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A B S T R A C T

The concept of hydrogen production by the photocatalytic reforming (photoreforming) of wastewaters is herein 
proven for food industry effluents, both in classic batch laboratory cells, and in panel reactors operated under 
natural sunlight. Initial screening and photocatalyst optimisation, performed employing glucose as a represen
tative model oxygenated contaminant, guided the selection of the most appropriate metal/titania materials for 
the process. Different metals were compared as co-catalysts in M/TiO2 (M: Cu, Ag, Au or Pt). Enhanced hydrogen 
production was achieved for platinum as the co-catalyst, regardless of the deposition method used. A hydro
thermally synthesised nanosized titania with a partly oxidised carbonaceous coating was compared to com
mercial anatase and the benchmark P25 anatase–rutile nanocomposite, proving advantageous performance for 
the former in basic media (> 4.5 mmol(H2) gcat

− 1 h− 1, cglucose = 5 % w/v, pH = 12, simulated sunlight). Similarly, 
the same material outperformed the P25 counterpart for real juice production wastewaters having high pH 
values. Finally, photoreforming of juice production wastewaters was demonstrated in a novel prototype panel 
reactor under outdoors solar irradiation over the course of two weeks. Regarding wastewater treatment, pH 
decreased significantly from ca. 11 to < 6 and conductivity also decreased from 2.4 to 1.9 mS cm− 1. Organic 
matter breakdown was confirmed by long-term decrease of chemical oxygen demand and by disintegration of 
solids. As a final proof of effectiveness of the solar photocatalytic process, daily gas production volumes observed 
remarkably paralleled sunlight irradiance.

1. Introduction

The management of wastewaters from various industries represents a 
significant environmental and economic challenge due to their signifi
cant contaminant load and large volumes, namely ≈ 400 km3/y [1,2]. 
Beyond common and widespread effective wastewater treatment tech
nologies, mostly based on physicochemical and aerobic biological pro
cesses, several energy-recovery options are on occasions adopted. The 
most common of such valorisation technologies entails the sedimenta
tion and decanting of sludges and their ulterior anaerobic digestion, 
resulting in the generation of biogas [1,3]. Additionally, technologies for 
multi-fuel generation systems have been developed, enabling process 
optimisation and reducing environmental impact [4]. Nevertheless, the 
development of alternative efficient treatment and valorisation of 
aqueous effluent contaminants, mostly organic in nature, are desirable 

for reducing their environmental footprint and recovering value-added 
products [1]. In this context, hydrogen production from wastewater is 
emerging as a promising strategy [5].

Compared to conventional hydrogen production methods that rely 
on fossil fuels, such as steam methane reforming and coal gasification, 
and pure water electrolysis for green hydrogen production [6], waste-to- 
hydrogen processes are gaining attention as novel sustainable pathways 
[7,8]. Currently, various research efforts are focused on the use of 
biomass, as in the case of biorefineries, which, through biological pro
cesses such as fermentation, have the capability to produce hydrogen, 
bioethanol, and biomethane. However, although these processes repre
sent a form of valorisation, they come with certain limitations, such as 
high energy consumption for production, the management of generated 
solid waste, and the need for pretreatment of organic matter [9]. On the 
other hand, using wastewater as a hydrogen source offers dual benefits: 
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waste minimisation and renewable energy generation. This approach 
not only provides a means for cleaner effluent treatment but also enables 
the recovery of energy in the form of hydrogen, making it a highly 
attractive solution for industries with high wastewater production, such 
as the food and beverage sector [5]. Unlike thermal processes [10,11], 
alternative methods like photoreforming, which involves the harnessing 
of photonic energy by semiconductor photocatalysts, enable hydrogen 
production at near-ambient conditions and under sunlight irradiation 
[12–14]. Hence, photoreforming enabled by solar radiation may 
significantly reduce energy input requirements for the process and 
enhance its sustainability.

The use of TiO2-based photocatalysts has been extensively studied 
for photoreforming due to their chemical stability, low cost, and strong 
oxidative properties [15,16]. These materials can facilitate the degra
dation of various organic compounds present in wastewater while 
generating hydrogen. Nevertheless, the efficiency of TiO2-based systems 
is limited due to both rapid recombination of photogenerated electron- 
hole pairs and predominant absorption in the ultraviolet spectrum, 
which comprises only a small fraction of solar radiation [17]. To 
enhance their performance, noble or coinage metals such as platinum, 
silver, gold or copper are often used as co-catalysts. These metals act as 
electron sinks, thus reducing charge recombination, and facilitate the 
hydrogen evolution reaction [18–21].

Several reviews have summarised the advancements in photo
reforming, highlighting the importance of catalyst design, reaction 
conditions, and system configurations in optimizing hydrogen produc
tion [22,23]. Additionally, various studies have emphasized the influ
ence of ionic species in the medium, pH, and organic matter 
concentration on degradation processes. It is essential to take these 
factors into account to ensure the efficiency of the process in its dual 
function [24]. Light-promoted waste valorisation through photo
reforming and similar techniques is a promising approach for maxi
mizing the value of organic waste streams [25]. Previous studies on 
photoreforming have demonstrated its versatility in treating various 
organic substrates, from simple alcohols to complex biomass derivatives 
or wastewaters. Additionally, advancements in the design of photo
catalysts for the selective oxidation of biomass derivatives further un
derscore the efficacy of photoreforming in converting organic waste into 
valuable hydrogen [26]. The photoreforming of wastewaters has proven 
efficient for the dual purpose of both decontamination and hydrogen 
production, despite scarce literature reports. Seminal investigations by 
Malato and co-workers indicated both challenges and opportunities for 
hydrogen production from urban wastewater in pilot-scale solar reactors 
[27–29]. Industrial effluents containing oxygenated contaminants such 
as sugars have also been the focus of research efforts on photoreforming 
[28,30–32]. These findings illustrate the potential of photoreforming for 
converting diverse wastewater streams into hydrogen.

