@)
SClL

L]
Research Article it
|
Received: 7 June 2022 Revised: 7 September 2022 Accepted article published: 18 September 2022 Published online in Wiley Online Library: 5 October 2022

(wileyonlinelibrary.com) DOI 10.1002/jctb.7235

Removal of amoxicillin and ampicillin
using manganese dioxide/montmorillonite
composite

Vera Valovicova,® Eva Plevova,® © Silvie Vallova,”* Lenka Vaculikova,?
Aneta Smykalova,” Bogna D Napruszewska,“ Ewa M Serwicka® and
Silvia Dolinska®

Abstract

BACKGROUND: Clay-based materials represent great potential for the development of efficient and environmentally friendly
sorbents. The study focuses on a laboratory-obtained manganese dioxide/montmorillonite (MnO,/MMT) composite for removal
of two types of antibiotics — amoxicillin (AMX) and ampicillin (AMP) - from aqueous solution.

RESULTS: The composite was successfully prepared using a reduction procedure involving the reaction between potassium per-
manganate (KMnO,) and hydrochloric acid (HCI) to form MnO, followed by the addition of MMT. X-ray analysis, scanning elec-
tron microscopy, X-ray fluorescence and Fourier transform infrared spectroscopy were performed for characterization of
physicochemical and structural properties, simultaneous thermogravimetry and differential scanning calorimetry for estima-
tion of thermal stability and high-performance liquid chromatography for determination of antibiotic equilibrium concentra-
tions in aqueous solution. The precipitated MnO, component, manifested by long fibers, corresponded to the tunnel
structure of cryptomelane. In the case of MnO,/MMT it is evident that MnO, developed short fibers with the participation of
the MMT matrix. The thermal data suggested that the MnO, phase upon contact with the clay support showed better thermal
stability. The final decomposition of Mn,03 was shifted to higher temperature of 985 °C. Adsorption procedure in a batch reg-
imen showed sufficient sorption ability for both antibiotics with over 90% efficiency. For AMP the value of g,,x was about
45 mg g~ and for AMX it was only 21 mg g~ .

CONCLUSIONS: The results provided valuable information for the design of a potentially inexpensive clay-based adsorbent and
demonstrated the removal of two types of broad-spectrum g-lactam antibiotics from aqueous solution to a sufficient degree.
© 2022 Society of Chemical Industry (SCI).
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INTRODUCTION relating to the continuing declining production of coal world-
wide.5® Therefore, other potentially cheaper adsorbents for the

Pharmaceutical consumption has been rapidly increasing in
adsorption of organic contaminants are currently being

recent years. Among the most used drugs in human medicine

are analgesics, anti-inflammatory drugs, contraceptives, beta-
blockers, neuroactive pharmaceuticals and mainly antibiotics. |
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concentrations, ﬂ:om nanogram to m|II|gram leve,ls' Althoth a Institute of Geonics of the Czech Academy Sciences, Ostrava-Poruba,
these concentrations do not appear to be alarming, such sub- Czech Republic

stances have a long-lasting and detrimental effect not only on
the environment, but also on human and animal health. There-
fore, the development of effective technologies for adsorption
of drugs from wastewater is very important.>
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investigated. Composite materials based on clay minerals repre-
sent a significant development trend in the field of advanced
materials with predefined properties, designed for various appli-
cations in sorption processes.”'2

Montmorillonite, a phyllosilicate with a 2:1 structure, has
become one of the most widely used clay minerals for the prepa-
ration of composites.”'*'* The clay mineral matrix of such com-
posites serves as basis for modification/intercalation of organic
by inorganic substances. Generally, the modification process is
based on replacing the interlayer cations by organo-cations like
alkylammonium or alkylphosphonium cations. Such ion exchange
modifies the hydrophilic disposition to organophilic, which
enables intercalation and sorption of the organic compounds like
polyaromatic hydrocarbons, pharmaceuticals, pesticides, ten-
zides, etc.'>2° But using organic compounds like alkylammonium
or alkylphosphonium cations can bring some limitations like quite
high cost, lower accessibility or potential gradual desorption of
alkylammonium and alkylphosphonium cations leading to the
reduction of the adsorption capacity of the prepared organoclay
composite and also such released surfactant can become a further
potential pollutant in the environment.?'**> Using low-cost and
low-toxicity oxides for the preparation of inorganic clay compos-
ites seems to be one of the directions for obtaining composites
with high sorption capacity and eliminating problems with surfac-
tants described above. Among suitable inorganic compounds are
active phases based on MnO,, Fe,0,, etc.”>%°

