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A B S T R A C T

Immobilised photocatalytic systems can strongly contribute to attaining more sustainable chemical processes, 
reducing downstream units for photocatalyst recovery and purification of the target molecules. On the other 
hand, it is known that this kind of photocatalytic system usually presents higher mass transfer resistance when 
compared with slurries and, consequently, slower kinetics. Besides, this can be even more limited for chemical 
synthesis using eco-friendly conditions, where combining the photocatalytic material with the best reactor design 
plays a fundamental role in the process efficiency. In this work, a micro-meso structured photoreactor was used 
to overcome these limitations, providing a large surface area per reaction volume and a higher illumination 
homogeneity through the entire reactor using a compact LED system. Several photocatalytic films were devel
oped, combining different amounts of a metal-free photocatalyst (graphitic carbon nitride) with a biodegradable 
polymer matrix (sodium alginate). The catalytic performance was evaluated in the synthesis of aromatic alde
hydes (anisaldehyde, tolualdehyde, benzaldehyde, vanillin, and piperonal from the photocatalytic oxidation of 
the corresponding, anisyl-, toluyl-, benzyl-, vanillyl- and piperonyl alcohols. All experimental runs were carried 
out under mild operation conditions, using water as solvent, room temperature and atmospheric pressure, and 
natural pH. The maximum performance in terms of yield was attained in the following order: anisaldehyde >
tolualdehyde > piperonal > benzaldehyde > vanillin. A novel approach for photocatalytic organic synthesis with 
a low carbon footprint and reduced energy requirements is proposed. Moreover, the results provided in this work 
open a new window for the development of sustainable photocatalytic organic processes in continuous mode 
operation.

1. Introduction

Environmental concerns have led to new findings in chemical engi
neering that aim to reduce the carbon footprint and reach more sus
tainable processes. Extensive plant designs that generate large amounts 
of waste with sequential downstream units for the required treatment 
and high energy demand are real drawbacks in chemical manufacturing, 
to which the scientific community has given special attention. Photo
catalysis has been considered a sustainable pathway to replace tradi
tional routes, requiring less energy and allowing milder operating 

conditions. The synthesis of valuable compounds, such as aldehydes 
used in food, pharmaceutical and cosmetic sectors [1,2], has also shown 
promising results via photocatalytic processes. However, combining 
photo-assisted processes and effective catalysts with high productivity 
still requires a long pathway before industrial implementation. There
fore, organic synthesis via photocatalysis has gained exceptional 
thoughtfulness during the last decades [3], mainly using slurry photo
catalytic systems. Due to the lower mass transfer limitations, suspended 
photocatalyst systems offer higher reaction rates than immobilised 
photocatalyst configurations [4]. However, the last one brings 
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significant benefits to the process design from the industrial and envi
ronmental point of view, reducing the downstream units and energy 
required for the photocatalyst recovery, meaning lower capital and 
operating costs. Considering the Process Intensification concept, the 
immobilisation of photocatalytic material is regarded as a fundamental 
key to safer and cleaner solutions. Besides, these systems can offer 
additional environmental advantages, owning to their possible reus
ability. On the other hand, using micro-mesostructured photoreactors 
provides a larger surface area per reaction volume. Additionally, these 
reactors achieve a higher spatial illumination homogeneity, allowing 
better light penetration than conventional large-scale reactors [5] and 
promoting photon transfer. Moreover, these structures present short 
molecular diffusion distances [6], minimising mass transfer resistances 
and benefitting the photocatalytic reaction.