This work builds on these concepts, focusing on the optimisation of 
TiO2-based photocatalysts for the simultaneous production of hydrogen 
and degradation of organic matter in wastewaters from the food in
dustry. Laboratory-scale experiments under simulated sunlight served to 
identify favourable conditions to significantly enhance the photo
catalytic process. Subsequently, selected experiments were performed 
on a pre-pilot scale in photocatalytic panels under natural sunlight, 
showing sustained hydrogen production from real wastewaters and 
simultaneous degradation of saccharides and other oxygenates. The 
upscaling transition from laboratory to solar plant operation presented 
herein demonstrates that solar photocatalysis is a sustainable solution 
for wastewater treatment and clean energy recovery in real conditions.

2. Experimental section

2.1. Synthesis of photocatalysts

Full details about the reagents and additional chemicals used during 
synthesis and other experimental procedures are detailed in the 

Supplementary Material. A description of the synthetic procedures is 
briefly summarised herein for the sake of conciseness. Three types of 
nanosized titania were employed, namely: 

(i) TiO2(SA): Anatase, synthesised hydrothermally from titanium 
isopropoxide in anhydrous acetone (200 ◦C, 12 h), and subse
quently calcined (static air, 200 ◦C, 2 h) [33].

(ii) TiO2(CA): Commercial anatase nanopowder.
(iii) TiO2(P25): Commercial anatase–rutile nanocomposite produced 

by flame pyrolysis.

Metal co-catalysts were loaded on the surface of titania by a selection 
of methods to yield a range of M/TiO2 photocatalysts (M: metal; 1 % 
metal/titania mass ratio), as detailed below. 

(i) DPM/TiO2(P25) (M: Ag, Cu, Au or Pt), prepared by a deposi
tion–precipitation method on TiO2(P25) in slightly basic media 
was adopted, followed by thermal reduction (H2, 300 ◦C, 3 ◦C 
min− 1, 5 h) to perform a metal screening study [30].

(ii) HPt/TiO2(P25), produced by classical platinum impregnation on 
TiO2(P25) followed by calcination (static air, 400 ◦C, 2 h) pro
cedure, and finally thermal reduction (H2, 300 ◦C, 3 ◦C min− 1, 5 
h) [34].

(iii) CRPt/TiO2(P25), prepared by chemical reduction in refluxing 
alkaline methanol [35,36].

(iv) PPt/TiO2(P25), PPt/TiO2(CA), PPt/TiO2(SA), synthesised by the 
photodeposition procedure under UV irradiation (365 nm) on 
different titania supports.

2.2. Photocatalyst characterisation

Full characterisation instruments and procedures are detailed in the 
Supplementary Material. Crystalline phases were identified by X-ray 
diffraction (XRD). Morphology and elemental composition were studied 
by scanning electron microscopy (SEM) coupled with energy dispersive 
X-ray spectroscopy (EDX). Sizes of metal co-catalyst particles were 
examined by means of transmission electron microscopy (TEM) or high- 
resolution transmission electron microscopy coupled to energy disper
sive x-ray spectroscopy (HRTEM-EDX). Optical characterisation of the 
materials was conducted by UV–Vis-NIR diffuse reflectance spectros
copy (DRS). Thermogravimetric analysis (TGA) was carried out under 
air atmosphere. Surface properties were examined by means of attenu
ated total reflectance Fourier transform infrared spectroscopy (ATR- 
FTIR).

2.3. Wastewater analyses

Four wastewater samples (JWW1, JWW2, JWW3, JWW4) derived 
from the manufacturing of purees, smoothies and juices in pouch, bottle 
and cup formats, made from fresh food ingredients, chiefly fruit, were 
generously sourced by Delafruit S.L.U. (La Selva del Camp, Tarragona, 
Spain). They were characterized by determining physicochemical 
properties, namely pH, conductivity, and chemical oxygen demand 
(COD), as listed in Table S1. Furthermore, their chemical composition 
regarding specific components such as saccharides and organic acids 
(Table S2), and their evolution during solar photocatalysis, was studied 
by high-performance liquid chromatography (HPLC). The wastewater 
samples have broadly different properties and compositions and are 
difficult to categorise. As a parameter which stands out, pH is almost 
neutral for JWW1 and noticeably basic for the other three effluents, 
especially for JWW3 and JWW4 (pH > 12, Table S1). Saccharide con
tents is particularly high for JWW2 and JWW4, which contain high 
amounts of sucrose and glucose (1142 and 2295 mg L-1, respectively, 
Table S2).
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2.4. Laboratory-scale photocatalytic activity screening

Batch laboratory-scale photoreforming experiments were performed 
using photocatalyst suspensions (25 mg, 25 mL) in aqueous glucose (5 % 
w/v) or wastewater samples in a gas-tight quartz reactor (see Fig. S1) 
under N2 atmosphere and simulated sunlight (Xe lamp, AM1.5G, 1000 
mW cm− 1). Gas samples (2 mL) were analysed by gas chromatography 
(GC).

