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ARTICLE INFO ABSTRACT

Keywords: A set of samples of novel colorized zinc oxide-nanosilica composites was synthesized and analyzed. The color and
ZnO-5i0, nanocomposite optical properties are directly dependent on ZnO concentration in the composites. Visible light-driven (A = 550
Photocatalysis nm) catalytic activity on the degradation of pharmaceuticals was tested and indicated that the most active
;’1;215{:?: cirum range sample with 9 mmol of ZnO per 1 g of SiOz was ca. 13 times (toward propanolol), 24 times (toward carba-
Carbamazepine mazepine) and ca. 37 times (toward metoprolol) more effective than blank (catalyst-free photolysis) decon-

tamination. Besides showing a typical charge transfer band on the UV-Vis spectra, all the samples demonstrated
a visible light absorbance at ca. 500 nm. Due to the diminution of ZnO particles size, the sample with the minimal
concentration of zinc oxide exhibited pronounced luminescence at the region of >500 nm. The microscopy
confirmed the decrease of ZnO agglomerated crystalline phase with diminution of ZnO concentration over SiO5
matrix. XPS studies provided information about the chemical species contributing to the formation of nano-
composites, including the presence of some unexpected trace elements, and also the surface effects of incorpo-
rating ZnO nanoparticles into SiO, matrix also. With the help of elemental analysis, certain impurities in ZnO
were identified, which might be responsible for the outstanding optical and catalytic behavior of the samples.
The toxicity results confirmed that applied process can be used for detoxification of wastewater.

1. Introduction

This article continues the study about individual yellowish ZnO with
pronounced photocatalytic activity (as under ultraviolet, as visible light
irradiation) published in 2017 [1]. As individual ZnO abundant in de-
fects was shown to be active under visible radiation, this research pre-
sents another step in understanding the nature of such a behavior
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combining zinc oxide with fumed SiOs. Pristine or doped ZnO as a
photo-effective material is a well-known case for a large body of
research with thorough analysis of its structure in various forms —
nanoparticles [2], quantum dots [3], nanorods or nanowires [4],
nanowalls [5] and thin films [6]. As a result, the novelty in this area is
quite competitive and all published references have to be reviewed
critically. Films are less preferred due to the lack of dispersity of the
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material (less exposed surface at catalytic phenomena) and lower shape
factor as compared to isotropic bodies, i.e. spherical particles — 2 and 6,
respectively. Thus, quantum effects (near band-gap PL splitting, PL
tuning) described in the set forth above studies and associated to the
stabilized ZnO by matrix can be controlled during the synthesis. The
respective conditions are required to be accurate, repeatable and the
“properties-particle size” link has to be predictable within the series of
the synthesized samples at any scale (nano or micro). Thus, as a simple,
cheap and extensively available matrix, which can facilitate the stated
task, fumed nanosilica was selected. Additionally, the implication of
alkoxide precursors of SiO is evaded.

Findings on the properties of binary hybrid composites like ZnO-SiO,
have been consistent as reproducible. By varying the type of SiOy matrix
(hollow h-SiO5 [7], mesoporous silica [8,9], amorphous silica [10,11],
Si-substrate [12]), it becomes possible to establish that SiO, affects
chemical bond nature for crystalline ZnO and, consequently, indirectly
influence spectral characteristics of innovative hybrid materials. SiO,, as
an inert insulator with the band gap of ca. 9.0 eV, enables the homo-
geneous growth of crystalline ZnO over the surface without blocking
pores or pronounced consolidation crystallites. Nanosilica naturally
does not participate in the light absorption - the generated charges are
concentrated at the interface between the semiconductor catalyst and
nanosilica. It acts also as a stabilizer of the reaction intermediates or
preventer of the reverse processes and facilitates the charge separation —
the smaller the semiconductor size, the less is the probability for the
charge self-neutralization [13]. Another advantage of nanosilica is
screening off (shielding) the semiconductor nanoparticles while they are
formed during the syntheses (hydrolysis or thermal decomposition of
the precursors).

The synthesis of binary ZnO/SiO5 nanocomposites usually intends
the formation of zinc oxide through spatial separation within the
nanosilica matrix controlling the size of ZnO particles. In addition, the
adsorption of zinc compounds accompanied with their oxidative ther-
mal decomposition on silica surface is considered as a process occurring
within the space limited by textural pores (gaps among the nano-
particles) and by adsorbed layers which are assigned as nanoreactors.
Thus, variable content (ZnO concentration) must control the crystal-
linity and/or the crystallites size, when at least a weak exciton
confinement occurs close to the Bohr radius ag (Rerys: > a, for ZnO is 4.8
nm).

Photocatalytic degradation of pollutants in water or air has gained a
great attention recently [14] and the generation of reactive species
through the irradiation of photocatalysts surface has been proven to be
effective in the treatment of air [15] and water [16].