The NETmix technology was first patented as a novel static mixer for 
the continuous production of hydroxyapatite nanoparticles [7,8]; lately, 
this structure has been explored for photocatalytic applications. The 
proof-of-concept was reported by Lima et al. [9] for removing antibiotics 
from aqueous solutions using the photo-Fenton process. Other studies 
were conducted, mainly related to air and water treatment [10–12]. 
Besides, it presents greater heat transfer capacity than the most common 
industrial microreactors [13]. Other significant advantages have been 
pointed out, such as the ability to efficiently control fluid mixture and 
flow distribution due to its regular network of chambers interconnected 
by transport channels. Thanks to its multi-injection scheme, versatility is 
an additional asset, which allows different feed configurations depend
ing on the target product. Even under solar irradiation, outstanding 
performance with high reproducibility has also been reported [6,14]. 
Finally, this photoreactor offers easy scalability (in series or parallel) for 
large-scale continuous mode operation [15]. Its technological imple
mentation is already well established, being an advantage from the in
dustrial point of view for future commercial applications.

In this work, the NETmix structure was integrated with a light- 
emitting diode (LED) compact system and immobilised thin photo
catalytic film to carry out selective oxidation reactions. As far as our 
knowledge goes, this approach was never explored for organic synthesis. 
A novel photocatalytic film was developed using different amounts of a 
metal-free photocatalyst, exfoliated graphitic carbon nitride, immobi
lised in a biodegradable matrix (sodium alginate). The photocatalytic 
performance of this new configuration was evaluated for the synthesis of 
some industrially essential aldehydes, namely anisaldehyde (AAD), 
tolualdehyde (TAD), benzaldehyde (BAD), vanillin (VAD) and piperonal 
(PAD) from the selective photocatalytic oxidation of their respective 
alcohols, anisyl (AA), toluyl (TA), benzyl (BA), vanillyl (VA) and 
piperonyl (PA) alcohols, respectively. Promising results were obtained 
even using environmentally friendly conditions, opening a new window 
for developing sustainable organic synthesis photocatalytic processes.

2. Experimental

2.1. Synthesis of photocatalytic films

The synthesis procedure of exfoliated carbon nitride (GCN-T) and its 
colloidal suspension (GCN-TS) has been previously reported [1] and is 
detailed in the Supplementary information (SI). The photocatalytic films 
were synthesised by adding 1 g of sodium alginate (SA) to 40 mL of 
UP-heated water at 50 ºC under constant stirring until the formation of a 
homogeneous paste. Afterwards, the desired amount of photocatalyst, 
GCN-T, was added to the paste with continuous stirring until the solid 
material was completely dispersed. Fig. SD1 illustrates the required 
steps for the synthesis of the photocatalytic film. After cooling it at room 
temperature, the thin photocatalytic film was prepared using the 
so-called doctor blade method. Finally, the moulds were immersed into a 
3 wt% calcium chloride solution to obtain the hydrogel. The resulting 
films were denoted as xGCNT/SA, where x corresponds to the amount of 
GCN-T per 100 g of sodium alginate (e.g., 50GCNT/SA corresponds to a 

film with 0.5 g of GCN-T per 1 g of alginate). Moreover, different catalyst 
loads of GCN-TS were also added to the alginate hydrogel solution. The 
resulting material was labelled as xGCNTS/SA, where x corresponds to 
the amount of GCN-TS nanosheets (3.2, 6.4, 7.2, 9.6, 12.8 g) per 100 g of 
alginate (e.g., 3.2GCNTS/SA corresponds to a film with 32 mg of 
GCN-TS per 1 g of alginate).

2.2. Experimental setup

The reactions were conducted in the NETmix photoreactor equipped 
with an 18 LED lamp box (λmax = 420 nm, 260 W m2) at different flows 
(22–285 mL min− 1) in recirculation mode. The films were placed inside 
the reactor, covering all chambers except the inlets and the outlets. The 
alcohol solutions with a concentration of ca. 0.5 mM were used 
continuously, saturated with air. Fig. 1 presents a scheme of the reac
tional system layout, while the detailed schematic representation and 
description of the experimental setup used in all runs are depicted in 
Fig. SD 2.

3. Results and discussion

3.1. Catalyst characterisation

The characterisation of thermally exfoliated g-C3N4 (GCN-T) is well 
described in previous reports from our group [16,17]. The present work 
selected the most relevant characterisation to interpret the results, 
focusing on SA films with g-C3N4-based materials.

