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A B S T R A C T   

Solar-driven photocatalysis is of great interest in terms of a sustainable use of energy and its application in 
wastewater treatment. The UV light-driven photogeneration of H2O2 by solar irradiation is an advanced strategy 
for the treatment of bacteria and recalcitrant pollutants in wastewater, but suffers from low efficiencies. In this 
work, a solar-driven multifunctional nanocomposite consisting of Tm3+ upconverting nanoparticles, poly(vinyl 
alcohol), poly(acrylic acid) and hydroxylated sulfonated poly(ether ether ketone) was prepared. The components 
were crosslinked via a heating treatment at 170 ◦C, resulting in a non-leaching porous material. This nano
composite exhibited excellent adsorption ability (89 % in 150 min) toward a 100 mg/L ciprofloxacin aqueous 
solution and proved to photodegrade it (50 %) upon 4 h artificial solar irradiation, exploiting photon upcon
version processes. Moreover, an 80 % bactericidal effect against E. coli was registered upon sunlight irradiation. 
Altogether, these results suggest the feasibility of a solar-driven wastewater treatment based on upconverting 
nanoparticles.   

1. Introduction 

Different techniques (primary, secondary and tertiary treatments) 
[1] have been used in conventional wastewater treatment to remove 
pollutants. Nevertheless, this process is not effective in removing 
persistent contaminants present in trace amounts, such as antibiotics 
[2]. In this context, photocatalysis, the most exploited among advanced 
oxidation processes (AOPs) [3–7], is regarded as a complementary 
technique to conventional systems. Unfortunately, photocatalysis makes 
use in most of the cases of UV-activatable nanoparticulate semi
conductor materials such as TiO2, which cannot operate efficiently 
under visible light irradiation, due to their wide bandgap (as for TiO2, 
3.0 eV for rutile phase and 3.2 eV for anatase phase) [8]. This represents 
a limit since only 5 % of the solar irradiance spectrum [9] is absorbed by 
these materials. Much research is thus devoted to the study of low 
bandgap materials, able to absorb visible light, which accounts for 45 % 
of solar photons [10–12]. Moreover, the recovery and reuse of these 
nanoparticles is cumbersome due to high costs and sophisticated 
equipment [13,14]. To overcome this limitation, the immobilization of 

these nanoparticles on solid supports has been investigated, which in 
turn suffers from limited effective surface area for contaminant 
adsorption and secondary pollution caused by leaching of nanoparticles 
from the support materials [15]. In this context, photosensitive poly
mers have received considerable attention, due to the high number of 
photoinitiating unit per chain, which yields higher degradation effi
ciencies[16]. 

Lockhart et al. [17] and Little et al. [18] previously reported the 
formation of H2O2 in air-saturated aqueous solutions by a photosensitive 
polymer blend composed of sulfonated poly(ether ether ketone) (SPEEK) 
and PVA upon irradiation with 350 nm photons. H2O2 is a well-known 
active ingredient for the degradation of pollutants [19] and exhibits 
effective bactericidal properties against microorganisms [20]. Never
theless, this photosensitive blend can only operate under UV light irra
diation [17]. 

The strategy proposed in this paper to overcome the use of UV light 
for the operation of these photosensitive polymers is to couple them with 
lanthanide-based upconverting nanoparticles (UCNPs), which have the 
ability to convert NIR light into UV or visible photons [21], with the aim 
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of creating a multifunctional nanocomposite operable under solar irra
diation [22,23]. The introduction of UCNPs in the formulation is 
necessary to endow the proposed material with the ability of absorbing 
NIR light and of converting it into energy in the UV range, which is 
subsequently transferred to sensitise the excitation of the polymer ma
trix, whose reaction with oxygen ultimately yields H2O2. In the absence 
of UCNPs, the prepared polymer matrix would be able to absorb 
exclusively UV light. The presence of the nanoparticles is expected to 
allow the use of solar light as an excitation source, which represents an 
advantage in terms of sustainability of the overall water remediation 
process. 

Herein, we prepared poly(acrylic acid)-derivatized β-NaYF4:Yb3+

(20 %), Tm3+(2 %) UCNPs covalently bound to a PVA/hydroxylated 
SPEEK photosensitive polymer matrix and tested the ability of this 
polymer nanocomposite of producing H2O2 under artificial and real 
solar irradiation. Moreover, the adsorption capacity and the photo
degradation ability of this material towards the antibiotic ciprofloxacin 
were studied, together with its antibacterial activity against E. coli. 

2. Materials and methods 

2.1. Chemicals 

Poly(ether ether ketone) (PEEK, 450 PF) was purchased from Victrex 
and used for the synthesis of sulfonated poly ether ether ketone (SPEEK). 

Poly(acrylic acid) sodium salt (molecular weight 5100 g/mol), cip
rofloxacin (CIP), sodium borohydride (NaBH4), yttrium(III) chloride 
hexahydrate (99.99%), ytterbium(III) chloride hexahydrate (99.99%), 
thulium(III) chloride hexahydrate (99.99%), ammonium fluoride (ACS 
reagent 98.0%), sodium oleate (99.0%) and oleic acid (technical grade 
90%) were obtained from Sigma-Aldrich. Dimethylsulfoxide (DMSO) 
(≥99,5%) was purchased from Merck. Poly(vinyl alcohol) (PVA, 
98–99% hydrolyzed, molecular weight 85000 g/mol) was purchased 
from ThermoFisher GmbH. Therminol® 66 (T66) was obtained from 
FRAGOL GmbH (Mülheim, Germany, product number: 2600267). Luria- 
Bertani (LB) broth was purchased from Sigma-Aldrich. E. coli YFP, 
MG1655 galK: SYFP2-FRT was used for antibacterial tests. All other 
chemicals and organic solvents were of analytical grade. All solutions 
and suspensions were prepared with ultrapure water produced by a 
MembraPure Astacus system (MembraPure GmbH, Hennigsdorf, 
Germany). 