Beta adrenergic receptor antagonists, p-blockers (BB) are among the
widely consumed pharmaceuticals and have been detected in the envi-
ronmental samples [17]. They are used for regulation of blood pressure,
treatment of cardiac, anxiety therapies or angina. Other sources of BB
are in veterinary medicine and as illegal doping [18]. Growing con-
sumption of all pharmaceuticals and BB among them will result in
increased concentration of these pollutants in the environment [19]. The
removal of pharmaceuticals in wastewater treatment plants (WWTP)
indicate that some are removed unchanged, some are removed very
efficiently while others are difficult to remove and thus, largely
remaining in the treated water and return to the environment [20].

In fact, the main route of pharmaceuticals introduction into the
environment is treated wastewater, discharge of untreated water or
improper management of drugs in municipal waste management system
[21]. The fate of the BB and other pharmaceuticals in the environment is
connected with their biodegradation, hydrolysis and photodegradation
potential and sorption affinity onto sediments or soil. Besides, the
transformed products can be more toxic than parent compound [22].

Metoprolol, MTL, e.g. 1-[4-(2-methoxyethyl)phenoxy]-3-(propan-2-
ylamino)propan-2-ol) (C;sHpsNOs, logP = 1.88, pK, = 9.7, M; =
267.36 g mol 1, Topological Polar Surface Area TPSA = 50.7 A?) is one
of the mostly used p-blockers. Propranolol, PPL, (1-naphthalen-1-yloxy-
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3-(propan-2-ylamino)propan-2-ol (C16H21NO», logP = 3.48, pK, = 9.42,
M, =259.34 g mol™!, TPSA = 41.5 A?) is one of the mostly detected
B-blockers in the environment [23]. The more frequent presence of PPL
may be connected with its more hydrophobic character than MTL [22].
It was observed that biotransformation in surface water-sediment sys-
tems of PPL required more than 100 days [24] implying also its higher
bioaccumulation potential [22].

The other widely found compound in the environment is carba-
mazepine, CBZ, benzo[b][1]benzazepine-11-carboxamide (C15H12N50,
logP = 2.45, pK, = 13.9, M, = 236.27 g mol *, TPSA = 46.3 A2). CBZ is a
tricyclic antidepressants possessing anticonvulsant and analgesic prop-
erties [25]. It was reported [26] that CBZ is one of the four most
frequently detected pharmaceuticals in soils irrigated with reclaimed
water.

37% of PPL and 44% of MT can be eliminated in wastewater treat-
ment plant resulting in up to 1500 ng/L of MTL and 170 ng/L PPL in
WWTP effluent [27], whereas the concentration of CBZ was up to 1200
ng/1 [28]. Generally, carbamazepine is persistent and low removal rates
(usually about 10%) are noted. However, this substance was noted even
at the concentration of 3700 ng/L in surface water [29].

In all the cases, the pharmaceuticals possessed TPSA lower than 90,
which evidences their ability to penetrate the blood-brain barrier (and
thus acting on receptors in the central nervous system). Organics char-
acterized by logP in the 0.5-3 range are recognized as simultaneously
hydrophilic and lipophilic. These substances can translocate through the
lipid bilayer of cell membranes facilitating their transfer to the aerial
organs of the plants [30].

The fate of most pharmaceuticals in the wastewater treatment plant
is connected with adsorption onto activated sludge or suspended solids
where they are bio-transformed and then removed. Application of bio-
logical agents during treatment may result in negative removals of some
pharmaceuticals [16]. Generally, MTL and PPL revealed poorly removed
(up to 20%, removal in WWTP) [31]. The observed “negative” removal,
even —362% [32], of CBZ in some WWTPs is connected with the
conjugation of 2- and 3-hydroxylated CBZ into parent CBZ during
microbiological treatment [16]. After conjugation the increased con-
centration of CBZ was noticed in treated wastewater [19]. 2-OH-CBZ or
3-OH-CBZ is conjugated to CBZ and then CBZ gets de-conjugated back to
2-OH-CBZ or 3-OH-CBZ making CBZ circulating in the wastewater
treatment system. This clearly indicates high recalcitrant character of
CBZ. Chlorination is also inefficient in CBZ removal [16].

Despite low environmental concentrations of $-blockers and CBZ, up
to a few pg L™}, their wide occurrence makes them possessing hazardous
potential on human and animal health [33]. MTL and PPL are consid-
ered mobile in the soil structures [22]. The abovementioned low
removal rates and environmental fate of BB and CBZ indicate that it is
still necessary to develop novel much more effective methods of their
removal from environmental matrices [34].

The idea of the present study comprises three aspects: i) determi-
nation of structural properties of novel ZnO-SiO, composites; ii) deter-
mination of their photocatalytic activity; iii) estimation of the new
materials potential to eliminate selected p-blockers and pharmaceuti-
cals; iv) verification of the environmental risk of photocatalytically
treated wastewater containing MTL, PPL or CBZ.

