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A B S T R A C T

This work shows a novel approach utilizing graphitic carbon nitride (g-C3N4) deposited on a sintered glass filter 
as a membrane enhanced with gold-silver nanoparticles for the removal of emerging pollutants. g-C3N4 was 
synthesized directly onto the membrane surface with a simple vapor deposition method. Membranes with two 
different porosities, g-C3N4 and the noble-metal nanoparticles were put to the test by exploring their photo-
catalytic capacity to degrade rhodamine B dye (RhB). FT-IR, PL, SEM, EDX and DRS characterization techniques 
were performed to analyse the catalysts. RhB degradation was tested in static (i.e. petri dish) and dynamic 
conditions (i.e. photocatalytic membrane setup). Filtered volumes, turbidity effect and stability were tested in 
dynamic conditions for the membrane that had the greatest potential for full-scale use. The results confirm the 
efficient RhB degradation capacity of the catalysts, highlighting the potential of this proposed setup; however, 
the cost of technology for decentralized areas is still an impediment. These findings not only contribute to 
advancing the understanding of pollutant removal technologies, but also, offer practical insights into the future 
deployment of such systems on a larger scale.

1. Introduction

Even though developed countries have successfully used extensive 
centralized water treatment systems, the transference of this technology 
to emergent nations and decentralized areas can be severely limited [1] 
and this is one of the reasons for a constant search for efficient and low- 
cost technologies, compatible for limited contexts.

Efforts have been recently concentrated on developing visible light 
responsive photocatalysts to efficiently harvest solar visible light. In this 
context, the use of graphitic carbon nitride (g-C3N4) has been gaining 
attention in the last decade due to its remarkable properties [2], such as 
low band gap (2.7 eV), which makes it suitable for visible light ab-
sorption, chemical stability and easy synthesis procedure. Nevertheless, 
some drawbacks have to be overcome to make it more efficient, i.e. a 
high photoinduced electron-hole recombination rate, a very narrow 
visible-light absorption capacity or a low specific surface area [3–5].

g-C3N4 performance has been proven to greatly improve with the 
deposition of noble metal nanoparticles (NPs), such as gold (Au), silver 
(Ag) or platinum (Pt), to ameliorate the electron-hole charge separation 
[6,7]. These NPs bring light absorption in the visible or near-infrared 
light (NIR) range to the binary system.

The localized surface plasmon resonance effect (LSRP) is an optical 
phenomenon that appears if the size of the NPs is much smaller than the 
incident wavelength [8]. In LSRP, coherent oscillation of the conduction 
band electrons is caused by interaction with the electromagnetic field 
which cuts out to a great extend electron-hole recombination [9–11]. 
The noble metal NPs also form a heterojunction with the semiconductor, 
called the Schottky barrier that sets up a transfer of the photo-mobilized 
electrons in the semiconductor and improves the charge carrier sepa-
ration [12,13]. In addition, the hot electrons excited by light in the 
plasmonic nanoparticles can also be transferred to the conduction band 
of the semiconductor, producing a charge carrier separation in the 
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nanoparticle.
g-C3N4 directly deposited on a surface with a simple and effective 

method is also useful for practical applications; there is no need to 
recover the g-C3N4 after each use as the photocatalyst stays fixed to the 
membrane's surface. In addition, it favours a better dispersion of the 
catalyst and, as the contaminant solution slowly passes through the 
membrane, it assures the pollutant-catalyst contact without the need for 
stirring.

In order to assess the efficiency of both the catalyst and the device in 
which is placed, rhodamine B (RhB) was chosen as a pollutant in our 
work. RhB is a fluorescent dye often used as hydrological tracer to 
examine flow pathways and pollutant dispersal in groundwater inside 
the water supply catchment areas. Tracing tests with dyes may represent 
a risk of long-term contamination in the studied aquifer as, it is 
considered potentially genotoxic and carcinogenic, and after its treat-
ment, it can generate by-products [14]. The assessment of the aquatic 
toxicity and environmental safety of RhB as a tracer compound 
concluded that, for no risks of effects in freshwater, continuous dis-
charges must not exceed 14 μg/L and intermittent discharge 140 μg/L 
[15].

In this context, we report the synthesis of a nanocomposite with g- 
C3N4 that has been placed on the surface of a sintered glass filter as a 
membrane with different porosities via a simple deposition method. The 
addition of bimetallic AuAg NPs was also examined and the nano-
composite efficiency for the degradation of RhB was measured in both 
visible and solar light. The membrane was placed in a device to evaluate 
its ability to filter and photocatalyze. Additionally, a photocatalyst- 
membrane reactor was designed, and the costs were evaluated to esti-
mate its sustainability in decentralized areas. Overall, the novelty of this 
study consists of the development of the integral fabrication of a device 
for decentralized wastewater treatment, starting from the design of new 
plasmonic photocatalysts, their implementation in sintered glass mem-
branes, and the design of a device for their practical use.

2. Experimental procedure

2.1. Materials

Melamine (99 %, Acros Organics) was utilized for g-C3N4 synthesis. 
Precursors [AuCl(tht)] (tht = tetrahydrothiophene), [NBu4][Au 
(C6F5)2], AgClO4 and [Au2Ag2(C6F5)4(OEt2)]n were used for the syn-
thesis of Au–Ag bimetallic nanoparticles on g-C3N4 [16–18] (see Sup-
plementary material). Two types of Robuglas® commercial sintered 
glass filters with Ø = 2.0 cm were tested as membranes with porosity 2 
(i.e. 40–100 μm) and porosity 3 (i.e. 16–40 μm). Kaolin (Sigma-Aldrich, 
K7375) was employed to prepare the studied water with turbidity. RhB 
(>95 %, Sigma-Aldrich), triisopropylsilane (TIPS, 98 %, Sigma-Aldrich), 
tetrahydrofuran (HPLC grade, VWR Chemicals) were used without 
further modification.