2.2. Preparation of SPEEK 

SPEEK was synthesized by sulfonation of PEEK following the pro
cedure described previously [24]. 10 g PEEK were gradually added to a 
beaker containing 100 mL concentrated H2SO4 (>95 %) under constant 
mechanical stirring using a HT-120DX overhead stirrer (Witeg Labor
technik GmbH, Wertheim, Germany). The beaker was heated to 75 ◦C 
and kept at this temperature for 24 h in an oil bath. 

The reaction was terminated by precipitating the polymer solution 
into a large excess of ice-cold ultrapure water. 10 mL of 6 M NaOH 
aqueous solution was then dropped gradually to neutralize the excess 
H2SO4 until pH 6–7 was reached. The SPEEK was finally dried in a 
ventilated oven at 60 ◦C for 24 h. 

2.3. Preparation of hydroxylated SPEEK (SPOH) 

The obtained SPEEK was hydroxylated by using the procedure 
described previously [25]: DMSO (9 mL) and NaBH4 (10 mg) were 
introduced into a 50 mL round bottom flask combined with a reflux 
condenser. The solution was heated at 120 ◦C under stirring. After the 
addition of SPEEK (900 mg), the reaction was stirred for 12 h at 120 ◦C 
in an oil bath. After the reaction was terminated by letting it cool to 
room temperature, 2 mL methanol were added and the mixture was 
stirred for another 2 h. The obtained solution was then casted on a Petri 

dish and dried in ventilated oven at 70 ◦C for 5 h. Hydroxylated SPEEK 
(SPOH) was thus obtained. 

2.4. Synthesis of oleate (OA) coated upconverting nanoparticles (OA- 
UCNPs) 

Thulium-doped UCNPs (β-NaYF4:Yb3+/Tm3+(20/2%)) were synthe
sized following the procedures described previously [26,27] making use 
of a Schlenk line. The powders of YCl3 (0.78 mmol), YbCl3 (0.2 mmol) 
and TmCl3 (0.02 mmol) were added to the mixture of oleic acid (8 mL) 
and Therminol® 66 (12 mL) and heated to 120 ◦C under vacuum for 60 
min. Afterwards, the temperature of the reaction solution was decreased 
to 90 ◦C with an argon stream. 

NH4F (4 mmol) and sodium oleate (2.5 mmol) were added to this 
solution and stirred for 30 min under argon. Thereafter, the mixture was 
maintained at 320 ◦C under argon and stirred for 1 h. After cooling, Tm- 
doped UCNPs were collected by precipitation in ethanol and isolated by 
centrifugation (2383×g, 10 min). The supernatant was removed, and the 
white pellet was washed three times by suspension in a minimal amount 
of hexane and precipitated again in ethanol by centrifugation (2383×g, 
10 min). Subsequently, the obtained oleate-capped UCNPs were resus
pended in hexane and stored at 4 ◦C until further use. 

2.5. Preparation of PAA-UCNPs 

The surface of the obtained oleate-capped UCNPs was decorated with 
polyacrylic acid (PAA) according to the previously described procedure 
[26,28]. 3 mL of the oleate-capped UCNPs stock suspension in hexane 
(10 mg mL− 1) were vigorously stirred with NOBF4 (30 mg) in DMF (3 
mL) for 10 min at room temperature. The BF4

− -coated nanoparticles were 
obtained in the lower DMF phase. The precipitation of BF4

− -coated 
UCNPs was performed adding chloroform (2 × 20 mL) followed by 
centrifugation (2383 × g, 15 min). The collected UCNPs were dissolved 
in 2 mL DMF and centrifuged (1000 × g, 3 min) to remove any larger 
aggregates. 

Subsequently, the as-prepared suspension of BF4
− -coated UCNPs (30 

mg in 2 mL DMF) was gradually added to a solution of the PAA ligand 
(30 mg) in water (2 mL) and mixed for 20 min. The particles were 
gathered from the mixture by centrifugation (21000 × g, 30 min) and 
washed twice to remove the excess of PAA ligands. Aggregates were 
eliminated by means of centrifugation (1000 × g, 3 min) and the su
pernatant was stored at 4 ◦C. 

2.6. Synthesis of PAA-UCNP-embedded PVA/SPOH-PAA nanocomposite 

The synthesis of the PAA-UCNP-embedded PVA/SPOH-PAA nano
composite was performed following the procedure described previously 
[29,30] with addition of PAA-UCNPs. The weight ratio of SPOH/PVA 
used in the preparation of the film was 30:70 (225 mg of SPOH and 525 
mg of PVA). First, the two polymers were separately dissolved in 10 mL 
of water under magnetic stirring. The SPOH solution was placed in an oil 
bath at 50 ◦C for 1 h while the PVA solution was heated at 100 ◦C in an 
oil bath for 1 h. To prevent water evaporation, the PVA solution was 
heated under reflux while the SPOH solution was covered with Parafilm. 
The two solutions were subsequently mixed together at 60 ◦C for 1 h, 
yielding a 30:70 wt% SPOH:PVA mixture (20 mL). Afterwards, an 
aqueous suspension of PAA-UCNPs (33.3 µL from 30 mg/mL stock sus
pension) was added to the SPOH:PVA mixture and stirred for 1 h. PAA 
(6 mL of a 5 wt% aqueous solution) was added to the mixture, which was 
subsequently poured into a Petri dish and dried in oven at 60 ◦C for 5 h. 
This step was followed by the crosslinking heating treatment at 170 ◦C 
for 30 min, which yielded the formation of ester bonds between the 
carboxylic groups of PAA and the hydroxyl groups of PVA and SPOH. 
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2.7. Characterization of UCNPs and of the nanocomposite 

The quantification of Y, Yb and Tm in the UCNP samples was per
formed by inductively coupled plasma mass spectrometry (ICP-MS) with 
iCap RQ instrument (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA). 

