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Abstract

ZnO based materials have received wide interest in bioremediation and medicine, given their
biocompatibility, photocatalytic and antibacterial properties. However, the application of bare self-
supported ZnO is potentially hampered by their dissolving behavior, which could be controlled by
producing out-of-equilibrium composites with biocompatible polymeric systems to reduce their

direct exposure to the fluid in which they are dispersed. Herein, this work explores tailored ZnO



flowers/cellulose acetate (CA) photocatalytic composites at different ZnO weight percentages (1-15
wt%). The morphological and physico-chemical properties of the composites are investigated by
SEM, XPS, XRD, UV-Vis, thermogravimetry and contact angle measurements. The photocatalytic
degradation of methylene blue dye under simulated solar light is studied, finding an optimal value of
ZnO filler loading in the polymer. Electrochemical impedance spectroscopy allows to accurately
monitor the release of ionic species under dark conditions, observing a direct proportionality to the
ZnO-loading in the polymer, as a result of its degradation in aqueous environments.
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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 solution 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 material with a bandgap of = 3.3 eV, representing an ideal choice
due to its well-known photocatalytic properties, good biocompatibility as reported 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
decontamination 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 generation

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 biodegradability [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 ZnO/SnO-PMMA [27],
cellulose-chitosan [28], and also pullulan [29]. However, there are no studies reporting on the
physicochemical properties of ZnO flowers polymer composites prepared under out-of-equilibrium
conditions, that correlate the photocatalytic properties 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 /cellulose acetate (CA) composite films
is shown. Both ZnO and CA are bactericidal and biocompatible, having been found numerous
applications 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 monoethanolamine (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 composites 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 um 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 C-potential experiments were performed by Zetasizer Nano-ZS (Malvern Instruments) under
isothermal conditions at 25 °C. The measurements were carried out using a disposable folded
capillary cell on an aqueous dispersion of ZnO (0.5 mg mL™!). 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 § 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

damage, a = 25nm 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 performed on both the top and bottom sides.
Optical images of the sample were acquired in Transmission Mode using a Leica SP5 confocal
microscope. The CA/ZnO film was deposited onto a coverslip (Brand #1), adding 50 uL of water
to prevent optical mismatch. Images with a resolution of 1024 x 1042 pixels were acquired using

a 63x 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 () 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 ¢V), 100 pm
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 .

2.3 Photocatalytic characterization. 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 Nanoscience, USA) was evaluated by the photodegradation of MB in aqueous solution
(3 mL, 25 uM). Irradiation was carried out using the Model 10500 ABET Low Cost Solar
Simulator (Abet Technologies, 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, Analitik 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 carried 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 reproducibility
was investigated by replicated photocatalysis experiments on three different samples.

2.4 Electrochemical analyses. The electrochemical characterizations were carried out by
employing 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, were carried out by employing a 3-electrodes serigraphic
sensor (ItalSens-Au sensor, Houten, Netherlands), based on a previously reported protocol [32].
In brief, a reduction potential of — 0.9 V was applied for 90 s without stirring for Zn?" ions pre-
concentration (step potential: 4 mV; amplitude: 50 mV, frequency: 50 Hz) in a 0.1 M Britton-
Robinson buffer (pH 7.0) as the background electrolyte. The buffer was prepared from acetic acid
(Sigma Aldrich, ReagentPlus >99%), boric acid (Sigma Aldrich, BioReagent > 99.5%) and
ortophosphoric acid (Sigma Aldrich, 85 wt% in H2O) and the pH (Eutech Instruments Europe
B.V.) was adjusted to 7.0 with NaOH (0.1 M Merck). The measurements were conducted by
diluting 20 pL. into 180 pL of the 0.1 M Britton-Robinson buffer. Zinc leakage was evaluated

under irradiation and in the dark at 30 min intervals by analyzing changes in the peak current



spectra due to the anodic stripping of the zinc ions. Electrical Impedance spectroscopy (EIS)
measurements were carried out by employing a 3-electrodes serigraphic sensor (ItalSens IS-C) in
the frequency range comprised between 1 kHz and 5 MHz, wave amplitude 10 mV at 0 V bias.
The measurements were conducted directly on the ultrapure water media in which the samples

were loaded.

a) b)

CA ZnO flowers

80°C, 3 hours wash

Self-supported film

CA/ZnO composite

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 (¢) microscopic characterization showing the ZnO
flowers dispersed in the CA polymeric matrix at 1 wt%.