2. Material and methods

Materials, Materials characterization and the synthesis with the re-
agents from “RIAP” J.S.C. and fumed silica from “Evonik” are described
in the Supplementary File.
2.1. Synthesis of ZnO-SiO2

Zinc acetate dihydrate (20 g) and carbamide (10 g) were dissolved in

distilled water (177.4 mL). Fumed silica was weighted in three separate
portions of 4 g each, where 23.28, 46.63, 69.91 g of the zinc acetate/
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carbamide solution were added to obtain 3, 6 and 9 mmol of ZnO per1 g
of nanosilica, respectively. The suspensions were subjected to ultrasonic
treatment at 22.4 kHz, 1 min. Next, the suspensions were smoothly
heated to become xerogels, whereupon the samples were thermally
processed at 350 °C (air, 30 min), grinded and calcined again at 600 °C
for 75 min to form crystalline ZnO as the main phase. After cooling
down, the powders were grinded in an agate mortar and passed through
a sieve with a mesh of approximately 0.5 mm.

2.2. Characterization

The obtained materials were characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), UV-Vis, photo-
luminescence (PL) spectroscopy, scanning electron microscopy (SEM),
inductively coupled plasma mass spectrometry (ICP-MS), CHN analysis
and digital image colorimetric analysis.

For the photo-degradation of selected pharmaceuticals a Heraeus
photochemical reactor, 0.7 L volume, was used (Fig. S1). In order to
understand the impact of ZnO content in the hybrid samples upon the
catalytic activity, an extra sample, K-ZnO-SiO», containing 18 mmol ZnO
per 1 g of SiO9, was synthesized under identical conditions like other
three samples, and applied only in catalytic studies. The activity of
photocatalysts was tested under exposure to the visible spectral range
(lamp was placed in the center of the reactor emitting light at 500-550
nm with the emittance of 7.5 mW cm2). The details about the photo-
catalytic test and all instrumental techniques are presented in Supple-
mentary Information.

3. Results and discussion

All samples exhibited untypical enhanced colorization with growing
concentration of Zn?>" phase derived from acetate precursor (Fig. 1).

A quantitative description of color is required, since not only the
intensity but also some of shades may be altered, which is not obvious
for a naked eye. Hence, a digital colorimetric analysis is helpful in the
context of the chemical composition in order to avoid speculations and
provide numerical characteristics for color. By measuring the effective
color intensity of each RGB channel, concentration of ZnO per 1 g of SiO5
can be estimated using following equations, derived after linear-fitting
(R? > 0.990):

Cmo, mmol/g = (Ag — —0.001)/0.01, R* = 0.9919;
Czno, mmol/g = (A — —0.004)/0.02, R* = 0.9976;
Czi0, mmol/g = (A — —0.015)/0.03, R* = 0.9920.
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Since the dependence of Cz,p on any separate channel (R, G or B) can
be directly computed, at least, within the 3-9 mmol/g range, it concerns
for the non-deviation of shades. However, why the combination of two
oxides, such as ZnO and SiO,, characterized as colorless, can result in the
visible light absorbing materials must be explained. Therefore, UV-vis
diffuse spectra are complement to the digital analysis and visual ex-
aminations. As expected, the absorbance at 1 ~ 450-550 nm increases
proportionally to Cz,o. This is not a red shift as had been observed, for
example, for ZnO in a previous work [1] - this is a distinct absorbance
seen even at the minimal intensity for the sample ZnO-SiO»-1. No reports
have been found describing deep orange ZnO-SiO,. In the literature
stated visible light absorbance around 4 = 450-500 nm corresponds to
plasmon band-affected ZnO-Ag or ZnO-Au [35,36] as well as for ZnO-
SiO92-Ag [37]; due to doping with cobalt [38], nitrogen [39] or intro-
duction of photosensitizer fluorene-co-thiophene in ZnO [40]. Taking in
account a well-distributed phase of ZnO even at 9 mmol/g over nano-
silica, the intensity would be associated with pronounced electronic
modifications in ZnO. The calculated Eg-s for ZnO-SiO2-1, ZnO-Si02-2
and ZnO-Si0,-3 are 3.14, 3.02 and 2.97 eV, respectively, and such a
slant bears record to possible size change of ZnO crystallites (Fig. 2).

The summary of the facts on optical properties leads us to the simple
conclusion that doping is an origin for such a UV-vis profile. In order to
exclude all possible atoms that may contribute to the unexpected optical
characteristic, ICP-MS and CHN elemental analyses were made. Nitro-
gen might be important as derived from carbamide O=C(NHj), and
might have been incorporated into crystalline lattice of ZnO. The results
given in Table 1 support the expectation for atomic doping, whereas the
most concentrated metal elements are pointed. The CHN concentrations
definitely are not relevant upon the properties, in special, the percentage
of nitrogen is too low (<0.3 wt%) to make the discovered effects emerge.