Therefore, the work reported here aimed at the synthesis of a
composite based on montmorillonite and MnO, for the purpose
of evaluating its thermal stability and effectiveness in adsorbing
two types of commonly used antibiotics from aqueous solutions.
The uniqueness of the research lies in the design and preparation
of a potentially low-cost sorbent based on clay mineral for the
adsorption with sufficient efficiency of relatively new and alarm-
ing pollutants like drugs and other pharmaceutical products.

SAMPLES AND METHODS
Ca-rich montmorillonite STx-1b (MMT) from Texas (USA) obtained
from the Clay Minerals Society was used for the design and prep-
aration of the MnO,/MMT composite. All laboratory experiments
were performed with a 5 pm fine-grained fraction. The fundamen-
tal physicochemical properties of this MMT have been described
in detail previously.>”° KMnO,4 and HCl of analytical purity were
used for composite preparation and were purchased from Merck
Ltd, Germany. For adsorption procedures, amoxicillin (AMX) and
ampicillin - (AMP) with molecular weights of 3654 and
349.4 g mol™' were chosen and both were supplied by Sigma
Aldrich USA. The MnO,/MMT composite was prepared using a
reductive procedure.>**' The procedure was utilized to precipi-
tate colloids of manganese oxides onto MMT in a weight ratio of
1:1. A control reference MnO, sample was prepared in the same
manner as the composite, but without MMT.

Solid manganese oxides were formed in solution via the
reaction

2KMnO, +8HCl—2MnO, + 2KCl +3Cl, +4H,0 (1)

The procedure involved 27.26 g of KMnOy,, dissolved in 30 mL of
deionized water, being heated at 90 °C. An amount of 15 g of
MMT was added gradually and the resulting suspension was fur-
ther stirred for 10 min with HCI dropwise addition. After stirring
and heating in a water bath for an additional 25 min, the

suspension was filtered and washed several times using deio-
nized water. The final product was dried at 95 °C for 24 h and
ground to a fine powder for experimental use.

X-ray fluorescence analysis

The determination of major elements was performed by means of
a wavelength-dispersive sequential X-ray fluorescence spectrom-
eter (ARL PERFORM'X 4200 W, Thermo Scientific, USA). The fusion
bead method was preferred for the preparation of pressed pellets
in order to eliminate the heterogeneity due to grain size and a
mineralogical effect and to reduce inter-element effects by dilu-
tion of the sample. Fused beads (40 mm) were prepared by fusion
of the samples with lithium tetraborate using a VULCAN 4M fusion
machine in Pt/Au crucibles.

Powder X-ray diffraction (XRD)

Measurements were carried out with the use of a Panalytical
X'Pert Pro powder diffractometer in the 26 range 5-65° range
with a 0.0334° step size. The following parameters were used:
Cu Ka radiation at 40 kV and 30 mA, 10 mm constant irradiated
length of sample obtained by the use of an automatic pro-
grammed divergence slit, primary and secondary Soller slits, flat
graphite monochromator of secondary beam and multiposition
X'Celerator detector.

Scanning electron microscopy (SEM)
Sample morphology was investigated using a JSM-7500F field
emission SEM instrument (JEOL, Japan) a voltage of acceleration
of 20 kV and magnification of x20 000.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were acquired using a Nicolet 6700 FTIR spectrome-
ter (ThermoScientific) equipped with DTGS/KBr. The KBr
pressed-disc technique was used for routine scanning of the spec-
tra. Approximately 1 mg of powder sample was mixed with
200 mg of dried KBr to make a good-quality KBr pellet. For each
sample, 64 scans in the spectral range 400-4000 cm ™' were mea-

sured with a resolution of 4 cm™".

