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HIGHLIGHTS GRAPHICAL ABSTRACT

o Freestanding Cellulose Acetate/ZnO
flowers composites for solar
photocatalysis.

e Rapid photocatalytic degradation by
ZnO flowers loading optimization.

e Controlled Zinc release from the Cellu-
lose Acetate/ZnO flowers composites.

e Electrochemical Impedance Spectros-
copy for monitoring composite stability.
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ARTICLE INFO ABSTRACT

Keywords: The versatile properties of ZnO micro- and nano- structures have resulted in many applications in piezotronics,
Zn0 nanostructures biosensors and photocatalysis. However, ZnO can easily dissolve in aqueous fluids, potentially resulting in the
Photocatalysis

release of reactive oxygen species and zinc ions at toxic concentrations. Such an issue can be solved by dispersing
ZnO within biocompatible polymeric matrices to reduce the direct exposure to the aqueous fluid and control the
release of zinc ions. Herein, this work explores tailored ZnO flowers/cellulose acetate photocatalytic composites
at different ZnO weight percentages (1-15 wt%). The photocatalytic degradation of methylene blue dye under
simulated solar light is studied, finding an optimal value of ZnO filler loading in the polymer (10 wt%), resulting
from a compromise between the photodegradation efficiency and the hydrophobicity induced by ZnO flowers.
The reusability of the composites is investigated, finding a surprising improvement in the photodegradation
efficiency after the first cycle. Simulated solar light stimulation induces the controllable release of zinc ions in
aqueous solution at ppm-levels from the composites at the optimal ZnO filler loading. Finally, the release of ionic
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species in the absence of light stimulation is found to be directly proportional to the ZnO-loading in the com-
posite, as a result of its degradation in aqueous environments.

1. Introduction

The design of sustainable, biocompatible and highly efficient water
decontamination approaches has a preeminent importance in the public
health management. In fact, the necessity of clean water supplies is not
always worldwide guaranteed, especially in third world countries, as it
is hampered by the industrial wastes [1], microplastics pollution [2] and
antibiotics leakages in the aquatic environment [3]. A solution to these
threats could be heterogenous photocatalysis, an approach that uses
sustainable almost unlimited source of energy — i.e. Sun — to produce
degradation of chemical substances in solution phase. To this aim,
semiconductor photocatalysts enable a practical approach given their
favorable physico-chemical properties (e.g. band gap values,
surface-to-volume ratio). More specifically, the excellent electronic and
optical properties of metal oxide materials constitute a sustainable so-
lution for water treatment and purification as it is low-cost, green, and
effective technology. Importantly, the optimization of the photocatalyst
active surface-to-volume ratio [4] and the increase of its size [5] can be
used to improve the efficiencies by favoring the interaction with the
pollutants and decreasing the electrons-holes recombination rate.
Among the metal oxide materials, ZnO is an n-type semiconductor ma-
terial with a bandgap of ~ 3.3 eV, representing an ideal choice due to its
well-known photocatalytic properties, good biocompatibility as re-
ported by the Food and Drug Administration (21CFR182.8991) [6] and
versatile synthetic approaches resulting in a plethora of nanostructures
with different morphology (e.g. nanoparticles, 1D structures or thin
films), specific surface area and crystallinity. Such features are all highly
relevant for the photocatalytic activity of ZnO. Among them, ZnO
flower-like structures are receiving increasing interest [7-9], due to
their high surface to volume ratio, versatility in preparation methods
both under nano-[10] and micro-structures [11-13] also by green
chemistry synthesis [14] approaches for photocatalytic decontamina-
tion and mediated amyloid degradation [15]. Nevertheless, ZnO can
lead to dissolution in aqueous environments with a kinetics of the order
of some hours [16], leading to the release of zinc ions in solution and
unbalance the zinc homeostasis [17], eventually leading to the genera-
tion of reactive oxygen species (ROS), which can trigger apoptosis [18].
As a result, ZnO cannot be used straightly as bare solid powders,
considering that the potential leak of ions into water could be a threat,
but are rather prepared as composites into organic substrates polymers
such as cellulose [19] or polyvinylidene fluoride-trifluoroethylene [20].
Indeed, among the polymeric materials, the well-known biodegrad-
ability [21] and biocompatibility of cellulose and its derivatives favors
its employ in biomedicine and biomedical devices[22] and devices for
food passive cooling [23].

Assembling the composite by out-of-equilibrium self-organization of
the photocatalysts within polymeric matrices is a valid approach for
enhancing their photocatalytic properties, as already shown by our
group [24], given the wider landscape of the resulting physicochemical
properties in comparison to those achievable under thermodynamic
control [25]. ZnO flower-like structures have already been shown as
active materials for composites preparation, e.g PDMS for hybrid
piezoelectric nanogenerators [26], photocatalytic composites based on
Zn0/Sn0O2-PMMA [27], cellulose-chitosan [28], and also pullulan [29].
However, there are no studies reporting on the physicochemical prop-
erties of ZnO flowers polymer composites prepared under
out-of-equilibrium conditions, that correlate the photocatalytic proper-
ties with the surface-to-bulk ZnO filler loading and leakage of zinc
related species in the aqueous solution where the composites are soaked.

