Lupu et al. Sustainable Environment Research (2023) 33:36 S usta in a b | e Envi ronment
https://doi.org/10.1186/542834-023-00199-2
Research

RESEARCH Open Access

: : : : ®
Photocatalytic degradation of azithromycin s

formulation in aqueous solution by doped
titanium dioxide/fiberglass-rubberized silicone
photocatalytic membrane

Giovanina-luliana Lupu', Cristina Orbeci'", Constantin Bobirica', Liliana Bobirica', Elena Sorana Lazar?,
Jeanina Pandele-Cusu?, Marian Nicolae Verziu?, Cristian Pirvu* and Roberta-Geanina Irodia*

Abstract

The objective of this work was to develop a novel photocatalytic membrane for the photocatalytic degradation

of azithromycin formulation from aqueous solutions which, in addition to a high photocatalytic activity, should have
a good mechanical and physico-chemical stability over time. Thus, the Nb-TiO, and Nb-Fe-TiO, photocatalysts were
prepared by the solution combustion synthesis method, and then they were manually embedded in a fiberglass

— rubberized silicone support. The mineralogical, morphological, and structural characterization of the obtained
materials showed that both niobium and iron replace titanium in the titanium dioxide network, thus confirming

the synthesis of new photocatalysts. The results of the photocatalytic oxidation tests showed a good photocatalytic
activity of the developed photocatalytic membranes (degradation efficiency of up to 70% in the first 15 min of irradia-
tion), this being on the one hand attributed to the increase of the specific surface of the photocatalyst by introducing
niobium into the photocatalyst structure, and on the other hand due to the triggering of the Fenton photo oxidation
mechanism due to the presence of trivalent iron in the photocatalyst structure. Also, the results indicated an excel-
lent mechanical and physico-chemical resistance of the photocatalytic membranes, they are being practically inert
to the harsh conditions in the photocatalytic reactor.

Keywords Photocatalytic membrane, Fiberglass, Rubberized silicone, Niobium doped titanium dioxide, Azithromycin
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1 Introduction
Azithromycin is a broad-spectrum antibiotic from the
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Fig. 1 Chemical structure of azithromycin

retention on various adsorbent materials [4, 5], electro-
coagulation [6, 7], advanced oxidation [8, 9], etc. Starting
with the 1980s, photocatalysis began to gain increasing
interest especially due to the complete and rapid degra-
dation of organic material without generating second-
ary pollution. Thus, various photocatalytic systems were
experimented with a wide range of photocatalysts [10].
Photocatalysts, of which the most used is titanium diox-
ide (TiO,) as such or doped with various other elements
to increase the photocatalytic activity in certain working
conditions, are either used in suspension or immobilized
on various supports (deposited on the surface or embed-
ded) such as polymer films, glass fiber nets, glass plates,
etc. [11]. Hybrid photocatalytic membranes have also
been developed that combine the specific elements of
photocatalysis with those of membrane processes in uni-
fied treatment method. However, the main issue that can
occur is related to membrane fouling [12, 13].
Photocatalytic reactors that use photocatalytic mem-
branes (immobilized photocatalyst) have some advan-
tages compared to suspension photocatalytic reactors
(photocatalyst in suspension), such as the elimination of
the recovery stage of the photocatalyst from the suspen-
sion at the end of the irradiation time, and the possibility
of configuring the reactor so that all the photocatalyst is
exposed to radiation [14]. Polymer-supported photocata-
lysts represent one of the most popular types of photo-
catalytic membranes [15]. The main problem related to
this type of photocatalytic membrane is its stability under
the working conditions inside the photocatalytic reactor.
The highly reactive species generated during irradiation
or even UV radiation can damage the polymer support
[16]. The degradation of the photocatalytic membrane
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leads to the release of both the organic degradation com-
pounds and the contained photocatalyst into the solu-
tion. This leads to the reduction of its photocatalytic
efficiency and makes it impractical for another irradia-
tion cycle [17].

