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Abstract: Natural disasters (such as earthquakes, floods, heatwaves and landslides), isolation and
war affect the water access of millions of people worldwide. Developments in the areas of membrane
filtration, photolysis and photocatalysis are important for safe water production and water re-use
applications. This work aimed to test alternative ways to ensure effective disinfection of wastewater
effluents: light-emitting diodes that emit at different wavelengths, photocatalytic membranes, and
the combination of the two solutions. The different treatment processes were tested at the laboratory
scale to assess their performance in the removal and inactivation of water quality indicator bacteria
and fungi present in wastewater effluents. The membranes were found to be effective to retain the
microorganisms (rejection values higher than 96%), while three small ultraviolet C light-emitting
diodes that emitted light at 255 and 265 nm showed an excellent performance for inactivation
(higher than 2.5-log inactivation of total coliforms and Escherichia coli after 10 min of exposure in
real wastewater effluents). When photocatalytic membranes are used, ultraviolet A light-emitting
diodes ensured effective treatment of the retentate (higher than 65%). The combination of these two
processes is extremely promising since it ensures not only the production of a high quality permeate
that can be reused, but also the treatment of the retentate.

Keywords: indicator bacteria and fungi; wastewater effluent; light-emitting diodes; ceramic membranes;
photocatalytic membranes; combined treatment; retention and disinfection

1. Introduction

Research developments in the areas of disinfection and filtration have been considered
essential to ensure water purification in the coming decades [1].

Ultraviolet (UV) radiation and advanced oxidation processes are known to be effective
for the inactivation of a broad range of microorganisms and degradation of chemical
compounds e.g., [2–6]. Light-emitting diodes (LEDs) are promising alternatives to the
conventionally used low and medium pressure mercury lamps due to their long lifetime,
lower cost, lower energy consumption, low maintenance, mercury free composition and the
wide range of wavelengths available to optimize treatment [7]. In the last few years, several
studies have suggested the use of UV LEDs as an alternative solution for water disinfection.

Jarvis et al. [8] showed that a full-scale UV LED reactor was at least as effective as a
mercury UV reactor for the inactivation of Cryptosporidium surrogates. Beck et al. [9] tested
flow-through UV reactors containing either a low-pressure mercury lamp or UV LEDs
emitting at 276 nm to disinfect bacteria, viruses, and protozoan pathogens that remained in
the domestic wastewater and septic tank permeate after filtration. The results demonstrated
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that the UV LED reactor achieved up to 3.5-log reduction of MS2 virus in wastewater at a
low flow rate of 0.01 L/min, and for the UV LED inactivation of septic tank effluent, up
to 1.5-log reduction of MS2 was attained. In a study conducted by Song et al. [10], the
inactivation of Escherichia coli bacterium and MS2 virus in synthetic laboratory waters as
well as E. coli and total coliforms in real wastewater was investigated by continuous and
pulsed irradiation using UV LEDs. The results showed comparable inactivation for all
microorganisms examined by continuous and pulsed UV LED irradiation at 265 nm under
equivalent UV fluence values.

The efficiency of UV-C LEDs that emit light at 255 and 265 nm was recently studied
and compared in terms of the inactivation of filamentous fungi spiked in surface water
matrices [11,12]. These studies confirmed that the LEDs that emit at 265 nm (closer to
the maximum peak absorption of DNA) performed better in terms of inactivation and
addressed the effects of the different wavelengths on the morphology of the spores, cel-
lular membrane permeability, enzymatic activity, dimmer formation, proteome response
and reactivation potential of the tested fungi (Aspergillus fumigatus, Aspergillus niger and
Aspergillus terreus).

To ensure effective disinfection, a combined treatment approach can be considered
using hybrid systems, where membrane filtration retains the microorganisms as well
as chemical compounds, whereas UV radiation inactivates and degrades the pollutants
retained by the membrane.

If proven effective, this hybrid treatment process may help minimize two problems
usually associated with membrane filtration processes: the production of a highly concen-
trated retentate and fouling.

Ceramic membranes have been widely proposed for water and wastewater treatment
due to their filtration performance and long-term stability because of their chemical, me-
chanical and thermal resistance [13]. Ceramic membranes are therefore good candidates
to test in hybrid treatment processes that combine membrane filtration with photolysis or
photocatalysis since the membrane surface that retains the pollutants needs to be resistant
to the UV light and to the reactive oxygen species produced.

Silicon carbide membranes have been proposed due to their high water permeability,
fouling resistance, good performance under harsh conditions and wide range of applica-
tions [14]. As an example, these membranes were tested for the treatment of a secondary
wastewater effluent and proved to be effective for the removal of suspended solids (99%),
colloidal particles (96%) and chemical oxygen demand (83%) [15].

