
 

 

 

 

 

ZnO-functionalized fly-ash 
based zeolite for ciprofloxacin 
antibiotic degradation and 
pathogen inactivation 
 

Submitted version made available in agreement with publisher’s policy. 

Please, cite as follows: 

Georgiana Amariei, Laura Valenzuela, Ana Iglesias-Juez, Roberto Rosal, MariaVisa. ZnO-
functionalized fly-ash based zeolite for ciprofloxacin antibiotic degradation and pathogen 
inactivation, Journal of Environmental Chemical Engineering, 107603, 2022. 

https://doi.org/10.1016/j.seppur.2021.120351 

 

 

 

 

https://www.sciencedirect.com/science/article/abs/pii/S2213343722004766 



https://doi.org/10.1016/j.jece.2022.107603 

ZnO-functionalized fly-ash based zeolite for ciprofloxacin 
antibiotic degradation and pathogen inactivation 

Georgiana Amariei1,2,*, Laura Valenzuela2, Ana Iglesias-Juez3, Roberto Rosal, MariaVisa4  

1 Department of Biological and Chemical Engineering- Plastic and Polymer Engineering Group, Aarhus University, 
Aabogade 40, DK-8200, Aarhus N., Denmark 

2 Department of Chemical Engineering, Universidad de Alcalá, 28805 Alcalá de Henares, Madrid, Spain 
3 Instituto de Catálisis y Petroleoquímica, ICP-CSIC, Marie Curie 2, 28049 Madrid, Spain 
4 Research Center: Renewable Energy Systems and Recycling, Transilvania University of Brasov, Eroilor 29, 

500036, Brasov, Romania 

* Corresponding author: georgiana.amariei@bce.au.dk 

Abstract 

There is an increasing need for photocatalytic materials capable to remove pollutants and to deactivate 
microorganisms for a wide range of applications. Here we report the preparation of fly ash-based zeolite material in 
which ZnO was incorporating using an alkaline hydrothermal method. The zeolitic materials were used to 
functionalized glass substrates through spin-coating technique and characterized by X-ray diffraction, emission 
spectroscopy, electrophoretic light scattering, and UV–Vis diffuse reflectance, among other techniques. The surface 
characteristics of the coatings were determined by scanning electron microscopy and water contact angle. The 
photocatalytic activity of ZnO-functionalized fly-ash based zeolite was assessed by tracking the degradation of the 
antibiotic ciprofloxacin (CIP) and its antimicrobial capacity by means of the inactivation of the bacteria 
Staphylococcus aureus and Escherichia coli under UVA (365 nm) irradiation. The results showed the formation of a 
sodalite zeolite structure with a band gap of 3.2 eV and photoinduced hydrophilicity. The ZnO-modified fly ash 
material was able to completely photodegrade CIP in less than 20 min irradiation with 365 nm UVA light, while its 
non-modified precursor, even displaying a high adsorption capacity was unable to remove the antibiotic after 120 min. 
The ZnO-zeolitic materials and coatings were able to inactivate bacteria with reductions in the number of viable 
colonies > 99.9 for S. aureus and > 99.0% for E. coli after 60 min of irradiation, even on specimens previously 
allowed to grow a mature biofilm. The zeolitic material also proved a low cytotoxicity to human fibroblast cultures. 
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1. Introduction 

The production of energy by combustion gives rise to 
large amount of fly ashes, a drawback shared by old 
coal-burning power plants, municipal solid waste 
incineration plants, and those producing green 
electricity from biomass [1]. Fly ashes find use in 
concrete production and other construction practices, 
and as soil amendment because of its capacity to 
improve soil physicochemical properties [2]. However, 
the content of heavy metals is usually too high to allow 
their use in the aforementioned applications and most of 
them have been traditionally sent to landfills. The 
interest of the energy generation industry in developing 
implementations for fly ashes is mainly driven by the 
rising costs of developing new disposal sites. Therefore, 
fly ashes constitute an abundant raw material 
susceptible to new potential uses, at the same time 
helping to solve an environmental and economic 
problem [3]. Depending on their source the composition 
of fly ash changes, but overall, it is mainly composed of 
silica, alumina, and calcium and iron oxides with rather 
homogeneous distributions among particles. Besides, 
fly ashes contain a number of other elements at trace 
levels with uneven distribution, which include a wide 

variety of metals and metalloids together with unburnt 
carbon and certain organic compounds [4]. Because of 
the presence of heavy metals and toxic compounds, the 
improper disposal of fly ashes may cause water and soil 
pollution with potential environmental and health 
hazards. 

Fly ashes display surface adsorption properties, which 
granted their use to remove different water 
contaminants [5]. The composition of fly ashes together 
with relatively large particle sizes, which favour their 
recovery, makes them attractive for the production of 
photocatalytic material. Specifically, fly ashes have 
been explored as substrate for the immobilization of 
different photocatalysts, which benefit from the 
synergistic effect of adsorption and photocatalysis [6]. 
The incorporation of TiO2 and other photocatalytic 
phases to fly ashes has been used to produce a number 
of photocatalytic materials. AgCl-TiO2 and BiVO4 have 
been supported on floating fly ash cenospheres and 
successfully used for the degradation of aqueous 
pollutants [7, 8]. ZnO nanofibres were incorporated into 
fly ashes using electrospinning to create a 
semiconductor composite photocatalyst, which 
favoured from the enhanced dispersion of fly ashes onto 
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the surface of the ZnO nanofibers [9]. It has been also 
shown that certain modifications of fly ashes lead to 
improvements in composite photocatalytic materials. 
The activation of fly ash using alkaline treatments 
enhances the performance of fly ash-TiO2 
photocatalysts when used to remove organic pollutants 
[10, 11]. The background is that fly ashes can be used 
to prepare synthetic zeolites of different types, which 
showed advantages over commercially available 
zeolitic materials [12]. 