Thus, the colorization of the samples is caused mainly by Mn which,
in turn, acts as a dopant whose structure, presumably, invades into
decreased ZnO crystallites’ lattice provoking imperfections (distortions)
resulting in an enhanced luminescence of Zn0O-SiO3-1 shown below. The
oxidation state for Mn is assumed as 4+ (octahedral d3-conﬁguration) -
according to the Tanabe-Sugano diagrams, the absorbance is respective
to *Ay — *T, transition. This band was detected in the numerous studies
on optical materials and emitters [41,42]. Iron or lead cannot exhibit
such a profile — Pb*" has no visible-light transition owing to its ionic
configuration. In case of Fe®* (d°-configuration and the ground term °5),
the only possible band is always attributed to the ligand-to-central ion
charge transition: x (0%7) = 3d (Fe*h). The articles dedicated to Fe-
doped ZnO-SiO; neither report peaks for the 400-500 nm range [43],
nor provide UV-vis spectra [44], nor discuss this part clearly [45].

The synthesized series of ZnO-SiO2 + Mn demonstrates identical
colorization and the RGB ratio occurring congruently with the ZnO

_ 030 4 Roedchannel (R) A
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; 0.25- A Blue channel (B)
. = 4 — Linear fit
. 2
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Fig. 1. The UV-vis diffuse spectra of colorized as-synthesized ZnO-SiO, samples accompanied with the RGB channel intensity plotted as a function of ZnO con-

centration in SiO,.
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Fig. 2. The Tauc plots for ZnO-SiO»-1 (a), ZnO-SiO»-2 (b) and ZnO-Si0,-3 (¢).

Table 1
The elemental composition of impurities estimated in the samples from ICP-MS
and CHN analyses.

Concentration units Hg/g wt.%

Elements Mn Fe Pb Zn C H N
Zn0-Si0,-1 34 0 39 272957 0.9 0.5 0.3
ZnO-Si0y-2 125 135 160 336036 1.6 0.4 0.14
Zn0O-Si05-3 178 180 216 456497 1.4 0.5 0.13

concentration (Fig. S2), despite reduced linearity for green and red
components, as compared to the subject samples. Hence, the presence of
the impurities in zinc acetate dihydrate provided by Khimlaborreactiv
Ltd. was due to the manufacturer’s “fail”, whereupon such interesting
phenomena are discovered and described below.

Next, the photoluminescence is helpful to crown discussions on op-
tical properties. Illuminated by a lamp (4 = 365 nm) inside a dark
chamber (Fig. 3a), the materials are surprisingly discerned by brilliance
decreasing with a growing presence of zinc oxide phase and the sample
with the minimal ZnO concentration is the most luminescent keeping
this property even at excitation at lower energy (Fig. 3b). Also, the main
peak for ZnO-SiOz-1 is slightly shifted to higher energy in comparison to
another two samples (at 6 and 9 mmol/g). The latter samples are
characterized by less difference in the defect photoluminescence spec-
tral region by their intensities, as compared to an unambiguously visual
dissimilarity while excited at higher irradiation in a dark chamber at
365 nm. The visible-light emission in ZnO is well-known and related to
the recombination presupposing participation of oxygen vacancies,
interstitial structural defects or surface traps. They turn up strongly
when the surface-to-volume ratio increases. Thus, it can be emphasized
hereby a gradient of the emission which is non-monotonously dependent
on the applied energy for two samples - ZnO-SiO2-2 and ZnO-SiO3-3.

A distinguishing inhomogeneous luminescence has stimulated a

Zn0-Si0:-2

more detailed study by scanning the emission in function of the stepwise
variation of the energy of excitation. The cross section of emission
showed alterations as in their spectral profile and in intensity (Fig. S3).
In lower energy ranges (Ecxc = 4.5-5.75 eV) the emission was found to
be more intense in ZnO-SiO,-2 with a simultaneous augmentation of
two-band-emission with spectral maxima at A = 420 and 600 nm. At E¢xc
= 5.5 eV, the dissimilarity in the profiles is pronounced: in ZnO-SiO-2,
two bands are distinguishable and are 1.5 times more intense than the
ones observed for ZnO-SiO»-3.

After accelerating the excitation, the tendency changed to contrary: a
lower energy signal (A = 600 nm) prevailed and more intense for ZnO-
SiO2-3 than for ZnO-SiO-2 feature that did not change as excitation
energy was increased up to Eexe = 7.5 eV. In the same time, the
respective peak (600 nm) in ZnO-SiO,-2 underwent 3 times fading after
its maximum at Eexc = 5.75 eV. As revealed, a blue signal (4 = 420 nm)
decreases and disappears over the whole scan within the 4.5-7.5 eV
energy range. This asymmetric behavior found for both materials in-
dicates the important role of different defects contributing to recombi-
nation mechanisms as confirmed in an earlier study [46], where the
authors came to the same assumption after deconvolution of PL peak at
A = 495-524 nm. These results, in turn, are in a perfect agreement,
experimentally proving the conclusion about the connection of
increased ZnO/SiO, interface with the formation of doubly ionized ox-
ygen vacancies.