Therefore, the main objective of this work is to develop
a polymer-supported photocatalyst type photocatalytic
membrane that has both a high photocatalytic activity for
the degradation of antibiotics such as azithromycin from
aqueous solutions, and a high mechanical and physico-
chemical stability that to make it long-term usable in
photocatalytic reactors. The photocatalyst is titanium
dioxide doped with niobium (Nb-TiO,) or titanium diox-
ide co-doped with niobium and iron (Nb-Fe-TiO,), which
is impregnated in a novel support based on fiberglass and
rubberized silicone (fiberglass- rubberized silicone).

2 Material and methods

2.1 Materials

Azitrox formulation, powder for oral suspension,
(200 mg azithromycin per 5 mL of reconstituted oral
suspension) from Zentiva was purchased from a human
pharmacy and used in experimental tests. It contains the
active component (azithromycin dihydrate) and a series
of organic and inorganic excipients (i.e., sugar, trisodium
phosphate anhydrous, hydroxypropyl cellulose, xanthan
gum, and banana flavor). Hydrogen peroxide solution
of 30% by mass was purchased from Sigma-Aldrich and
has the role to be a source of hydroxyl radical species.
1 N solution of sulfuric acid was purchased from Sigma-
Aldrich and was used for adjusting the pH of the working
solutions. Ti(IV) iso-propoxide (Sigma Aldrich), nitric
acid (Sigma Aldrich), glycine (Carl Roth) ammonium
niobate(V) oxalate hydrate (Sigma Aldrich), and iron(III)
chloride hexahydrate (Sigma Aldrich), were used for the
synthesis of photocatalysts without further purification.
Pure water was used for preparing all reagents and work-
ing solutions.

2.2 Photocatalysts synthesis

Two types of photocatalysts were synthesized by the
solution combustion synthesis method, namely niobium
doped titanium dioxide (Nb-TiO,) and niobium-iron co-
doped titanium dioxide (Nb/Fe-TiO,). The first type of
photocatalyst has a weight of doped niobium of 15 wt%,
while the second type of photocatalyst keeps the same
weight of niobium but has two different weights of iron,
namely 0.8 and 1.6 wt% Therefore, three different photo-
catalysts resulted, namely Nb(15 wt%)-TiO, coded as P1,
Nb(15 wt%)/Fe(0.8 wt%.)-TiO, coded as P2, and Nb(15
wt%.)/Fe(1.6 wt%)-TiO, coded as P3. The synthesis of
these photocatalysts began with the preparation of the
oxidant titanyl nitrate by slow hydrolysis of 9 mL Ti(IV)
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iso-propoxide added drop wise under vigorous stirring
in 30 mL pure water followed by nitration with 4 mL of
nitric acid under ice cold conditions and vigorous stir-
ring for 3 h. Next, to prepare Nb-TiO, type photocatalyst
(P1) the titanyl nitrate obtained was mixed for 1 h under
stirring with glycine (2.4 g) and ammonium niobate(V)
oxalate hydrate (1.17 g). To prepare Nb/Fe-TiO, type
photocatalysts (P2 and P3), iron(III) chloride hexahydrate
(0.1 or 0.2 g) is added to the mixture above. After thor-
ough mixing, the resulting solutions were kept in furnace
at 773 K for 1 h. It should be mentioned that TiO, itself
was also prepared by the same procedure, but without
adding the niobium and iron salts.

2.3 Preparation of photocatalytic membranes

The three photocatalysts were mixed separately under
continuous stirring with a silicone rubber paste (com-
mercial brand) at a silicone rubber/photocatalyst mass
ratio of 5/1. Next, fiberglass nets with the dimensions
30 cm (L) X 30 cm (B) were manually immersed in the
thin layers of the rubberized silicone - photocatalyst
mixtures obtained and preliminarily cast in a thin film
in glass trays, and then left to dry at room temperature
for 24 h. Later, the membranes were detached from the
glass trays and wrapped in a cylindrical shape. Thus,
three photocatalytic membranes were prepared, namely
Nb(15 wt%)-TiO,/fiberglass-rubberized silicone coded as
M1, Nb(15 wt%)/Fe(0.8 wt%)-TiO,/fiberglass-rubberized
silicone coded as M2, and Nb(15 wt%)/Fe(1.6 wt%)-TiO,/
fiberglass-rubberized silicone coded as M3.