The development of photoactive materials capable to 
the simultaneous removal of pollutants and the 
inactivation of microorganisms is the subject topic of 
intense research. Photocatalytic phases can act as 
antimicrobial substances in two ways. Physically, 
because of the photoinduced hydrophilicity of several 
semiconductors that results from the formation of 
photogenerated surface hydroxyl groups in the presence 
of water [13, 14]. Besides, heterogeneous 
photocatalysts give rise to a variety of reactive oxygen 
species (ROS) with strong oxidizing power. 
Photocatalytic disinfection benefits from the 
antimicrobial effect of ROS and, although extensively 
studied in slurry systems, finds its most rational 
application in the design of self-disinfecting surfaces 
[15].  

Photocatalytic disinfection offers important advantages 
such as the limited formation of disinfection by-
products, and the possible use of solar radiation. In the 
case of photocatalytic active surfaces, there is also the 
advantage of avoiding the recovery of powdered 
materials when used in suspensions. Composites based 
on fly ashes have shown to display antimicrobial effect. 
Yan et al. (2018) prepared N-doped TiO2-fly ash 
cenospheres and demonstrated their high disinfection 
efficiency against Escherichia coli upon irradiation 
UVA and 420 nm visible light [16]. With a similar 
rationale, a geopolymer paste from high calcium fly ash 
containing nano-titanium dioxide was prepared to 
create a surface resistant to algae and fungi colonization 
with good results for loadings of nano-titanium dioxide 
content up to 5 wt% displayed resistance to algae and 
fungi with limited impairment of mechanical properties 
[17].  

In this work, we prepared a zeolitic material containing 
ZnO from raw fly ash from a combusting facility by 
means of a simple alkaline hydrothermal synthesis. The 
ZnO-functionalized material was used to prepare active 
surfaces by spin-coating. The physicochemical 
properties of the novel zeolitic material, and the 
surfaces produced with it were investigated using 
different characterization techniques. The 
photocatalytic capacity was examined by studying the 
photocatalytic degradation of the antibiotic 
ciprofloxacin and the inactivation of the pathogenic 
strains S. aureus and E. coli bacteria under 365 nm 
irradiation that mimics the solar UVA component. 

2. Materials and methods 

2.1. Preparation and characterization of the 
photocatalytic material 

Raw fly ash (FA) was obtained from the electro-filter of 
a combined heat and power plant located in Brasov, 
Romania. The composition of raw FA is provided in 
Table 1. The ZnO-FA based zeolite was obtained by 
hydrothermal treatment under alkaline conditions [18] 
using ZnCl2 as a modifier and NaOH solution as 
solvent. Briefly, a mixture of pre-washed FA (55.0 g), 
NaOH (66.0 g), and ZnCl2 (60 g) was heated for 3 h at 
550 °C. After calcination and cooling, the collected 
material was grounded, resuspended in 800 mL 
ultrapure water (UW, conductivity > 18 MΩ cm-1) and 
kept for 24 h under constant stirring, at 25 °C. Next, a 
NaOH solution (80.0 g NaOH in 500 mL UW) was 
incorporated to the suspension. The slurry was 
transferred into a stainless autoclave, hydrothermally 
heated to 100 °C at 5 bar of pressure and stirred at 200 
rpm for 72 h. After annealing and cooling, the resultant 
solid product was recovered by filtration (0.45 μm 
filter) followed with repeated washing using UW and 
dried at 50 °C overnight. The obtained ZnO-FA was 
used as photocatalyst as powder and for coatings. 

The elemental composition of FA and ZnO-
functionalized zeolitic materials (ZnO-ZFA) was 
established by Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES, PlasmaQuant® PQ 
9000, Analytik Jena) and verified by Energy Dispersive 
X-ray Spectroscopy (EDX, Hitachi TM-1000). The 
isoelectric point was determined by zeta potential (ζ-
potential) measurement in the region of pH 4.4-9.3 at 
25 °C in a Zetasizer Nano ZS (Malvern). The crystal 
structure of the powders was studied by X-ray 
Diffraction (XRD, PANalytical X’Pert Pro). UV-vis 
Diffuse Reflectance Spectra (DRS, Agilent Cary 5000) 
of the samples were registered and further band-gap 
was determined. Brunauer-Emmett-Teller (BET) 
surface area was determined with a Micromeritics Asap 
2020 analyser. Prior to each gas sorption experiment, 
the samples were degassed down at 150 ºC for at 8 h. 

To assess the capacity of the material for the separation 
of the photogenerated electron-hole pairs, transient 
photocurrent (TPC) measurements were conducted 
under 365 nm UVA LED light irradiation in a three-
electrode cell setup (20 mL of working volume), using 
graphite paper and Ag/AgCl as counter and reference 
electrodes, respectively. The working electrodes were 
prepared by depositing 0.1 mL of a 10 g L-1 suspension 
of the catalysts in ethanol onto sanded and prewashed 
graphite paper (GP) substrates (SIGRACELL® PV15, 
SGL Carbon). TPC was performed at +1.0 V vs. 
Ag/AgCl in 0.1 M Na2SO4 with 25 s light on and 25 s 
off cycles using a Metrohm Autolab PGSTAT101 
station. 

2.2. Fabrication and characterization of 
photocatalytic surfaces 
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For the preparation of the photocatalytic surface, 10 g 
L-1 of ZnO-ZFA in acidic isopropanol (0.5 % v/v nitric 
acid) was ultrasonically dispersed and stirred overnight. 
The resultant suspension was deposited on glass 
support (1 cm x 1 cm) using an WS-650-23B, Laurell 
Technologies spin-coater. Prior to the coating, the glass 
substrates were preconditioned by ultrasonic cleaning 
with detergent, UW, acetone, ethanol, and UW and 
drying 10 minutes at 150 °C. The spin-coating was 
performed employing a 0.2 s dynamic dispense at 500 
rpm continued by 15 seconds of increasing speed and 
drying at 1500 and 3500 rpm, respectively. Five cycles 
of spin-coating were applied, reaching a mass surface 
density of 0.16 ± 0.07 mg cm-2. After each spin-coating 
cycle, the specimens were dried 10 minutes at 150 °C to 
remove the possible residual solvent. 