2.2. Synthesis procedure of sintered glass filters as membranes 
impregnated with g-C3N4

1.0 g of melamine was loaded on top of the membranes described in 
the previous section and placed in a crucible. The crucible was then 
covered with aluminium foil to prevent the sublimation of the precursor 
and afterwards they were placed in a muffle (Nabertherm, B410) at 
500 ◦C for 2 h and 2 h more at 520 ◦C (Image S1 - Supplementary ma-
terial). At the end, the membranes were thoroughly washed and dried 
(80 ◦C for 10 h). g-C3N4 powder that has not adhered to the membrane 
surface was collected for comparison purposes by different character-
ization techniques.

2.3. Synthesis procedure of sintered glass filters as membranes 
impregnated with AuAg/g-C3N4

Membranes were weighed to define the amount of impregnated g- 
C3N4. From there, 5 % by weight of AuAg nanoparticles was calculated 
for each sample. The membranes were placed in a beaker with 10 mL of 
THF and 20 mg of [Au2Ag2(C6F5)4(OEt2)]n dissolved and gently stirred 
for 30 min, acquiring a bright orange colour (Image S2 - Supplementary 
material). They were then removed from the beaker and allowed to dry 
to air and placed in a new beaker with 10 mL of THF at 70 ◦C. After that, 
0.5 mL of TIPS was added, and the membranes were left in the beaker for 
5 min under gentle agitation. They were removed and allowed to air dry. 
Their final surface colour was purple (Image S2 - Supplementary ma-
terial). The presence of both the g-C3N4 and the AuAg NPs adhered to the 
membranes are evidenced in Image S3 (Supplementary material), 
showing a different fluorescence when illuminated with a UV lamp (λ =
365 nm).

2.4. Characterization g-C3N4 and AuAg/g-C3N4 impregnated on the 
membranes

Fourier Transform Infrared Spectroscopy (FT-IR) was performed to 
confirm the presence of g-C3N4 in a Perkin-Elmer Two FT-IR equipment 
covering a range from 500 to 4000 cm− 1. A spatula was used to scrape 
off the material on the membrane surface in order to perform a FT-IR 
analysis. Excitation and emission spectra were recorded on a Shi-
madzu RF-6000 Spectrofluorophotometer (PL) with a solid accessory in 
which the membrane was placed. Diffuse reflectance UV–Vis (DRS) data 
of the membranes were recorded on a Shimadzu UV-3600 spectropho-
tometer with a Harrick Praying Mantis accessory by lowering the sample 
holder and placing the membrane on top. The diffuse reflectance spectra 
were obtained and recalculated applying the Kubelka-Munk function, 
leading to the solid-state absorption spectra. Scanning electron micro-
scope (SEM) measurements were recorded on a Zeiss EVO 15 (operating 
at a 5–10 kV voltage) with detectors of cathodoluminescence and sec-
ondary and backscattered electrons. A sputter coating of gold-palladium 
was first applied onto the membrane in order to inhibit charging and 
improve secondary electron emission. Energy dispersive X-ray (EDX), 
used to analyse the chemical composition of the material, was registered 
on a SmartEDX (ZEISS).

2.5. Photocatalytic activity measurement

Firstly, tests were carried out under static conditions, i.e. membranes 
impregnated with photocatalyst were immersed in 20 mL of studied 
water inside a petri dish. Two prepared petri dishes were placed in the 
Equipment Photolab (LED365-1/450-1/850-1cb, Apria Systems, Spain). 
The first one was in dark conditions and the second one was irradiated 
with visible light (i.e. radiation = 1146 W/m2), with exposure times of 
up to 6 h. Experiments with solar light, in static conditions, were per-
formed on March 13, 2023 in Logroño (Spain), between 10:00 and 
16:00 h, with mean radiation = 683 ± 108 W/m2 [19]. RhB concen-
tration (starting from 1 ppm) was quantified in a UV–visible spectro-
photometer (Agilent 8453, Agilent Technologies, USA) at 554 nm 
(Fig. S1 - Supplementary material).

Dynamic experiments were conducted by placing the membranes in 
a filtration setup consisting of a glass funnel (15 mL capacity) with a 
base where the membrane was incorporated with an O-ring sealing, 
stopper, spring clamp and ground joint flask (Image S4 - Supplementary 
material). Gravity filtration was chosen firstly over vacuum filtration for 
the treatment in order to both reduce operating costs in decentralized 
systems and extend the reaction time. Filtration setup was placed under 
the visible lamp of the Photolab equipment (Image S4). Reading of the 
filtered volume and RhB concentration in both filtered and unfiltered 
water was performed after 6 h exposure time. If some of the studied 
water remained unfiltered past the 6-hour mark, it was vacuum filtered 
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and the overall RhB concentration with the 15 mL filtered was recorded 
as well.