In this work, the synthesis of a highly reusable, ZnO flowers /cellu-
lose acetate (CA) composite films is shown. Both ZnO and CA are

bactericidal and biocompatible, having been found numerous applica-
tions in biomedical sciences [22]. The ability of the composite to remove
methylene blue (MB) in the dark and under solar simulation is tested, as
a function of the ZnO flowers loading, in parallel Electrochemical
Impedance spectroscopy (EIS) allows determining the conductivity
variation of aqueous solutions in which the composites are soaked in
dark conditions. The chemical composition the morphology and the
thermal stability of the composites are analyzed by a comprehensive
multi-technique approach.

2. Experimental
2.1. ZnO Nanostructures synthesis

The ZnO flowers were synthesized by a rational approach at mildly
basic pH[30] (85 °C, 60 h) leading to ZnO structures assembled in
micrometric flower-shaped grains. The synthesis was carried out with a
250 mL solution in ultra-pure DI water with resistivity at 25 °C >
18.2 MQ - cm (Direct-Q® 3 UV Water Purification Systems, Merck
Millipore). The solution contains 15 mM zinc nitrate hexahydrate
(Sigma Aldrich, > 99.0 %), 7.5 mM hexamethylenetetramine (Sigma
Aldrich, > 99.0 %), 0.10 M ammonia (Alfa Aesar, 28 % v/v in water),
2 mM polyethylenimine (Sigma Aldrich, average Mw = 800, average Mn
~ 600), 5 mM potassium chloride (Fluka, > 99.0 %), 15 mM mono-
ethanolamine (Sigma Aldrich, > 99.0 %). The precipitates at the bottom
of the container are collected, washed by DI-water, dried at 60 °C for
24 h and calcined at 200 °C for 2 h. The CA/ZnO composite films were
prepared from ZnO dispersed at 1-15 wt% in CA dissolved at 2 mg/mL
in ethyl acetate. The dispersion is drop-casted in a 4 cm diameter beaker
and placed at 80 °C for 3 h to evaporate ethyl acetate, resulting in
self-standing, flexible films, with a thickness in the 30-40 pm range (see
Scheme 1 and Figure S1).

2.2. ZnO flowers morphological and spectroscopic characterization

UV-Vis diffuse reflectance spectra on the ZnO flowers were recorded
by using a UV-Vis-NIR V-770 Jasco spectrophotometer equipped with a
60 mm integrating sphere (ISN-923). ZnO flowers powder was placed in
the solid sample holder, and measurements were performed in the range
200-800 nm by setting a scan speed of 100 nm/min and a bandwidth of
2 nm. The photocatalyst band gap was calculated by means of the
Kubelka-Munk method [31]. UV-Vis spectra in transmission mode were
recorded in the 200 nm to 600 nm range with steps of 0.2 nm using a
UV-VIS spectrometer ONDA TOUCH UV-21. X-ray diffraction (XRD)
data were acquired by a Rigaku Smartlab SE XRD multipurpose
diffractometer, using a Cu Ka radiation source (A = 0.154 nm), run at
40 kV and 50 mA.

The {-potential experiments were performed by Zetasizer Nano-ZS
(Malvern Instruments) under isothermal conditions at 25 °C. The mea-
surements were carried out using a disposable folded capillary cell on an
aqueous dispersion of ZnO (0.5 mg mL™Y). The resulting pH of the
dispersion was measured by using the Eutech pH 700 pH meter (Eutech
Instruments Europe B.V., Landsmeer, Netherlands).

The morphology of the CA/ZnO samples was examined using a
TESCAN MIRA 3 field emission scanning electron microscope (FE-SEM,
TESCAN, Brno, Czech Republic) equipped with an energy dispersive X-
ray (EDX) spectrometer (OXFORD XPLORE 30). For both imaging and
EDX analysis, the FE-SEM was operated at 30 keV electron energy and
1 nA beam current. The working distance was set to 8 mm during image
acquisitions and to an analytical distance of 15 mm during EDX analysis.
To avoid image distortion due to sample charging and beam-induced
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damage, a ~ 25 nm Al conductive coating was deposited on sample
surface by thermal evaporation. Al was also an effective choice to get
semi-quantitative and reproducible data by EDX, since the characteristic
X-ray peaks of Al do not overlap with those of C, O, and Zn. For each
sample, i.e., the pure CA and the CA samples loaded with 1 wt%, 5 wt%,
10 wt%, and 15 wt% ZnO, morphological and EDX analyses were per-
formed on both the top and bottom sides. Optical images of the sample
were acquired in Transmission Mode using a Leica SP5 confocal mi-
croscope. The CA/ZnO film was deposited onto a coverslip (Brand #1),
adding 50 pL of water to prevent optical mismatch. Images with a res-
olution of 1024 x 1042 pixels were acquired using a 63 x Leica objective
(NA = 1.4) and a white light laser (A = 520 nm).