The morphology of coatings was investigated by 
Scanning Electron Microscopy (SEM, Zeiss DSM 950) 
at 25 kV. The wettability and hydrophobicity of the 
spin-coated surfaces was determined by measuring 
water contact angle (WCA, DSA25, Krüss). The 
stability and possible leakage of ions from the 
functionalized surfaces was tested by submerging 
coated substrates in 2.5 mL cm-2 UW (pH 7.2), at 37 
°C, for 20 h and the amount of ions was quantified by 
Total reflection X-Ray Fluorescence (TXRF S2 
PicoFox, Bruker) [19]. 

2.3. Photocatalytic activity 

The photocatalytic capacity of ZnO-ZFA was assessed 
by following the degradation of the antibiotic 
ciprofloxacin (> 98 % purity, Merck, CIP) and the 
inactivation of two bacterial strains, the Gram-positive 
S. aureus (CECT 240/ATCC 6538P) and the Gram-
negative E. coli (CECT 516/ATCC 8739). The 
photocatalytic assays were performed by means of 365 
nm UVA LED (Mightex LED BLS 13000-1) with an 
irradiance of 180 W m−2. 

The photodegradation experiments were carried out 
with suspensions of 400 mg L-1 FA, 100 mg L-1 ZnO 
(14 nm, PlasmaChem GmbH, Germany) or 500 mg L-1 
ZnO-ZFA (corresponding to the same amount of fly ash 
after excluding the weight of ZnO incorporated to the 
modified FA) and 25 mL of 10 mg L-1 CIP solution (pH 
4). In addition, solutions of 10 mg L-1 CIP without 
catalyst were used as negative controls for photolysis. 
The suspensions were kept in the dark for 30 min at 25 
°C and magnetically stirred at 100 rpm in contact with 
CIP solutions. Subsequently, the suspensions were 
exposed to UVA irradiation with power input per unit 
volume of 5.1 W L-1. Aliquots of 1.0 mL were 
extracted at prescribed time (0, 5, 10, 20, 40, 60, 90, 
and 120 min) and filtered with a 0.2 μm nylon syringe 
filters. CIP was analysed with Shimadzu UV-2700i 
UV-vis spectrophotometer, in the 200–800 nm interval. 
The CIP concentration variation was quantified at the 
specific absorption wavelength of 277 nm using a 
calibration curve between 0.5-10 mg L-1 [20]. 

The photo-disinfection capacity of the tested materials 
was established by determining the decrease in the 
number of viable colonies (colony forming units, CFU) 
of the bacteria [21]. The microorganisms were first 
cultured overnight at 37 °C in nutrient broth (NB, the 
aqueous solution of 10 g L-1 peptone, 5 g L-1 beef 
extract, 5 g L-1 sodium chloride, pH 7.0 ± 0.2), under 
continuous shaking. The bacterial inoculum in the 
bioassays was adjusted to an initial CFU value of 106 
cells mL-1 using NB 1:500. Two types of experiments 
were performed, which used powder photocatalyst 
suspension and a surface functionalize with 
photocatalytic coating respectively. 

The bacterial inactivation experiments with powdered 
materials in suspension were conducted both in 
photocatalytic and dark conditions using 16 mg FA, 4 
mg ZnO or 20 mg of ZnO-ZFA (corresponding to the 
same amount of fly ash after excluding the weight of 
ZnO incorporated to the modified FA). The amount of 
ZnO-ZFA was calculated for better intercomparison 
excluding the weight of ZnO as determined from the 
data shown in Table 1, were incubated with 25 mL of S. 
aureus and E. coli inoculum, under continuous stirring 
(50 rpm) for 60 min. During the runs, aliquots of 500 
μL were collected at specific time (0, 5, 10, 20, 40, and 
60 min) from the mixtures and the number of viable 
bacteria was quantified. 

Colonization tests on coated surfaces were performed 
by incubating coated and uncoated glass surfaces (1 
cm2) with 2 mL of bacterial suspension in sterile 24-
well plates. Bacterial colonization and biofilm 
formation was allowed to proceed for 20 h of contact at 
37 °C in static and darkness conditions, following the 
standard guidelines ISO 22196:2011 [21]. 
Subsequently, the samples were irradiated for 30 and 60 
min, which represented 1.0 and 2.0 kW-h m-2, 
respectively. The UV dose was calculated using NASA 
Surface Meteorology and Solar Energy Database as a 
conservative estimation of one third of the average 
daily incident insolation at the latitude of Madrid. The 
two irradiances are described in what follows as winter-
fall or L(+), and summer-spring or L(++) (19). After 
irradiation, the CFU both in the liquid fraction and 
detached from the surfaces was determined. Standard, 
soya casein digest lecithin polysorbate broth (SCDLP) 
was used to detach bacteria. Dark control groups were 
included denoted insofar as L(-). 

The number of viable cells was estimated by plate 
count method following the ISO 22196:2011 [21]. In 
brief, 10 μL droplets of 10-fold serial dilutions were 
placed on Petri dishes containing standard methods agar 
(2.5 g L-1 yeast extract, 5 g L-1 tryptone, 1 g L-1 glucose, 
5 g L-1 agar powder). The agar plates were maintained 
at 37 °C overnight. Two replicates with minimum two 
serial dilutions were included in the CFU calculations. 

The generation of ROS was investigated with 2′ ,7′ 
dichlorodihydrofluorescein diacetate (H2DCFDA, 
Sigma-Aldrich) probe. In brief, H2DCFDA enter into 
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the bacterial cells and is hydrolysed to 
dichlorodihydrofluorescein carboxylate anion, which in 
the presence of ROS is oxidized to the fluorescent DCF 
[22, 23]. For it, 150 μL of bacterial aliquots were 
collected during disinfection runs as indicated before 
and subsequently reacted with 50 μL of a 10 mM 
H2DCFDA solution in a black microplate. The 
fluorescence measurements were conducted with 
Fluoroskan Ascent FL microplate reader (Thermo 
Scientific) at λex/em =485/528 nm, 25 °C, during 30 min. 
The bacterial membrane cell damage was investigated 
with fluorescein diacetate (FDA, Sigma-Aldrich) 
fluorescent staining method [24, 25]. In brief, 195 μL 
bacterial sample aliquots were incubated with 5 μL dye 
(0.02 % w/w in DMSO) in 96-black well microplate in 
a fluorescence reader (Fluoroskan Ascent FL, Thermo 
Fisher Scientific), at 25 °C. Fluorescence signal was 
recorded at λex/em of 485-528 nm every 5 min during 
30 min. 