2.5. Outdoors photoreforming of wastewaters in a photocatalytic panel 
reactor

Outdoors photoreforming experiments under natural sunlight were 
performed in a flat panel reactor developed in our laboratories, as 
recently described in a patent application [37] (Fig. 1; see extended 
description in the Supplementary Material and additional schematic il
lustrations in Fig. S3). The photocatalyst was immobilised by drop- 
casting on flat surface of the panel basin (HPt/TiO2(P25), 0.30 g, irra
diation area: 0.033 m2). The panel reactor was closed with a top boro
silicate glass window and sealed with polyurethane gaskets.

The panel reactor operates in recirculation mode within a closed 
circuit, whereby the wastewater flows over the photocatalyst bed, which 
is immobilised on the panel basin surface and exposed to sunlight; 
therefore, the operation mode is similar to fixed-bed catalyst configu
rations. The panel ports are connected via tubes to the recirculation 
circuit, which includes a wastewater reservoir tank receiving the liquid 
from the panel and equipped with a liquid outlet port and a gas outlet 
port connected to a gas accumulation tank. The liquid from the reservoir 
is flowed by a peristaltic recirculation pump back into the panel reactor. 
Gas and liquid sampling units are inserted in the gas accumulation tank 
and upstream the panel inlet, respectively.

Solar photoreforming experiments were performed outdoors under 
natural sunlight, orienting the panel South at a 30◦ tilt angle to maximise 
sunlight incidence during central hours of the day (Fig. S4). A sample of 
JWW2 (1.5 L) was recirculated continuously (3 L h− 1) after purging with 
Ar, and the system kept under solar irradiation over a period of two 
weeks during July 2023. Daytime temperatures during solar irradiation 
ranged from 25 to 30 ◦C, whereas maximum direct solar irradiances 
varied significantly, ranging from 121 to 1104 W m− 2. Liquid waste
water and gas samples were taken for analysis. Cumulative produced gas 
volumes and direct solar irradiances were measured daily.

3. Results and discussion

3.1. Photocatalyst characterisation

3.1.1. Titania characterisation
All photocatalysts prepared and used in this work are based on 

titania as the light-responsive semiconductor material, also serving as 
the support for metal co-catalysts. Three titania support materials of 
different crystal phase composition have been studied, i.e. hydrother
mally synthesized anatase, commercial anatase and benchmark anata
se–rutile nanocomposite mixture, i.e. TiO2(SA), TiO2(CA) and 
TiO2(P25), respectively. As observed by TEM measurements, TiO2 par
ticle sizes increased in the order SA < CA < P25 (Table S3), whereas XRD 
confirmed the presence of the expected anatase and/or rutile phases 
(Fig. S5). As observed by SEM, TiO2(SA) consisted of 0.5–2 µm micro
spheres composed of small primary nanoparticles (< 10 nm), whereas 
elemental analysis by HRTEM-EDX revealed well-dispersed presence of 
carbon (Fig. S6c), most likely as carbonaceous coatings formed due to 
self-aldol condensation of acetone and subsequent pyrolysis [38]. 
Further analysis by FTIR of TiO2 (SA) indicated additional signals (1560, 
1440 cm− 1; Fig. S6d) attributable to carboxylate groups in the carbon 
layer [39–41,55] which could influence optical and catalytic properties, 
as discussed below. The amount of such carbonaceous component was 
estimated by TGA as 3–4 % by mass (Fig. S6f).

3.1.2. Characterisation of deposited metal co-catalysts
Metal loading had little impact on titania phases in the resulting M/ 

TiO2, as expected (Fig. S5). Due to the small nanoparticle sizes of metal 
co-catalyst species (see measurements by TEM in Table S4 and micro
graph examples for DPM/TiO2 in Fig. S7), no additional peaks were 
observed by XRD [30,42]. The effect of deposition method on metal 
particle sizes was studied for platinum on P25, revealing that Pt sizes 
decreased in the following order: CRPt/TiO2 >

PPt/TiO2 >
HPt/TiO2 >

DPPt/TiO2. Based on previous reports indicating enhanced photo
catalytic hydrogen production for 1–2 nm Pt nanoparticles [43,44], HPt/ 
TiO2 was employed as a reference photocatalyst for the final validation 
of the panel reactor (see below). The effect of the TiO2 support on the 
size of Pt particles was investigated for the photodeposition method, 
showing that Pt particle sizes increase in the order PPt/TiO2(SA) < PPt/ 
TiO2(CA) < PPt/TiO2(P25); remarkably small platinum nanoparticles (<
2 nm) were loaded on pure phase anatase titania supports (Fig. S8, 
Table S4). Given the particle size control achieved and the amenable 
procedure, photodeposition was chosen as the loading method for 
further photocatalyst screening.

Fig. 1. (a) Schematic view of the parts and (b) photographs of the solar photocatalytic panel reactor used in this work.
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3.2. Laboratory-scale screening of photocatalysts for H2 production

3.2.1. Metal effect
The study on the effect of metal co-catalysts on hydrogen production 

performance was conducted using glucose as a model substrate, since it 
is a common monosaccharide and one of the structural blocks of sucrose, 
both present along with various other sugars in wastewaters from the 
food industry, such as those considered in this work. Both H2 and CO2 
production were quantified as a measure of photoreforming efficiency 
and glucose oxidation and mineralisation in the photoreforming process 
(Table S5). The amounts of CO2 produced are lower than those of H2, but 
significant considering the expected reforming stoichiometry (H2/CO2 
= 2:1). This indicates partial photoreforming of the glucose substrate 
[45–47], which undergoes stepwise degradation into lower oxygenates. 
The rates of CO2 production are similar for Pt, Au, and Cu co-catalysts, 
whereas silver shows the lowest level of produced H2 and CO2, indi
cating that it exerts the lowest photoreforming activity.