3. Results and discussion

3.1 Chemical characterization of the ZnO flowers

The crystallinity of the ZnO flowers and their bandgap were determined (see Figure 1). XRD
measurements (Figure 1a) allowed to obtain diffraction peaks of ZnO at 31.9°, 34.1°, 36.4°, 47.9°,
56.6°, 61.6°, 66.1°, 67.3°, 68.9°, 72.2° and 76.6°, corresponding to (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004) and (202) which are all in accord with the hexagonal wurtzite ZnO,

ICDD card no. 36-1451 without impurity crystalline phases [33]. The obtained results well agree



with previous reports on ZnO flower like structures [28], in which the growth orientation of ZnO
nanoparticles along the (100) direction was enhanced and the obtained ZnO exhibited plate-like
systems [34] lacking a preferential orientation along the c-axis which is typical of ZnO nanorods
[35]. Such preferential (100) direction is associated with improved photocatalytic activity with
respect to the (002) direction [36]. The following reticular parameters were obtained: ¢ =5.231
a =3.263, associated to a hexagonal cell unit. The crystallite domain sizes by the Scherrer formula
[37] for the seedless and seeded samples were equal to 15.1 nm, 17.4 nm and 14.4 nm for (100),
(002), and (101).

The optical band gap of the ZnO flowers was calculated through diffuse reflectance measurements.
In Figure 1b, the reflectance spectrum of ZnO powder shows a high value of reflectance in the whole
visible part of the spectrum (400-800 nm), while a decay of the signal was observed for wavelengths
above 400 nm in the UV range. By the reflectance spectrum of ZnO powder, it was possible to
calculate the band gap energy by using the Kubelka—Munk method [31]. By the Kubelka—Munk
method, the diffuse reflectance spectrum is transformed in the plot of [F(R)hv]" versus the incident
photon energy. The band gap value is obtained as the intercept of the extrapolation of the linear
portion of curves to zero on the x-axis (Figure S2). The method allowed to obtain a band gap energy
of 3.17 eV, which corresponds to 390 nm, in accordance with previously reported values for ZnO-
based materials [5]. The {-potential of the ZnO was equal to —27.3 mV + 0.2 mV, demonstrating a
quite good stable dispersion (whose pH is around 7.74), owing to the negative charge. This value is

in good agreement with previous reports on ZnO flowers [37].
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Figure 1. (a) XRD characterization of the ZnO flowers showing the expected diffraction peaks of
ZnO and (b) DRS measurement permitting to estimate the energy bandgap.

3.2 Morphological characterization of CA/ZnO composites films

The structural and morphological characterization by SEM analysis of the pure CA sample and CA
samples loaded with different concentrations of ZnO flowers is reported in Figure 2. SEM images
of both the top and bottom sides, recorded at two different magnifications (namely, 200x and 2kx),
are displayed for each sample. SEM images of the pure ZnO powder and high magnification images
from the bottom side of the 15% ZnO loaded sample are shown in the Supplementary Information
(Figures S3 and S4, respectively). Pure CA exhibits a nearly featureless morphology and a smooth
surface both on the top (Figure 2a) and bottom side (Figure 2b). As for the latter, some particulates
related to unwanted contamination are visible at low magnification. SEM images from the top sides
of CA samples loaded with 1 wt%, 5 wt%, 10 wt%, and 15 wt% ZnO (Figures 2c, 2e, 2g, and 2i,
respectively) show denser light stains due to the higher concentration of ZnO structures embedded in
the CA matrix. Higher magnification images of top sides clearly show the morphology of ZnO
inclusions dispersed in CA, in the form of ZnO flowers and also some ZnO nanowire. The bottom
sides of the 1 wt%, 5 wt%, 10 wt%, and 15 wt% ZnO loaded samples (Figures 2d, 2f, 2h, and 2],

respectively) show a markedly different topography with respect to the top sides. As expected, for
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both the evaluated magnifications, the higher the concentration of ZnO embedded in the CA matrix,
the higher the coverage of ZnO onto the CA surface. The morphological differences between the top
and bottom sides of the ZnO loaded samples reasonably indicate a sedimentation of ZnO
nanostructures in the CA matrix during the drying process.