Simultaneous thermogravimetry and differential scanning
calorimetry (TG/DSC)

TG/DSC curves were obtained with simultaneous TG/DSC appara-
tus (TA Instruments SDT 650). TG/DSC curves were recorded
under the following conditions: sample mass, about 10 mg; final
temperature, 1000 °C; heating rate, 10 °C min~"; dry air flow rate,
about 100 cm® min~"; reference material, Al,Os; no pressing in
crucible.

High performance liquid chromatography (HPLC)

The amounts of AMX and AMP were determined using HPLC
(Waters 2996, Waters Corporation, Milford). A Synergi 4 pm
Polar-RP 80 A column was used, with mobile phase of water solu-

tion and methanol solution at a flow of 0.5 mL min~".

Sorption experiments

Sorption experiments were performed in a batch regimen with
100 mg of sorbent, 20 mL of each antibiotic solution with initial
concentrations ranging from 10 to 100 mg L™". The suspension
of sorbent with solution of antibiotics was mixed on a rotary tum-
bler for 24 h at room temperature, then it was centrifuged and fil-
tered. The equilibrium concentration of AMX and AMP in solution
was determined using HPLC.
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The amount of antibiotics at equilibrium was obtained using the
following equation®:

g.='<V )

m
where g, is the amount of antibiotic per unit of sorbent (mg g™),
Co is the initial concentration of antibiotic in solution (mg L™), ¢ is
the equilibrium concentration of antibiotic in solution (mg L™"),
m is the mass of sorbent (g) and V is the volume of solution (L).

Isotherm parameters were determined using the Freundlich/
Langmuir equations.®* Freundlich:

In ce

where ¢, is the equilibrium concentration of antibiotics in solution
(mg L™), g. is the equilibrium adsorption capacity of antibiotics
per unit of sorbent (mg g™'), gmax is the maximal sorption capac-
ity of antibiotics per unit of sorbent (mg g™"), K- and n are Freun-
dlich constants related to the adsorption capacity and adsorption
strength and K| is the Langmuir constant corresponding to the
free energy of adsorption.

RESULTS AND DISCUSSION

X-ray fluorescence analysis

The elemental composition (expressed in oxides) of MMT samples
is summarized in Table 1.

In ge=1In K¢+ (2)  XRD analysis
The XRD analysis of MMT indicated a typical MMT mineral with
Langmuir: interlayer spacing value dgg; = 1.49 nm. XRD patterns of MnO,
(Fig. 1) showed that the preparation process led to the formation
Ce 1 Ce of manganese oxide of cryptomelane type, a-phase (ref.
q_e - Gmax KL + T (3) 00-042-1348). A reflection at 26 = 42.5° showed the presence of
e-phase admixture (ref. 04-005-4883). The XRD pattern of
Table 1. Content (%) of major elements
Sample Ca0o S|02 A|203 MgO FEZO3 K20 TIOz Na20
MMT 1.7 65.3 12.6 2.7 0.9 0.2 0.1 0.2
a4
d=4,61 e
= d=521
3_ d=3,42
0, d=6,92 d=4,78 4=4,08
- d=2,21
2 =185 MIIOZ/MMT
E =l =136
[ =
- d=2,38
d4=6,87 ok o d=1,61 MnO2
'l [
' Ciaes S
d=538 7
/ 4149
/d=1,69 MMT
0 10 20 30 40 50 60 70
26 CuKa

Figure 1. XRD patterns of MMT, MnO, and MnO,/MMT.
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Figure 2. SEM images of MMT, MnO, and MnO,/MMT.

MMT/MnO, recorded the reflection of both the clay component

— MMT Q8 and the cryptomelane component, although the lower intensity
"""" MnO, ° doo1 for MMT indicated the absence of the order of layer stacking.
MnO,/MMT g s - Small amounts of quartz and opal impurities were also detected in
I 3 the composite sample.
g
g ° 3 SEM analysis

SEM images of samples were obtained at x20 000 magnification.
MMT is characterized by particles assembled into massive flake
aggregates. MnO, sample forms fiber spherical agglomerates up
f to 80 nm long and 3 nm wide. In the case of MnO,/MMT, mor-
;' phology showed that manganese oxides precipitated on the clay
L in the form of fibers which are typical for cryptomelane, but are
shorter than in case of the reference MnO, (Fig. 2). The trend in
morphology is similar to SEM results reported previously.*