Thus, a broad band of ZnO-SiO,-1 on Fig. 3b can contain a stepped-
up blue component whose contribution is a function of the crystallites
size of ZnO. In addition, a stable peak at 4 = 590 nm remains un-
changeable even at blue-shift of the main broad peak in ZnO-SiO;-1
occurs with enhanced area — this is an extra proof that reducing the
crystallites size, the specific defect — V;* — becomes more relevant
leading to the differentiated optical behavior. The consolidation of the
crystallites eveners the blue-component’s role in general defect PL,
while the only orange-spectrum band is dominating.
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Fig. 3. Luminescence of crystalline phase under 4 = 365 nm (a) and emission spectra at A = 473 nm with the PL for SiO, (inset) (b) irradiation over ZnO-SiO,-1, ZnO-

Si02-2 and ZnO-SiO,-3.
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XRD patterns for all samples are shown in Fig. 4, where both the
silica amorphous phase contribution, mainly in the diffuse halo over 26
= 22.7°, and Bragg reflections, attributed to crystalline phase, are
observed. The Rietveld refinement of the XRD diffractograms was per-
formed with the help of the FullProf software using a standard wurtzite
pattern ICDD #79-2205. For ZnO-SiO»-1, it was impossible to perform
an efficient refinement due to low concentration of crystalline ZnO and
lack on the respective reflexes, while ZnO-SiO»-2 and ZnO-SiO,-3 sam-
ples were adjusted pointing out a model where Zn is replaced by Mn at
15 %. In contrast, by using the Scherrer’s equation, it was determined
the crystallites sizes in samples — 12 nm for ZnO-SiO»-2 and 13 nm for
Zn0-Si09-3.

The series of Zn0O-SiO»-1 + Mn, ZnO-Si0,-2 + Mn and Zn0-Si0,-3 +
Mn is characterized by lower degree of substitution by Mn, i.e. the
estimated formula is ZngggMng 040/SiO2 and higher values of the
crystallites: 20 nm for ZnO-SiO5-2 + Mn and 21 nm for ZnO-SiO3-3 + Mn
(Fig. S4).

The reduction of the consolidated crystals with the decreasing of ZnO
concentration are supported by the SEM images and mappings by EDX
(Fig. 5, Fig. S5): Zn0-8i02-3 (>1 pm), ZnO-SiO-2 (~ 1 pm), ZnO-SiO-1
(<1 um). Massive crystallites in ZnO-SiO»-3 intensify colorization of the
nanocomposites due to higher bulk density. In contrast, high lumines-
cence in ZnO-SiOy-1 and the highest absorbance of ZnO-SiO,-3 are
potentially useful in many technical fields of applications with a simple
adjusting the structure of the subject oxide hybrids. It is evidence that
optical properties, luminescence, morphology and crystal phase size are
affected through the present synthesis strategy involving nanosilica as a
capping agent. A closer examination of the surface composition via XPS
may help in conclusions, as it adds information about the chemical
species involved in the formation of the nanocomposites and highlights
changes caused by the incorporation of ZnO nanoparticles in the SiOy
matrix.

The typical survey spectrum and the high-resolution spectra for the
Zn2p and Ols core levels of the ZnO-SiO,-1 sample, which are similar
for all analyzed samples, are shown in Fig. 6. From the survey spectrum,
the elementary surface composition was obtained. In addition to the
expected elements for the ZnO-SiO2 nanocomposite, traces of carbon,
manganese, and lead were observed, which corroborate the results from
elemental analysis. Table S1 shows the atomic percentage of the ele-
ments present in all synthesized nanocomposites.

The presence of Zn on the surface increases according to the con-
centration of the nanocomposite, however, this increase is not directly
proportional to the increment of zinc oxide in the nanocomposites,
which favors the view that with the crystallites growth ZnO might
partially diffuse into the bulk.
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From the Zn2p spectrum, the Zn2p3/2 peak at 1022 eV is assigned to
Zn0-SiOy nanocomposite [46]. Yuan reported the higher binding energy
of Zn2p in Zn0-SiO5 in comparison to ZnO pure as being an effect of the
formation of Zn-O-Si cross-linking bonds. Due to the difference between
the electronegativity of Si (1.9) and Zn (1.65) the charge transfer dy-
namics are modified decreasing the shielding effect of the valence
electrons on the Zn, which cause an increment in the binding energy of
the core level [47]. Moreover, no Fe-associated signals were discovered.