The chemical structure of the prepared films was inspected using 
spectroscopy to confirm the successful immobilisation of g-C3N4 on the 
SA matrix. The FTIR spectra of the SA film, GCN-T powder and GCNT/SA 
films are shown in Fig. 2a. The broad peak between 3575 and 3000 cm− 1 

in the SA sample films is attributed to -OH bonds. The peaks at 1590 and 
1410 cm− 1 correspond to asymmetrical and symmetrical vibrations 
related to the carboxylate ions. The band around 1000 cm− 1 can be 
attributed to C-C and ether bonds [18]. The FTIR spectra of the 
GCN-T/SA prepared samples are very similar to those of SA films due to 
the low ratio of GCN-T material to the precursor sodium alginate. 
However, some characteristic peaks of GCN-T are observed, confirming 
the presence of g-C3N4 in the alginate film.

The bands at 1311 and 1235 cm− 1 are attributed to the stretching 
vibration of C-N(-C)-C or C-NH-C linkage units [19]. The band 
at810 cm− 1 corresponds to the vibration of the triazine ring [19].

Moreover, thermal analyses of dried films were conducted by ther
mogravimetry (TGA) (Fig. SD3). TGA results revealed that the GCNT/SA 
samples exhibited higher mass loss than SA, indicating that the incor
poration of GCN-T affects the SA structure. Furthermore, the presence of 
GCN-T in the SA matrix enhances the thermal stability of the samples 
until approximately 630 ◦C. The main weight loss stage, occurring 

Fig. 1. (a) Front view of the LED-NETmix photoreactor pilot scale unit; (b) 
LEDs compact system (λmax = 420 nm) irradiating the photoreactor.
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between 540 ◦C and 660 ◦C, is attributed to the carbon nitride decom
position [20].

The optical properties of all GCNT/SA films were investigated by 
photoluminescence (PL) spectroscopy (Fig. 2b). Typically, in carbon 
nitride materials, the broad band observed at around ~ 433 nm is 
commonly attributed to electron-hole recombination, and the smaller 
emission band at around 528 nm is associated with surface defects of 
this type of photocatalyst [21–23]. The GCNT/SA samples exhibited 
distinctive patterns compared with the GCN-T powder material 
(Fig. 2b). Notably, the GCNT/SA samples reveal a reduced PL intensity 
compared to GCN-T powder material. A smaller PL intensity commonly 
indicates a reduced recombination rate of electron-hole pairs under light 
excitation [24,25]. However, the lower PL intensity observed in the 
GCNT/SA materials may be mainly ascribed to the interaction between 
the GCN-T powder and the SA matrix, which has a reduced PL intensity.

Diffuse reflectance UV-Vis (DRUV-Vis) analysis was conducted to 
further investigate the prepared films’ optical properties (Fig. SD4a). 
The DRUV-Vis spectra of the GCNT/SA samples are very similar to the 
characteristic spectrum of g-C3N4 material between 300 and 450 nm. 
The DRUV-Vis spectra of the GCNT/SA materials were very similar, 
suggesting that the immobilisation process primarily attached the pho
tocatalyst particles to the hydrogel matrix.

The morphology of thermally exfoliated g-C3N4 has been thoroughly 
described in our previous works [16,17,26]. The bulk g-C3N4 material 
typically exhibits a plate-like layered morphology composed of solid 
agglomerates, characteristic of a carbon nitride skeleton. Due to the 
thermal exfoliation, GCN-T material revealed thinner layers resulting 
from layer-by-layer thermal oxidation and layer splitting [17].

The SA and GCNT/SA films were morphologically characterised 
using scanning electron microscopy (SEM). Representative micrographs 
of both materials are presented in Fig. 2(c–e). SEM images show that the 
SA films exhibited a smooth and continuous surface (Fig. 2c). After 

incorporating GCN-T (Fig. 2d and e) into the alginate film, a uniform 
distribution of GCN-T particles across the SA film surface was observed. 
The GCN-T material tends to agglomerate, forming clusters or large 
particles wrapped by the polymer, as exhibited in the SEM images. The 
particles form agglomerations with higher dimensions when increasing 
the amount of GCN-T in the film (Fig. SD5).