In hybrid treatment processes, membranes can be used unmodified or further modified
to gain photocatalytic properties that, in combination with UV light, through the production
reactive oxygen species such as hydroxyl radicals, may help overcome membrane fouling
and improve filtration efficiency [13].

Among the heterogeneous catalysts tested, TiO2 nanoparticles revealed to be the most
promising materials [16]. To be catalytically active, TiO2 requires irradiation with a source
in a wavelength range lower than 390 nm. Even though the sol-gel method has been widely
proposed for the synthesis of TiO2-based materials, it usually involves the use of organic
solvents which are hazardous. The use of photocatalytic membranes modified without us-
ing organic solvents presents several economic and environmental advantages. In a recent
study, photocatalytic surfaces prepared at a low temperature and under solvent-free condi-
tions exhibited a narrow pore size distribution and homogeneity without cracks [17]. These
surfaces were characterized in terms of pore size and degradation of methylene blue [17].
Given their porous structure, the microfiltration photocatalytic membranes produced using
solvent-free conditions are expected to effectively retain microorganisms such as bacteria
and fungi that could then be inactivated by photocatalysis. The retention of microorganisms
(present at occurrence levels in real water matrices) using ceramic membranes modified
using a solvent-free procedure combined with LEDs that emit light at different wavelengths
to ensure inactivation by photocatalysis has not been previously described.
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A hybrid reactor that allows combined treatment using membranes and photocatal-
ysis [18] was recently assembled and tested for the combined treatment of wastewaters,
achieving removals of total organic carbon, chemical oxygen demand and phenolic com-
pounds of approximately 90% in the first 20 min of treatment [18]. Even though the
submerged photocatalytic membrane reactor and the modified membranes represent a step
forward towards the development of new advanced treatment technologies able to cope
with several water and wastewater contaminants, it implies the use of large membranes
and large photolysis systems (either UV mercury lamps or LED panels) that can irradiate
the surface of the membranes. Before this hybrid system is used, which will imply the
modification of large membrane areas and the development of LED panels, the effectiveness
of unmodified and modified ceramic membranes to retain microorganisms present in the
water at occurrence levels need to be confirmed, the inactivation with LED systems that
emit at different wavelengths needs to be tested and the combined treatment needs to
be evaluated.

The objectives of this work were therefore to evaluate the efficiency of LEDs that
emit light with different wavelengths at the laboratory scale and test the effect of filtration
and the two processes combined. Photocatalytic ceramic membranes previously modified,
using a solvent-free procedure, and characterized [17] were also used to evaluate their
combined retention and disinfection potential. The processes were tested in terms of their
ability to retain and inactivate water quality indicator bacteria (total coliforms and E. coli)
and fungi present at occurrence levels in real wastewater effluents.

2. Materials and Methods
2.1. Matrix

Several samples of treated wastewater were collected in sterile bottles at a wastewater
treatment plant. The wastewater effluent matrix used was characterized in several sampling
events conducted over the course of a year in a previous study [19]: pH = 7.22 ± 0.15;
total suspended solids = 34 ± 15 mg/L; chemical oxygen demand = 97 ± 29 mg/L O2.
The samples were stored at 4 ◦C and analyzed in the same day of collection. This is an
important issue since previous tests showed that the concentration of microorganisms
decreased over time, even when stored at 4 ◦C. Therefore, every test was conducted with
fresh samples, and was collected and analyzed in the same day.

2.2. Experimental Setup

The laboratory systems used are depicted in the Supplementary Material section
(Figure S1).

In this work, several experiments were performed with the aim to:

• Test LEDs with different wavelengths without the use of photocatalytic surfaces
(Figure S1a);

• Test the efficiency of filtration without light (Figure S1b) comparing non-modified sili-
con carbide membranes and photocatalytic membranes modified with silicon dioxide
and titanium dioxide [17];

• Test both solutions, LEDs with different wavelengths combined with non-modified
and modified membranes (Figure S1c).