T
N

Absorbance
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4000 3500 3000 1500 1000 50  Infrared spectroscopy
Wavenumber (cm'1) The positions of the characteristic MMT absorption bands
remained almost unchanged for the MnO,/MMT sample, proving
Figure 3. FTIR spectra of MMT, MnO, and MnO,/MMT. that the formation of the clay composite did not cause structural
0
=1
-2
b
= MnO2/MMT
S5 -3
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Figure 4. DSC curves of MMT, MnO, and MnO,/MMT.
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Figure 5. TG curves of MMT, MnO, and MnO,/MMT.

changes in the original clay mineral (Fig. 3). Modification with
inorganic cations significantly affected only the bands associated
with the stretching vibrations of the OH groups at 3624 cm ™" and
the deformation vibrations lying at 917 cm™, both bands show-
ing a lower intensity. This fact may be related to changes in the
layer stacking order of the clay mineral during composite forma-
tion. A more detailed spectral study of STx-1b MMT is described
elsewhere,>>3¢

The presence of MnO, phase in the laboratory-prepared MnO,/
MMT composite is evidenced by the weak bands at 715 and
603 cm™' together with the sharp band lying at 525 cm™', which
overlaps with the Al-Si-O deformation vibrations of MMT. These
spectral bands are closely related to vibrations of MnOg octahe-
dral framework in the cryptomelane structure,®” which was also
confirmed by XRD analysis.

TG and DSC measurements

Thermal behavior and stability of MMT, MnO, and MnO,/MMT
were investigated by simultaneous TG/DSC up to 1000 °C. DSC
curves are presented in Fig. 4. TG curves are presented in Fig. 5.
Peak temperatures for MMT obtained from the DSC curve are:
137 and 201 °Cfor dehydration (peak at 201 °Cindicates the pres-
ence of Ca cations), 690 °C for dehydroxylation and 952 °C for
recrystallization/transformation.

Thermal decomposition of MnO, sample occurs in three major
weight loss stages: up to 200 °C related to the loss of adsorbed
water; in the range 200-550 °C, associated with the departure
of chemisorbed water and a gradual loss of lattice oxygen lead-
ing eventually to the formation of Mn,0s at 540 °C; and in the
range 550-1000 °C, attributed to the loss of oxygen accompa-
nying decomposition of Mn,O; to Mn30,.3% The latter stage is
composed of two steps, indicating the presence of two Mn,0;
components of different thermal stabilities. XRD analysis
showed that MnO, sample contains, in addition to cryptome-
lane, a small admixture of e-MnO,. Therefore, the small weight
loss connected to the peak at 874 °C corresponds to the
decomposition of Mn,05 derived from &-MnO,, while the major
weight loss related to the peak at 964 °C is due to the final

Removal of antibiotics onto MMT/MnO,
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Figure 6. Sorption of AMX and AMP onto MnO,/MMT.

decomposition of Mn,O5 originating from cryptomelane.® The
corresponding DSC data show that all steps are, as expected,
endothermic.

The TG profile of MnO,/MMT differs from that of MnO, sample,
because, essentially, only two steps are visible, although the peak
is very weak. The first one may be connected to the loss of
adsorbed water, while the other most likely reflects the decompo-
sition of the a-MnO, component to Mn,03, overlapping with
dehydroxylation of clay. At higher temperature the mass loss is
only very small (Fig. 5), indicating that most of the Mn,0O3 interme-
diate retains its identity, which agrees with XRD analysis showing
the presence of Mn,0s3, and not Mn30,. The peak related to final
decomposition of Mn,0s is shifted to higher temperature (985 °
Q). So, the data point to the stabilization of the manganese oxide
phase against thermal decomposition, when in contact with the
clay support.
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Table 2. Isotherm parameters for adsorption of AMP and AMX onto MnO,/MMT
Langmuir Freundlich
RZ qmax (mg 9—1) KL (L mg—1) RZ KF (mg—1—1/n L1/n 9—1) n
MMT/MnO, + AMP 0.941 45.81 0.12 0.992 4.84 1.31
MMT/MnO, + AMX 0.941 21.41 0.92 0.976 8.80 2.62

AMX and AMP sorption procedure

The amounts of AMP and AMX adsorbed onto MMT/MnO, at equi-
librium were determined from the difference between added
amount and remaining amount of antibiotics after equilibration
according to Eqn (1). The equilibrium antibiotic concentrations
were obtained using HPLC. The relation between g. and c.
obtained for AMP and AMX adsorbed onto MMT/MnO; is pre-
sented in Fig. 6.