The results of EDX analysis in terms of weight% and atomic% elemental compositions performed
on both the top and bottom sides of the pure CA and 1 wt%, 5 wt%, 10 wt%, and 15 wt% ZnO loaded
CA are summarized in Table 1. The reported values are the average over three different recordings
for each examined sample. As expected, both sides of the pure CA sample exhibit the same amount
of carbon and oxygen, with no detected amount of Zn. Elemental composition of top sides of ZnO
loaded CA samples shows increasing amounts of Zn as nominal Zn concentration increases, however,
accordingly to SEM images, it is clearly influenced by the screening effect of the bulky CA
embedding ZnO. On the contrary, EDX data taken from the bottom sides show increasing amounts
of Zn, both Wt% and at%, in good agreement with the nominal variations in Zn concentration. These
variations are well displayed in Figure 3, where the EDX maps of elemental distributions of C, O,
and Zn for the bottom sides of the pure CA and the ZnO loaded CA are displayed respectively in

Figure 3a, 3b and 3c.
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Figure 2. Top-view SEM images of top and bottom sides of (a) and (b) pure CA, respectively; (c)
and (d) CA loaded with 1 wt% ZnO; (e) and (f) CA loaded with 5 wt% ZnO; (g) and (h) CA loaded
with 10 wt% ZnO; (i) and (j) CA loaded with 15 wt% ZnO. SEM images taken at two different
magnifications, namely 200x and 2kx, are displayed in left panels (scale bars 200 pm) and right
panels (scale bars 20 um).
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Wt% at% Wt% at%
45.16 38.20 45.17 38.22
54.84 61.80 54.83 61.78
Wt% at% Wt% at%
0.11 0.02 3.55 0.75
45.21 38.29 41.54 35.94
54.68 61.69 5491 63.31
Wt% at% Wt% at%
0.16 0.03 12.93 2.94
45.58 38.66 34.36 31.90
54.26 61.31 52.71 65.16
Wt% atvo Wt% at%
0.21 0.04 20.16 4.9
43.92 37.10 31.16 30.86
55.87 62.86 48.68 64.24
Wt% at% Wt% at%
0.34 0.07 30.71 8.25
44.20 37.41 26.33 28.92
55.46 62.52 42.96 62.83

Table 1. EDX Elemental Analysis of CA/ZnO composites at different ZnO wt% loadings.
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Figure 3. EDX maps of elemental distributions of (a) C, (b) O, and (c¢) Zn at the bottom sides on
the same scan area (scale bar 500 pm) for pure CA, 1 wt%, 5 wt%, 10 wt%, and 15 wt% ZnO
loaded CA (panels from left to right).
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3.3. Chemical characterization of the composites

FTIR analysis was used to investigate the dispersibility and the chemical interaction between
cellulose acetate and ZnO. The spectra of ZnO flowers powder, pure CA, and CA blended with 10
wt% ZnO analyzed by FTIR are shown in Figure 4. The FTIR spectrum of the ZnO powder shows
a strong absorption toward 500 cm™!, corresponding to the 426-565 cm™! absorption bands of the Zn—
O stretching vibration of wurtzite hexagonal structured Zn-O crystal [38],[39].