The morphology and size of UCNPs were assessed by Scanning 
Transmission electron microscope (STEM). The TEM images were ob
tained by using a 200 kV TEM microscope JEOL JEM F200C. The size 
distribution of the UCNPs from TEM images were processed by ImageJ 
software (National Institute of Health, USA), which was used to calcu
late the average diameter of 150 particles. The hydrodynamic diameters 
and colloidal stability of the UCNPs were analysed by means of a Mal
vern Zetasizer Nano ZS DLS instrument (Malvern Panalytical Ltd, Mal
vern, United Kingdom). All measurements were processed at 25 ◦C. 

The photoluminescence properties of UCNPs and of the nano
composite were measured with a FluoroLog 3–21 system (Horiba Jobi
nYvon) equipped with a 980 nm laser diode (CNI, model MDL-III-980) 
as excitation source (output power of 2 W, power density of 5 W⋅cm− 2). 
The detection system was composed of an iHR300 single grating 
monochromator coupled to a R928 Hamamatsu PMT. 

Attenuated Total Reflectance-Fourier Transform Infrared (ATR- 
FTIR) spectroscopy was used for the compositional analysis of UCNPs 
and of the nanocomposite. ATR-FTIR spectra were registered on 
IRAffinity-1S (Shimadzu, Kyoto, Japan) equipped with a GladiATR-10 
ATR accessory. The spectra were obtained in absorbance mode, regis
tering 32 scans with a resolution of 2 cm− 1 in the wavenumber range 
4000–500 cm− 1. 

The morphology of the nanocomposite was determined by means of a 
scanning electron microscope (SEM) equipped with microscope Zeiss 
Gemini SEM 500 by using InLens mode and ESB mode. 

Thermogravimetric analysis (TGA) was carried out by means of a 
Perkin Elmer TGA 4000 to investigate the nanocomposite thermal sta
bility under 20 mL•min− 1 N2 flow from 30 to 800 ◦C with a heating rate 
of 10 ◦C•min− 1. Differential Scanning Calorimetry (DSC) analysis was 
performed using a Mettler Toledo DSC in the range 30–220 ◦C with a 
heating/cooling rate of 20 ◦C•min− 1 under a 40 mL•min− 1 N2 atmo
sphere. The instrument temperature was calibrated using indium as 
standard. 

Contact angle measurements were performed by means of a First Ten 
Ångstroms FTA1000 Drop Shape instrument, depositing 1 µL droplets of 
ultrapure water on different spots of the nanocomposite at 25 ◦C. The 
water contact angle was measured immediately after the drop deposi
tion and every 30 s. 

2.8. Swelling experiments 

The water absorption ability of the nanocomposite was investigated 
by means of swelling tests in water. The dry films (ca. 650 mg) were 
immersed in 200 mL ultrapure water at room temperature [17]. The 
swelled samples were weighed at defined time points: 0, 5, 10, 15, 30, 
45, 60, 90, 120 min, until reaching a constant weight. 

The swelling capacity was determined using the following equation: 

Swelling capacity (%) =
Ws − Wd

Wd
⋅100 (1)  

where Wd is the weight of the dried nanocomposite and Ws is the weight 
of the swelled sample recorded when a constant weight was reached. 

2.9. Hydrogen peroxide generation ability tests 

UV and artificial solar light sources were used to assess the ability of 
the nanocomposite to produce H2O2 upon irradiation. As for the tests 
under UV light, a UV irradiator equipped with 5 UV lamps (Philips, TL 8 
W BLB 1FM/10X25CC, λem,max = 365 nm) was used, whose measured 

irradiance at the level of the reactor was ~ 18.6 W⋅m− 2. As for the 
irradiation with artificial solar light, an artificial lamp (Ingenieurbüro 
Mencke & Tegtmeyer GmbH, Germany; 98 W⋅m− 2 irradiance) was used, 
equipped with a silicon irradiance sensor controlled by Susicontrol 
software (version 2.9.0). The wavelength range of the artificial lamp 
spanned from 400 to 1100 nm according to the report of the supplier. 

Each swelled film was completely immersed in ultrapure water and 
irradiated. Every experiment was performed three times under constant 
magnetic stirring. Supernatant aliquots of 1 mL were withdrawn at 
defined time points (0, 5, 10, 15, 30, 45, 60, 90, 120 min). According to 
the iodide-molybdate method [17,18], each aliquot was mixed with 1 
mL 0.1 M potassium biphthalate aqueous solution and 1 mL of a mixture 
containing 0.4 M KI, 0.06 M NaOH and 2⋅10− 4 M (Na)2MoO4, resulting 
in a 3 mL total final volume. The mixture was transferred into a 1 cm- 
optical path quartz cuvette and analysed by means of a Cary 100 UV–Vis 
spectrophotometer (Santa Clara, CA, USA). 

The quantification of the produced hydrogen peroxide was thus 
performed following the reaction: 

3I− +H2O2 + 2H+→I −3 + 2H2O (2)  

and registering the absorption band of I3− at 350 nm. The concentration 
of I3− was calculated by means of Lambert-Beer law. 

