Environmental Chemistry Letters
https://doi.org/10.1007/s10311-022-01553-3

ORIGINAL PAPER q

Check for
updates

Enhanced photocatalytic activity of electrospun TiO,/polyacrylonitrile
membranes in a crossflow reactor using dual lights

Mathieu Grandcolas'® - Eloise Oudin'’

Received: 17 November 2022 / Accepted: 29 November 2022
© The Author(s) 2022

Abstract

Photocatalytic membranes reactors have become one of the most efficient technologies to treat polluted waters. However, a
major drawback is the unilateral irradiation of the membrane, where only one side of the membrane is exploited. To over-
come this issue, we developed a reactor where the membrane can be irradiated on both sides. Polyacrylonitrile membranes
containing different amounts of TiO, nanoparticles up to 60% were first prepared by electrospinning. These membranes
were used in a 3D-printed crossflow photocatalytic membrane reactor for the degradation of methylene blue under differ-
ent combinations of lights. The use of both sides of the photocatalytic membrane significantly enhanced the photocatalytic
activity for the decolorization of methylene blue in water. The prepared membranes showed the best decolorization rate for
a loading of 60% of TiO, and the use of dual ultraviolet lights, where the methylene blue solution was completely discolored
after 90 min. This is the first report of a such system configuration, and this new irradiation concept is promising for photo-

catalytic membrane reactions and water cleaning.
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Introduction

Heterogeneous photocatalysis is one of the most promising
approaches for organic pollutants treatment and remedia-
tion. Making use of a semiconductor material for the photo-
catalytic oxidation of toxic pollutants has been studied and
showed great potential for the degradation of compounds
such as pesticides, dyes, chlorinated compounds, phenols or
the emergence of nanoplastics (Vaya and Surolia 2020; Allé
et al. 2021; Rafiq et al. 2021; Shoneye et al. 2022). Several
materials have been investigated as potential semiconductor
photocatalysts, including many metal oxides such as TiO,,
Zn0, Sn0,, Fe,0; or nitrides/sulfides such as Ta;N5 and
CdS (Suetal. 2017; Li et al. 2022; Kaur et al. 2022). Within
all these semiconductors, TiO, is still the most common pho-
tocatalyst, due to its relatively high activity, photochemical
stability, resistant to pH changes, relatively cheap and com-
mercially available.
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Most studies have reported that suspension reactors are
more efficient due to the large surface area available and
a better mass transfer. However, the main drawback is the
requirement for post-treatment separation, recovery pro-
cesses and recycling of the catalyst, making the system more
complex, time consuming and costly. Therefore, treatment
using immobilized photocatalyst is now favorable and has
gained main attention.

Photocatalytic membrane reactors, which coupled pho-
tocatalysts with the membrane separation process, have
therefore gained huge interest (Mozia 2010; Argurio et al.
2018; Riaz and Park 2020). Photocatalytic polymer-based
membranes have been successfully produced such as poly-
propylene/TiO, (Mozia et al. 2008; Molinari et al. 2015),
polyvinyl difluoride/TiO, (Zheng et al. 2021) or polyamide/
TiO, (Lombardi et al. 2011). Electrospinning is an emerging
method for the fabrication of membranes with high specific
area and porosity (Nasir et al. 2021). Especially, polyacry-
lonitrile (PAN) may be promising as a template polymer
for the immobilization of catalytic materials due to their
chemical stability, hydrophobic and flexible nature (Yar
et al. 2017). Several authors showed the potential of PAN/
TiO, photocatalytic membranes under both ultraviolet (Yar
et al. 2017; Zhu et al. 2019; Blanco et al. 2019) and visible/
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solar light (Shi et al. 2017; Ademola Bode-Aluko et al. 2021;
Zhang et al. 2021).

Though, even if intensive research is currently conducted
into solar active photocatalytic systems, the main drawbacks
of an everyday utilization of such are (1) the treatment activ-
ity depends essentially on the solar irradiance during the
daytime and (2) the absence of light during nighttime, where
no treatment is carried out. On another side, utilization of
only artificial ultraviolet (UV) light lamps is known to con-
sume a large amount of energy and is therefore costly, leav-
ing solar application as an efficient renewable technology for
the degradation of pollutants.

The concept studied in this work is meant to alleviate
such disadvantages and focus on developing a treatment
system which can operate ideally continuously, using solar
light when available and UV artificial light when needed, or
in combination for enhanced activity. Thus, we developed
a simple 3D-printed photocatalytic membrane reactor able
to use light on both sides of the membrane. To demonstrate
the feasibility of such a system we prepared polyacrylonitrile
electrospun membranes containing commercial TiO, P25
nanoparticles.

Experimental
Materials

TiO, nanoparticles (P25 from EVONIK), polyacrylonitrile
(PAN, average M,, 150,000, MERCK), N, N-dimethylfor-
mamide (purity higher that 99.8%, MERCK) and methyl-
ene blue (Sigma-Aldrich) were used as received. Detailed
characterization methods can be found in supplementary
material.