A weak peak centered at 890 cm! and a very weak band in the region 3350-3550 cm ™! can be assigned
to —C—H bending vibrations and to stretching vibrations of O—H groups, respectively [40]. The former
is presumably due to residue of ethanol used during processing of ZnO powders, whereas O—H groups
can be related to a negligible amount of absorbed water molecules hydrogen bonded to the ZnO

surface [39],[40]. The pure CA shows the characteristic peaks of cellulose acetate [41-44].
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Specifically, a wide band in the 3600-3300 cm ™! region, with a peak at about 3475 cm™!, can be
assigned to the stretching of intermolecular hydrogen bonds of hydroxyl groups (O—H) and contains
contributions from both adsorbed moisture and the hydroxyl groups of non-esterified cellulose. The
weak peaks located at 2950 cm™! and 2890 cm™! correspond to the stretching of CH of methyl groups
(—~CH3) and to the CH3 symmetric stretching, respectively. The intense absorption peak at 1733 cm™!
is attributed to the stretching vibration of the carbonyl group (C=0), and the characteristic peaks at
1215 cm™ and 1028 cm™! can be related to the antisymmetric and symmetric C-O-C stretching
modes of the ester group, respectively. The peaks at 1368 cm™' and 1432 cm™! correspond to the
symmetric CH3 bending and to the CH> deformation, respectively. Finally, the absorption peak at
900 cm™! is assigned to acetate methyl groups. As regards the CA/ZnO composite, some changes in
the FTIR spectrum of the pure CA arise upon addition of ZnO flowers [45—49]. The presence of ZnO
in the 10 wt% ZnO composite film causes the appearance of a strong absorption toward 500 cm ™,
due to the Zn—O stretching vibrations. The characteristic peaks of the pure CA are found almost
unchanged in the FTIR spectrum of the CA/ZnO composite, apart the hydroxyl group band, which is
significantly broadened toward lower wavenumbers, as shown in the deconvolution analysis
displayed in Figure S5. As suggested in previous studies [47,48,50], this can be related to the
formation of hydrogen bonding between ZnO and CA, which is a further confirmation of the
successful incorporation of CA with ZnO. Finally, Figure S6 shows the UV-VIS absorption spectra
for cellulose acetate (CA) and CA loaded with different concentrations of ZnO (1 wt%, 5 wt%, 10
wt%, 15 wt%). The absorption spectrum of CA is almost flat in the 250-600 nm range, with an
absorption onset at about 240 nm.[51] Instead, an absorption peak at around 378 nm (= 3.28 eV) can
be clearly observed in all ZnO loaded CA samples, which is consistent with exciton absorption peaks

observed for different ZnO nanostructures, with a blue-shift from that of bulk ZnO (380 nm) [52].

16



CA

3

S

Q

2 | cAZnO (10 wt%)
(1]

p=

£

(/)]

=

|: Zn0O

4000 3000 2000 1000

Wavenumber (cm™)

Figure 4. Fourier transform infrared spectroscopy (FTIR) spectra of ZnO powders, pure cellulose
acetate (CA), and cellulose acetate loaded with 10 wt% ZnO in the range 500-4000 cm .

The influence of the ZnO addition on the wettability surfaces of CA based films was investigated by
water contact angle experiments. Figure 5 shows the images and the corresponding contact angle

values of the water droplets immediately after their deposition on both sides of the films.
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Figure 5. Images of the water droplets immediately after their deposition on the CA based films
with variable ZnO content. The corresponding contact angle values are presented.

The initial water contact angle (ca. 41°) of pristine CA agrees with the hydrophilic nature of the
polymer. As expected, the wettability characteristics of the film based on CA are similar on both top
and bottom surfaces highlighting the homogeneity of the sample. As a general result, the filling of
the polymeric matrix with ZnO generated an enhancement of the initial water contact angle
evidencing a hydrophobization effect of the fillers on the CA based film. According to literature
[53,54], the addition of ZnO can determine the hydrophobization of polymeric films because of
roughness increase as well as variations of the surface chemical composition. Within this, SEM/EDX
analyses evidenced that the CA based films possess variable roughness and surface chemistry on

dependence of the ZnO content. In addition, it should be noted that the employed synthesis protocol
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produces hydrophobic ZnO flowers mainly exposing apolar planes as evidenced by XRD analysis,
ultimately enhancing the surface hydrophobization effect[55] on the polymeric films, proportionally
to the nanofiller content of the CA/ZnO composites for both sides. Nevertheless, it is remarkable to
note that the hydrophobization effect is significantly stronger for the bottom side of the film surface.
This finding agrees with SEM images (Figure 2), which showed that the coverage of ZnO
nanostructures onto the CA surface is higher for the bottom surface.