2.10. Adsorption and photocatalytic activity tests 

First, the adsorption tests were conducted immersing the swelled 
films completely in 100 mL of 100 mg⋅L− 1 CIP solution at pH 6.5 under 
constant stirring and maintaining the system in dark conditions. Su
pernatant aliquots of 1 mL were withdrawn at defined time points (0, 5, 
10, 15, 30, 45, 60, 90, 120, 150 min). The variations of the concentration 
of CIP in the supernatant were followed by means of UV–Vis spectros
copy, considering the absorption maximum at 272 nm. The adsorp
tion–desorption equilibrium was reached after 150 min. 

Subsequently, the photocatalytic activity tests were performed using 
the same artificial lamp used for the hydrogen peroxide generation 
ability tests with the same experimental conditions. 

Supernatant aliquots of 1 mL were withdrawn at defined time points 
(0, 5, 10, 15, 30, 45, 60, 90, 120, 180, 240 min) and the concentration of 
CIP was assessed by means of UV–vis spectroscopy. 

2.11. Leaching experiments 

The leaching of UCNPs from the film was determined by inductively 
coupled plasma mass spectrometry (ICP-MS) with iCap RQ instrument 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

The nanocomposite was immersed in ultrapure water at room tem
perature and constant stirring. Aliquots of the supernatant were with
drawn for the ICP-MS analysis after 24 h, 48 h, 72 h, 1 week, 2 weeks, 3 
weeks and 4 weeks. 

The percentage of entrapped UCNPs was calculated using the 
following equation: 

Entrapped UCNPs
(

%
)

=

(

mtotal −
mICP− MS

Valiquot
⋅Vtotal

)

⋅100 (3) 

mtotal: total amount of UCNPs contained in the sample. 
mICP− MS: amount of UCNPs detected via ICP-MS contained in the 

supernatant aliquot. 
Valiquot : volume of the aliquot. 
Vtotal: total volume of the supernatant. 
The leaching of SPEEK and PVA from the films was determined by 

means of a Cary 100 UV–Vis spectrophotometer (Santa Clara, CA, USA). 
The film was immersed in water in dark conditions under constant 
stirring and aliquots of the supernatant were withdrawn for UV–vis 
analysis after 0, 5, 10, 15, 30, 45 and 60 min and 24 h. 
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2.12. Reusability tests 

After the adsorption and photocatalytic experiments, the nano
composite was regenerated by desorption of CIP [31], which was con
ducted by soaking the film in 200 mL 70:30 ethanol: ultrapure water 
mixture under constant stirring for 6 h at 50 ◦C on an oil bath. 

Subsequently, the recovered film was utilized for a new cycle of 
adsorption and photocatalytic experiments. Three cycles were per
formed in total. 

2.13. Antibacterial tests 

Laboratory supplies were sterilized by autoclaving at 121 ◦C and 
subsequently used in the experiments in a biosafety level 1 laboratory. 

The E. coli suspension was cultivated using the following procedure: 
12 g of LB broth were dissolved in 600 mL ultrapure water in a 1 L sterile 
bottle and subsequently autoclaved. After cooling to room temperature, 
50 mL of sterile LB broth solution were transferred to a sterile flask and 
2 mL E. coli culture were added under a laminar flow chamber. Subse
quently, the suspension was incubated at 37 ◦C overnight. The con
centration of E. coli suspension after cultivation was assessed by optical 
density measurements at 600 nm using a Biophotometer (Eppendorf, 
Hamburg, Germany). 

The concentration of E. coli suspension was calculated as follows: 

Conc. E.Coli = OD600⋅8⋅108cells
mL

(4)  

where OD600 is the value of optical density at 600 nm. The E. coli sus
pension was then stored at 4 ◦C as stock solution for further experiments. 

First, the adsorption ability of nanocomposite was tested against 
E. coli in dark conditions. 8 mL of E. coli stock solution were diluted in 80 
mL LB broth medium to obtain an optical density equal to ca. 0.05. The 
obtained solution was divided into four sterile flasks. These four sus
pensions were prepared for the following adsorption and bactericidal 
experiments. Two of the E. coli suspensions were kept in contact with 
750 mg of polymer matrix and 750 mg of nanocomposite, respectively, 
in the absence of light for 60 min to reach the adsorption–desorption 
equilibrium. The E. coli suspension without film was used as a reference. 
All experiments were performed at room temperature. Aliquots of 1 mL 
were withdrawn at defined time points (0, 5, 10, 15, 30, 45, 60 min) and 
the concentration was monitored by using a Biophotometer (Eppendorf, 
Hamburg, Germany). The obtained data were the average of three 
replicated tests. 

Subsequently, the bactericidal effect of the nanocomposite upon 
irradiation with sunlight was investigated as follows: the optical density 
of E. coli suspension was monitored over time up to 60 min in the 
absence of nanocomposite, in the presence of 750 mg of the polymer 
matrix and in the presence of 750 mg of nanocomposite, respectively, 
under sunlight irradiation (331.41 W⋅m− 2 irradiance). The results were 
compared to the E. coli suspension in the absence of light. All experi
ments were performed at ambient temperature (20 ◦C). The bactericidal 
efficiency (BE) was calculated by using Eq. (6): 

BE =
ODdark − ODX

ODdark
⋅100 (5)  

where ODdark is the OD600 of the reference sample at each time point in 
the absence of light, and ODX is the OD600 of treated samples at the 
corresponding time point upon sunlight irradiation. X refers to three 
different experimental conditions: i) the absence of the nanocomposite, 
ii) the presence of the polymer matrix or iii) the presence of the 
nanocomposite. 