Further ultrasonic exfoliation of GCN-T results in the formation of 
two-dimensional colloidal nanosheets constituted of a few atomic layers 
of g-C3N4 (GCN-TS) [27,28]. The resulting material, GCN-TS, whose 
characterisation can be found in previous works [6,40], was included in 
the SA matrix, resulting in GCNTS/SA films that were studied in this 
work.

The optical properties of the GCNTS/SA samples were evaluated by 
DRUV-Vis and PL spectroscopy. All prepared GCN-TS films exhibited 
similar DRUV-Vis and PL spectra profiles of the g-C3N4 (Fig. SD6a and 
b). Notably, in the DRUV-Vis spectra, the 12.8GCNTS/SA sample 
exhibited a second absorption band at 440 nm, which could be ascribed 
to the increase of the particle size due to the clustering of the nanosheets, 
resulting from concentrating the GCNTS colloidal suspension [29].

A blue-shift is noticed between 450 and 435 nm by comparing the PL 
spectra of SA films containing GCN-T and GCN-TS photocatalysts 
(Fig. SD7). This shift can be attributed to the decrease in carbon nitride 
layer thickness due to the exfoliation process [30], confirming the 
maintenance of the GCN-TS ultrathin structure after the immobilisation 
in the SA matrix.

The chemical structure of the prepared GCNTS/SA films was also 
inspected using FTIR spectroscopy (Fig. SD8). As also happened in the 
GCNT/SA samples, the FTIR spectra of GCNTS/SA films are very similar 
to that of SA due to the reduced quantity of photocatalyst used. 
Nevertheless, the characteristic peaks of g-C3N4 are detected even with a 
lower intensity, confirming the presence of GCN-TS supported on the SA 
polymer.

Fig. 2. (a) FTIR and (b) PL spectra of SA film, GCN-T powder and GCNT/SA films. SEM micrographs of the photocatalytic films: (c) SA, (d) 75GCNT/SA, (e) 75GCNT/ 
SA (higher magnification).
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3.2. Photocatalytic synthesis of aromatic aldehydes using the NETmix 
photoreactor

Most processes for photocatalytic production of aromatic aldehydes 
utilising g-C3N4-based materials reported in the literature involve the 
material’s dispersion in the reaction medium [16,31–33]. This method 
necessitates a post-separation step after the reaction to recover the 
photocatalyst and recover the products. In that case, some loss of pho
tocatalyst may also occur between usages [34]. To address these chal
lenges, immobilising the photocatalyst eliminates the need for 
separation processes and enables continuous production. Moreover, 
selecting an ideal photoreactor is crucial to enhance the photocatalytic 
efficiency of the system using an immobilised catalyst. The NETmix 
photoreactor design offers a significant advantage by providing a large 
area of irradiated photocatalyst per reaction volume, which is beneficial 
for using carbon nitride films.

The NETmix photoreactor was used for the oxidative conversion of 
AA to AAD with GCN-T catalysts immobilised in the SA polymer under 
visible-LED radiation. Before the light exposure, adsorption tests were 
performed using the GCNT/SA films. Control experiments using the SA 
film without the catalysts to evaluate the photochemical stability of the 
AA (Fig. SD 9). The results reveal that in the absence of the photo
catalysts, the adsorption of the AA on the polymer surface can be 
considered negligent.

The effect of GCN-T content on the SA films was evaluated in terms of 
photocatalytic efficiency for the AA conversion to produce AAD using 
the NETmix photoreactor under ambient conditions. The photocatalytic 
activity of GCNT/SA films is illustrated in Fig. 3a, considering the AA 
conversion (X), the AAD selectivity (S) and yield (Y) when the maximum 
AAD yield was reached.