The capacity of the sorption process increased with increasing
initial concentration of antibiotics in solution. The highest sorp-
tion capacity is comparable (go =1882mgg~' for AMP;
ge = 18.58 mg gf1 for AMX). However, the adsorption of AMP
and AMX on MMT/MnO, proceeds differently, which results from
the shape of sorption isotherms (Fig. 6). In the case of AMX, the
saturation of the sorbent occurred when the value of the sorption
capacity ge has not changed so much with increasing initial con-
centration ¢,. On the other hand, the sorption isotherm for AMP
showed generally an increasing character and the sorption capac-
ity ge increased with the initial concentration c,. This fact is also
proved by comparison of g,.x determined by calculation with
experimental values of g.. For AMP the value of g, is about
45 mg g~ and for AMX is only 21 mg g~ (Table 2). Differences
in adsorption behavior between AMX and AMP are attributed to
differences in Coulomb force and interactions due to the pres-
ence of hydroxyl group in the AMX chemical structure.*

The relation between the adsorbed amount and the equilibrium
concentration in solutions was described using two models:
Freundlich and Langmuir (Eqns (2) and (3)). The Langmuir model
describes monolayer adsorption with probability of adsorption
being the same at all points on the surface and the adsorbed mol-
ecules do not interfere with each other. This is particularly suitable
for chemisorption processes. The Freundlich isotherm, in contrast
to the Langmuir isotherm, is not linear even at low pressures and
does not show a limit value of the adsorbed amount at high pres-
sures. This model is based on adsorption on a heterogeneous sur-
face accompanied by sites of different sorption energies. Isotherm
parameters of sorption of AMP and AMX onto MMT/MnO, for the
different isotherm models are presented in Table 1. The values of
the correlation coefficient R* are higher in the Freundlich model
than in the Langmuir model. It is evident that the Freundlich
model better describes the adsorption data due to providing lin-
ear graphs with higher values of regression coefficients.

CONCLUSIONS

The MnO,/MMT composite, synthetized using a simple reductive
procedure based on potassium permanganate and hydrochloric
acid with Ca-rich MMT, was characterized from the point of view
of both thermal stability and sorption ability. Characterization
using XRD and FTIR analyses showed MnO, phase with a-MnO,
tunnel structure. XRD analysis also proved that MnO, also con-
tains a small admixture of ¢&-MnO,. According to SEM analysis,

a-MnO, formed in the presence of a clay component displayed
much shorter fibers than the original reference MnO, which forms
fiber spherical agglomerates up to 80 nm long and 3 nm wide.
The thermal decomposition of MMT included three steps such
as releasing water layer by layer, releasing constituent water with
crystal lattice breaks and recrystallization and transformation.
Thermal decomposition of MnO, was realized mainly with the for-
mation of Mn,0; followed by decomposition of Mn,05 to Mn30,.
Thermal curves of MnO,/MMT mainly reflect the decomposition
of MnO, with formation of Mn,0s3, overlapping with dehydroxyla-
tion of clay. The obtained data indicate the stabilization of the
manganese oxide phase against thermal decomposition in the
case of the contact with clay substance. The sorption capacity of
MMT with MnO, as a promising sorbent for AMP and AMX was
also estimated. Removal of both antibiotics from aqueous solu-
tions showed over 90% efficiency. For AMP the value of Gmax
was about 45 mg g~' and for AMX was only 21 mg g~'. From
the results it is evident that the treatment of MMT with MnO,
leads to the formation of a composite with sufficient sorption
capacity for the absorption of AMP and AMX with respect to their
relatively low concentrations in wastewater.
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