XPS characterization of the CA/ZnO (10 wt%) sample highlights that complete absence of zinc from
the top surface (Figure S7), being only a minimal quantity (0.28 at%) detectable at the bottom surface
of the same sample. These data well agree with the EDX and SEM characterizations. The quantitative
analysis of the carbon relative species at the top surface was carried out by the analysis of the C 1s
spectra and the resulting fitting of the peak at 45° and 90°, as shown in (Figure 6).

When collecting XPS spectra, the sampling depth is determined by the takeoff angle (0) and the
inelastic mean free path (IMFP), in the relation of depth = IMFP sin 0. By sampling at two different
angles, the collected data at 90° collect and average data from all the IMFP depth — about 10 nm —
while at 45° we sample about 7 nm. The comparison (see Table 2) shows a significant decrease in
the relative abundance of alkylic signal going from 45° to 90°, indicating a superficial segregation of

hydrophobic (alkylic) species.
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Figure 6. Analysis of the C s peak signal obtained from the top surface of the CA/ZnO (10 wt%)
sample taken at 45° (top) and 90° (bottom) electron takeoff angles.

C-C/IC-H |C-O 0-C-O 0-C=0
45° 34.73 25.54 18.72 21.01
90° 28.54 28.45 19.58 23.43

Table 2. Atomic percentage distribution of carbon species derived from C 1s peak analysis from
the top surface of the CA/ZnO (10 wt%) sample.

3.4 Thermal characterization
Figure 7 shows the thermogravimetric (TG) curves of pristine and ZnO loaded CA composites with

variable filler contents (1 wt% and 10 wt%).
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Figure 7. Thermogravimetric curves of CA based films filled with variable amounts of ZnO.

The analysis of TG curves allowed the estimation of the water content of the films by determining
the mass losses from 25 °C to 150 °C (MLis0). As reported elsewhere [56], the MLiso values reflect
the water molecules physically adsorbed onto both inorganic and organic materials. We detected that
the ZnO addition reduces the ML1so value (Table 3) highlighting that the nanocomposites possess a

lower hydrophilicity compared to pristine CA.

Film MLis0 / wt% MRe00/ Wt% Tons / °C
CA 4.19 £ 0.06 0 332+3
CA/ZnO (1 wt%) 2.09 + 0.04 2.46 + 0.04 338+3
CA/ ZnO (10 wt%) 1.36 £0.03 28.6 £ 0.6 347+3

Table 3. Thermogravimetric parameters of CA based films.

As a general result, TG curves evidenced a relevant mass loss between 280 °C and 420 °C, which
represents the temperature range of CA pyrolysis. Accordingly, we determined the polymer
decomposition temperature from the onset point of TG curve within the mentioned interval.
Interestingly, the onset temperature (Tons) is larger for CA/ZnO composites with respect to that of
pristine polymer. On this basis, we can state that ZnO induces a thermal stabilization effect on the

polymer that might be attributed to the barrier effect of the nanofillers towards the volatile products
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generated by the CA decomposition. The polymer thermal stabilization depends on the ZnO
concentration as evidenced by the Tons increases (6 °C and 15 °C at 1 and 10 wt%, respectively) with
respect to the film based on pristine CA. Furthermore, pristine CA presents a null residual mass at
600 °C (MReoo). This result indicates that the polymer is completely decomposed at 600 °C.
Oppositely, CA/ZnO composites did not exhibit a complete decomposition at 600 °C as evidenced
by their MReoo values (2.46% and 28.6% at 1 and 10 wt%, respectively). This thermal behavior can
be related to the addition of inorganic fillers (ZnO flowers) that are stable at high temperatures.