Comparing the results obtained for the photocatalytic synthesis of 
AAD using the prepared GCNT/SA samples, the maximum AAD yield 
obtained followed the order 75GCNT/SA > 100GCNT/SA > 130GCNT/ 
SA > 50GCNT/SA. The maximum yield for AAD production (40 %) and 
AA conversion (77 %) was obtained after a 6 h reaction using 75GCNT/ 
SA. The enhanced photocatalytic activity may be attributed to an 
optimal load of active photocatalyst available for light absorption and 
AA conversion. The lower performance of the 50GCNT/SA material may 
be ascribed9.6 to the lower amount of GCN-T present in the film. Above 
the GCNT/SA ratio of 0.75, the photocatalytic efficiency of the films 
starts to decrease. Higher GCN-T content promotes the formation of 
agglomerated GCN-T particles with higher dimensions in the polymer 
matrix, as observed in the SEM images (Fig. SD5). This can reduce the 
photocatalytic films’ active area and light absorption capacity. So, it is 
possible to infer that there is a limit to the amount of GCN-T that could 
be immobilised onto the SA matrix without causing detrimental effects 

on AAD production [35]. Thus, the 75GCNT/SA film was selected for the 
following experiments.

Different flow rates were evaluated in the NETmix photoreactor, 
between 22 and 285 mL min− 1, corresponding to residence times of 
0.96–0.11 min (Fig. SD10). The photocatalytic results were evaluated at 
the maximum AAD considering the values of the apparent rate constants 
(kapp) obtained for AA conversion, shown in Fig. SD10a. The kinetics of 
AA conversion using GCNT/SA films follow a pseudo-first-order model 
(Fig. SD10b). Up to a flow rate of 228 mL min− 1, the AAD yield and the 
kapp tend to increase. Increasing the flow rate and consequently 
decreasing the residence time, the AAD yield and kapp decrease to the 
same reaction time. Thus, it was possible to conclude that operating 
under a flow of 228 mL min− 1 (residence time up to 0.14 min), a 
maximum AAD yield of 56 % was achieved after 1 h under visible light 
radiation.

The photocatalytic reaction performance mainly depends on the 
intrinsic properties of the catalyst, the chemical nature of the substrate, 
and the external mass transfer efficiency of the substrate from the liquid 
to the GCN-T/SA surface [36]. The external mass transfer efficiency can 
be determined by the flow rate that will define the contact between the 
reaction solution and the photocatalytic surface per unit of time [37]. 
Increasing the flow rate, the residence time decreases, which results in 
short contact between the solution and the immobilised catalysts, 
leading to a reduction in AA conversion.

The photocatalytic efficiency of the 75GCNT/SA film was evaluated 
for the conversion of different aromatic alcohols into the respective al
dehydes using the NETmix reactor under a flow rate of 228 mL min− 1. 
The number, electronic maturity, and location of substituent groups 
attached to the aromatic ring significantly impact the reactivity of 
benzene derivatives [16,38]. Therefore, the relative ease of selectively 
synthesising the aromatic aldehydes under study may be rationalised by 
the relative ability of the parent chemical to be transformed according to 
the principles of photocatalytic oxidation of aromatic compounds. In 
this way, five different aromatic alcohols (AA, BA, PA, TA and VA) with 
various types and the location of substituent groups in the aromatic ring 
were used to produce the corresponding aromatic aldehydes (AAD, BAD, 
PAD, TAD and VAD). The presence of electron-donating (activating) or 
electron-withdrawing (deactivating) groups in the aromatic ring, 
respectively, may help or inhibit the photocatalytic conversion of such 
compounds [39]. Therefore, it stands to reason that the quantity, 
orientation, and type of substituent groups influence how much one 
aromatic alcohol converts compared to the others.

The concentration profiles of the aldehydes produced during the 
reactions are exhibited in Fig. 3b. In the dark period, a reduced con
centration decrease of alcohol was observed, which confirms the negli
gible adsorption into the catalyst’s surface (Fig. SD11a). All selected 

Fig. 3. (a) Conversion (X) of AA, selectivity (S), and yield (Y) for AAD formation using GCNT/SA and reaction time for the maximum yield of anisaldehyde (-●-). (b) 
Concentration profile of aromatic aldehydes AAD, BAD, PAD, TAD and VAD using 75GCNT/SA as catalyst. Reaction conditions: AA (0.5 mM), 228 mL min− 1 flow, 
visible LED (λmax = 420 nm).
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aromatic alcohols were also expected to react insignificantly since they 
absorb only below 300 nm, thus being out of the emission band range of 
the irradiation source applied (Fig. SD 11b).