Hydrogen production using photocatalysts containing different 
metals supported on TiO2(P25) by deposition–precipitation (DPM/ 
TiO2(P25); M = Cu, Ag, Au, Pt) is shown in Fig. 2a. A significant effect of 
the metal on hydrogen production can be observed. Platinum was the 
metal co-catalyst that achieved the highest production rate, consistent 
with similar studies in the literature [48–51]. The explanation for these 
results lies in the surface and catalytic properties of platinum. This noble 
metal is widely used in catalysis, especially in both hydrogenation and 

hydrogen evolution processes, since platinum enables a proper balance 
between adsorption and desorption, enhancing reaction kinetics 
[52,53]. Additionally, platinum is an excellent electron conductor, 
facilitating the rapid transfer of electrons to protons in the solution, 
thereby accelerating the initial stage of the reaction and minimizing 
energy losses [54]. For these reasons, Pt is selected as the reference 
metal for furnishing TiO2 with co-catalytic function for subsequent 
photoreforming studies in this work.

3.2.2. Effect of platinum deposition method
The size of platinum particles can be a critical factor in determining 

the effectiveness of the co-catalyst. Smaller particles generally result in a 
higher surface-to-volume ratio, which increases the exposure of active 
sites. However, uneven distribution or particle agglomeration can 
reduce this efficiency [55]. The effect of Pt particles size on hydrogen 
production was evaluated (Fig. 2b). Under the reaction conditions used, 
it was found that the deposition method does not significantly impact 
the hydrogen production rate. The material that exhibited the highest 
production was CRPt/TiO2(P25), with 4386 µmol H2 gcat

− 1, although dif
ferences among the Pt/TiO2(P25) series were small. This suggests that 
slight differences in particle sizes or particle size distributions have little 
impact on photocatalytic efficiencies, and that the remarkably high H2 
production rates in all cases are due to the intrinsic properties of plat
inum as a co-catalyst. Therefore, any of the evaluated deposition 
methods could be effectively employed for this application.

Fig. 2. Photocatalytic hydrogen production efficiency screening using glucose as the model substrate. (a) Effect of metal co-catalyst in DPM/TiO2(P25) (1 g L− 1; M: 
Cu, Ag, Au, Pt), showing that platinum is the most effective co-catalyst metal. (b) Impact of platinum deposition method in Pt/TiO2(P25), revealing little or no 
influence. (c) Effect of the type of nanosized titania support in PPt/TiO2, showing slightly better performance for the benchmark P25 anatase–rutile nanocomposite. 
(d) Effect of pH and nanosized titania support in selected Pt/TiO2 photocatalysts, which points to higher H2 evolution rates for PPt/TiO2(SA) under increasingly basic 
conditions. Experimental conditions: Photocatalyst suspensions (1 g L− 1) in aqueous glucose (5 % w/v) under simulated sunlight (Xe lamp, AM1.5G, 1000 W m− 2) 
and nitrogen atmosphere.
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3.2.3. TiO2 type effect
The next step of this research was to assess the performance of 

different titanium dioxide nanosized supports as main photocatalyst 
semiconductor component on the photocatalytic hydrogen production 
on the Pt/TiO2 derived therefrom. Hydrothermally synthesised anatase, 
commercial anatase and commercial anatase–rutile nanocomposite 
prepared by flame pyrolysis, namely TiO2(SA), TiO2(CA) and TiO2(P25), 
respectively, were studied. Photodeposition was the chosen Pt loading 
method, as discussed above (Section 3.1.2).

Hydrogen production rates on PPt/TiO2 were influenced by both the 
crystalline phase and the morphology of the support used (Fig. 2c). The 
highest H2 production under the experimental conditions was observed 
for PPt/TiO2(P25). The difference in activity between the PPt/TiO2 
photocatalysts based on P25 and commercial anatase is attributed to the 
anatase–rutile phase junction nanocomposite features of P25, which 
enhances charge separation, increases UV light absorption, and boosts 
the generation of reactive species, collectively resulting in higher pho
tocatalytic activity [56–58]. On the other hand, PPt/TiO2(SA) exhibited 
the lowest hydrogen production. This could be due to the reduced 
exposure of active sites caused by its aggregated microsphere 
morphology, as well as the surface property modifications induced by 
the carbon coating, which may affect the adsorption and interaction 
with organic species. It is also noteworthy that PPt/TiO2(CA) and PPt/ 
TiO2(P25) led to similar CO2 production rates, both noticeably higher 
than those recorded for PPt/TiO2(SA), as evidenced in Table S5.