Reusability of the ZnO-ZFA was explored by 
incubating coated glass surfaces with 2 mL of bacterial 
suspension for 20h followed by 30 and 60 min UVA 
irradiation, as previously described, for four successive 
cycles. The bacterial inhibition was quantified based on 
optical density measurements by using crystal violet 
dye [26]. For this, 200 μL of 0.1% crystal violet 
solution were added over the surface of samples and 
incubated for 15 min in order to allow the staining of 
adhered cells. Then, the samples were rinsed with 
distilled water to remove the excess stain, air dried, and 
incubated overnight with 1 mL of 95% ethanol in order 
to extract crystal violet from cells. Finally, the dye was 
measured at 590 nm. Prior to each cycle, the samples 
were washed with PBS and well rinsed distilled water. 
The effect of organic fouling on disinfection 
performance of ZnO-ZFA was investigated. ZnO-ZFA 
coated glass surfaces were incubated with 2 mL of 1 g 
L-1 bovine serum albumin (BSA, Sigma-Aldrich) 
solution (PBS, 0.1 M, pH 7.2), overnight [27]. 
Disinfection efficiency of the organic fouled ZnO-ZFA 
specimens was quantified with crystal violet dye after 
incubating them with 2 mL of bacterial suspension for 
20 h, followed by 30 and 60 min UVA irradiation, as 
previously described for clean ZnO-ZFA coated glass 
samples. 

2.4. Biocompatibility 

The cytotoxic response of ZnO-ZFA was examined 
with human dermal fibroblasts (hDF, ATCC) following 
the standard colorimetric MTT assay. An in vitro test 
was conducted with three amounts of ZnO-ZFA namely 
10, 100, and 1000 mg L-1. 24-well sterile plate was 
inoculated with suspensions of 3 × 105 cells per well 
and then ZnO-ZFA was added (n = 6). Wells without 
ZnO-ZFA was used as control (n = 6). The plate was 
maintained at 37 °C, in a humidified carbon dioxide (5-
6.5 %) atmosphere, for 24 h. To quantify the number of 
viable cells, MTT reagent was reacted with the cells for 
4 h and the resultant product was analysed at 570 nm 

(BioTek Elisa microplates Reader), after prior 
solubilization in dimethyl sulfoxide. Cell viability was 
reported as inhibition percentage compared to control. 

2.5. Statistical analysis 

A two-way analysis of variance (ANOVA) and Tukey’s 
test (p < 0.05) were conducted with Statgraphics 
Centurion XVII software. 

3. Results and discussion 

3.1. Characterization of zeolite powder and coatings 

3.1.1. Characterization of FA and ZnO-ZFA 

The elemental composition of FA and ZnO-ZFA as 
determined by ICP-AES is shown in Table 1. 
According to the ASTM standards (C618-05) [28], the 
raw FA used in this work is of F type (pozzolanic) 
because the sum of the major oxides SiO2, Al2O3 and 
Fe2O3 is > 70 % and CaO < 6.5 %. Besides, the 
SiO2:Al2O3 ratio (2.41) is compatible with a zeolitic 
structure [18]. The loading of Zn in ZnO-ZFA was 
19.24 wt% and clear peaks corresponding to Zn also 
appeared in SEM-EDX map (given in Fig. S1, 
Supplementary Material, SM), confirming the 
incorporation of this element to the modified FA 
material. The point of zero charge (PZC) of FA was 
1.25 ± 0.38 mV and the ζ-potential at pH 4 was -19.1 ± 
0.9 mV. The point of zero charge (PZC) of ZnO-ZFA 
was 6.06 ± 0.29, and the ζ-potential at pH 4 was +18.4 
± 0.6 mV. Therefore, at pH 4, ZA was charged 
negatively and ZnO-ZFA positively. The negative 
charge of FA was consistent with the usual isoelectric 
point of aluminosilicate minerals, typically below 4 as a 
consequence of the isomorphic substitution of Si4+ by 
Al3+ [29]. The higher PZC of ZnO-containing materials 
was due to the presence of ZnO, the PZC of which is > 
9 [30]. The BET surface area increased from 5.98 m2 g-

1 for raw FA to 26.09 m2 g-1 for ZnO-ZFA. 

Table 1. Elemental composition of FA and ZnO-ZFA 
as determined by ICP-MS. 

Element  FA (wt%) ZnO-ZFA (wt%) 
Aluminium 22.05 6.97 
Iron 8.97 5.04 
Calcium 5.24 3.18 
Copper 0.01 0.01 
Zinc - 19.24 
Manganese 2.44 0.04 
Silicon 53.32 10.83 
Titanium  1.07 0.44 

 

The crystalline structure of the raw FA and ZnO-ZFA 
was investigated by XRD (Fig. 1). As shown in Fig. 
1A, the predominant crystalline phase of FA was quartz 
(SiO2, ICDD 00-003-0419), with minor contributions 
from nepheline (Al4KNa3O16Si4, ICDD 00-009-0458), 
Al2O3 (ICDD 00-003-1033), hematite (Fe2O3, ICDD 
00-002-0915) and Ti3O5 (ICDD 00-027-0905). The 
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alkaline hydrothermal process in the presence of ZnCl2 

promoted the formation of the hexagonal wurtzite 
structure of zinc oxide (ICSD 01-079-0206) and the 
SOD-type zeolite framework (sodalite octahydrate, 
|Na6(H2O)8|[Si6Al6O24]) according to the database of 
zeolite structures IZA-SC (Fig. 1B). The diffraction 
peaks at 31.77°, 34.44°, 36.26°, 47.54°, 56.62°, 62.89°, 
66.39°, 67.97°, 69.09° and 89.62° can be indexed to the 
(100), (002), (101), (102), (110), (103), (200), (112), 
(201) and (203) planes of wurtzite ZnO, while those 
exhibited at 14.05°, 24.44°, 31.77°, 35.17°, 42.99° and 
58.50° can be attributed to the (110), (211), (310), 
(222), (411) and (440) planes of sodalite octahydrate, 
respectively. 