The bactericidal kinetic rate constant kbact (min− 1) of E. coli was 
assessed by using the following equation: 

kbact =
ODdark − ODX

t
(6)  

where ODdark and ODX refer to the same parameter of Eq. (5) and t is time 
(min). 

Subsequently, 2 mL of the mixture were withdrawn from each 
sample and added to 20 mL LB broth medium. These diluted samples 
were cultivated at 37 ◦C for 5 h. The bactericidal effect of these samples 
was calculated taking the dark blank sample as a reference. Aliquots of 1 
mL were withdrawn at defined time points (0, 60, 120, 180, 240, 300 
min) and the concentration was monitored by using a Biophotometer 
(Eppendorf, Hamburg, Germany) to monitor the regrowth behavior of 
E. coli suspension. 

3. Results and discussion 

3.1. Preparation and characterization of the nanocomposite 

Poly(acrylic acid) (PAA) was utilized as crosslinking agent to form an 
ester bond network with PVA and the hydroxylated SPEEK (SPOH) via a 
30 min heating treatment at 170 ◦C. Concurrently, PAA was used as a 
ligand to decorate the UCNPs, thanks to the ability of carboxylate groups 
to stably coordinate lanthanide ions. Overall, the formation of the ester 
bond network originated from the crosslinking between the carboxylic 
groups of both PAA and PAA-UCNPs and the hydroxyl groups of PVA 
(Fig. 1). 

The successful crosslinking reaction was proved via ATR-FTIR mea
surements. The spectrum of the nanocomposite (Fig. 2 a) presented the 
peaks at 1400 cm− 1 and 1080 cm− 1 attributable to asymmetric and 
symmetric stretching vibrations of the sulfonate functional group of 
SPOH. The peaks at 1748 cm− 1, 1225 cm− 1 and 1123 cm− 1 were 
respectively attributed to the C=O, C–C–O and O–C–C stretching vi
brations of the ester groups formed via the crosslinking reaction. The 
peak at 1596 cm− 1 accounted for the COO asymmetric stretching of the 
unreacted carboxylic groups of PAA, while the peak at 3280 cm− 1 was 
attributed to the stretching vibrations of hydroxyl groups of PVA 
(Fig. S10a) and SPOH (Fig. S3a) [24,30,32], with the corresponding 
bending vibration at 1298 cm− 1. 

Imbibition tests with water revealed a 90% swelling capacity which 
was reached in 60 min (Fig. S4). The same value was obtained for the 
polymer matrix in the absence of UCNPs, confirming that UCNPs did not 
have a detrimental effect on the swelling capacity of the system, which is 
fundamental for the continuous feed of O2 dissolved in water for the 
production of H2O2. 

ICP-MS measurements of water samples analyzed after a 24 h 
imbibition of the nanocomposite film indicated that more than 99% 
PAA-UCNPs remained entrapped (Table S3). The reticulation reaction 
endowed thus the nanocomposite with excellent anti-leaching proper
ties, an important feature to avoid secondary pollution during opera
tions in wastewater treatment. 

SEM images of the nanocomposite film were registered after a 2 h 
imbibition period. These measurements revealed the high porosity of the 
nanocomposite film (Fig. 2 b), which exhibited pores in the micrometer 
range; BET analysis did not reveal the presence of micro-, meso- or 
macropores in the nanometric range (data not shown). Fig. 2 c shows the 
distribution of PAA-UCNPs in the film, where it was possible to observe 
aggregates of nanoparticles, probably formed at 170 ◦C during the 
crosslinking process. 

Sessile drop measurements revealed a contact angle of (69 ± 2)◦, 
which proves the hydrophilicity of the film. During these measurements, 
it was moreover possible to observe the drop being absorbed by the film 
over time and the film swelling as a result of water absorption. 

TGA measurements (Fig. S14) revealed 4 weight losses centred 
respectively at 100 ◦C (weight loss 11 %), 346 ◦C (weight loss 45 %), 
443 ◦C (weight loss 18 %) and 759 ◦C (weight loss 7 %). While the first 
weight loss at 100 ◦C is attributable to water, the one at 346 ◦C is the 
sum of the contributions of the degradation of PVA (elimination of OH 
groups) [33] and SPOH (degradation of − SO3H groups)[34,35], while 
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the one at 443 ◦C is related to the degradation of PVA (breakdown of the 
polymer backbone) [33], SPOH (decomposition of polymer main chain) 
[34,35] and PAA (anhydride formation) [36]. The last weight loss at 
759 ◦C was attributed to release of CO2 from PAA component. 

After the first heating cycle performed to reset the thermal history of 
the sample (dominated by an endothermal transition at 110 ◦C related to 
the loss of water), the DSC measurements (Fig. S15) revealed a transition 
at 94 ◦C attributable to the Tg of PAA component of the film and another 

Fig. 1. Schematic preparation process of the PAA-UCNP-embedded PVA/SPOH-PAA nanocomposite (the yellow spheres represent PAA-decorated β-NaYF4:Yb3+

(20%), Tm3+(2%) UCNPs). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. a, ATR-FTIR spectra of PVA/SPOH-PAA film loaded with PAA-UCNPs. b, porous structure of the nanocomposite film obtained with SEM InLens mode. c, 
Distribution of PAA-UCNPs (white spots) in the nanocomposite film obtained with SEM ESB mode. Scale bar: 200 nm. 
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transition at 165 ◦C ascribable to anhydride formation from PAA [37]. 
Another transition was detected at 215 ◦C, which was attributed to the 
onset of PVA melting transition [38,39] together with the degradation of 
PAA anhydride [37] and the Tg of SPOH [40]. 