To evaluate the durability of the photocatalysts and the long-term 
photoreforming efficiency of the system, experiments were extended 
to continuous 24 h irradiation times using the PPt/TiO2 materials 
(Fig. S9 and Table S6). Hydrogen production was rapid initially and then 
progressively slowed down upon prolonged irradiation after 2 h. 
Notwithstanding this, hydrogen evolution continued in a sustained 
trend, as revealed by the cumulative produced amounts after one day 
(around or exceeding 10 mmol gcat

− 1, Table S6). Explanation for such 
partial decline in activity has been related to the generation of oxidation 
intermediates that may bind to the photocatalyst surface [59], a phe
nomenon that is also expected to take place during the photoreforming 
of saccharides, as investigated herein. Nonetheless, the oxidation of such 
intermediates, most likely bearing carboxylate or other highly oxygen
ated moieties, does not lead to severe deactivation and, albeit more 
slowly, is expected to continue until complete photoreforming upon 
prolonged irradiation, as reported for similar systems [60,61]. This can 
be rationalised for glucose in our experiments by observing the overall 
decreasing H2/CO2 molar ratios at increasing reaction times (Table S6). 
These results indicate that, whilst hydrogen evolution prevails initially 
(most likely by dehydrogenation of CHOH moieties in glucose), more 
extensive oxidation ensues via consecutive reaction steps, eventually 
promoting mineralisation, as suggested by increasing CO2 evolution. 
This sequence of oxidative events is consistent with previous detailed 
mechanistic studies [47,62].

3.2.4. pH effect
One of the physicochemical properties that most significantly affects 

photocatalytic hydrogen production rate is pH [12,63]. The pH of 
wastewaters from the food industry may vary along a wide range 
depending on the degradation or fermentation states of food ingredients 
or additives, and on the chemical agents employed in plant cleaning 
procedures. For this reason, the effect of pH changes on H2 production 
was firstly evaluated for PPt/TiO2(CA), PPt/TiO2(SA) and HPt/TiO2(P25) 
as a control, using glucose as a model substrate to provide a guide for 
photoreforming effectiveness for wastewater samples having pH values 
across wide ranges (Fig. 2d). At first glance, it is obvious that hydrogen 
production is significantly affected by both pH and the material used. In 
the case of PPt/TiO2(SA), higher production efficiency is observed at pH 
= 12, while HPt/TiO2(P25) shows a higher production rate at neutral 
conditions, and decreased activity as alkalinity increases. On the other 
hand, pPt/TiO2(CA) does not exhibit a clear trend; although the lowest 

production occurs at pH = 9, it increases again in more basic media. As a 
general trend, anatase-based materials showed greater hydrogen pro
duction at pH = 12, while the P25-based counterpart reached its 
maximum production at pH ≤ 9.

Hydrogen production by photocatalytic wastewater treatment may 
be influenced by multiple factors, including the point of zero charge 
(PZC) of the photocatalyst, and in turn, the agglomeration of particles 
due to surface charges. If pH deviates from the PZC, the photocatalyst 
will agglomerate, and hence, adsorption of substrates will be hindered 
[64–66]. On the other hand, the protonation of the chemical agent, in 
this case, glucose, also plays a crucial role. At increasing pH, near or 
beyond the pKa value of glucose (12.3), it will tend to deprotonate, 
facilitating its degradation due to more efficient reaction with holes, 
thereby increasing H2 production [67,68], although electrostatic 
repulsion will impact negatively on efficiency. As mentioned above, 
previous studies, such as those conducted by Sanwald et al., demon
strated that the photoreforming mechanism of glucose under neutral and 
acidic pH conditions involves the opening of aldose rings through the 
direct transfer of holes to chemisorbed oxygens [47]. This process gen
erates primary formate esters, which are subsequently converted into 
intermediates via redox-neutral hydrolysis. This mechanism is expected 
to take place also under our experimental conditions, as proven by the 
detection of arabinose as a glucose oxidation intermediate (Fig. S10). 
Furthermore, alkalinisation enhances sustained H2 production over 
time, primarily due to the rapid hydrolytic cleavage of formate in
termediates induced by OH− ions [47]. This is consistent with the higher 
hydrogen production observed herein at pH = 12 when using PPt/ 
TiO2(SA) and PPt/TiO2(CA). Despite the lack of a clear trend in hydrogen 
production, which can be attributed to complex interactions of these 
phenomena, this study highlights the importance of selecting photo
catalysts for wastewater treatment based on their pH to enhance pho
tocatalytic efficiency and optimize hydrogen production. Consequently, 
given the wastewater samples studied herein (neutral to significantly 
basic), PPt/TiO2(SA) and HPt/TiO2(P25) were used aiming at high effi
ciency at high or slightly basic pH, down to levels close to neutrality.

3.3. Laboratory-scale hydrogen generation from juice production 
wastewaters

A laboratory-scale study was conducted with four different waste
water samples obtained from a fruit processing food production plant 
(physicochemical parameters described in Table S1). Despite having 
been sourced from the same plant, such parameters vary within wide 
ranges. Three out of the four wastewater samples (JWW2, JWW3 and 
JWW4) are noticeably basic, whilst one (JWW1) is almost neutral. 
Conductivities range between 800 and 4000 μS cm− 1. Organic matter 
contents are also varied, as reflected by their COD levels between 1000 
and 7000 mg(O2) L− 1. The observed diversity in wastewater charac
teristics represents a realistic scenario to assess the applicability pros
pects of photoreforming technologies.

