two main adsorp-
tion regimes: (1) a gradual increase in the amount
adsorbed at low concentrations (<1 mmol L"), and
(2) a steady state at higher concentrations.

The mechanism of adsorption of antibiotics on
clay-based materials depends on the type of antibiotic
molecule, the clay mineral used, any pre-treatments or
surface modifications applied to the adsorbent mate-
rial, and the adsorption conditions (mainly pH, co-
existing ions, salinity, etc.). Possible driving forces in
the adsorption mechanism include electrostatic attrac-
tions, which can be subdivided into coulombic attrac-
tion, and dipole interactions (e.g. hydrogen bonding,
n-interactions, London forces), as well as non-specific
interactions such as hydrophobic interactions. In the
current study, the mechanism of adsorption of rim-
fapicin antibiotic onto montmorillonite was driven
mainly by electrostatic interactions of the positively
charged RIF and negatively charged montmorillonite
layers enhanced by hydrogen bonding. Note that the
theoretical model of the RIF-Mnt structure could cor-
respond to the first RIF molecules intercalated in the
structure.

Conclusions

The present study focused on the synthesis and char-
acterization of the intercalate complex prepared
from montmorillonite and rifampicin. The struc-
ture of the RIF-montmorillonite intercalate was
revealed by XRD and FTIR methods, accompanied
by molecular modeling based on the DFT method.
Calculations allowed a detailed atomic-scale char-
acterization of the interactions of the RIF molecule
in the interlayer space of montmorillonite. Good
agreement was found between the measured and
calculated interlayer spacing, indicating the suitabil-
ity of the proposed model of the RIF-Mnt structure.

@ Springer
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Fig. 6 Adsorption isotherm data of rifampicin on Na-montmorillonite and their fit to: (a) Langmuir (c

(1+ KK, .c;,)) and (b) Freundlich (c,q4

solutions; K| and K, are adsorption constants; I',, ;.

Intercalation of the RIF drug into the Mnt interlayer
space resulted in the flattening of the RIF molecule
mainly by strong deformation and bending of the RIF
ansa chain. AIMD calculations were used to calcu-
late the vibrational density of states. Calculated spec-
tra helped to understand better the complex struc-
ture of the measured FTIR spectrum. The RIF was
shown to be anchored in the interlayer space to the
basal surface oxygen atoms of montmorillonite layers
through sufficient hydrogen bonding of moderate-to-
weak strength. The intra-hydrogen bonds contributed
to the stability of the RIF in the Mnt interlayer space.
Elucidation of the interactions between the RIF and
montmorillonite reinforced the viability of montmo-
rillonite as a suitable drug carrier. The batch adsorp-
tion experiment showed that montmorillonite has a
high adsorption capacity for RIF, further confirming
its suitability as a drug carrier.
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