3.2. Hydrogen peroxide generation ability under solar irradiation 

Subsequently, irradiation tests using a solar simulator were per
formed to determine the nanocomposite ability to generate H2O2 (Fig. 3 
a). Control experiments in the absence of UCNPs were performed as 
well, achieving a 0.73 μM H2O2 concentration after 5 min, which did not 
change up to 120 min irradiation (Table S4). This behavior indicated 
that the polymer matrix itself presented a poor ability to generate H2O2 
under artificial solar light irradiation. On the other hand, H2O2 con
centration linearly increased in the presence of the nanocomposite, 
yielding a 9.3 μM H2O2 concentration after 120 min irradiation. These 

results proved the ability of the nanocomposite to operate under artifi
cial solar light irradiation. 

3.3. Photophysical operating mechanism 

Following the results obtained from the photoinduced H2O2 gener
ation experiments, photophysical investigations were conducted to 
elucidate the operating mechanism of the prepared nanocomposite. The 
upconversion emission spectra of the UCNPs and of the nanocomposite 
exhibited the typical emission bands of Tm3+ ions (Fig. 3 b), whose 
emission is sensitized via energy transfer upconversion (ETU) processes 
[41] from excited Yb3+ ions (Fig. 3 c). Upon irradiation at 980 nm, Yb3+- 
Tm3+ co-doped UCNPs exhibited emission lines in the UV range (345 
nm, 1I6 → 3F4; 362 nm, 1D2 → 3H6), in the visible range (474 nm, 1G4 → 
3H6; 644 nm, 1G4 → 3F4; 694 nm, 3F3 → 3H6) and in the NIR range (803 
nm, 3H4 → 3H6) [42]. The bands at 803 and 694 nm, originating from a 

Fig. 3. A, Hydrogen peroxide production of PAA-UCNP-embedded PVA/SPOH-PAA film (black line) and of PVA/SPOH-PAA matrix (red line). The samples were put 
under simulated solar irradiation for 120 min. Reported values are the mean of 3 replicates. b, UC emission spectra of the β-NaYF4:Yb3+/Tm3+ (20/2%) UCNPs (black 
line) and the UCNP-embedded PVA/SPOH-PAA nanocomposite (blue line) upon 980 nm excitation. The spectra are normalized at Tm3+ emission at 803 nm. Inset 
shows the UC emission spectra in the wavelength range 340–420 nm. c, Schematic illustration of energy transfer processes between Yb3+-Tm3+ co-doped UCNPs and 
PVA/SPOH-PAA nanocomposite upon 980 nm irradiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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two-photon process, dominate the spectra because of the higher effi
ciency of two-photon upconversion emissions. The emissions at 644 nm 
and 474 nm are due to three-photon upconversion processes, while the 
emissions at 362 nm and 345 nm stem from a four-photon and a five- 
photon process, respectively [41]. 

Differently from UCNPs, the emission spectra of the nanocomposite 
lacked the bands at 345 and 362 nm, which indicates that the excitation 
energy of the relevant transitions 1D2 → 3H6 and 1I6 → 3F4 was trans
ferred via non-radiative energy transfer processes to the benzophenone 
groups of SPOH, which are able to absorb light of similar energies17. The 
energy transfer processes lead to the sensitization of the triplet excited 
state of benzophenone group present in SPOH, which is responsible for 
the subsequent production of hydrogen peroxide, as discussed by 
Lockhart et al. [17] (Fig. 3 c). 

Moreover, the band at 694 nm was not detected in the spectra of the 
nanocomposite: this could be ascribed to cross-relaxation processes 
occurring in the polymer matrix (3F3 → 3H5; 3H6 → 3H5), leading to the 
population of 3H5 [43]. 

3.4. Adsorption and photodegradation ability towards CIP 

Ciprofloxacin (CIP) is a persistent antibiotic usually found in rela
tively high concentration in hospital wastewater and also present in 
drinking water [44]. As one of the most common antibiotics of the flu
oroquinolone family, it was chosen to test the adsorption and the pho
todegradation ability of the nanocomposite. 

Samples of the nanocomposite and the polymer matrix without 
UCNPs were put respectively in 100 mL of a 100 mg/L CIP aqueous 
solution for 150 min. The polymer matrix adsorbed 89.78 % of CIP, 
similarly to the nanocomposite (87.15 %) (Fig. S13a). These results 
proved that the polymer film could adsorb CIP effectively, and that the 
addition of UCNPs had a negligible effect on its adsorption capacity. The 
high porosity of the film (cf. Fig. 2 b) allowed an effective contact with 
the CIP solution. The adsorption processes were considered to be driven 
by the electrostatic interaction between PAA free carboxylate groups 
and CIP molecules: in the experimental pH conditions (6.5), CIP exists as 
zwitterion with protonated amine and deprotonated carboxylic groups 
(pKa values 5.9 and 8.9) [45], while PAA is in its deprotonated form (pKa 
4.28) [29]. 

Adsorption kinetics were fitted using the intraparticle diffusion 
model [46]. 

qt = kp
̅̅
t

√
+C (7)  

where qt (mg⋅g− 1) is the adsorption capacity, kp (mg⋅g− 1⋅min− 0.5) is the 
adsorption rate constant and C (mg/g− 1) is the boundary layer thickness. 