The hydrogen production profiles for the different wastewaters using 
either PPt/TiO2(SA) or HPt/TiO2(P25) materials are shown in Fig. 3 and 
listed in Table S7. As observed, sustained hydrogen production was 
achieved from all the wastewater samples studied. Production rates 
were higher using PPt/TiO2(SA) as compared to HPt/TiO2(P25), except 
for JWW3. This partly correlates with the greater photocatalytic effi
ciency of the former material in alkaline pH conditions (Fig. 2d). The 
highest hydrogen productivity was observed for JWW4 using PPt/ 
TiO2(SA) as the photocatalyst, reaching a rate above 1.3 mmol(H2) gcat

− 1 

h− 1. The difference in activity between PPt/TiO2(SA) and HPt/TiO2(P25) 
could be attributed to the carbon component present in the former 
(Section 3.1.1). Carboxylate groups in PPt/TiO2(SA), as evidenced by 
FTIR (Fig. S6d), may increase surface affinity for organic molecules with 
functional groups such as the multiple hydroxyls in saccharides by 
means of hydrogen bonding in basic media, facilitating their adsorption 
and conversion. In general, the photocatalyst based on hydrothermally 
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prepared carbon-containing titania showed a more robust performance 
at high pH.

Despite having similar physicochemical characteristics, different 
hydrogen production rates were observed for JWW3 and JWW4. In the 
case of JWW3, no significant difference in hydrogen production rate was 
observed between PPt/TiO2(SA) and HPt/TiO2(P25), suggesting that the 
difference in hydrogen production for JWW4 is not solely due to the pH 
of the solution but also possibly to the type and amount of dissolved 
organic matter. As shown in Table S1, JWW4 has 3.5 times higher COD 
than JWW3. It is important to note that in the photoreforming process 
using wastewater, dissolved organic matter acts as an electron donor for 
hydrogen production. Saccharides are known to behave as effective 
electron donors, and hence, as suitable substrates for photoreforming. 
Glucose is the most common monosaccharide, and has been considered 
in this work as the model substrate (see Section 3.2), showing favourable 
hydrogen production, especially under basic pH for PPt/TiO2(SA). The 
initial analyses of the wastewaters under study by HPLC reveals, in fact, 
that the concentration of glucose in JWW4 is sensibly higher (1442 mg 
L− 1, Table S2) than those in the other effluents. This is consistent with 
the highest hydrogen production observed for JWW4 using PPt/ 
TiO2(SA) as the photocatalyst. A similar effect is evidenced, although to 
a lesser extent, for JWW2, which contains much lower an amount of 
glucose, but a noticeably high sucrose content (2295 mg L− 1, Table S2). 
The lower H2 production rate, as compared to JWW4, on PPt/TiO2(SA) 
(625 vs. 2653 µmol gcat

-1 after 2 h irradiation times, Fig. 3 and Table S7) is 

probably a reflection of the more complex molecular structure of su
crose, a disaccharide, and its influence on photoreforming efficiencies. 
In other words, smaller and simpler oxygenated molecules tend to react 
faster and lead to higher hydrogen evolution rates. Other easily 
oxidizable organic substances not detected by HPLC can also consume of 
photogenerated holes, facilitating hydrogen production, for JWW1 and 
JWW3, which contain low amounts of glucose or sucrose. Further ana
lyses will be performed on these and other wastewater samples to gain 
further insight into the structure–activity correlation regarding 
oxygenated substrates originated in food industries or other related 
activities. Overall, the gigantic diversity of possible contaminants con
stitutes an enormous challenge regarding mechanistic and efficiency 
investigations of photoreforming processes. In addition, some organic 
molecules may also compete with H+ for electrons during the reduction 
reaction, potentially inhibiting the efficiency of hydrogen evolution 
[69].

Additionally, it should be mentioned that in the experiments using 
highly basic juice production wastewaters (JWW2, JWW3 and JWW4), 
low productivities of CO2 were recorded in the gas phase (≤10 μmol gcat

− 1 

h− 1, Table S7), since it would remain absorbed in the form of carbonate/ 
bicarbonate in the aqueous media due to their alkaline pH values. 
Conversely, the highest CO2 production rate for the neutral JWW1 was 
recorded using PPt/TiO2(SA) as the photocatalyst.

In addition to gas production, the physicochemical evolution of the 
wastewaters was studied by post-photocatalysis analyses. Changes in the 

Fig. 3. Hydrogen production from different juice wastewaters: (a) JWW1, (b) JWW2, (c) JWW3 and (d) JWW4, using Pt/TiO2 photocatalysts (1 g L− 1) under 
simulated sunlight (Xe lamp, AM1.5G, 1000 W m− 2) in laboratory-scale reactors. It is noteworthy that PPt/TiO2(SA) outperforms PPt/TiO2(P25), especially for 
effluents with high COD values and high saccharide contents. i.e. JWW2 and JWW4, as opposed to the trend observed for model neutral glucose solutions.
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physicochemical properties of the wastewaters were observed after 
photoreforming under simulated sunlight. In general, decreases in pH 
and conductivity were observed (Fig. S11), most likely owing to the 
degradation of organic matter into organic acid intermediates, and 
eventually, into carbon dioxide. Such oxidation products partly 
neutralize the initial alkaline species, hence lowering the pH of the so
lution. Regarding conductivity, slight increases were observed for 
JWW1, whereas noticeable decreases took place for the basic JWW2–4 
samples. High pH values in the latter are due to the presence of caustic 
substances, most likely sodium hydroxide, used for pipe cleaning oper
ations at the food processing plant. Hence, the lowered conductivity 
could be due to a combination of partial neutralisation of hydroxide by 
acidic intermediates formed during the oxidative reaction steps inherent 
to the photoreforming of saccharides, as discussed above, and to the 
formation of larger anions as by-products, such as carbonate, bicar
bonate or a range of possible carboxylate-containing species. Finally, the 

slight increases in the conductivity of the nearly basic JWW1 might be 
ascribed to the formation of ionisable intermediates such as acids of low 
molecular weight, e.g. formic or lactic. The greatest change in pH and 
conductivity was observed for JWW4 on PPt/TiO2(SA), consistent with 
the also higher hydrogen production results obtained in that case.