A 

 
B 

 
Figure 1. X-ray diffraction patterns of FA (A) and 
ZnO-ZFA (B) materials. 

The optical properties of FA and ZnO-ZFA were 
evaluated by DRS (Fig. 2A). While no absorption edge 
was detected for FA, the characteristic absorption edge 
of ZnO in the UV region of the spectra was observed in 
the case of the zeolite material, corresponding to the 
promotion of electrons form valence to conduction 

band. The Kubelka-Munk function combined with 
Tauc’s relation and baseline method was employed to 
calculate the band gap [31, 32], considering ZnO as a 
direct band gap semiconductor [33, 34]. The calculated 
band gap for ZnO-ZFA was 3.19 eV, in good 
agreement with previously reported values for ZnO [35-
37]. 

A  

    
B 

 
Figure 2. (A) UV-vis diffuse reflectance and Tauc’s 
plots combined with baseline method of Kubelka-Munk 
function, and (B) transient photocurrent (TPC) 
responses at +1.0 V vs. Ag/AgCl in 0.1 M Na2SO4 
under 365 nm UV light irradiation for ZnO-ZFA (red) 
and FA (blue). 

To demonstrate the generation and effective separation 
of photoinduced electron-hole pairs, the transient 
photocurrent response was measured under chopped 
365 nm light irradiation at +1.0 V vs. Ag/AgCl (Fig. 
2B). During this process, a constant potential is applied 
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to the working electrode and current is monitored over 
time. The current is the flow of electrons needed to 
support the active electrochemical processes at rates 
consistent with the potential. Therefore, the current of 
the electrode fluctuates according to the diffusion of an 
analyte from the bulk solution toward the sensor 
surface. The electroactive species present in the 
solution (analyte) in one oxidation state will be 
oxidized to another oxidation state. The oxidation will 
be diffusion-limited, thus causing the current to 
decrease to the base line (approaching zero) as this 
analyte is consumed [38]. Both materials exhibited 
anodic photocurrent under light irradiation, which could 
be attributed to the presence of photoactive metal 
oxides in the case of FA and photocatalytic ZnO for the 
zeolite material. The highest photocurrent density value 
was obtained for the ZnO-ZFA photocatalytic anodes, 
meaning a higher electron-hole pair generation and an 
improved charge carrier separation. 

3.1.2. Characterization of ZnO-ZFA functionalized 
surfaces 

Fig. 3 shows top-view SEM images of ZnO-ZFA spin-
coated glass substrates. Apart from nanoparticle 
aggregates distributed over the entire surface of the 
substrate, larger particles scattered on the surface were 
clearly observed, which conferred a high surface 
roughness. The wettability of the ZnO-ZFA coatings 
before and after UV treatment resembling winter-fall, 
L(+), and summer-spring, L(++), irradiation was 
studied by WCA measurements. The WCA of glass 
substrates was 65.0 ± 0.4°, which did not change upon 
UV irradiation. The photocatalytic surface was 
hydrophilic, showing a WCA value of 66.4 ± 2.9°, and 
exhibited photoinduced hydrophilicity under UV 
irradiation, increasing their wettability after L(+) and 
L(++) irradiation to 61.9 ± 0.5° and 55.2 ± 1.1° 
respectively. The reason is that the photogenerated 
electron-hole pairs on the surface react with Zn-O 
lattice bonds, forming Zn+ defective sites and oxygen 
vacancies, which interact with water causing their 
dissociative adsorption [39-41]. 

TXRF analyses performed after 20 h contact with water 
at 37 ºC allowed evaluating the passing to the solution 
of the metals contained in functionalized coatings, 
which could be possibly related to the antimicrobial 
activity of functionalized surfaces (Fig. S2, SM). The 
results showed the presence of Zn2+ and Ca2+ ions with 
concentration markedly increasing during the first 2.5 
hours, to slightly increase thereafter. Zn2+ ion 
concentration reached a value of 11 μg cm-2 or 4.5 mg 
L-1, still below ZnO solubility limit [42] 

3.2. Photocatalytic activity 

3.2.1. Photocatalytic degradation of ciprofloxacin 

Fig. 4A shows the changes of the absorbance spectrum 
of CIP during photocatalytic degradation by ZnO-ZFA. 
CIP was quantified using the wavelength of 277 nm as 
indicated before. The UV-vis absorption spectra of CIP 
showed a rapid decrease of the peaks at 277 and 330 
nm during the first 5 min under 365 nm irradiation. In 
parallel, shoulders in the absorbance spectra appeared at 
240-260 and 290 nm, which increased with irradiation 
time. After 20 min of irradiation the peaks at 277 and 
330 nm, which identified CIP completely disappeared 
indicating the complete photocatalytic degradation of 
CIP by ZnO-ZFA. The UV absorbing intermediates 
were most probably the product of the attacks in the 
piperazinyl moiety, which preserved the quinolone 
moiety from ciprofloxacin, as shown elsewhere [43]. 
Pure ZnO show relatively low photocatalytic 
performance, about 26.9 %, after 60 min irradiation 
(Fig. 4C and E). Fig. 4D shows the concentration of 
CIP in non-catalytic runs showing that the degradation 
produced by photolysis was negligible. The negligible 
photolysis of CIP under 365 nm irradiation can be 
attributed to the fact that its maximum absorption takes 
place at 277 nm [44, 45]. Besides, at pH 4, with the 
carboxylic group not ionized and the basic nitrogen 
completely protonated, CIP presents its maximum 
stability [45]. Fig. 4E compares the performance of 
ZnO-ZFA and FA. The results showed that FA 
presented a high adsorption capacity for CIP, reaching 
80 % removal after 120 min, but was unable to  