A relatively faster film diffusion (k1; the adsorptive diffuses from the 
boundary layer to the exterior surface of the adsorbent) was followed by 
a 5.8-fold slower pore diffusion process (k2, the adsorptive reaches the 
surface of the adsorbent and diffuses into the pores), followed in turn by 
a 3.2 slower adsorption process (k3) (Fig. 4 a) [47]. The performance of 
the nanocomposite resulted better than the one of other widely used 
porous adsorbents [48], which were used in the adsorption of CIP under 
similar conditions and fitted with the intra-particle diffusion model 
(Table S5). 

After reaching the adsorption–desorption equilibrium in 150 min, 
the same samples were irradiated with artificial solar light (Figs. S5 and 
S12). A negligible degradation of CIP was detected in the absence of the 
film (0.006 %) and in the presence of the film not containing UCNPs 
(0.19 %) during a 240 min irradiation, while CIP concentration was 
reduced to 50 % in the presence of the nanocomposite in the same 
irradiation period (Fig. S13b). These results confirmed the role played by 
the UCNPs in the photodegradation of CIP under artificial solar light. 

More in detail, in the absence of the film and upon irradiation, the 
photolysis of CIP takes place, indicating that only the interaction be
tween the artificial solar light and CIP drives the degradation. Photolysis 
of CIP in these experimental conditions is negligible and the same is 
valid in the presence of the polymer matrix in the absence of UCNPs (Fig 
S5). This is due to the fact that the artificial solar light used in the re
ported experiments lacks the UV component, which is energetic enough 
to directly degrade CIP. The removal of UV component from the light 
source was applied to be able to detect the photocatalytic effect of the 
nanocomposite, without the photolytic contribution of UV light. 

In the presence of the nanocomposite, the UCNPs absorb the NIR 
component of the light source and upconvert it reaching higher energy 
excited states of Tm3+. Subsequently, this excitation energy is trans
ferred to SPEEK, resulting in the nonradiative deactivation of Tm3+ ions 
and the formation of SPEEK (n,π*) singlet excited state. After inter
system crossing to SPEEK (n,π*) triplet excite state, the latter abstracts a 
hydrogen atom from PVA, generating two radicals (one of PVA and one 
of SPEEK). These radicals react with dissolved oxygen to form peroxides, 
which finally evolve to produce H2O2 [17]. 

Surprisingly, it was not possible to obtain an accurate fit of the 
photodegradation kinetics with pseudo- zero, first and second order 
models. Therefore, the data were fitted using the intraparticle-diffusion 
model, which yielded a degradation rate constant equal to 3.49⋅10− 2 

mg⋅g− 1⋅min− 0.5 (Fig. 4 b). This suggested the occurrence of relatively 
faster photodegradation reactions coupled with a slower adsorption 
process. A possible mechanism is here proposed: i) H2O2 is photo
generated inside the film pores and reacts with the adsorbed CIP; ii) 
subsequently, the photodegradation products diffuse out of the film, 
freeing the active sites for new CIP molecules, which diffuse inside the 

Fig. 4. A, Adsorption kinetic curve of CIP (100 mL of 100 mg/L, pH = 6.5) onto PAA-UCNP-embedded PVA/SPOH-PAA film and fitting with the intraparticle 
diffusion model. b, Intraparticle diffusion model fitting for CIP degradation kinetics by PAA-UCNP-embedded PVA/SPOH-PAA film. 
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nanocomposite film according to the intra-particle diffusion model. 

3.5. Reusability and stability tests 

For in-field applications, the assessment of the reusability and the 
stability of a photocatalyst is extremely important. Therefore, the sta
bility of the nanocomposite was monitored for a period of 1 month via 
ICP-MS measurements (Fig. 5 a), revealing that more than 99% of the 
UCNPs remained entrapped in the polymer matrix in this time frame. 
This underlined the efficiency of the crosslinking step, which protects 
the UCNPs from leaching. UV–Vis analyses were as well conducted to 
monitor the stability of the polymeric components of the nanocomposite 
(Fig. 5 b), The results confirmed that the leaching of SPOH or PVA after 
24 h immersion in water was non-significant. 

The nanocomposite film was recovered and reused up to 3 cycles for 
CIP adsorption and degradation. A negligible variation of the adsorption 
capacity was detected over the cycles (88%, 87% and 90% for 1st, 2nd 

and 3rd cycle, respectively; Fig. 5 c) for the regenerated films. On the 
other hand, the reuse of a sample on which the regeneration process was 
not performed reduced its adsorption capacity to 47 %. As for the 
photodegradation experiments, a negligible reduction of the photo
catalytic activity after 3 cycles was detected (52%, 54%, 51% for 1st, 2nd 

and 3rd cycle, respectively; Fig. 5 d). These results demonstrated the 
excellent stability and reusability of the nanocomposite for CIP 

concurrent adsorption and photodegradation. 
To date, the NIR-induced photodegradation of CIP has not been re

ported in the literature and it is here first reported to the best of the 
authors‘ knowledge. The results of the present research work were then 
compared with the most recent studies on visible photocatalysis 
(Table S6). Tang et al. demonstrated that, in the presence of 
Cu0.84Bi2.08O4/PDS (PDS = peroxydisulfate) and under visible irradia
tion, a 95% degradation of a 40 mg/mL CIP solution was obtained in 
400 min. The non-regenerated catalyst suffered from the decreased 
degradation activity with the increase of the number of recycling steps. 
The photocatalyst material was therefore regenerated by washing and 
reused for only one cycle [49]. Wu et al. demonstrated that in the 
presence of montmorillonite under visible irradiation, a 70% degrada
tion of a 210 mg/L CIP solution was obtained in 300 min. The reusability 
of the photocatalysts was not reported [50,51]. Sha et al. demonstrated 
that in the presence of Cu2+/g-C3N4 under visible irradiation, a 70% 
degradation of CIP 8 mg/L solution was obtained in 60 min. The reus
ability of the photocatalysts was not reported [52]. 