The O1s spectrum was deconvoluted into three fitted peaks located
at 532.4 eV, 533.4 eV, and 534.5 eV binding energies and assigned to O-
Zn, Si-O, and adsorbed water, respectively. An additional feature was
observed at 531 eV and attributed to impurities species from ZnO
(Table 2). It is notable that with the increase in the concentration of ZnO
in the nanocomposite the peak related to the O-Zn bond increases
together with the oxygen of impurities while the Si-O bond decreases,
which indicates that the crystalline array of the nanocomposite favors
the presence of zinc on the surface and the precursor of ZnO is respon-
sible for the presence of possible dopants.

The photo-degradation of pollutants in water was found to be satis-
factory (Fig. 7 and Table S2). MTL, PPL and CBZ were poorly degraded
by exposure to visible radiation — as only up to 16% (CBZ), 20% (PPL)
and 26% (MTL) was decomposed. The removal of MTL was the most
efficient in the first 20 min of irradiation (Fig. 7A). Examining the shape
of the kinetics curves it can be seen that the process proceeded in two
ways. It was similar over the reference photocatalyst (K) and ZnO-SiO»-
2, where photo-degradation was lower and the logCo/C; versus time
profiles lack linearity. For ZnO-SiO»-1 and ZnO-SiO,-3, after a quite fast
initial decomposition, further degradation was slower. However, in most
cases 60 min of irradiation were enough to remove MTL completely from
the solution even for the lowest active photocatalyst (K-ZnO-SiO5) that
promoted 90% degrading of MTL. The obtained data were in agreement
with literature, where 87% removal was achieved over self-organized
TiO2 nanotube arrays in 120 min of irradiation [48] or total removal
over TiOy under performed for 120 min[49] using UV irradiation in both
cases. The sorption potential of subject tested photocatalysts, however,
differed: 70% of MTL were adsorbed onto ZnO-SiO,-2 in dark
experiment.

Similar behavior was noted for PPL (Fig. 7B). The process was pro-
ceeded similarly over two pair of photocatalysts: one pair with ZnO-
SiO2-1 and ZnO-Si0-2; and another pair with K-ZnO-SiO5 and ZnO-
SiO2-3. Interestingly, the shapes of PPL degradation plot observed over
Zn0-SiO»-1 and ZnO-SiO»-2 are identical and the effect of the concen-
tration of introduced active phase (crystalline ZnO) was too low to
enhance the photocatalytic decomposition of PPL. The results obtained
over these photocatalysts were about 50% degradation. At higher ZnO
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Fig. 4. XRD patterns and Rietveld refinement diffractograms of composites ZnO-SiO»-1 (1), ZnO-SiO»-2 (2) and ZnO-SiO»-3 (3) supported by the standard wurtzite

pattern ICDD #79-2205.
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Fig. 6. Survey and core level XPS spectra for the ZnO-SiO,-1 sample.

Table 2

Deconvolution data from O1s XPS spectrum for all nanocomposites.
Peaks Atomic %

Zn0-Si0y-1 7n0-Si0,-2 7n0-Si0,-3

Impurities 6.86 7.36 10.64
O-Zn 37.03 35.52 45.98
O-Si 46.78 37.99 35.46
HyO0ads. 9.33 19.14 7.92

loadings (Zn0O-SiO»-3) the complete removal of PPL was achieved. The
PPL removal over Ce(0.5 wt%)-TiO5 required 90 min under Vis irradi-
ation to be completed [50]. This may point out that the concentration
factor of the photocatalyst is stronger than the effects resultant from the
quantum-size properties.

The potential of the materials for sorption of PPL was similar — except
Zn0-SiO5-1, where almost no PPL was adsorbed. Others enabled 20%
sorption of PPL from 10 mg L~! solution. The dark adsorption of CBZ
was also affected by photocatalysts type. The CBZ was adsorbed onto
photocatalysts in the following order: ZnO-SiO3-2 > Zn0O-Si0»-3 > ZnO-
SiOy-1 > K-ZnO-SiO,. Surprisingly, water treated with K-ZnO-SiOy
contained slightly higher amount of CBZ than in the case of direct
photolysis. It can be explained by the formation of byproducts of CBZ in
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Fig. 7. The kinetics of photocatalytic oxidation of selected pharmaceuticals over tested photocatalysts (A) MTL, (B) PPL, (C) CBZ, [co = 10 mg L’l], [cc=05¢g L’l],
[pH = 6.4]. The set of 3, 6 and 9 corresponds to ZnO concentration (mmol/g) in ZnO-SiO,.

the course of decomposition which were conjugated and, as a result,
promoted an increased response in LC analysis. Most of CBZ decompo-
sition occurred within first 15 min (Fig. 7C). Over ZnO-SiO5-1 and ZnO-
Si09-3 the stable by-products were created and no further decomposi-
tion of CBZ was observed. Total removal of CBZ was achieved only in
case of Zn0-Si0»-2 irradiated for 60 min. The results were different from
described in literature where 96% of the initial concentration of CBZ at
10 mg/L were removed after 30 min of irradiation using P-25 or 93% in
the case of ZnO (both under UV irradiation) [51].