 

   

Figure 3. SEM images of ZnO-functionalized zeolite spin-coated glass substrates. 
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Figure 2. Degradation of CIP (10 mg/L, pH 4) at room temperature, under 365 nm UVA LED light irradiation. UV-
vis absorption spectra (in the 230-440 nm interval) of CIF solution during photocatalytic degradation by ZnO-ZFA 
(A), FA (B), ZnO (C), and UVA only (photolysis) (D). CIP removal efficiency by ZnO-ZFA, FA, and ZnO (E). 
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completely remove CIP from solution. Besides, the 
absence of new peaks or shoulders, particularly those at 
240-260 and 290 nm suggested that no photocatalytic 
degradation took place in the presence of FA. A 
maximum adsorption of ~1.3 % of the initial CIP or 
0.020 mol CIP (g ZnO-ZFA)-1 was observed during the 
30 min of contact in the dark (before irradiation). The 
adsorption capacity of FA was much higher, reaching 
0.85 mol CIP (g ZF)-1, which could be attributed to the 
electrostatic interaction of the positively charged CIP 
and the negatively charged surface of FA at pH 4. CIP 
is a zwitterionic compound between pH 6.2 and 8.7 and 
is positively charged at pH 4 due to the protonation of 
the piperazinyl group [46]. 

El Kemary et al. (2010) studied the photodegradation of 
CIP using ZnO nanoparticles prepared using a 
precipitation method [20]. The material was active at 
334 nm, only a slightly shorter wavelength than the 
band gap of our material ZnO-ZFA. ZnO nanoparticles 
displayed high photocatalytic activity for the 
degradation of CIP at basic pH (in the 7-10) but were 
less efficient at pH 4. The observed degradation 
reached between 18% (at pH 4) and 50 % (at pH 10) 
after 60 min. In our case, ZnO-ZFA completely 
removed CIP at pH 4 in 20 min, probably favoured by 
the stability of particle suspensions at acidic pH. It has 
been shown that the suspensions of ZnO nanoparticles 
tend to form stable and compact aggregates of primary 
particles that cannot be readily disaggregated even 
using sonication. The tendency is higher near the point 
of zero charge of ZnO [47]. During the photocatalytic 
degradation of CIP using anatase TiO2 (Aeroxide P25), 
Van Doorslaer et al. (2011) found a positive 
relationship between degradation rate and the amount 
adsorbed onto the catalyst surface, which was in turn 
strongly pH-dependent and favoured at neutral pH [45]. 
An explanation consistent with the zwitterionic 
character of CIP is that the adsorption is higher when 
the molecule is positively charged, and the surface 
bears a negative charge, which happens for anatase P25 
at pH > 6.2 [48]. Our photocatalytic material was able 
to degrade CIP even under conditions for which the 
surface was positively charged and avoiding the 
shortcomings of ZnO nanoparticle aggregation. As seen 
in Table S1, the ZnO-ZFA activated with 365 nm 
UVA-LED in the present study performed much better 
at acidic pH (pH 4) compared with the other 
photocatalytic materials and processes previously 
reported. Therefore, it can be concluded from this 
comparison that the as-prepared ZnO-ZFA is a 
promising catalyst under UVA irradiation. 

3.2.2. Photodisinfection 

Fig. 5 shows the bacterial concentration of S. aureus 
(Fig. 5A) and E. coli (Fig. 5B) during irradiated 
(60min, up to 2.0 kW-h m-2 summer-spring, L(++) 
irradiance) and non-irradiated (L(-)) runs in the 
presence of FA, ZnO, and ZnO-ZFA. The results are 

expressed as the logarithm of the concentration of 
colony forming cells and showed no significant effect 
of differences among treatments for runs carried out in 
the absence of irradiation and between them and control 
experiments performed without FA, ZnO or ZnO-ZFA. 
The absence of cell damage in non-irradiated runs 
carried out in the presence of ZnO-ZFA was attributed 
to the low concentration of dissolved Zn2+, limited by 
ZnO solubility, which, as explained below, would be 
insufficient to interact with the cells and to inhibit 
bacterial growth during the 60 min contact time [49]. 
Also, no significant differences were observed in the 
number of viable colonies between irradiated and non-
irradiated controls meaning that the 365 nm light did 
not impair the bacterial strains used in this work. 
However, a considerable decrease in the number of 
viable cells was observed for suspensions of ZnO-ZFA 
both in the case of S. aureus (3.65 ± 0.10 log-decrease) 
and E. coli (2.14 ± 0.20 log-decrease) during 60 min of 
UVA irradiation (2.0 kW-h m−2 summer-spring, L(++) 
irradiance). The bacterial inhibition obtained 
corresponded to the disinfection level achieved with the 
irradiation equivalent to a summer day. It is important 
to notice that bacteria were growing in optimum 
conditions of temperature and nutrient availability. The 
level of disinfection in real conditions is expected to be 
much higher (50). 1.84 ± 0.10 and 2.11 ± 0.05 log-
decrease was observed for S. aureus after 60 min of 
contact with ZnO under dark L(-) and UVA irradiation 
(2.0 kW-h m-2 summer-spring, L(++) irradiance), 
respectively. The 0.27 ± 0.05 log difference between 
irradiated and non-irradiated indicated that the 
antibacterial activity of the pure ZnO was mainly 
attributed to the dissolved Zn2+ and/or direct contact 
with bacteria [49] and less to the photocatalytic process. 
The damage to E. coli was lower.  