2.4 Photocatalytic degradation experiments

The photocatalytic degradation experiments were tak-
ing place in accord to the experimental conditions pre-
sented in Table 1. An aqueous stock solution of 0.5 g L™
azithromycin formulation (azithromycin plus excipients)
was prepared by dissolving 5 g of Azitrox powder in 10 L
of pure water. The stock solution is kept at room tem-
perature for at least 24 h until the experiments are car-
ried out. The aqueous working solution of azithromycin

Table 1 Experimental conditions for the

degradation tests

photocatalytic

Photocatalytic reactor volume, L 1.5
Recirculation flow rate, L min™ 20
Volume of working solution, L 20
UV lamp High-pressure mercury lamp power

of 120 W intensity (peak irradiance)
of 1.5 mW cm™

pH of working solution 3

Reaction time, min 120
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formulation (azithromycin plus excipients) of 0.02 g
L' was prepared at the beginning of each experiment
by diluting 100 mL stock solution of azithromycin for-
mulation in 2.5 L of pure water. This concentration was
established to obtain an initial equivalent chemical oxy-
gen demand (COD) of 250 mg L' by repeated COD
measurements. After preparation, the pH of the working
solution is adjusted to the working value (pH 3) with 1 N
sulfuric acid. Next, the working solution is passed into
the photocatalytic reactor, 10 mL of hydrogen peroxide is
added at the beginning of the irradiation process to initi-
ate the generation of hydroxyl radicals, and it is further
subjected to UV irradiation for 2 h. The UV photocata-
lytic reactor is equipped with a water-cooling jacket and
with an external centrifugal pump which continuously
recirculates the working solution through a recircula-
tion vessel. The UV lamp and photocatalytic were coaxi-
ally positioned in a reactor. Samples of 10 mL were taken
from the reactor at predefined irradiation times (5, 15,
30, 60, 90, and 120 min). Then, the samples were pre-
pared for COD analysis according to the APHA 5220 D
Standard Method [18]. It should be noted that, accord-
ing to the mentioned standard, the calibration curves
were obtained by using the standard potassium hydrogen
phthalate solution with COD equivalents in the range
of 20 to 900 mg L. LT 200 digestion unit (Hach Lange
GmbH) and DR 3800 spectrophotometer (Hach Lange
GmbH) were used in COD analysis.

2.5 Characterization of obtained photocatalysts
and photocatalytic membranes

The mineralogical characterization of the photocata-
lysts was carried out using a Rigaku Ultima IV dif-
fractometer equipped with a Cu Ka monochromatic
radiation source (\=1.5406 A) operating at 40 kV
and 30 mA. Each diffractogram was recorded in the
10-80° (20) range. The results were interpreted using
the PDXL programme of the Rigaku diffractometer and
the ICDD PDEF-2 database. Determination of crystallite
sizes was carried out using the Debye—Scherrer equa-
tion. Textural characteristics of the photocatalysts were
determined using N, adsorption/desorption isotherms
at —196 °C acquired with a Micromeritics ASAP 2020
analyzer. Samples were degassed under vacuum at
300 °C for 4 h prior to measurements. A Quanta 650
FEG scanning electron microscope (SEM) equipped
with energy dispersive X-rays (EDX) analyzer oper-
ated at 10 kV was used to investigate the morphology
of both photocatalysts and photocatalytic membranes.
Fourier transform infrared (FTIR) analysis of photocat-
alysts and photocatalytic membranes was performed
on an ATR-FTIR spectrum 100 (PerkinElmer) with 4
consecutive scans in the 4000-550 cm™! region and
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4 cm™! resolution. The presented spectra are the aver-
age of these scans. X-ray Photoelectron Spectroscopy
(XPS) was performed for both photocatalysts and pho-
tocatalytic membranes by using a K-Alpha instrument
with a monochromate Al Ka source which offer pho-
tons with 1486.6 eV. Binding energies were calibrated
by placing the C 1 s peak at 284.4 eV.