In summary, the photocatalyst proposed in this work can be acti
vated by NIR irradiation with good photodegradation efficiency towards 
CIP, which represents an alternative to visible-responsive photocatalysts 
in terms of a sustainable use of energy. Besides, the nanocomposite 
proposed in this research work can be recycled at least for 3 cycles 
without deteriorating its photocatalytic performance, differently from 

Fig. 5. a, Percentage of entrapped PAA-UCNPs in PAA-crosslinked nanocomposite immersed in ultrapure water in the time range from 24 h to 4 weeks. The data 
were collected via ICP-MS analyses of the amount of Y, Yb and Tm species present in water. Reported values are the mean of 3 replicates. b, UV–vis spectrum of the 
supernatant from water in contact with PVA/SPOH-PAA polymer film. c, CIP adsorption percentage of PAA-UCNP-embedded PVA/SPOH-PAA film up to 3 cycles, 
compared with the non-regenerated film. d, CIP degradation percentage of PAA-UCNP-embedded PVA/SPOH-PAA film up to 3 cycles. 

S. Fan et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 476 (2023) 146877

9

the reported studies on visible photocatalysts. Despite the fact that the 
photocatalysts mentioned in Table S6 exhibit higher efficiency for CIP 
photodegradation, a direct comparison cannot be performed since 
irradiance values are not reported in the above-mentioned studies. 

3.6. Antibacterial activity tests 

Antibacterial tests were performed to determine the bactericidal ef
ficiency of the nanocomposite. A 8.9–15.7% bactericidal effect in the 
absence of the nanocomposite (Fig. 6 a) could be observed during 1 h 
solar irradiation compared to the samples in the absence of light. Similar 
results were obtained in the presence of the polymer matrix without 
UCNPs. 

(9.8–14.4%). Conversely, a 47.3–55.2% bactericidal effect was 
registered in the presence of the nanocomposite, resulting thus 4 times 
higher with respect to the two previous experiments. In the absence of 
the nanocomposite as well as in the presence of the polymeric matrix 
without UCNPs, the bactericidal rate constant did not vary (1.9⋅10− 3 

min− 1), while in the presence of the nanocomposite a 4-fold increase 
was observed (8.1⋅10− 3 min− 1) (Fig. 6 b). 

The influence of the different experimental conditions was also 
investigated through monitoring the growth behavior of E. coli (Fig. 6 c). 
The bactericidal effect on E. coli for the samples in the absence of 
nanocomposite did not vary significantly with respect to the one in the 
presence of the polymer matrix without UCNPs, inducing a 17.7% and 

22.6% decrease in optical density, respectively, with respect to the 
reference sample in dark conditions. According to previous studies, both 
solar light and H2O2 have lethal effect on E. coli [53,54]. The UV solar 
photons can activate the polymeric matrix in the absence of UCNPs to a 
limited extent and this accounted for the production of limited amounts 
of H2O2 in the E. coli suspension. Conversely, the growth of E. coli in the 
presence of the nanocomposite was drastically inhibited by 80%. The 
synergistic action of H2O2 and solar light was considered to be the cause 
for the higher inactivation of E. coli cells during cell culture and thus for 
the lower final optical density compared to the samples in the absence of 
the nanocomposite. These results again confirmed again the role of 
UCNPs in the production of H2O2. 

4. Conclusions 

In this work, we demonstrated that the PAA-UCNPs incorporated in a 
PVA/SPOH-PAA matrix via a simple crosslinking reaction constitute an 
efficient multifunctional material able to produce H2O2 under solar 
irradiation, thanks to photon upconversion and non-radiative energy 
transfer processes occurring between the UCNPs and the SPOH 
component. This nanocomposite was able to concurrently adsorb (87%) 
and photodegrade (50%) the antibiotic CIP, keeping its performance 
over 3 cycles. Furthermore, the nanocomposite was able to inhibit E. coli 
with a 80% bactericidal efficiency under solar irradiation. 

The prepared nanocomposite presents a variety of advantages: (a) 

Fig. 6. A, Time-dependent variation of bactericidal efficiency towards E. coli under solar irradiation for different treatments: in the absence of the nanocomposite 
(blue line); in the presence of the polymer matrix without UCNPs (orange line); in the presence of the nanocomposite (black line). b, Photodegradation kinetics of 
E. coli under solar irradiation for different treatments: in the absence of the nanocomposite (blue line); in the presence of the polymer matrix without UCNPs (orange 
line); in the presence of the nanocomposite (black line). c, Time-dependent variation of optical density of E. coli during incubation at 37 ◦C for 300 min for different 
treatments: reference sample in dark conditions (green diamonds); upon irradiation in the absence of the nanocomposite (blue triangles), in the presence of the 
polymer matrix without UCNPs (orange squares), in the presence of the nanocomposite (black dots). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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the non-leaching ability of the nanocomposite ensures the reuse of the 
photocatalyst and avoids secondary pollution upon use; (b) the use of 
solar light to activate the nanocomposite allows the operations to be 
independent from artificial irradiation sources, minimizing the con
sumption of energy; (c) the removal of pollutants can be performed 
under ambient conditions. Altogether, the results presented here 
contribute to demonstrate the possible application of this multifunc
tional nanocomposite for a solar-driven wastewater treatment process 
based on upconverting nanoparticles. 
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