The kinetics of pharmaceuticals removal using the photocatalysts
can be ascribed to pseudo-first order kinetics only in some extend [52].
The obtained R? values are rather low and the lowest values were ob-
tained over Zn0-SiOy-1: MTL R? = 0.8329, PPL R? = 0.7228 and CBZ R?
= 0.5719. The obtained k; values (23.2.1073-103.1-10 % min ') were
higher than noted over TiO; nanotubes (8.6:1073-14.4-10"% min™ 1)
under UV irradiation indicating high potential of the subject photo-
catalysts in MTL removal.

For PPL, the rate constants, calculated according to the Lang-
muir-Hinshelwood model, was in the 9.270-1073-46.554-10"3 range
and lower than that observed by Yang et al. [53] — 182:10 3 min~!
during PPL photocatalytic degradation onto TiOy under UV irradiation.

Noted, that the range of k; = (1.641-53.809)-10~2 min~! for CBZ
was lower than 113-10~2 min~! observed for CBZ under UV degradation
onto ZnO, however, it must be stressed that in cited studies high ener-
getic UV radiation was used [51]. Under UV irradiation, TiO, generally
was more efficient than ZnO at degrading CBZ [54]. Another example —
k; = 17-10~3 min~! - noted for UV degradation over TiOz [55].

Interestingly, value of k; over the subject photocatalysts statistically
correlated with physicochemical properties of the model pollutants. The
k; obtained over K-ZnO-SiO2 was strongly (p < 0.001) dependent on
molar mass of the target pharmaceuticals, indicating that heavier mol-
ecules would sorb more efficiently onto nanocomposite. Hydrophilic/
hydrophobic properties were crucial in the decomposition rate over
Zn0-SiOz-1 and ZnO-SiO,-2: the highest logP at the lowest k; were
observed for ZnO-SiO»-1 (p < 0.1) and ZnO-SiO»-2 (p < 0.05). Higher
removal rates were proportional to the increasing hydrophilicity of the
substrates, which is not associated with pKj,.

In the tested BB molecules, a side chain of ethanolamine was linked
by the ether oxygen to the aromatic ring. The presence of oxygen in
ether bond increased electron density in the n-system of the aryl group
sensitive to the electrophile attack. The deprotonated amine with alkyl
substituents [56] is also an electron donor. According to pK, of all
substrates it can be seen that, in neutral conditions, pharmaceuticals
—-OH group, on the side chain, loses a proton and they were present in
protonated forms — H(PPL)" and H(MTL)" and only CBZ is in neutral
form. Due to the presence of aromatic ring and an aliphatic amino group
in MTL at pH < pK,, the attack of radicals can reach only the aromatic
ring. Reactivity was estimated through pK = pKg-log [k(MTL)] + log[k
(MTL-H+)] [57]. But it was observed that reactivity of deprotonated

amine is 50 times increased in comparison to the aromatic ring [56]. The
tests performed at pH 6.4 (original pH of the solutions), indicated the
highest MTL removal (Fig. S6A). At lower pH values, the removal was
inhibited. In basic conditions the photocatalytic decomposition of MTL
was lower than at neutral conditions. Comparison of MTL and PPL
indicated that the effect of aromatic ring moiety on photocatalytic
degradation rate must be considered. The presence of two ring aromatic
moiety in PPL possessing higher electron density may be responsible for
its decomposition with the wide pH range [53]. The data clearly indicate
that there is no need to correct pH during photocatalytic oxidation of
MTL over ZnO-SiO, photocatalysts.

The irradiation of the photocatalysts generates highly oxidant radical
species, ‘OH among them. As it can be seen form Fig. S6B, the radical
scavengers hindered MTL photocatalytic oxidation over ZnO photo-
catalysts. The process of MTL decomposition over ZnO proceeds via
participation of A", 'OH and O, . However, all the input of all
mentioned species was similar. A slight inhibition by Na,EDTA addition
may indicate the highest h™ impact followed by ‘OH and Oy"". The
participation of photo-generated holes was observed due to the sorption
of MTL onto photocatalysts surface. For ‘OH generation the rate constant
for CBZ was estimated at 6.0-9.9-10° M~ ! s! (pH 7), MTL 7.3-8.39-10°
M~! s7! at 20 °C and pH 7, for PPL 8.7-10°-1.1-10'° M~! s7! [58].
Although the oxidation of MTL proceeded both on ZnO surface (for
higher amount of MTL adsorbed — via h" or surface generated ‘OH) and
in solution (via "OH). Similarly, ‘OH and in some extent h" were also
responsible for MTL and PPL photocatalytic decomposition in the
studies of Yang et al.[53].