2.2.1. Light-Emitting Diodes

The inactivation experiments were performed in a Class II biological safety cabinet.
The LED reactor used in this study was a PearlLab Beam reactor (AquiSenseTechnologies,
Charlotte, NC, USA) that contains a triple wavelength UVinaire™, a control box, a UV
homogenizing (collimating) tube, a wavelength selector, and an AC-DC adapter (12 V
90 W). The selected wavelengths were: 255 and 265 nm for inactivation and 365 nm to
activate photocatalytic surfaces (Figure S1a). The average intensity of each LED wave-
length was measured using a radiometer (ILT 950 UV Spectroradiometer, International
Light Tecnologies, Inc., Peabody, MA, USA). These measurements were performed at a
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distance of 4 cm (the same distance used in the experiments) and the results obtained were
55.66 µW/cm2, 250.30 µW/cm2 and 5284.89 µW/cm2 for 255 nm, 265 nm and 365 nm
wavelengths, respectively. The average irradiance values in the wastewater were deter-
mined after considering different correction factors (reflection factor, Petri factor, water
factor, and divergence factor) [20]. The following correction factors were used: 0.98 for the
reflection factor, 0.90 for the Petri factor and 0.64 for the divergence factor. The water factor,
which considers the decrease in irradiance due to sample absorbance at the wavelengths of
interest, was determined for the wastewater.

In a refrigerated and stirred vessel, 50 mL of sample was subject to the different LED
wavelengths for 1, 5 and 10 min of exposure. The samples were then analyzed in terms of
total coliforms, E. coli and fungi.

Furthermore, to verify the stability of the selected microorganisms without being
subject to any light sources, a control sample was placed in a dark environment during the
elapsed experimental time and analyzed at the beginning and at the end of the experiment.

2.2.2. Membrane Modification

Silicon carbide membranes (from LiqTech with a diameter of 4.5 cm) provided support
for the deposition of titanium dioxide films with photocatalytic properties. To produce the
photocatalytic films, the sol-gel technique was used without the addition of solvents and
with the addition of tetraethyl orthosilicate (TEOS 98 %, Merck KGaA, Darmstadt, Germany)
and Degussa P25 titanium dioxide particles (30–90 nm diameter, Evonik Industries, Essen,
Germany). The detailed modification procedure followed was previously described by
Huertas et al. [17]. Huertas et al. [17] proposed a solvent-free process for the development
of photocatalytic microfiltration membranes. In the mentioned study [17], the membranes
were only tested in terms of their photocatalytic performance using methylene blue, but
their estimated porous characteristics showed that a high retention of microorganisms such
as bacteria and fungi could be expected. The only difference in the modification was the
deposition method (dip coating was used in this study while drop casting was used in
the previous study [17]). Dip coating (previously described by Fraga et al. [18]) was the
selected method because, if the results of this paper are promising, larger membranes will
need to be modified using this technique. The characterization of the membranes used in
this study is provided in the Supplementary Material section.

2.2.3. Filtration Experiments with and without LED Inactivation

These experiments were performed in a dead-end filtration unit (Nalgene®, Rochester,
NY, USA) connected to a vacuum pump (Cole-Parmer, Vernon Hills, IL, USA). The en-
tire system was sterilized to test the efficiency of the retention of microorganisms in the
non-modified and modified membranes (Figures S1 and S2). Feed, permeate and reten-
tate samples were analyzed. Due to the much higher levels of flux in the non-modified
membranes (around 37 mL/min compared to 0.2 mL/min for the modified membranes),
the experiments varied from 10 min for the non-modified membranes and 80 min for the
modified membranes. The effectiveness of filtration was also tested in combination with
each of the three LED wavelengths.

The system was placed and operated inside a black box for security reasons.

2.3. Methods for Detection of the Target Microorganisms
2.3.1. Bacterial Analysis

The concentration of total coliforms and E. coli in the samples was analyzed using
the Colilert-18/Quanti-Tray® (IDEXX, Westbrook, ME, USA) method (ISO 9308-2: 2012) as
previously described [21,22]. The protocol consisted of adding the kit substrate to 100 mL of
the sample in sterile bottles (direct sample and decimal dilutions from 1:10 to 1:100,000) and
then shaking until completely mixed. The mixture was then placed inside a Quanti-Tray®

(IDEXX, Westbrook, ME, USA), sealed, and incubated at 35 ± 0.5 ◦C for 18–22 h. The
detection of total coliforms indicated the presence of the enzyme β-galactosidase which
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metabolizes one of the substrate nutrients and changes its color to yellow. Regarding E. coli,
the detection occurs since β-glucuronidase metabolizes another nutrient from the substrate
and creates fluorescence that was measured with a UV lamp that emits at 366 nm. The
results were obtained by counting the number of positive wells that were converted into a
most probable number of total coliforms and E. coli present in the samples.