3.4. Pre-pilot-scale photoreforming of juice production wastewaters in a 
solar panel reactor

Outdoors photoreforming experiments under natural sunlight were 
performed in a flat panel reactor (see Section 2.6). A long-term solar 
photoreforming experiment was performed using JWW2 as the waste
water substrate and HPt/TiO2(P25) as the photocatalyst. This waste
water sample was selected based on reasonable hydrogen production 
efficiency in laboratory-scale experiments, and on its moderate pH, 
which is lower than those of JWW3 and JWW4, since highly caustic 

Fig. 4. Main results of outdoors pre-pilot photoreforming of juice production wastewater in a panel reactor under natural sunlight over the course of two weeks. (a) 
Correlation between daily gas production and solar irradiance, confirming their direct cause-effect relationship. (b) Evolution of the amounts of main oxygenated 
substances, determined by HPLC, showing effective saccharide conversion and transient formation of lactate and fructose interediates. (c) Evolution of physico
chemical wastewater parameters; the main trends observed are rapid pH decrease, slower conductivity decrease and little change in COD (see text for details). (d) 
Evolution of solid sediment in the panel reactor. Photocatalytic panel parameters: continuous treatment of a wastewater sample (JWW2, 1.5 L) under natural sunlight 
irradiation (2 weeks, July/2023), 14 × 24 cm irradiated area (0.033 m2), HPt/TiO2 deposited by solvent casting (ca. 10 g m− 2).
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aqueous effluents were observed to lead to corrosion of some exposed 
aluminium parts of the panel. Remarkably, the correlation between gas 
production volumes and solar irradiances recorded for different days is 
clearly noteworthy (Fig. 4a and Table S8). The weather for initial days 
was variable and cloudier in general, as illustrated by highly disperse 
(but lower on average) irradiances, resulting in obvious fluctuation in 
gas production volumes, ranging from 1 to 6 mL per day, followed by a 
general increase on latter days. Particularly, on days 7, 9 and 14, which 
were sunnier, in accordance with stronger irradiance, the volumes of gas 
produced were also highest, peaking at 8 mL on the last day. This sug
gests that higher solar intensity enhances the photocatalytic activity of 
the HPt/TiO2(P25) catalyst, resulting in greater hydrogen production. 
Evolution rates of gaseous products achieved remarkable values on 
those days, equating to > 100 μmol g− 1 h− 1, i.e. > 1000 μmol m− 2 h− 1 

(see Table S8). Although lower than the efficiencies observed in 
laboratory-scale experiments, these results are encouraging considering 
they represent a first attempt. Nonetheless, improvements in the panel 
system must be achieved in future development to attain competitive 
hydrogen yields. Analysis of the produced gases revealed low H2/CO2 
molar ratios (0.2–0.3 for days 9 and 14, Table S8), indicative of high 
mineralisation and/or decarboxylation degrees after long solar irradia
tion periods.

The degradation of oxygenated substances, chiefly saccharides and 
organic acids, in the juice production wastewater studied (JWW2) was 
monitored by HPLC (Fig. 4b). It should be noted that the analysed acids 
are likely to have been in their deprotonated forms (carboxylates) in the 
wastewater medium due to its alkaline or neutral pH. The specific 
compounds initially contained in the wastewater sample were sucrose, 
citric acid, glucose, fructose and lactic acid, whereas minor amounts of 
formic acid and acetic acid were also detected upon irradiation. The pre- 
pilot-scale photocatalytic panel reactor treatment effectively resulted in 
the degradation of several key carbohydrates, particularly sucrose, citric 
acid, glucose, and fructose. The results indicate substantial reduction in 
these compounds within two weeks, with nearly complete degradation 
of citric acid and glucose. Notably, fructose exhibited an initial increase 
after one week, possibly due to intermediate scission of sucrose or other 
oligosaccharides, before subsequent degradation during the second 
week. The increasing levels of lactic, formic and acetic acids after the 
first week suggest the formation of these compounds as by-products of 
the degradation process. Nonetheless, continued irradiation led to 
overall degradation of all oxygenated substances, as evidenced by their 
consistently decreasing levels after the second week of solar 
photoreforming.

The effect of outdoors solar photoreforming on the physicochemical 
parameters of the juice production wastewater employed in the panel 
reactor using HPt/TiO2(P25) as a catalyst is noteworthy, as shown in 
Fig. 4c. The significant decrease in pH within the first week (from 10.4 to 
5.4) indicates the formation of acidic by-products and ultimately CO2, 
consistent with the significant degradation of sucrose, citric acid, and 
glucose. The increase in lactic acid and initial formation of formic and 
acetic acids (Fig. 4b) support the observation of acidification. In general, 
degradation of oxygenated species via photoreforming results in the 
release of protic species [12]. The subsequent slight increase in pH by 
the second week (from 5.4 to 6.5) suggests partial neutralisation: further 
degradation of organic acids, chiefly lactic, and eventual release of CO2 
into the gas phase, align with pH stabilisation. Although the formation of 
formic and acetic acids continues, it does not significantly impact pH 
due to their low concentrations. The conductivity results indicate dy
namic changes in the ionic content of the wastewater, with an initial 
slight increase (from 2.4 to 2.5 mS cm− 1 after 1 week) followed by a 
substantial decrease (1.9 mS cm− 1 after 2 weeks), reflecting the complex 
nature of ionic species formation and degradation during treatment. 
Moreover, COD measurements showed an initial increase from 5.8 to 
6.8 g(O2) L− 1 after the first week, possibly due to partial water evapo
ration and/or to the breakdown of solids into soluble intermediates, 
followed by a reduction to 5.7 mg(O2) L− 1 after the second week, 