3 Results and discussion

3.1 X-ray diffractometry

The diffraction lines (Fig. 2) at 26=25.1, 37.6, 47.9, 53.5,
54.9 and 62.3° characteristic of the (101), (004), (200),
(105), (211) and (204) planes correspond to the pure
anatase phase of TiO, [19]. The lack of any phase seg-
regation of the three oxides (TiO,, Nb,Os and Fe;O,)
was highlighted by the absence of diffraction lines char-
acteristic for niobium or iron oxides [20, 21], suggest-
ing the substitution of Ti** by niobium and iron ions.
On the other hand, the value of ionic radius of Ti*" may
depend on its coordination, so that, in the tetrahedral
coordination the ionic radius of Ti*" is 0.42 A and 0.6 A
in that octahedral [22]. The ionic radius of Nb°* is 0.64
A [23]. Therefore, a substitution between Nb°* is possi-
ble, especially with octahedral Ti*". The incorporation of
niobium into anatase structure led to a decrease in crys-
tallinity of the catalyst, as obtained from the Scherrer
equation using the highest diffraction lines which corre-
spond to (101) plane: from 8.6 nm of TiO, to 6.6 nm in
P1 and 6.5 nm in P2.
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3.2 N, adsorption/desorption isotherms

The insertion of niobium and iron into TiO, structure
was accompanied by a significant increase of specific sur-
face area while only minor modifications of the pores size
were noticed, which is in agreement to the decrease of
crystallite size noticed in XRD analysis [24]. The results
are presented in Table 2.

3.3 SEM/EDX spectroscopy
The morphology of the photocatalysts is presented in
Fig. 3a—c. As can be seen in the SEM images, there are
some agglomerated bulks which are maintained in about
the same shape and density for all three photocata-
lysts. The iron peak intensity in EDX spectra increases
as the iron amount incorporated into titania structure
increases, while the niobium peak intensity is kept con-
stant (EDX spectra in Fig. 3b and c). Therefore, in agree-
ment with XRD analysis, the increase of iron amount
inserted suggests a substitution of Ti** with iron species.
The morphology of the photocatalytic membranes is
presented in Fig. 4a—c. As can be seen from Fig. 4a, the
photocatalytic membrane M1 shows agglomerations of
the photocatalyst (P), which denotes an uneven deposi-
tion of it on the surface of the membrane. It seems that,
in the case of the M2 and M3 photocatalytic membranes,
the photocatalyst is embedded in rubberized silicone
(S-R), and the distribution of the photocatalyst (P) in the
membrane is much more homogeneous than in the case
of the M1 photocatalytic membrane (Fig. 4b and c).
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Fig. 2 X-ray diffraction patterns of the prepared catalysts (a) TiO, (control), (b) P1, (c) P3
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Table 2 Textural characteristics of the photocatalysts
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3.4 Infrared spectroscopy

Material

Specific surface (m>g~")

Pore size (nm)

Figure 5a shows the FTIR spectra for all the three initial
photocatalysts. The presence of some weak transmittance

TiO, (control)
P1
P3

94
164
151

38

between 700-730 cm™' are attributed to the stretch-
ing vibrations of the Ti-O groups. All the three spectra
show peaks around 1000 cm™ which could be assigned
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Fig. 3 SEM micrographs and EDX spectrum for different photocatalyst a P1, b P2, ¢ P3
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Fig.4 SEM micrographs and EDX spectrum for photocatalytic membrane a M1, b, M2, ¢ M3

to Nb-O-Ti vibrations. The transmittance correspond-
ing to 1529 cm™! in P2 and P3 spectra could be attrib-
uted to Ti-O-Fe bound [25, 26]. Moreover, the band at
approximately 1700 cm™' cand be attributed to C=0,

most probably derived from the photocatalyst preparation
method. Anatase phase of TiO, shows certain strong FTIR
bands in the region of 1200-1300 cm ™!, where is seen the
broad intense band attributed to Ti-O-Ti vibrations [27].
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Fig. 5 FTIR spectra for the photocatalysts a initial photocatalysts, b photocatalytic membranes

The FTIR spectra for all the three photocatalytic
membranes are shown in Fig. 5b. The peaks at approxi-
mately 700 cm™" are corresponding to the functional
groups Si-(CH;);, and other peaks between 840-—
790 cm™! can be attributed to Si-(CH;), functional
groups. Peaks between 1100-1000 cm™! correspond to
Si-O-Si functional groups [28, 29]. All these functional
groups show the presence of silicone rubber in the com-
position of new obtained photocatalytic membranes
[30]. Other peaks at 2960 cm™! show the presence of
CH stretch in CH; functional group.