2.3.2. Mycological Analysis

To determine the concentration of filamentous fungi and yeasts present in treated
wastewater, 100 mL of each sample (direct and diluted) was filtered through a membrane
with a pore size of 0.22 µm (PALL, Port Washington, NY, USA). Each membrane was
placed in a Petri dish with malt extract agar culture medium, a general medium that favors
fungi growth. The medium was supplemented with the antibiotic chloramphenicol (Oxoid,
Hampshire, UK) to avoid bacterial growth. The plates were incubated at 27 ◦C for 5 days
in the dark [23]. The number of colonies was then counted to determine the number of
colony-forming units per milliliter. The species that grew in the general culture medium
for fungi used in this study were not isolated nor identified at the species level.

2.4. Data Analysis

Log inactivation for total coliforms, E. coli and fungi were calculated as log (C0/C).
Microorganism concentrations before and after UV exposure are denoted as C0 and
C, respectively.

The membrane performance was evaluated by the apparent rejection values that com-
pare the permeate quality with the feed. The rejection percentage of bacteria (total coliforms,
E. coli and fungi) was determined for the filtration experiments using Equation (1):

Rejection (%) = (1 −
Cp

C f
)× 100 (1)

where Cp and Cf are the concentrations of the target microorganisms in the permeate and
feed samples, respectively.

The combined treatment performance was evaluated by comparing the target microor-
ganism mass (concentration × volume) in the retentate and feed solutions. The percent
retentate treatment of bacteria (total coliforms, E. coli and fungi) was determined for the
filtration and photolysis combination experiments using Equation (2):

Retentate treatment (%) = (1 − Cr

C f ,i
)× 100 (2)

where Cr and Cf,i represent the most probable number of the target microorganisms in the
reference volume of retentate and feed in the beginning of each experiment, respectively.

3. Results and Discussion
3.1. Experiments with Light-Emitting Diodes

Figure 1 presents the inactivation results obtained with time for the different target
microorganisms. The control samples, placed in the dark, maintained the concentration
levels of the microorganisms during the experimental time. The UV fluence values deter-
mined for each wavelength at different exposure times and the inactivation rate constants
are presented in the Supplementary Material section.

The results in Figure 1 show that three small LEDs that emit at 255 and 265 nm
reach excellent levels of inactivation in terms of total coliforms and E. coli. The 365 nm
wavelength revealed to be ineffective in achieving inactivation by direct photolysis. This
result was expected due to the low capacity of absorption of light by the DNA at this
wavelength. However, this wavelength may be used to activate photocatalytic surfaces, so
it was important to verify its inactivation effect by direct photolysis.
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Figure 1. Log inactivation using LEDs that emit at 255, 265 and 365 nm after 10 min of exposure (that
correspond to 12, 58 and 1653 mJ/cm2, respectively); (a) total coliforms, (b) E. coli and (c) fungi. Data
are expressed as means of two independent experiments. Error bars represent duplicate results.

Other studies have reported the inactivation of microorganisms using LED systems.
Oliveira et al. [11,12] reported the inactivation of filamentous fungi of three different species
of Aspergillus (A. terreus, A. fumigatus and A. niger) in real water matrices and concluded that
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LEDs that emit at 265 nm were more efficient than LEDs that emit at 255 nm. Song et al. [10]
showed that UV-C LEDs that emit at 265 nm were able to inactivate total coliform and
E. coli in wastewater and that LED treatments were more efficient than LP-UV treatment for
the inactivation of pathogenic bacteria (Pseudomonas aeruginosa and Legionella pneumophila)
and surrogate species (Bacillus subtilis spores, bacteriophage Qβ, E. coli). Li et al. [24] and
Sholtes et al. [25] demonstrated that UV-C LEDs and LP-UV show similar inactivation
kinetics for E. coli B and MS2 coliphage. Jarvis et al. [8] tested the hypothesis that a full-
scale UV LED reactor can match the Cryptosporidium inactivation efficiency of conventional
mercury UV reactors. The results showed that the full-scale UV LED reactor was at least
as effective as conventional mercury UV reactors at the water-quality and drive-current
conditions considered. Nevertheless, comparisons between the bench- and full-scale UV
LED reactors indicated that improvements in the hydraulic flow profile and power output
of the full-scale reactors could help to further improve the efficiency of UV LED reactors
for municipal drinking water disinfection.

3.2. Membrane Filtration

Extremely high rejections of the target microorganisms were obtained for all the
target microorganisms with the non-modified and modified membranes (Figure S4 in the
Supplementary Material section). This was expected due to the porous characterization of
the unmodified and modified microfiltration membranes used [17].

None of the target microorganisms were detected in the permeate samples of the
modified membrane (Figure S4). As expected, the high permeate quality is maintained in
the assays where filtration was combined with LEDs that emit light at different wavelengths
(Figure S5).