The higher activity of photocatalytic antimicrobial 
materials for S. aureus in comparison with E. coli is a 
common finding related to the different structures of the 
outer cell envelopes of Gram- positive and Gram-
negative bacteria [51]. Contrasting results were also 
obtained. The difference between the components of 
Gram-positive and Gram-negative cell walls was 
described by Tayel et. al [52] and Reddy et al [53]. 
These authors suggested that Gram-positive bacteria are 
more sensitive to ZnO NPs than Gram-negative bacteria 
because the peptidoglycan layer that surrounds Gram-
positive bacteria can promote ZnO attack inside the 
cell, while the cell wall components of Gram-negative 
bacteria, such as lipopolysaccharides, can counter this 
attack. The minimum inhibitory concentration of ZnO 
NPs founded in S. aureus and E. coli was 1 mg/mL and 
3.4 mg/mL, respectively, which demonstrated that the 
inhibition of Gram-negative bacteria requires higher 
concentrations of ZnO NPs [53]. It has been showed 
that Gram-positive bacteria were more sensitive to 
peroxide hydrogen than Gram-negative bacteria when 
exposed to textiles containing ZnO NPs [54].  
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Figure 5. Colony forming units of S. aureus (A) and E. coli (B) cultures represented as the log10(CFU mL-1) for UVA 
irradiated and non-irradiated, L(-), inactivation experiments in suspension using FA, ZnO, and ZnO-ZFA during 60 
min (2.0 kW-h m-2 summer-spring, L(++) irradiance).

These results demonstrated the photocatalytic capacity 
of ZnO-ZFA to impair Gram-positive and Gram-
negative bacteria as a consequence of high stability of 
the material and synergic action of the metallic oxides 
from the precursors. 

The photocatalytic efficiency of functionalized surfaces 
(1 cm2) after spin coating with ZnO-ZFA was 
investigated by quantifying the reduction of viable 
colonies of S. aureus and E. coli in surfaces and in the 
liquid in contact with them. Prior to irradiation, an 
incubation period of 20 h at 37 °C in the dark was 
allowed to obtain a mature biofilm on the surface of 
specimens. No inhibition of bacterial cells in liquid was 
observed during incubation with uncoated glass 
samples (Fig. 6A1 and 6B1). The results showed a log-
reduction of CFU counts of 1.53 ± 0.22 log and 1.39 ± 
0.13. for S. aureus (Fig. 6A1) and E. coli (Fig. 6B1) 
cultures in the dark. The limited inhibitory effect of 
ZnO-functionalized material against planktonic cells in 
the absence of UVA irradiation could be attributed to 
the release of dissolved zinc ions to the solution. As 
shown in Fig. S2 (SM), the concentration of Zn2+ 
released from the photocatalytic coatings reached 11 μg 
cm-2 (corresponding to a concentration of 4.5 mg L-1) 
after 20 h. This result agrees with data shown elsewhere 
showing the impairment of S. aureus cells viability after 
contact with ZnO-electrosprayed coatings in the dark. 
Valenzuela et al. (2019) obtained a 5-6-log reduction of 
S. aureus viable colonies 20 h contact with ZnO 
electrosprayed coatings releasing Zn2+ up to a 
concentration of 6.7 mg L-1 [19]. The role played by 
zinc dissolution in different ZnO-containing materials is 
a well-known fact [55]. The damage to different 
cellular components caused by Zn2+ ions and their 
inhibition levels to different bacteria has been also 
shown elsewhere [56-58]. The results presented in Fig. 

6 showed that ZnO-ZFA coatings were capable of 
completely avoiding the growth of S. aureus and 
inhibiting the formation of new E. coli colonies by 4-5 
orders or magnitude. The higher activity of 
photocatalytic antimicrobial materials for S. aureus in 
comparison with E. coli is a common finding related to 
the different structures of the outer cell envelopes of 
Gram- positive and Gram-negative bacteria [51-54] . In 
addition, ZnO-ZFA coatings maintained the 
antibacterial and anti-fouling capacities upon 4 cycles 
of usage against S. aureus (Fig. S3) and E. coli (Fig. 
S4) without losing their integrity (Fig. S5). No 
statistically significant decline in the disinfection 
efficiency was observed for organic fouled ZnO-ZFA 
coatings compared to the clean ZnO-ZFA coatings (Fig. 
S6), probably due to the low attachment of the protein 
BSA to the surface (Fig. S7). 

Fig. 7 shows the generation of ROS in bacterial cells in 
contact with FA and ZnO-ZFA in suspension (Fig. 
7A1-A2) and coatings (Fig. 7B1-B2). Bacterial 
suspensions irradiated in the absence of the tested 
materials and with FA exposed to UVA light presented 
not significant (< 5 %) variation in ROS levels with 
respect to dark controls. However, ZnO-ZFA yielded a 
considerable level of ROS under UVA, 365 nm light 
irradiation, which increased with exposure time either 
for the case of material in suspension and for coatings. 
Interestingly, the level of ROS produced in both 
bacterial strains by ZnO-ZFA was higher for coatings 
than for suspensions (almost twice after 60 min of 
irradiation), a result that could be explained by the 
absorption of light in the case of powdered materials in 
suspension that that reduce the penetration of light and 
the photocatalytic activity [59]. Overall, the generation 
of ROS exhibits the same pattern than bacterial 
impairment (Figs. 5 and 6). The incident photon energy  
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Figure 6. Colony forming units represented as log10(CFU mL-1) for cultures of S. aureus (A) and E. coli (B) in contact 
with uncoated and ZnO-ZFA glass substrates after biofilm growth for 20 h in dark, L(–), and subsequent 365 nm 
irradiation mimicking winter-fall, L(+), and summer-spring, L(++) irradiances. A1 and B1 show CFU of bacterial 
cells in suspension (planktonic bacteria) while A2 and B2 CFU represent biofilm detached from the surface (sessile 
bacteria). Controls of both S. aureus and E. coli are also shown.  

for the 365 nm light is 3.4 eV, which is close to the 
band gap of ZnO-FFA (3.2 eV). Therefore, electrons in 
ZnO-ZFA structure can be photoexcited with 
subsequent generation of different types of biologically 
active ROS [60]. The formation of radicals such as O2

·-, 
HO·and H2O2 is usually considered one of the main 
ROS mechanisms for zinc as well as for titanium, iron, 
aluminium, copper or manganese oxide -related 

materials [19, 61, 62]. These results demonstrated that 
the inactivation of pathogens by ZnO-ZFA was due to 
the ROS generated under UVA irradiation and, to a 
lower extent, to the effect of dissolved Zn2+. The 
oxidative stress generated at the ZnO-ZFA interface 
under 365nm UVA light resulted in 83% and 61% cell 
membrane damage on S. aureus and E. coli, 
respectively (Fig. S8), leading to bacterial cell death 
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Figure 7. Oxidative stress express in term of ROS (DCF) for S. aureus (A1-B1) and E. coli (A2-B2), under 365 nm 
UVA irradiation with: (A) suspensions of FA and ZnO-FA (for 0, 5, 10, 20, 40, 60 min); and (B) coatings of ZnO-
ZFA previously incubated in the dark for 24h: L(-): without irradiation; L(+): 1.0 kW-h m-2 (winter-fall); and L(++): 
2.0 kW-h m-2 (summer-spring).