3.5 X-ray Photoelectron Spectroscopy

Figure 6a shows the XPS full spectra of the photocatalysts
P1-P3. For the photocatalyst P1, the peaks at 207.3 and
458.8 eV are corresponding to Nb 3d (Nb 3d;,,) and Ti 2p
(Ti 2p;,5). Nb 3d,,, peak corresponds to that of Nb** oxi-
dation state, and Ti 2p5), peak corresponds to that of Ti*"
oxidation state [31]. For photocatalysts P2 and P3, the
peaks that appear at approximately 710 eV correspond to
the added iron (Fe2p). The deconvolution of these peaks
(Fig. 6b and c) showed that the Fe 2p;,, peaks correspond
to the Fe> (709 eV) and Fe3* (711 and 712 eV) oxidation
states. The O 1s peak corresponds to the lattice oxygen of
TiO, [32].

Figure 7 shows the full spectra of the photocatalytic
membranes. It should be noted that the XPS analy-
sis for the three photocatalytic membranes was per-
formed after 2 h of UV irradiation. It seems that the
peaks corresponding to titanium (Ti 2p at 458.8 eV)
and niobium (Nb 3d;,, at 210.2 eV) appear in the
spectra of the three photocatalytic membranes, but
at a reduced intensity compared to the initial spectra

of photocatalysts. This denotes a good stability of the
photocatalytic membranes, which would allow their
use in several successive cycles of photocatalysis.
Regarding the peak associated with iron, it is shifted
to 219.2 eV corresponding to Fe2p,,,, thus indicating
the complete transition to Fe*" in y-Fe,O, after UV
irradiation.

3.6 Photocatalytic degradation experiments

3.6.1 Initial photocatalytic tests

The initial photocatalytic tests (membrane without addi-
tion of organic material) showed that the photocatalytic
membranes are stable, the concentration of organic
material in the solution, which would have come strictly
from the composition of the membranes, was zero. Also,
the photocatalyst embedded in the membranes was not
released into the solution, which confirms its physical
stability.

3.6.2 Photocatalytic degradation tests
The results obtained using the M1 membrane (Fig. 8a)
indicate a fast degradation of the organic substrate
(AZT + excipients) in the first 15 min of UV irra-
diation. The photocatalytic degradation follows a
pseudo-first order kinetics whose rate constant over
the interval 0-15 min is 0.054 min~'. After 15 min
of UV irradiation, the degradation of the remaining
organic substrate continues, but at a very low rate,
the rate constant for the interval 15-120 min being
0.0010 min~™,

For M2 photocatalytic membrane (Fig. 8b), the exper-
imental results obtained indicate a good degradation of
the organic substrate in the first minutes (0—15 min) of
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Fig. 6 XPS spectra of photocatalysts a full spectra of photocatalyst P1-P3, b deconvolution of Fe2p spectra in P2, ¢ deconvolution of Fe2p spectra

inP3

the UV irradiation. The process of photocatalytic deg-
radation is following a pseudo-first order kinetics which
in the first 15 min has a rate constant of 0.027 min~".
In the next irradiation time (15—-120 min), the rate con-
stant is 0.0046 min~!. Regarding the M3 photocatalytic
membrane (Fig. 8c), the degradation, also follows a
pseudo-first order kinetics, but the degradation rate is
higher than in the case of the M2 membrane. Thus, on
the interval 0—15 min the rate constant is 0.075 min~1,
and on the interval 15-120 min the rate constant is
0.0013 min~".