The maximum aldehyde production follows the order of AAD > TAD 
> PAD > BAD > VAD. After 120 min of irradiation, the maximum 
concentration of AAD (0.22 mM) was obtained, followed by the 
maximum produced of TAD (0.08 mM). As displayed in Fig. 3b, after 
reaching a maximum, the aldehyde concentration starts to decrease, 
which may result from over-oxidation. The main products that result 
from this degradative oxidation can be, for example, the anisic and 
vanillic acid in the case of anisaldehyde [39] and vanillin [16], 
respectively.

Among the five alcohols studied, AA showed faster conversion and 
AAD yield. The presence of a methoxy group (-OCH3), an electron- 
donating group, on the para position will increase the electron density 
on the benzene ring and consequently increase the aromatic ring’s sta
bility, making it easier for the oxidation process. TA has two activating 
groups, methoxy- and methyl- (-CH3), contributing to easy TAD pro
duction. BA only possesses a hydroxymethyl group, not benefiting from 
the electron-donor behaviour of the methoxy group, hence having a 
lower conversion and selectivity than AA and PA, which possesses a 
dioxole group, with electron-withdrawing properties, making the se
lective oxidation to PAD less likely to occur. Also, the overoxidation of 
piperonylic acid contributes to the low yield and selectivity [40]. VA 
possesses both strong electron-withdrawing groups, a methoxy group 
(-OCH₃) and a formyl group (-CHO), which decrease the electron density 
on the benzene ring, making the oxidation process less favourable and 
promote its destabilisation, resulting in the lowest VAD production 
yield.

As an attempt to improve the photocatalytic performance of the 
NETmix photoreactor for the production of AAD, films containing 
different catalyst loads of few-layer GCN (GCNTS/SA) were tested under 
the same reaction conditions. The photocatalytic performance quanti
fied by considering the AA conversion, AAD selectivity, and yield after 
180 min of radiation is illustrated in Fig. 4a. For comparison purposes, 
the results obtained with 75GCNT/SA are also shown.

The photocatalytic ability of GCNTS/SA samples for AA conversion 
as the catalyst load on the sodium alginate film increased. This tendency 
is also observed in terms of AAD selectivity and yield. The 12.8 GCNTS/ 
SA sample is an exception to this tendency, which may be ascribed to a 
surplus amount of GCN-TS in the SA film, leading to particle agglom
eration, as happened with the GCNT/SA samples. The best photo
catalytic performance for the oxidative conversion of AA to AAD was 
obtained with the 9.6GCNTS/SA film, reaching 63 % of AA conversion, 
39 % of AAD yield and 64 % of AAD selectivity after 180 min of visible 
light radiation. For comparison purposes, the 75GCNT/SA film was also 

tested in the same reaction conditions, and the results are also shown in 
Fig. 4a. After 180 min of irradiation, 81 % of AA conversion, 50 % and 
39 % of AAD selectivity and yield were obtained, respectively.

To compare the effectiveness of the films prepared with GCN-T and 
GCN-TS, we calculated the ratio between the AAD produced and the 
catalyst mass in the SA polymer using the best-performing systems. This 
parameter establishes a relationship between the amount of catalyst 
used to produce the photocatalytic film of GCN-T and GCN-TS and its 
photocatalytic efficiency towards AAD production. The values of this 
parameter are 0.04 and 0.17 molAAD gcat

-1 for 75CNT/SA and 9.6GCNTS/ 
SA, respectively. Based on that, it is possible to conclude the 9.6GCNTS/ 
SA film achieves better selectivity and yield with a lower mass of catalyst 
than the GCN-T film.