Studied water with turbidity was analysed in the filtration setup. 
First, the two membranes more susceptible to being affected by pore 
blockage (porosity 3) were subjected to 6 h trial (i.e. water with ~5 NTU 
and 1.0 ppm RhB). This test allowed us to verify if the turbidity was 
detrimental to the membrane or degradation capacity of the filtration 
setup. Studied water with turbidity was prepared by adding kaolin to 
ultra-pure water following the same procedure described in Jones and 
Bridgeman [20]. Studied water was subjected to a particle size distri-
bution test in equipment Malvern (ZEN 3690). The mean size was found 
to be 2639 nm, with a minimum of 0.4 and a maximum of 10,000 nm 
and more proportion between 250 and 400 nm. 4 g of kaolin was added 
to 40 mL of ultra-pure water and the suspension was stirred for 30 min. 
The suspension was allowed to stand for 8 days, after which the super-
natant was decanted and 0.3 mL was mixed with 1 L of ultra-pure water 
and, then, diluted x 10 to obtain studied water with turbidity ~5 NTU. It 
is highlighted that WHO [21] established that the turbidity of drinking 
water should not be >5 NTU. There was no adsorption between the 
kaolin and RhB, according to preliminary tests carried out.

2.6. Cost analysis

Two prototypes were designed in AutoCad 2020 (Autodesk, USA) 
with a light source using UV-LEDs or sun. The daily production was 500 
L to supply up to five people. A per capita consumption of 100L/person 
per day was considered to meet basic needs, as recommended by Ki- 
moon et al [22]. Initial investment was evaluated for Brazil and Spain 
including the main components (i.e.: tanks, pipes, fittings, valves, pump, 
metal structure, photocatalysis system, sintered glass membranes, 
chemicals for synthesis, electrical components, labour and control box), 
budgeted on 16 February 2024. Costs associated with operation, main-
tenance, transport, follow-up, taxes and indirect costs were not included 
in the economic evaluation.

2.7. Statistical analysis

Obtained data were analysed using statistical methods to determine 
significant differences (95 % confidence level, p < 0.05) among the 
datasets. First, normality distributions were assessed using the Shapiro- 
Wilk test, followed by the application of hypothesis tests. Given that all 
databases exhibited normal distributions, comparisons were made using 

Table 1 
Membrane weight before and after g-C3N4 deposition.

Membrane 
n◦

Pore size IMF 
(g)

Mass melamine 
on top (g)

IMF + adhered 
g-C3N4 (g)

g-C3N4 deposited into 
membrane (g)

g-C3N4 into 
membrane (%)

IMF + adhered g-C3N4 

(Mass after first use) (g)
g-C3N4 loss after 
first use (%)

2 40–100 
μm

1.0586 1.0024 1.1816 0.123 10 1.1778 3.1

3 16–40 
μm

0.8707 1.0004 1.0919 0.2212 20 1.0858 2.8

2-AuAg 40–100 
μm

1.0747 1.0087 1.2254 0.1507 12 – –

3-AuAg 16–40 
μm

0.9113 1.006 1.1655 0.2542 22 – –

Note: – not measured; IMF: initial mass of sintered glass filter (i.e. membrane).

Fig. 1. FT-IR spectra of the samples with g-C3N4 deposited on membranes and the powder g-C3N4 sample (Notes: 2: membrane with porosity n◦ 2 with g-C3N4, 3: 
membrane with porosity n◦ 3 with g-C3N4; AuAg: membranes with NPs).
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both the t-test and ANOVA several-sample test. Additionally, Spearman 
correlation was conducted to explore the relationship between the time 
of usage (quantified by the number of rounds) and the filtration volumes 
and rhodamine degradation capabilities. Significant correlation was 
defined when the p-value < 0.05 and the module of Spearman coeffi-
cient |r| was greater than the module of r-critical. PAST software 
developed by Hammer et al [23] was used on all statistical analyses.

3. Results and discussion

3.1. Characterization g-C3N4 and AuAg/g-C3N4 impregnated into 
membranes

The amount of g-C3N4 deposited on the membranes was measured by 
weighing them before and after deposition (Table 1).

Membranes with porosity 2 had a higher initial mass, which was not 
translated into a bigger amount of g-C3N4 deposited on its surface. Due 

to the smoother surface of the membranes with porosity 3 as they have 
smaller pore size (Image S5 - Supplementary material), which is trans-
lated into a higher surface area, these had more g-C3N4 deposited on top. 
The loss of g-C3N4 after the first static test was around of 3 %.

The structure of the catalyst was assessed by FT-IR and the obtained 
spectra is in Fig. 1.

The presence of g-C3N4 was confirmed in the four membranes and 
followed the same pattern as the powder g-C3N4 sample. The broad band 
appearing from 3000 to 3500 cm− 1 can correspond to both the –O–H of 
adsorbed H2O and, more probably, the stretching vibration of N–H of 
the amino groups. From 1250 to 1700 cm− 1, the stretching vibrations of 
both C–N and C––N (inside/outside the triazine rings) appear [24] and 
the adsorption peak at 801 cm− 1 is due to the ring structures in the 
layers of carbon nitride vibrating out of plane [25].

Photoluminescent properties (PL) analyses were also performed for 
the membranes and powder g-C3N4 (Fig. 2). A maximum at 460 nm was 
found in samples powder g-C3N4 and membrane 2 (excitation at ~363 
nm) which is in the range generally obtained for this material [26], 
while in the rest of the samples was shifted to 450 nm. The greater in-
tensity in porosity 3 membrane in relation to 2 could be would be related 
to a higher amount of C3N4 deposited on its surface, since its pores are 
smaller.