3.5 Photocatalytic activity

The formation of ROS under simulated solar light is demonstrated by the photocatalytic degradation
of the dye methylene blue (MB), monitored from the absorption spectra of the MB solution (3 mL,
concentration Cj equal to 2.5 - 107> M) into which CA/ZnO composites were soaked (see Figure 8
and Figure S8). As shown in Figure 8, a scarce MB adsorption is observed for all the samples, being
significative only for highest ZnO loadings in the cellulose matrix (10-15 wt%). Under irradiation by
the solar simulator, ZnO loading in the polymer matrix increases the MB degradation, as expected
(Figure 8a). Control experiments in the absence of light show a scarce but still quantifiable decrease
in MB concentration (Figure 8b). Notably, the photocatalytic activity increases from 1 wt% to 10
wt% ZnO loading, observing a decrease at 15 wt%. This observation can be ascribed to the interplay
between the beneficial effect on photodegradation and their induced decrease on the MB adsorption,
which is shown by the increase of the contact angle both in the top and especially at the bottom face
of the composite by the increase of ZnO loading. The photocatalytic degradation rate can be modelled
using a pseudo-first-order kinetics. It was possible to determine an apparent rate constant (k) by the
linear regression model In(C/Co) = kt, in which C is the MB concentration after a given time exposure

at 1 sun irradiation time and Co is the concentration after adsorption/desorption equilibrium. The
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resulting apparent reaction constant k increases as a function of the ZnO loading, showing an apparent
optimal degradation kinetics of 0.020 min™! +0.001 min™! (at 10 wt%), along with an excellent
reusability at the second and third cycles, being equal to 0.039 min~!+0.001 min! and 0.039
min~! +0.002 min"!, respectively (see Table S1). An increase of the photocatalytic efficiency for all
the investigated ZnO loadings was observed at the second use. This could be ascribed to adsorbed
MB molecules on the composite surface or into its bulk which were washed before the second use.
Another possible explanation is the swelling of cellulose acetate polymeric matrix that favors MB
adsorption in the composite, as shown by the higher adsorption of the reused samples at all the
investigated ZnO loadings. Notably, the photodegradation third cycle is similar to the one of the
second cycle, suggesting the good reusability of the composite in real applications and further
suggesting that the ZnO flowers are stabilized in the cellulose matrix even after multiple
photodegradations (Figure 8c), in accord with previous studies dealing with ZnO/SnO,-PMMA
composites [27]. The 10 wt% loading showed, similarly to the experiments carried out in the presence
of light, the best results, leading to a decrease of about 7% of MB concentration. This behavior is
likely due to the ZnO loading which negatively affects the composite wettability at high
concentrations higher than 10 wt% MB photodegradation reproducibility was also evaluated on three
different CA/ZnO (10 wt%) samples which showed very similar photodegradation efficiencies, equal
to 96%, 93% and 96%. The obtained values are among the best if compared with previous results
considering ZnO composites with cellulose-based materials (Table S2).

A part from the light-triggered induction of ROS species, CA/ZnO can release of Zn?" ions under
dark and solar light illumination [57]. To this aim, Zn?" ions leaked from the sample showing optimal
photocalytic properties - i.e. CA/ZnO (10 wt%) - was evaluated by voltammetry [32] in the absence

and in the presence of light (Figure 8d and Figure S9). As can be seen, solar light induced a
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significant increase (almost 5-fold at the end of the 2 h irradiation) of the zinc ions leakage into the
solution in which the composites are immersed, as a result of the photoinduced process of ZnO
flowers surface degradation, that is ascribed to the photo-generated holes on ZnO surface that could
attack the Zn—O bond and as a result disassociate the Zn>* from the ZnO surface.[58] Considering
the calibration reported in Figure S10, it is possible to estimate the leaked zinc ions species at the
1.5 ppm £ 0.2 ppm and 7.0 ppm + 0.9 ppm. Interestingly, the zinc release follows a linear trend as a
function of time, in agreement with a zero-order kinetics release mechanism, with an apparent
kinetics constant equal to 0.098 pA/min + 0.007 pA/min. The observed trend of the CA/ZnO (10
wt%) composites is significantly different from the complex behaviors reported on ZnO powders
with different shapes and surface-to-volume ratios [59,60], opening up towards higher controllability

in light-triggered zinc ions release.
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Figure 8. (a) Photodegradation of MB vs time in CA/ZnO composites: bare CA (black squares), 1
wt% (red squares), 5 wt% (green circles), 10 wt% (triangles), and 15 wt% (light-blue triangles). (b)
Control experiment conducted in the absence of light-induced degradation shows dim decrease of
MB vs. time. (¢) Photograph of CA/ZnO composites after a typical photocatalytic cycle. (d)
Voltammetric analysis of Zinc ions release from the CA/ZnO (10 wt%) composite in the absence
(black dots) and presence (red squares) of irradiation.