suggesting effective but still incomplete degradation of organic matter. 
Even if the results collectively indicate (based on H2/CO2 evolution, and 
pH and conductivity decrease) that photoreforming is taking place, the 
extent of degradation is not substantial according to the obtained COD 
data. Current and future work in our pilot system is focused on inten
sifying reduction of organic matter by enlarging irradiation areas and 
improving overall photocatalytic activity.

The wastewaters employed in this study were not pretreated by any 
physical means. Some insoluble, most likely fibrous, material was 
initially present in the JWW2 sample used for the natural sunlight 
photoreforming experiment in the panel reactor. The solids were mostly 
settled on the bottom of the reservoir tank at the beginning of the 
experiment. Part of these solids were accidentally carried over to the 
irradiated basin of the panel reactor, covering a small area of the pho
tocatalyst bed (Fig. 4d). The evolution of these solids was monitored as a 
way to study their behaviour during solar photoreforming and their 
effect on the photoreforming experiment. At the initial stage (a), the 
solids appear as dense and cohesive aggregates, indicating that the 
organic matter and particulates in the juice wastewater were still intact. 
After one week of treatment, the size and aggregation state of the solids 
seems to decrease, with visible fragmentation. This suggests partial 
breakdown of larger particles, likely due to the photocatalytic degra
dation of complex organic compounds facilitated by the HPt/TiO2(P25) 
catalyst. By the end of the second week, the solid content was further 
diminished, as indicated by the much smaller and more dispersed ag
gregates observed. This slight reduction in size and concentration of 
solids represents a qualitative indication of partial solids disintegration. 
The important evolution of solids will be studied for prolonged periods 
in subsequent experiments. It is important to note that no additional 
solids emerge during the experiment, and hence, sludge production is 
inhibited under the anaerobic conditions of the solar photocatalytic 
experiment. This beneficial aspect aligns with the overall degradation of 
organic matter, as confirmed by the observed gas production and de
creases in pH and conductivity.

This demonstrative photocatalytic experiment under natural sun
light demonstrates the effectiveness of solar photoreforming in panel 
reactors as a promising alternative wastewater treatment technology. 
Sustained and consistent gas production has been recorded along with 
simultaneous degradation of organic contaminants in wastewaters from 
the manufacture of processed food, mainly from fruit ingredients. Ample 
possibilities might be envisaged for other wastewater types, in combi
nation with on-purpose designed photocatalysts.

4. Conclusions

Motivated by the ultimate goal of demonstrating solar photo
reforming for the valorisation of food industry wastewaters, enabling 
the production of hydrogen, the transition from laboratory experiments 
to a solar photocatalytic panel has been investigated herein. Specifically, 
wastewater effluents from a plant manufacturing processed food 
(mainly fruit) products have been used as the substrate. Initial optimi
sation of metal/titania (M/TiO2; M: Cu, Ag, Au or Pt) photocatalysts was 
performed using glucose as the substrate, at varying pH, and under 
simulated sunlight. Platinum was the best performing co-catalyst, fol
lowed by copper and gold. A dedicated study of different nanosized 
titania supports indicated that the commercial anatase–rutile bench
mark (P25), produced by flame pyrolysis, exhibits superior hydrogen 
production efficiency under neutral conditions. Conversely, Pt-loaded 
pure-phase anatase performs better under basic conditions; remark
able activity (> 4.5 mmol(H2) gcat

− 1 h− 1, for cglucose = 5 % w/v, pH = 12, 
simulated sunlight) was achieved for hydrothermally synthesised titania 
with a partly oxidised carbonaceous coating, with photodeposited 
platinum, i.e. PPt/TiO2(SA). This might be due to increased surface af
finity of pending carboxylate groups on the surface of TiO2(SA) for 
organic molecules with multiple hydroxyls, e.g. saccharides, in basic 
media, facilitating their adsorption and conversion. Importantly, the 
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highest hydrogen production activity was also observed for highly basic 
wastewaters using PPt/TiO2(SA) as the photocatalyst (> 1.3 mmol(H2) 
gcat
− 1 h− 1, pH > 12.5).

Food industry wastewater treatment has been proven under natural 
sunlight in a novel solar panel reactor. By recirculating such complex 
aqueous effluent on the photocatalyst bed for two weeks, its main pa
rameters improved regarding quality and discharge regulations. De
creases were observed for pH (from ca. 11 to < 6) and conductivity 
(from 2.4 to 1.9 mS cm− 1), whereas saccharides were degraded into 
simpler oxygenates and eventually mineralised to carbon dioxide, and 
solids tended to disintegrate. Importantly, daily gas production volumes 
were remarkably parallel to sunlight irradiance. Although the obtained 
results are preliminary and a long optimisation and development path 
lies ahead, the demonstration presented herein is encouraging for the 
consideration of solar photocatalysis as a serious valorisation alternative 
to current wastewater treatment technologies, which are mostly 
destructive, energy-consuming and complex.
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