To evaluate the stability of the best performing system, the 9.6GCN- 
TS/SA sample was used in three reaction cycles, maintaining the reac
tion conditions. The catalytic film was exhaustively washed with UP 
water for 30 min between experiments.

As shown in Fig. 4b, from the first cycle of use to the second cycle, the 
photocatalytic film exhibits a decrease in the kinetic rate for the AA 
conversion and a reduction in the AAD production. The loss of the 
photocatalytic activity of the film can be related to the loss of some 
material after the washes. However, from the second to the third cycle, 
the efficiencies of the 9.6GCNTS/SA film remain practically constant, 
suggesting good photocatalytic and mechanical stability.

The 9.6GCNTS/SA morphology was evaluated after the reuses, and 
by the SEM images, it was possible to observe that a relatively high 
amount of GCN-TS nanoparticles was maintained dispersed on the so
dium alginate surface (Fig. SD12a). No significant changes are observed 
in the film surface since the particle cluster wrapped by the polymer is 
maintained. A slight difference in PL spectra was found between the as- 
prepared and the used photocatalytic film (Fig. SD12b). This can be 
related to the minor part of GCN-TS that was partially lost, probably due 
to the several uses, manipulation and washing steps.

The results show that GCNTS/SA films present high stability and 
photocatalytic efficiency for AAD production. For the first time in this 
work, the NETmix technology was used for the photocatalytic synthesis 
of aromatic aldehydes. However, its application is still challenging from 
a technological point of view. The huge advantage of using a NETmix 
reactor is its ability to provide uniform light distribution and enhanced 
mass transfer, which are critical for optimising photocatalytic reactions. 
However, areas still require improvement, particularly regarding 
reactor design and process control. By incorporating advanced materials 
and improving the reactor configuration, it is possible to enhance the 
efficiency and selectivity of the photocatalytic process. In summary, 
while using NETmix technology for photocatalytic synthesis of aromatic 
aldehydes shows to be an excellent promise, relevant efforts in 

Fig. 4. (a) Conversion (X) for AA, selectivity (S) and yield (Y) for AAD formation using GCNTS/SA samples after 180 min of reaction; (b) Photocatalytic reutilisation 
reactions using 9.6GCNTS/SA film. Reaction conditions: AA (0.5 mM), 228 mL min− 1 flow, visible LED (λmax = 420 nm).
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optimisation and innovation are still required to make it a viable and 
cost-effective solution for large-scale production.

4. Conclusions

For the first time, a novel NETmix photoreactor was used for the 
photocatalytic production of aromatic aldehydes. Biodegradable sodium 
alginate polymer was used as a matrix to support metal-free carbon 
nitride materials, eliminating the need for catalyst separation from the 
reaction medium after the photocatalytic processes, resulting in signif
icant time and energy savings.

The best compromise between the amount of sodium alginate and 
exfoliated carbon nitride (GCN-T) was found in the 75GCNT/SA sample, 
which exhibited the best photocatalytic performance for the AA con
version and AAD production in aqueous medium within the NETmix 
photoreactor. A maximum AA yield of 40 % was reached using the 
75GCNT/SA film under a flow of 228 mL min− 1 after 6 h of visible 
irradiation.

By incorporating GCN-TS nanosheets into the SA matrix, it was 
possible to significantly reduce the catalyst amount (0.96 mg) required 
to prepare the films while increasing the photocatalytic efficiency. In 
this case, 63 % of AA conversion, 39 % of AAD yield and 64 % of AAD 
selectivity were obtained after 180 min of visible light radiation using 
the 9.6GCNTS/SA film. The stability of this material was confirmed for 
three successive runs.

Overall, this study demonstrated that immobilised carbon nitride 
photocatalysts in the sodium alginate matrix can effectively produce 
organic compounds through oxidative processes in aqueous phase. The 
operation using the NETmix photoreactor proved the versatility of the 
reaction system for various photocatalytic processes. Additionally, the 
adaptability of the hydrogel matrix for different reactions presents 
exciting possibilities for further research.
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