The produced amino-diol from the cleavage of side chain was
observed for all BB during photocatalytic decomposition. The attack of
radicals onto PPL molecule considered the attack of the naphthalene
ring, and generation of two aldehyde moieties after ring opening [53].
The main products of MTL photocatalytic decomposition were mono-,
di-, tri- and tetrahydroxylated intermediates produced due to the addi-
tion of -OH. PPL was decomposed into naphthol after the side chain
cleavage and some mono-, di- and trihydroxylated intermediates. Ni-
trogen was removed from BB molecule in the form of NHs3/NH4 " as
supposed in the literature [53].

Dissolved organic matter is omnipresent in the environment [59].
Due to the physicochemical characteristics and reactivity of DOM [60],
it obviously affects the photocatalytic decomposition. In the presence of
dissolved organic matter (Fig. S6C) the competition with TA molecules
and lowered removal rates were observed. At 10 mg L™! addition of TA
the removal efficiency of MTL was lowered from 82% to ca. 60%. Similar
effect of organic matter: 4 fold decreased removal was noted in MTL
photocatalytic degradation over TiO3 nanotubes irradiated by vis [48].
The addition of TA was responsible for lowered decomposition as some
part of radiation (<380 nm) was absorbed by TA molecules [48]. The
sorption of TA molecule onto photocatalysts surface [48] may hinder the
sorption of pharmaceuticals affecting photocatalytic process as
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photocatalytic reaction occurred on or close to the photocatalysts sur-
face [52]. According to Yang et al. [53] adsorption onto photocatalyst
surface was of key importance in BB photocatalytic decomposition over
TiOq. The other role of TA was also scavenging of formed reactive spe-
cies. The photosensitizing role of TA was excluded [48]. The reusability
test for ZnO-Si0,-2 revealed that the loss of activity after 3 runs was not
higher than 23% (Fig. S7). Such a loss may be affected by colloidal
instability of the composite and/or each recycling can separate indi-
vidual ZnO particles repeatedly “washed” out from stabilizing silica
matrix and floating in the reaction system of the batch reactor.

The TOC diagram (Fig. 8) elucidates the significant difference be-
tween the blank test and the catalyzed reaction. The most visible
decrease among the substances is for MTL and PPL. CBZ is characterized
basically with lower TOC in all tested samples except for ZnO-SiO2-3,
where the level is comparable to the blank. Together with the conclu-
sions taken from the pronounced photodegradation of CBZ, the high
TOC for this substance is supposed to be represented mainly by the
oxidized intermediates. Obviously, TOC for the blank is attributed to the
higher concentration of non-reacted CBZ and less rather to any oxidized
products.

The estimating the toxicity of treated wastewater is still needful
because the removal of target pollutant is not an indicator of lowered
toxicity. Some created by-products with low molecular weight (alde-
hydes such as formaldehyde or acetaldehyde) or the products of
oxidation o natural water constituents have been demonstrated to be
toxic to different organisms [16].

As it can be seen from Fig. S9, the highest toxicity to V. fischeri was
caused by PPL, where total inhibition of the bioluminescence took place.
Generally, the toxicity of pharmaceuticals before any treatment was
correlated (p < 0.05) with its hydrophobicity: the higher logP, the higher
toxicity. The highest pK, of pharmaceuticals (p < 0.05) corresponds to
the lowest toxicity of water after direct irradiation. Interestingly, water
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containing MTL and treated with ZnO-SiO2-3 less suppressed the
V. fischeri bioluminescence (stimulation), confirming that applied pro-
cess can be used for detoxification of wastewater (Fig. S8).

4. Conclusions

The results have demonstrated that Mn-doping of zinc oxide depos-
ited over nanosilica provokes distinct colorization of the composites
with equal contribution of three components (RGB) proportionally to
ZnO concentration in the composites (proven by means of XPS, UV-Vis
spectroscopy and digital colorimetric analysis with artificially Mn-
doped ZnO-SiO; series using pure zinc acetate). Photoluminescence
properties can be dependent on ZnO crystallites size, proven by XRD,
SEM and broadening of the optical band gaps (i), and on the doping
having different energy profile while excited at varied energy (ii). All the
samples have exhibited the outstanding visible light-induced activity,
which is rather attributed to the concentration factor of the photoactive
phase than to crystalline size effect. The kinetic constants of pharma-
ceuticals photodegradation are 3.2-9.1 times (3 mmol/g of ZnO),
2.6-15.2 times (6 mmol/g of ZnO) and 13-37 times (9 mmol/g of ZnO)
higher than for blank photolysis. Photocatalytic processes occur
involving h™ (holes), ‘OH (hydroxyl radical) and Oy~ (oxygen anion-
radical) without a preferred portion of any of them. The toxicity tests
on V. fischeri have shown that among three solutions, the least toxic
after-treated pharmaceuticals solution is that one processed with the
sample at 9 (maximal) mmol/g of ZnO. Thus, the synthesized materials
are of interest as photoluminescent materials and, on the other hand, as
visible-light photocatalysts.
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