3.6 CA/ZnO flowers composites analysis in dark conditions

The overall leakage of zinc and cellulose related species from CA/ZnO composites was further
analyzed under dark conditions (i.e. in the absence of solar light) through EIS on screen printed
sensors, leveraging microfabricated electrodes to use sub-milliliter sample volume [61]. Microfluidic
chips allow direct ROS quantification from blood impedance [62,63] or even for the determination
of hydroxyl radicals produced from living cells [64]. In particular, ZnO can produce zinc ionic related
species by a dissolution mechanism into the aqueous media mediated by the presence of the cellulose
acetate matrix. To demonstrate this, composite samples at different ZnO loading were soaked in ultra-
pure water (2 mL) and the impedance of the solution was measured from the same day up to four
days after immersion. The Bode plot of the water CA/ZnO composites were acquired on the ultrapure
water after immersion (Figure S11). The typical impedance values (Z) extracted at the kHz range
represents a usable value for applications in biointerfaces, but at this frequency capacitive effects are
present in addition to resistive ones [61]. Also, values at frequency higher than 10* Hz might be
affected to instrumental artifacts [65]. Accordingly, from the Bode plots, a capacitive and then a
frequency-dependent regions are both at low (<3 - 10° Hz) and high (> 5 - 10* Hz), presenting an
essentially frequency independent response at intermediates frequencies, being mainly ascribed to
the solution conductivity [61]. Thus, the comparison among the different samples was conducted

confronting the impedance in the frequency independent region at the 5-10° Hz frequency, at which

the impedance contribution is mainly due to the solution conductivity. As expected, the higher the
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ZnO filler concentration, the lower is the Z values with respect to the one of the bare CA sample
during the four days monitoring, as a possible effect of ionic zinc related species release, in agreement
with the observation of Zn?* release in dark conditions. The decrease of the Z values is normalized
with respect to the value measured for CA sample (Figure 9). Unexpectedly, CA induced a
significant reduction of Z with respect to the control sample consisting in ultra-pure water. This is
due to the release of ionic species due to the degradation/modification of CA and not only of ZnO
flowers. From a recent work based on analytical HPLC, it is known that CA might be subjected to

deacetylation and weight loss in aqueous environments, demonstrating its biodegradability [66].
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Figure 9. Monitoring ionic species release from the composites in ultra-pure water by EIS. The Z
values measured at 5 kHz are normalized with respect to the CA samples measured the same day the
were prepared. Each value is the average of three different measurements.

4. Conclusions

This work shows a new class of photocatalytic CA/ZnO composites combining rational synthesis
of ZnO nanostructures and solution casting of biopolymeric films. The presence of ZnO flowers

filler leads to a significant variation of the physical and chemical properties of the composite in a

concentration dependent manner, increasing the thermal stability and modifying the surface
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wettability, as a result of surface-to-bulk dispersion. The morphological investigations highlight
that ZnO flowers tend to accumulate at the bottom surface of the composite and that at the highest
loading 15 wt%, the formation of large clusters which lead to a significantly lower wettability in
comparison to the 15 wt% loading.

The sample loaded with 10 wt% ZnO shows the best photocatalytic performances, in accordance
with the higher hydrophobicity shown by the bottom face at the 15 wt% loading, along with the
controlled release of zinc ions in solution triggered by simulated solar light. The stability of the
composites is finally analyzed by EIS on the aqueous solution in which they are soaked, showing
that both CA and ZnO contribute to the leakage of electrically conductive species in aqueous
environments. These findings are a first step towards the exploitation of rational wet-chemistry
based synthesis of ZnO structures usable as functional fillers in CA polymeric matrices for
photocatalytic decontamination and controlled zinc ions release at nontoxic concentrations.
Further studies will be directed towards the optimization of the ZnO structural features and
dispersion strategies within the polymeric matrix to obtain light-responsive smart antifouling

coatings.
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