There are some limitations to the use of g-C3N4 for water remediation 
purposes that need to be overcome, mainly, its narrow window visible- 
light absorption and its high electron-hole recombination rate. An in-
direct evidence of the improvement of the photocatalyst can be seen 
when analysing its photoluminescent properties [27]. The emission 
band shown in Fig. 2 emerges when the photogenerated electron-hole 
pairs recombine in the interband. The effect that the direct deposition 
of the g-C3N4 into membrane has on the catalyst photoemissive prop-
erties can be readily seen, as the emission intensity is reduced in half. 
Both the Schottky barrier and the LSRP of the plasmonic AuAg NPs could 
be responsible for a further improvement of the electron-hole separation 
as the signal is yet reduced when the NPs are present in the samples, 
which may lead to improved photocatalytic properties [28].

The restricted margin of visible absorption characteristic of bulk g- 
C3N4 is expanded with the deposition of alloyed gold-silver nano-
particles on its surface. As can be seen in Fig. 3, the deposition of the g- 
C3N4 into membranes does not seem to modify its absorption capacity on 
the visible range.

The placement of the NPs on the surface of the sample has a similar 
effect on both samples, regardless the porosity of the membrane. The 
absorption peak of colloidal solutions of pure silver nanoparticles is 
situated at the higher energies (400–420 nm) and the absorption peak of 
pure gold (peak at ~520 nm) is situated at intermediate energy levels of 
the visible light [29]. The LSPR absorption of colloidal solutions of 
spherical alloyed AuAg NPs appears at intermediated wavelengths 
(460–480 nm). In solid state, the spherical AuAg NPs grafted on the g- 
C3N4 surface results in a stable and fairly intense absorption capacity 
from 450 to 550 nm, which then continues in a downward trend until 
well-passed 650 nm. Even though its absorption capacity seems to have 
no change when the g-C3N4 is deposited on the surface of the material, 
the band gap of the samples suffers from minor modifications. As can be 
seen in the Tauc plots in Fig. 4, the 2.77 eV initial band gap of powder g- 
C3N4 is slightly reduced when deposited on the membranes, obtaining 
2.76 eV for sample 3 and 2.73 eV for sample 2.

The appearance of plasmonic absorption due to the nanoparticles 
leads to the same band gap to that of free g-C3N4, i.e. 2.77 eV for both 
porosities alike. This plasmonic absorption increases the visible light 
harvesting ability of both samples, also boosting the LSRP effects.

An approximate estimation of the band edge positions of the con-
duction band (CB) and the valence band (VB) for g-C3N4 can be calcu-
lated. The VB edge (EVB) and the CB edge (ECB) of a semiconductor at the 
point of zero charge can be calculated by the use of the following ex-
pressions [30–32]: 

Fig. 2. Photoluminescent spectra for the samples with g-C3N4 deposited on 
membrane and powder g-C3N4 (Notes: 2: membrane with porosity n◦ 2 with g- 
C3N4, 3: membrane with porosity n◦ 3 with g-C3N4; AuAg: membranes 
with NPs).

Fig. 3. Solid UV–Vis spectra (Notes: 2: membrane with porosity n◦ 2 with g- 
C3N4, 3: membrane with porosity n◦ 3 with g-C3N4; AuAg: membranes 
with NPs).
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EVB = X⋅Ee +0.5Eg 

ECB = EVB − Eg 

where Ee is the energy of the free electrons (4.5 eV); Eg is the band gap 
energy of the semiconductor; and X is the absolute electronegativity of 
the semiconductor g-C3N4 (geometric mean of the absolute electroneg-
ativity of the atoms forming the semiconductor, 4.73 in the case of g- 
C3N4) [33].

Table 2 displays the calculated values for EVB and ECB for the 
different synthesized materials. The EVB values range between 1.595 and 
1.615 eV and the ECB between − 1.135 and 1.155 eV, depending on the 
membrane porosity and the presence or not of AuAg NPs grafted on g- 
C3N4 nanosheets. In any case, these values allow the design of an energy 
diagram of the photoexcited electron-hole separation processes for the 
explanation of the reaction mechanisms and the determination of the 
reactive oxygen species (see Scheme 1 below for sample AuAg/g-C3N4- 
m3).

The morphology of the sample with porosity 3 (after several uses) 
was analysed by scanning electron microscopy (SEM) and the micro-
graphs obtained are shown in Fig. 5.

EDX analysis on the surface (Figs. S3 a S7 - Supplementary material) 
is useful to decipher the different structures present. The bigger and 
rounded particles corresponding to the borosilicate sintered glass 
membrane appear to be sitting on top. Borosilicate glass (containing 
silica, calcium and sodium carbonate) is manufactured with dehydrated 
borate, boric acid, alumina and sodium chloride. Percentage by weight 
of a typical analysis of borosilicate glass is in Table 3.

Analysis of a borosilicate glass at EDX4 (Fig. S6) confirms the pres-
ence of these elements, with nitrogen and boron missing, the latter due 
to interference at this low X-ray energy with other lightweight elements 
like oxygen. On the other hand, the mapping of a small surface con-
taining only g-C3N4 (EDX5 Fig. S7) detects the presence of nitrogen (38 
% atomic) and the signal of silicon is reduced from 35 to 5 %. The well- 
distributed laminar g-C3N4 can be observed throughout the sample, 

Fig. 4. Tauc plots for the g-C3N4 containing samples.

Table 2 
Band gap energy of the semiconductor and calculated values for EVB and ECB for 
the different synthesized materials.