It can be observed that, in all the three cases, the
degradation of the organic substrate proceeds in two
steps, namely, a first step that proceeds at a high rate

over a short irradiation interval, and a second step that
proceeds at a low rate over a long irradiation interval.
This could be due to the high rate of degradation of the
initial organic substrate to intermediate compounds
with higher resistance to the photocatalytic oxidation
conditions in the reactor. Taking into account that the
degradation efficiency is about 60% in the case of the
M1 membrane, over 63% in case of the M2 membrane
and over 70% in the case of the M3 membrane, it can
be concluded that most of the initial organic substrate
is photocatalytically degraded in the first 15 min of
irradiation, following as the degradation efficiency to
increase slowly with the increase of the irradiation time
of the intermediate compounds formed.
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3.6.3 The mechanism of photocatalytic degradation
Considering that Langmuir-Hinshelwood photooxidation
mechanism is valid for this case [33], the most probable
action mechanism of these photocatalytic membranes is
as follows:

1. Adsorption of organic material (R) and oxygen (O,),
generated in the system by means of oxygen peroxide,
on the surface of the photocatalyst (P).

Also, the addition of niobium leads to the increase of
the specific surface of the photocatalyst almost twice
(from 94 to 164 m? g~!), which contributes to the
increase of its photocatalytic degradation efficiency.

2. Photocatalytic degradation of the organic material
(R) according to the following photocatalytic reaction
mechanism at the surface of semi-conductors (TiO,):

R + P (embedded in the fiberglass — rubberized silicone membrane) — RP,q;

Oy + P = Og.4sP

The presence of niobium in the structure of the pho-
tocatalyst favors the adsorption of O, due to the oxygen
vacancies present in its structure. Thus, the formation of
reactive O™ ,« species on the surface of the catalyst is accel-
erated, triggering the chain of reactions described below.

RugsP + OgagsP — Degradation products

TiOy (from P) + hv — TiO (e e, + hTyp)

Rags + TiOy (hTp) — Oxidation process

Oxygen vacancy (into P structure) + Oy — Ogyqs — O 2 - — e (TiO)
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Fig. 8 Kinetics of the photocatalytic degradation of the azithromycin formulation by using different photocatalytic membranes a Membrane M1,

b membrane M2, ¢ membrane M3

TiO, (h*y,) + H,O — TiO, + HT + HO-

TiOy(hty,) + OH™ — TiO, + HO-

Rags + TiOz(e” ) — Reduction process

TiOz(e p) + Ogaqs — TiOy + O -

O 5- +Ht — HO;-

HO;3 - + HOy- — HyOy + Oy

HyO3 + O73- — HO- +OH™ + Oy

R,gs + HO- — Degradation products

where: e”;, — electrons in the conduction band, h* ; —
positive holes in the valence band, O™ ,¢ — superoxide
radical, and HO,+ — hydroperoxyl radical. Photo-Fenton
mechanism is added due to the presence of iron (Fe*") in
the structure of the photocatalyst:

H»,O2 + hv — 2 HO-.

Fe3t + HO + hv — Fe’t + HT + HO-

Fe(OH)™ (ferric hydroxo complex) + hv — Fe’* + HO-

R,gs + HO- — Degradation products

where Fe(OH)** is a ferric hydroxo complex.
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Fig. 9 Schematic presentation of the photocatalytic degradation process

The whole process is shown schematically in Fig. 9.

4 Conclusions
The main original findings of this work are the following:

1. The successful insertion of niobium and iron into
the structure of titanium dioxide, which led to an
almost two-fold increase in its specific surface
area, thus facilitating the course of the photocata-
lytic process.

2. The introduction of iron into the structure of the
photocatalyst leads to the triggering of the photo
Fenton degradation mechanism of the organic mate-
rial, which leads to an increase in the global efficiency
of the photocatalytic degradation process.

3. The fiberglass/rubberized silicone support in which
the photocatalyst is embedded has high mechani-
cal and physical-chemical resistance, which makes
it ideal for making photocatalytic membranes on a
large scale. It has great elasticity, thus being able to
take different forms in the photocatalytic reactor
without the risk of losing the photocatalyst from the
surface or inside it, and it is practically inert in the
strongly oxidizing conditions in the reactor.
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