Moreover, the potential toxicity or health hazards of 
engineered nanomaterials is one of the crucial aspects 
associated with their real-life applications [63]. In this 
work, we studied the cytotoxicity of ZnO-FA against 
hDF, which are the first-line barrier between the 
internal organs and external environment [64]. Fig. S9 
(SM) shows the results of MTT assay using three 
concentrations of ZnO-ZFA (10, 100, and 1000 mg L-1). 
The results demonstrated that ZnO-ZFA produced low 

cytotoxicity to hDF, with a maximum viability 
inhibition of 19.8 ± 0.1 % at the very high 
concentration of 1000 mg L-1. Overall, our results 
showed that zeolitic ZnO-ZFA prepared from raw FA 
was active against a variety of bacteria due to its UVA-
driven photocatalytic activity but are non-toxic to 
human cells even at much higher concentrations than 
those required for antimicrobial activity. 
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4. Conclusions 

In this work, we prepared a zeolitic material using a 
combustion fly ash from the electrostatic precipitator of 
a commercial power plant. The raw material was 
modified by incorporating ZnO by means of an alkaline 
hydrothermal method. The prepared material, ZnO-
ZFA, displayed the zeolitic structure of sodalite and 
was tested for the photocatalytic removal of the 
antibiotic CIP and the inactivation of gram-positive and 
gram-negative bacteria. The zeolitic material ZnO-ZFA 
displayed a band-gap of 3.2 eV and transient 
photocurrent response that demonstrated the effective 
separation of photoinduced electron-hole pairs when 
irradiated by 365 nm UVA light. The results showed 
that CIP could be completely degraded in less than 20 
min at pH 4 using an irradiation power of 5.1 W L-1. 

The material ZnO-ZFA displayed high antimicrobial 
activity on S. aureus and E. coli bacteria, either in 
suspensions or in photocatalytic surfaces prepared by 
spin-coating functionalization of glass substrates. The 
results showed that ZnO-ZFA coatings were able to 
completely avoid the growth of S. aureus for UVA 
doses as low as 1.0 and 2.0 kW-h m−2 and reduced the 
formation of E. coli colonies on functionalized surfaces 
by about 4 orders of magnitude. 

The impairment of bacterial cell was essentially due to 
the light-driven overproduction of ROS, with a limited 
effect of Zn2+ dissolution. The zeolitic material ZnO-
ZFA was non-toxic for human fibroblasts at 
concentration as high as 1 g L-1. 

The preparation of functionalized zeolitic material 
ZnO-ZFA by classic alkaline hydrothermal synthesis 
and spin-coating allows for scalability and potential 
application for (photo)disinfection, anti-fouling, and 
(photo)degradation uses. 
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Figure S9. Cell viability of human dermal fibroblasts after 24 -hrs contact with different concentrations of 
ZnO-ZFA, as calculated from the MTT assay.  
 
 
Table S1. Summary of the performance of the selected photocatalytic materials compared to ZnO-ZFA for the 
degradation of ciprofloxacin (CIP).  

Experimental conditions Performance  
Ref. 

pH CIP 
(mg/L) 

Catalyst Irradiation 
source 

Time 
(min) 

Degradation 
(%) Type Conc. (g/L) 

- 10 ZnO/AgVO3 0.1 UV-Vis 120 93.1 [1] 

– 20 N-TiO2 3 Vis (≥420 nm) 90 90 [2] 

- 20 Fe–N–TiO2 1 Vis  360 70 [3] 

- 10 Fe-BiVO4 1 UV-Vis  30 100 [4] 

- 10 CuS/BiVO4 1 Vis 90 83 [5] 

– 10 CeO2–Ag/AgBr 0.25 Vis (≥420 nm) 120 93.1 [6] 

– 20 g-C3N4/Ti3C2 0.2 Vis (≥420 nm) 150 100 [7] 

10 4 ZnO 0.02 UVA (365nm) 40 48 [8] 

10 40 ZnO 1.2 UV-Vis 180 90 [9] 

9 50 S,N-MgO 0.1 UVA (365nm) 30 99 [10] 

7 4 ZnO 0.02 UVA (365nm) 40 42 [8] 

7 10 rGO-ZnO-BiVO4 0.3 Vis  60 98.4 [11] 
7 10 BiOCl/diatomite 0.5 UV-Vis  

(320–780nm) 
30 94 [12] 

7 10 Ag@PCNS/BiVO4 1 Vis (≥420 nm) 120 92,7 [13] 

7 10 Mn2O3/Mn3O4/MnO2 0.2 Vis (≥420 nm) 40 95.6 [14] 

6.3 5 TiO2/g-C3N4 0.2 UV-Vis 60 93.4 [15] 

6 25 BiOBr/TiO2 1 Vis (≥420 nm) 150 95.5  
[16] UV-Vis 150 100 

5.5 50 N,S co-doped TiO2 0.05 UV-Vis 
(320-780 nm) 

150 78.7 [17] 

5 3 TiO2 1 UVC (≥254nm) 105 92.8 [18] 
5 20 TiO2/montmorillonite 0.1 UVA  

120 
45  

[19] UVB 55 

UVC 60 

4 4 ZnO 0.02 UVA (365nm) 40 18 [8] 

4 10 ZnO-ZFA 0.5 UVA (365nm) 60 100 This study 
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