Sample Band gap (eV) EVB (eV) ECB (eV)

g-C3N4-m2 2.73 1.595 − 1.135
AuAg/g-C3N4-m2 2.76 1.610 − 1.150
g-C3N4-m3 2.77 1.615 − 1.155
AuAg/g-C3N4-m3 2.77 1.615 − 1.155
g-C3N4 2.77 1.615 − 1.155

Scheme 1. Mechanism of reaction of the AuAg/g-C3N4-m3 catalyst.
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Fig. 5. SEM micrographs of the membrane with porosity 3 and g-C3N4 after several uses.
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acting as filler that tries to balance out the surface. Its absence on the 
higher points of the particles may be due to the rubbing/washing carried 
out before or in-between uses. The surface of the membrane 2 would 
show a much uneven surface as its rougher appearance can be noticed 
with the naked eye (Image S5).

3.2. Photodegradation performance

3.2.1. Static studies
With the membranes placed inside the RhB solution, their perfor-

mance under visible light and sunlight is displayed in Fig. 6.
Results in visible light and sunlight showed that membranes with 

porosity 3 degraded the target compound faster than porosity 2, 

probably because membrane 3 had more g-C3N4 impregnated, according 
to Table 1. The addition of AuAg-NPs improved the membrane perfor-
mance for the tested porosities, reducing treatment time.

The use of sunlight decreased the degradation time from 6 h to 4 h (as 
approximately 6 % of solar light is UV radiation). The membrane 3 with 
AuAg reduced the RhB concentration to <4 % in just 2 h.

RhB degradation values were statistically correlated with time, that 
is, there was an increase in the degradation of the compound as a 
function of the increase in time. However, significant statistical differ-
ences were not found when analysing RhB degradation for membranes 
with porosities 2 and 3 with and without NPs (p-value > 0.05).

The proposed treatment managed to degrade >95 % of RhB, the 
change of colour of the aliquots extracted throughout the experiment is 
displayed as seen in Image S6 (Supplementary material). While the 
samples lose their characteristic pink colour under visible light (a), 
under UV light their orange fluorescence changes to green. This is due to 
the emission of the new fragments formed, as the aromatic ring present 
in RhB structure is eliminated.

Experiments performed in darkness for all the samples showed no 
adsorptions between membranes and RhB. Experiments done without 
catalyst (RhB under either UV or visible light) showed photolysis limited 
degradation capacity (12 % visible light, 0 % UV light), according to 

Table 3 
Chemical composition of the borosilicate glass (element % by weight) (Robu 
glass, 2023) [34].

Element % Element %

SiO2 80.60 MgO 0.05
B2O3 12.60 Fe2O3 0.04
Na2O 4.20 CaO 0.10
Al2O3 2.20 Cl 0.10

Fig. 6. Degradation results, under statics conditions, when under visible light 
(a) and solar light (b) (Notes: 2: membrane with porosity n◦ 2 with g-C3N4, 3: 
membrane with porosity n◦ 3 with g-C3N4; AuAg: membranes with NPs).

Fig. 7. Filtered volumes before and after thermal treatment (a) and filtered 
volumes after g-C3N4 and AuAg deposition (b) (Notes: 2: membrane with 
porosity n◦ 2 with g-C3N4, 3: membrane with porosity n◦ 3 with g-C3N4; AuAg: 
membranes with NPs).
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Fig. S2 (Supplementary material). A mechanism of the reaction-taking 
place between the catalyst and the pollutant has been proposed in 
Scheme 1.

When light hits the semiconductor, a photon with energy greater 
than its band gap forms an electron-hole pair (electrons moving from the 
valence band to the conduction band). When AuAg NPs are grafted to 
the catalyst, they act as electron traps of these electrons, thus improving 
the charge separation (as seen in PL results), disfavouring the electron- 
hole recombination. In addition, the LSPR effects can also help with the 
solar light harvesting of the catalyst, producing an additional charge 
carrier separation in the AuAg NPs, injecting the hot electrons in the 
conduction band of the semiconductor, precluding the fast electron-hole 
recombination in the bimetallic nanoparticles. From the different reac-
tive oxygen species that can be generated, the combination of the holes 
(h+) and superoxide radicals (O2/•O2

− ) seem to be the most plausible. 
The CB edge of carbon nitride is more negative, being around − 1.20 eV, 
(vs. NHE) than the O2/•O2

− potential (− 0.33 eV, vs. NHE), therefore they 
could be produced in the reaction. However, the potential of hydroxyl 
radicals is outside the VB edge and these radicals could be only 

secondarily generated [35,36].
Reported studies carried out with Au and C3N4 combine both h+ and 

•O2
− as active species when degrading methylene blue and RhB [29,37]. 

Also, some studies using g-C3N4 on the degradation of ciprofloxacin 
showed that the only active species responsible for the degradation are 
holes [38], while when combining AuAg nanoparticles with N-doped 
carbon/TiO2, •O2

− also appear [39]. Thus, the combination of h+ and •O2
−

as active species in this photoreaction seems likely.
A more detailed study could better elucidate the formation of radi-

cals, the by-products formed and the degradation mechanism, however 
the objective of the work at this time was to verify the viability/effi-
ciency and costs of the filters as a membrane.

3.2.2. Dynamic studies
Filtered volumes as a function of time were measured in the tested 

membranes. Membranes before the g-C3N4 vapor deposition were 
studied first. Two membranes (porosities 2 and 3) were subjected to a 
thermal treatment similar to that of the vapor deposition procedure (i.e. 
2 h at 500 ◦C followed by 2 h at 520 ◦C) and were compared with two 

Fig. 8. RhB degradation and filtered volumes for each membrane (Notes: 2: membrane with porosity n◦ 2 with g-C3N4, 3: membrane with porosity n◦ 3 with g-C3N4; 
AuAg: membranes with NPs).