Furthermore, from the retentate analysis, we observed an extremely high efficiency of
treatment with the LEDs that emit at 255 and 265 nm (Figures 2 and 3).

The combination of LEDs that emit at 365 nm with photocatalytic surfaces highly
increased their efficiency, leading to a higher treatment of retentate compared with the com-
bination of LEDs that emit at 365 nm with non-modified membranes (Figures 2 and 3). The
difference in the results obtained for the treatment of the retentate is due to the production
of highly reactive oxygen species by the photocatalytic membranes. The mechanisms of
inactivation were not addressed in this study because the study was conducted at occur-
rence levels in a real wastewater effluent. To understand the mechanisms of inactivation,
future studies could be performed with this combined treatment and fortified matrices.
However, many inactivation studies have already been conducted using titanium dioxide
in suspension or fixed to an inert support and have proposed that the cell membrane and
cell wall are the main sites of attack by the reactive radicals, involving lipid peroxidation of
the cell wall followed by lesions on the microbial cell walls and leakage of cell content [26].

Previous studies reported inactivation results consistent with this work. Xiong and
Hu [27] showed the enhancement of the inactivation of E. coli with the increase in UV light
intensity using a UV-A LED 365 nm/TiO2 water treatment. Biancullo et al. [28] tested the
efficiency of UV-A LED 381 nm/TiO2 treatment on urban wastewater and reported a 2-log
decrease in the bacterial load. Claro et al. [29] demonstrated that the combination of UV-A
LED 385 nm with different photocatalysts (TiO2, SiZnO, N-SiZnO, and F-N-SiZnO) led
to a high inactivation efficiency exceeding 95% using raw river water. Oliveira et al. [30]
reported that a newly designed photocatalytic membrane reactor, combining filtration with
UV photolysis/photocatalysis under a LP-UV lamp that emits at 254 nm using ceramic
modified membranes, was used to treat filtered surface water inoculated with A. fumigatus.
The results showed that photocatalysis was able to cause the deformation of spores and led
to changes in membrane permeability and enzymatic activity.
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4. Conclusions

The results obtained in this work show that:

- Three small LEDs that emit light at 255 and 265 nm achieved extremely high inactiva-
tion levels (higher than 2.5-log inactivation) of total coliforms and E. coli after 10 min
of exposure in real wastewater effluents.

- The combination of membrane filtration and LEDs that emit at 255 and 265 nm
achieve an extremely high quality of permeate (water produced) while guaranteeing
an extremely high treatment of the retentate, one of the issues associated with the
membrane processes.

- Even though a considerable permeability decrease was observed in the silicon carbide
membranes modified with titanium dioxide and silicon dioxide, all the permeate
samples were free from contamination with the fecal indicators. The combination
of photocatalytic ceramic membranes modified using a solvent-free procedure with
LEDs that emit light at higher wavelengths improved the retentate treatment due
to the production of highly reactive oxygen species (retentate treatment percentages
higher than 65% were obtained).

Future work will include the modification of commercially available high-flux, flat-
sheet silicon carbide membranes with a higher surface area that filter from the outside to the
inside. The membranes will be tested in a novel hybrid reactor [18]. LED panels that emit in
the UV-C and UV-A wavelengths tested in this study will be built so that the non-modified
and modified photocatalytic membranes can be easily irradiated which will decrease
fouling and increase the feed/retentate treatment due to direct and indirect photolysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14030292/s1, Figure S1. Experimental setup used in the different assays: (a) LED system;

https://www.mdpi.com/article/10.3390/w14030292/s1
https://www.mdpi.com/article/10.3390/w14030292/s1
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(b) Membrane filtration system; (c) Combined treatment system. Figure S2. Scanning electron
microscopy images obtained for the non-modified and modified membrane: top surface (up) at
×3000 magnification and cross section (down) at ×500 magnification. Figure S3. Scanning electron
microscopy with energy-dispersive X-ray spectroscopy mapping obtained for the Si and Ti atoms for
non-modified (up) and modified (down) membranes. Table S1. Atomic composition in percentage of
C, O, Si and Ti atoms analyzed for membranes (non-modified and modified) before filtration assays.
Table S2. UV fluence values (mJ/cm2) for each wavelength and exposure time. Table S3. Inactivation
rate constants. Figure S4. Rejection percentage of total coliforms, E. coli and fungi after dead-end
filtration using the non-modified and modified membranes. Figure S5. Rejection percentage of
total coliforms, E. coli and fungi after dead-end filtration of the non-modified membrane (a) and the
modified membrane (b) with LEDs that emits at 255, 265 and 365 nm.
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