The wettability of CA based films was studied through a contact
angle apparatus (OCA 20, Data Physics Instruments) equipped with a
video measuring system having a high-resolution CCD camera. The
contact angle (8) of water in air was measured by the sessile drop
method at 25.0 £+ 0.1 °C.

Fourier-transform infrared (FTIR) spectra were recorded using a
single beam FTIR spectrometer (FT/IR-4X, Jasco Corp.) coupled with
the ATR-PRO4X (ZnSe prism) single reflection accessory with an angle
of incidence of 45° and contact area with diameter of 2.5 mm. The scan
range was set to 500—4000 cm ™!, with an accumulation of 20 and a
wavenumber resolution of 1 cm™?.

The XPS analysis was carried out by the PHI 5000 VersaProbe II
scanning microprobe (ULVAC-PHI). Spectra were acquired using a
monochromatic Al Ka radiation (hv = 1486.6 eV), 100 um diameter
beam (25 W, 15 kV); electrons were collected at 45° and 90° with
respect to the surface and analyzed with a hemispherical analyzer
operating in FAT mode.

Thermogravimetric analyses were conducted by using a Q5000 IR
apparatus (TA Instruments) under inert atmosphere. To this purpose,
Nitrogen flows of 25 and 10 cm® min~! were employed for the sample
and the balance, respectively. The sample mass was ca. 5 mg for each
measurement. The sample was heated from room temperature to 600 °C
by a scanning rate of 20 °C min~'. The tensile properties of the films
were studied by Dynamic Mechanical Analysis (DMA) using the DMA
Q800 apparatus (TA Instruments). The tests were conducted under a
controlled stress ramp (1 MPa min~1) at 25.0 + 0.1 °C.

CA ZnO flowers

80°C, 3 hours

CA/ZnO composite
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2.3. Photocatalytic characterization

The following reagents were employed for the photocatalysis ex-
periments and used without further purification: methylene blue
(Methylthioninium chloride, certified by the Biological Stain Commis-
sion, Sigma-Aldrich), AgNO3 (99.8-100.5 %, AnalaR NORMAPUR®
Reag. Ph. Eur., ACS), 1,4-benzoquinone (98 %, Sigma-Aldrich), ethanol
(ethanol absolute anhydrous, 99.9 % v/v, Carlo Erba), glycerol
(ReagentPlus, > 99.0 % GC, Sigma-Aldrich). The photocatalytic activity
of the samples (size 20 mm x 10 mm, thickness evaluated by the optics
of the Nano eNabler Molecular Printing System from BioForce Nano-
science, USA) was evaluated by the photodegradation of methylene blue
(MB) in aqueous solution (3 mL, 25 pM). Irradiation was carried out
using the Model 10500 ABET Low Cost Solar Simulator (Abet Technol-
ogies, USA) equipped with a 150 W Xenon arc lamp and an AM1.5 G
filter. The distance between the sample and the solar simulator was set
using a calibration cell commercial KG5-filtered Si calibration cell
(model 15151, Abet Technologies, USA) to obtain an incident light
power of 100 mW - cm ™2, corresponding to 1 sun. Control experiments
were conducted in dark. Before light irradiation, samples were soaked
into the MB solution in the dark for 1 h to permit adsorption-desorption
equilibrium. Irradiation effects were evaluated at 30 min intervals by
analyzing changes in the absorption spectra of the MB solution. Spectra
were acquired using a UV-Vis spectrophotometer (Specord S600, Ana-
litik Jena, Jena, Germany), in the range 400-800 nm, with a wavelength
accuracy of + 0.3 nm. Intensity measurements at 664 nm were
permitted to quantify spectral changes. Control experiments were car-
ried out by monitoring the MB solution concentration decrease in the
absence of irradiation. The reusability was tested by repeating the cycles
of MB solution photodegradation on the same sample. The reproduc-
ibility was investigated by replicated photocatalysis experiments on
three different samples.

2.4. Electrochemical analyses

The electrochemical characterizations were carried out by employ-
ing a potentiostat/galvanostat instrument (Metrohm Autolab PGSTAT
128 N, Utrecht, Netherlands). Anodic stripping voltammetry detection
of zinc ions released by the CA/ZnO (10 wt%) film under dark or light
irradiation, was carried out by employing a 3-electrodes serigraphic
sensor (ItalSens-Au sensor, Houten, Netherlands), based on a previously

wash

Self-supported film

Scheme 1. (a) Scheme for the realization of the CA/ZnO films obtained by mixing ZnO flowers and cellulose acetate in ethyl acetate. After solvent evaporation, self-
standing flexible film is obtained as show in (b) optical photograph and (c¢) microscopic characterization showing the ZnO flowers dispersed in the CA polymeric

matrix at 1 wt%.