Table 4 
Different membrane composition and synthesis methods for the photocatalytic removal of various pollutants reported in literature.

Method Membrane composition Degraded pollutant Light Photocatalytic 
capacity

Reference

Blending Nano ZnO/cellulose acetate-polyureathane Reactive red/orange 
dyes

UV light – [44]

Surface modification Au-TiO2 PDA-coated PVDF Tetracycline Visible 
light

92 % [45]

Electrospun PAN/g-C3N4/BiOI nanofibers RhB 
Cr(VI)

Visible 
light

98 % 
98.5 %

[46]

Vacuum filtration RGO/PDA/g-C3N4/cellulose acetate Methylene blue Visible 
light

97.5 % [47]

Liquid-based metal free perylene imide/g-C3N4/SiO2 with 
peroxymonosulfate

Bisphenol A Visible 
light

100 % [41]

Magnetically induced freezing casting 
method

Fe3O4/g-C3N4/PVDF RhB Visible 
light

97.8 % [42]

Vapor deposition Au-Ag NPs/g-C3N4/SiO2 RhB Visible 
light

100 % This work

Notes: – not reported.
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non-thematically treated membranes. The results are displayed in 
Fig. 7a.

Filtered volumes were quite fast for the 15 mL of studied water (t =
~30 s for porosity 2 with filtration rate = ~138 m3/m2d and t = ~140 s 
for porosity 3 with filtration rate = ~29 m3/m2d). The thermal treat-
ment had no apparent effect on filtered volumes. The effect of heat 
treatment to incorporate g-C3N4 into the membrane was apparently not 
responsible for the low filtration rate, according to the manufacturer; 
these membranes have a deformation point at a temperature above 
580 ◦C, which is above the 520 ◦C employed for the synthesis of the 
membranes. The impregnation of g-C3N4 in the membrane reduced the 
filtration rate since those without photocatalysts only needed a few 
seconds to filter the sample (Fig. 7a, b). The effect of the NPs was also 
studied and showed an effect in the filtration volume of the membranes. 
When analysing Fig. 7b, filtration rates were between 1.9 and 11.4 m3/ 
m2 d. It is observed that membrane 2 was able to filter the 15 mL of 
sample in 1 h without NPs and in 6 h with them. On the other hand, part 
of the sample cannot be filtered by gravity on membranes of porosity 3, 
that is, in 6 h only 90 % of the sample was filtered on the membrane 
without NPs and only 40 % on the membrane with NPs. Tests with 
porosity 3 required vacuum filtration after 6 h of exposure time.

3.2.3. RhB degradation and filtered volumes
Filtered volumes and RhB concentrations for each membrane are at 

the top of the Fig. 8. Membranes with porosity 2 can filtrate the 15 mL of 
water in 6 h without the need for a vacuum pump. Membrane 2 with 
AuAg works well due to both the degradation efficiency and the slower 
filtered volume, which leaves the studied water in contact with the fil-
ter/light for a longer time.

Membranes with porosity 3 are not able to filter all the studied water. 
Both membranes with and without NPs eliminate the target compound; 
in the case of 3-AuAg, 88 % of the non-filtered RhB is also degraded. The 
inferior part of Fig. 8 shows a comparison of RhB concentration of the 
15 mL with visible light (■) or darkness (▾) after 6 h and vacuum 
needed for membrane 3. All membranes were capable of retaining some 
RhB without the need for light, membrane 3-AuAg retained all the RhB 
in the darkness filtering. The comparison of the RhB concentrations in 
the experiments with/without light show that there is not a big con-
centration difference for membrane 2 (36 vs 51 % removal) and mem-
brane 3-AuAg (~100 % both visible and darkness). Membranes 2-AuAg 
and 3 better portray the effect of the light with degradation differences 
of 43 % and 35 %, respectively.

An interesting approach for obtaining both effective and larger 
filtered volumes in a short time would be the use of the 3-AuAg mem-
brane with vacuum filtration, capable of retaining the RhB in dark 
conditions, and a posterior photocatalytic treatment of the filter, taking 
advantage of its faster self-cleaning capacity under visible or better, 
solar light.

Some studies have experimented positive results with the placement 
of g-C3N4 on different surfaces. Porous glass beads where selected by Hui 
et al. [40], where using a calcination method of coating g-C3N4 onto the 
beads its photocatalytic degradation of methyl orange was evaluated. 
Similar photocatalytic activity to P25 (TiO2) coated glass beads in the 
removal of cyanobacterial toxins under UV light irradiation was 
observed. Other emerging pollutants, like Bisphenol A (BFA), were 
tested by Wang et al. [41] with metal free perylene imide-carbon nitride 
membranes synthesized via a liquid-based preparation method. Like-
wise, Li et al. [42] tested PVDF membranes with Fe3O4/g-C3N4 for the 
removal of RhB (300 W Xe lamp, λ ≥ 420 nm) with a magnetically 
induced freezing casting method in order to distribute and embed the 
photocatalysts. Finally, Al2O3 substrate was coated with P-doped g- 
C3N4, which worked with visible light for the removal of methylene 
blue, methyl orange and phenol solution, showing high photocatalytic 

Fig. 9. (a) Filtered volumes for membrane 3 with and without turbidity, (b) 
RhB degradation and filtration capacity for membrane 3 with and without 
turbidity (Notes: 3: membrane with porosity n◦ 3 with g-C3N4; AuAg: mem-
branes with NP, K: with kaolinite).

Fig. 10. Filtrated volume and RhB degradation for membrane 3-AuAg after 
6 cycles.
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activity [43]. Table 4 showcases various effective methods of membrane 
synthesis reported in literature, when working with visible light, most of 
them use carbon nitride in their composition.

In order to compare our photocatalytic system with other hybrid 
nanomaterials in the degradation of dyes we can cite some previous 
results. For instance, Lee et al. reported on the degradation of RhB by 
using TiO2 and gold nanoparticles supported on a floating porous pol-
ydimethylsiloxane sponge under ultraviolet and visible light irradiation, 
achieving 90 % of degradation of a 20 μM solution of RhB in 90 min 
[48]. In another study, Singh et al. showed that hybrid Ag nanoparticles 
supported on graphene photocatalyzes a 10 ppm solution of RhB up to 
95 % of efficiency in 120 min by using a 300 W UV lamp [49]. The same 

group developed a RuO2/SWCNT nanocomposite that photocatalyzed 
the degradation of 10 ppm solution of Methylene Blue (MB) up to 95 % 
of efficiency in 100 min using a 300 W UV-lamp [50]. Our heterogenized 
AuAg/g-C3N4 photocatalyst eliminates 100 % of a 1 ppm solution of RhB 
by using a low-power visible light LED, what makes our system 
competitive for photocatalytic degradation of pollutants in wastewaters.

3.2.4. Turbidity effect
Membranes with porosity 3 with and without NPs were subjected to 

experiments with turbid water (Fig. 9). The addition of kaolinite in the 
studied water did not cause significant effects on filtration capacity with 
g-C3N4 (p = 0.5635, t-test) and g-C3N4-Au/Ag (p = 0.9515, t-test). 

Photocatalytic-membranereactor
150Lstainlesssteel tank

Spacefor LEDelectrical connections
Waterproof LEDs

Photocatalytic-membrane
Drain

Drain

500Ltank
(Rawwater)

500Ltank
(Treatedwater)

Electrical control
box

Water level

Water level

Water level

Photocatalytic-membranedivided (squares10x10cm)

Water level

Water level

Water level

Photocatalytic-membranedivided(squares10x10cm)

Glass

500Ltankwith lid
(Rawwater)

500Ltankwith lid
(Treatedwater)

Drain

Photocatalytic-membranereactor

150 Lstainlesssteel tank

Photocatalytic-membrane

Drain

Electrical control
box

Fig. 11. Basic prototype of the photocatalyst-membrane reactor with dimensions of 1.0 m × 1.0 m for reactions that require >3 h of exposure time, a) light source: 
LEDs and b) light source: sun.
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Nonetheless, the addition of NPs associated with the addition of 
kaolinite caused significant effects on the volume of filtered water. That 
is, in the treatment there was a significant effect of the insertion of NPs 
in the filtered volumes (p = 0.011, t-test). For water treatment without 
the addition of kaolinite, no effect of the addition of NPs on the volumes 
of filtered water was observed (p = 0.191, t-test). RhB degradation ca-
pacity of both samples is slightly reduced when kaolinite is added to the 
water (Fig. 9b). A slight increase in the RhB concentration is observed 
when all the water has been filtered by vacuum pump.

Even though the study of the catalyst performance in turbid water is 
essential for practical applications, there are not many studies that 
analyse the effect of turbidity on the degradation capacity of photo-
catalysts towards RhB. Persico et al. [51] studied that the presence of 

BaSO4 microparticles (8 g/L, average particle dimension = 10 μm) 
reduced the degradation kinetic constant by a 40 %. In general, the ef-
fect of turbidity is mentioned in the catalyst dose, as for quantities over 
the best-performing dose, the light passage is hindered and the light 
scattering increased [52,53].

3.2.5. Stability test and degradation cycles
According to Fig. 8a, tests with membrane 3-AuAg showed a lower 

filtration capacity and an increased RhB degradation capacity than tests 
with membrane 3 and this result justified the choice of membrane 3- 
AuAg for the next phase of testing (i.e. 6 consecutive rounds). Once 
one round was finished, the glass funnel was filled again with 15 mL of 
the RhB solution with no cleaning/washing in-between. The results (see 
Fig. 10) indicated that filtrated volume does not show significant 
changes over time (p = 0.758, |r| = 0.143, rcritical = 0.886). In the same 
way, RhB degradation capacity did not substantially decrease over time 
(p = 0.506, |r| = 0.348, rcritical = 0.886) and there were no statistical 
differences when analysing the degradation capacity of the target 
compound after the 6 rounds (p = 0.081 |r| = 0.771, rcritical = 0.886). 
Other authors have similar results, with no obvious decrease in photo-
catalytic activity during reuse [45,46], although some membranes need 
a wash step in-between cycle [41,42,45]. These results suggest the po-
tential to develop a photocatalyst-membrane reactor, which has both 
stability and efficiency.

3.2.6. Cost analysis
The prototypes created are shown in Fig. 11 with a photocatalyst- 

membrane area of 1.0 m × 1.0 m (details in Figs. S8 and S9). The 
calculated initial investment is in Table 5.

Regarding the economic analysis, the cost of 1.0 cm2 of g-C3N4 
impregnation on sintered glass filter as membrane was US$ 0.05 for 
Spain and US$ 0.02 for Brazil. When adding AuAg nanoparticles, the 
value increased considerably, as 1.0 cm2 of AuAg/gC3N4 conjugation 
generated a cost of US$ 2.34 in Spain and US$ 1.65 in Brazil. In other 
words, the addition of NPs to the g-C3N4 increases the cost between 46 
and 82 times.

Initial investment for the basic infrastructure for a drinking water 
treatment system with production of 500 L/day was US$ 2622 in Spain 
and US$ 1450 in Brazil (Table 5). The cost obtained in Brazil was similar 
to those estimated by Maciel et al [54] for a drinking water treatment 
system with production of 180 L/day.

Initial investment for the photocatalytic-membrane reactor with 
LEDs and sintered glass membrane (i.e. without g-C3N4 or AuAg/g-C3N4 
impregnation) was US$ 3594 in Spain and US$ 2808 in Brazil. When 
adding g-C3N4 to the membrane, the cost increased US$ 321 in Spain 
and US$ 745 in Brazil; however, when adding nanoparticles AuAg, the 
membrane value rose between 14- and 46-times reaching values of US$ 
14,873 and US$ 10,511 in the nations studied. When sunlight is used, 
the aforementioned values were reduced in the range of 6 to 23 % for 
both countries, according to the treatment configuration.

With LED light or sunlight, the proposed system has a high cost 
depending on the configuration adopted (i.e. between US$ 4109 to US$ 
21,088, according to Table 5). The advantage of using solar light is that 
the initial investment was lower and electricity savings can be obtained 
in the everyday use. The results show that the initial investment depends 
on the cm2 of membrane impregnated with the photocatalyst, which is a 
function of the compound to be degraded and the need or not for 
nanoparticles. In all evidence, the technology is still economically un-
viable as a decentralized treatment.

It is noteworthy that in recent years, there has been a considerable 
increase in research related to photocatalysis for water treatment; 
however, there is still no commercial system available on the market 
(Tugaoen et al. [55]). Key aspects such as high treatment costs, mem-
brane clogging, release of the impregnated photocatalyst throughout the 
operating cycles and cleaning alternatives must be better analysed to 
make the technology viable on a full scale.

Table 5 
Initial investment of the photocatalyst-membrane reactor.

Photocatalytic-membrane reactor (1.0 m × 1.0 m) with LED light

Item Only with g-C3N4 g-C3N4 + Ag/Au

Cost 
(US$) 
Spain

Cost (US 
$) Brazil

Cost (US 
$) Spain

Cost (US 
$) Brazil

Basic infrastructure without 
photocatalytic-membrane 
reactor (i.e. tanks, pipes, 
fittings, valves, pump, metal 
structure, electrical 
components, labour and 
control box)

2622 1450 2622 1450

Photocatalytic-membrane reactor 
(1.0 m × 1.0 m) without g-C3N4 

or Ag/Au (i.e. photocatalysis 
system and sintered glass 
membranes)

3594 2808 3594 2808

Membrane impregnated with g- 
C3N4 only (i.e. chemicals for 
synthesis and energy 
consumption)

321 745 – –

Membrane impregnated with g- 
C3N4 + Ag/Au (i.e. chemicals 
for synthesis and energy 
consumption)

– – 14,873 10,511

Total 6537 5004 21,088 14,770

Photocatalytic-membrane reactor (1.0 m × 1.0 m) with sunlight

Item Only with g-C3N4 g-C3N4 + Ag/Au

Cost 
(US$) 
Spain

Cost (US 
$) Brazil

Cost (US 
$) Spain

Cost (US 
$) Brazil

Basic infrastructure without 
Photocatalytic-membrane 
reactor (i.e. tanks, pipes, 
fittings, valves, pump, metal 
structure, electrical 
components, labour and 
control box)

2622 1450 2622 1450

Photocatalytic-membrane reactor 
(1.0 m × 1.0 m) without g-C3N4 

or AuAg (i.e. photocatalysis 
system and sintered glass 
membranes)

2353 1913 2353 1913

Membrane impregnated with g- 
C3N4 only (i.e. chemicals for 
synthesis and energy 
consumption)

321 745 – –

Membrane impregnated with g- 
C3N4 + Ag/Au (i.e. chemicals 
for synthesis and energy 
consumption)

– – 14,873 10,511

Total 5296 4109 19,848 13,875

Note: Costs calculated on February 16, 2024, − : not applicable.
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4. Conclusions

This study successfully reports for the first time the synthesis of 
sintered glass filter as membrane impregnated with g-C3N4 via a simple 
vapor deposition method and the effect of AuAg nanoparticles impreg-
nated on its surface to degrade Rhodamine B. The deposition of g-C3N4 
was confirmed by FT-IR and the effect that the AuAg nanoparticles had 
on both reducing the electron-hole recombination and increasing the 
absorption capacity on the visible range was verified by PL and DRS. 
Experiments in static conditions under visible light and sunlight showed 
that membranes with porosity 3 degraded the target compound faster 
than porosity 2, as they had more g-C3N4 impregnated. The addition of 
AuAg-NPs improved the membrane performance for the tested poros-
ities, reducing treatment time. In dynamic conditions, RhB degradation 
capacity of both membranes was slightly reduced when kaolinite was 
added to water. Filtrated volume does not show significant changes over 
time, RhB degradation capacity did not substantially decrease over time 
and there were no statistical differences when analysing the degradation 
capacity of the target compound after the six rounds, highlighting the 
potential to develop a photocatalyst-membrane reactor, which has both 
stability and efficiency. However, economic sustainability of a 
photocatalyst-membrane reactor in decentralized areas will require 
more research, as the high costs involved currently impede its use in 
these contexts.
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