Preparation of electrospun membranes

TiO, nanoparticles are first dispersed in dimethylforma-
mide for 30 min under high mechanical agitation, followed
by 15 min in an ultrasound bath. Polyacrylonitrile is then
gradually added and stirred until fully dispersed at room
temperature. Polyacrylonitrile concentration is kept constant
at 7.5%, while TiO, concentration varies from 10, 30, 40, 50
to 60% (namely PAN-10 to PAN-60). A reference solution of
polyacrylonitrile in dimethylformamide containing no TiO,
nanoparticles is also prepared (namely PAN-0).
Polyacrylonitrile-based nanofibers were electrospun using
a NS-LAB Nanospider™ laboratory instrument (Elmarco,
Czech Republic). The electrospinning substrate was a non-
woven polypropylene (PP) antistatic material (Pegatex S,
30 g/m?). The polymer mixture was charged in a carriage
reservoir and delivered to the spinning electrode wire at a
speed of 100 mm/s. Electrospun fibers were produced at a
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voltage of 60 kV, at a fixed distance of 20 cm. The electro-
spun mat on the PP substrate is then dried under the hood for
2 h, cutinto 5 X5 cm pieces and stored between two plastic
sheets to keep the membranes flat.

Photocatalytic membrane tests

The homemade reactor and lamps details are described in
supplementary material. The photocatalytic membrane reac-
tor system is illustrated in Fig. 1. A methylene blue solu-
tion (10 mg/L) is fed to the reactor using a peristaltic pump
(80 mL/min) in complete dark for 2 h for a complete equi-
librium of adsorption/desorption. The chosen light is turned
on, and a 2 mL sample is withdrawn from the feed bottle at
any chosen time. The sample is then analyzed using UV-vis
spectrophotometry (Agilent, CARY 5000).

Results and discussion

The aim of this study was first to develop and optimize poly-
acrylonitrile membrane containing TiO, nanoparticles and
then to observe the influence of light combinations on the
photocatalytic activity for the degradation of a common dye,
methylene blue.

Membrane characterizations
The electrospun mat produced is relatively thin but mechani-

cally strong enough to be cut into smaller membranes for fur-
ther utilization inside the photocatalytic reactor. The average
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Fig. 1 Photocatalytic membrane reactor system. A methylene blue
solution (10 mg/L) is fed into the reactor using a peristaltic pump
(80 mL/min). The photocatalytic membrane reactor can be irradiated
on both sides of the membrane through quartz windows
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thickness of the membranes has been measured between 200
and 300 um with a precision caliper. The surface morphol-
ogy evolution of the electrospun membranes with the addi-
tion of TiO, nanoparticles was then investigated by electron
microscopy. Figure 2a shows scanning electron microscopy
(SEM) pictures of electrospun polyacrylonitrile nanofibers
(PAN-0) as well as all polyacrylonitrile membranes con-
taining 10, 30, 40, 50 and 60 wt% of TiO, P25 nanoparti-
cles (PAN-10 to PAN-60). All samples showed randomly
distributed nanofibers forming a non-woven fibrous mat
characteristic of electrospun membranes. The surface mor-
phology of PAN-0 electrospun membrane is composed of
nanofibers with a relatively uniform distribution and size,
with an average fiber diameter between 150 and 400 nm. The
polymer surface is smooth but does not always form clean
nanofibers and a small number of beads were observed. For
samples PAN-10 to PAN-60, SEM images show the depo-
sition of TiO, nanoparticles on the nanofibers. The more
the dispersion is loaded with TiO,, the more the nanofibers
are covered by these nanoparticles. Between 10 and 40%,
we did not observe a significant fiber thickness difference,
but nanofibers decorated with an increased number of nano-
particles and larger agglomerates. For samples PAN-50 and
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Fig.2 a Scanning electron microscopy picture of a polyacrylonitrile
membrane without TiO, (PAN-0), and membrane containing 10-60%
TiO, loading (PAN-10 to PAN-60) (scale bar 3 um); b Fourier-trans-

PAN-60, we can observe a fiber thickness increase up to
700 nm. It should be noted that above 60% TiO, loading, the
electrospinning proved to be difficult, and the mechanical
properties of the membranes were not stable. The sample
was very brittle and could not be used for further testing.

Fourier-transform infrared spectroscopy spectra of poly-
acrylonitrile membranes without TiO, (PAN-0) and with
60% TiO, (PAN-60) membranes are shown in Fig. 2b. The
characteristic peaks of polyacrylonitrile have been observed
especially the stretching vibration peaks of C=N at 2245,
1624 and 659 cm™!. The other peaks at 2930, 1450, 1369,
1250 and 1232 cm™! are corresponding to aliphatic C—-H
vibrations. For the sample PAN-60, a strong wide band at
400-700 cm™! was observed and corresponds to Ti—O and
Ti—O-Ti stretching vibrations of TiO, nanoparticles present
in the electrospun sample.

Thermogravimetric analysis was established to investi-
gate if the electrospinning had been performed homogene-
ously with conservation of the proportions of TiO, in the
membrane. The comparison of data in Fig. 2c shows a mass
change of around 100% for the PAN-0 at temperature higher
than 600 °C, as expected and a mass change of around 40%
for the PAN-60 membrane. This result shows that 40% of
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Fig. 3 Investigation of the influence of TiO, concentrations of 0, 30 and 60% in PAN membranes (respectively, PAN-0, Pan-30 and PAN-60) for
the degradation of methylene blue under a UV light; and b under solar-simulated light. Photolysis experiments are pictured as black dotted lines

the membrane corresponds to polyacrylonitrile and 60% of
the mass remaining was not degraded and corresponds to
TiO,. This amount of TiO, matches the mass introduced
into the dispersion and thus confirms that electrospinning
was performed homogeneously.

Photocatalytic results

First, direct photolysis (photocatalytic experiment without
a membrane) of methylene blue under both UV and solar-
simulated light has been carried out. Results showed neg-
ligible methylene blue degradation under UV light. Under
solar-simulated light, we measured a variation of 11% after
3 h of reaction, which is explained by the photosensitization
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Fig.4 a Photocatalytic activity of polyacrylonitrile membranes con-
taining 60% TiO, (PAN-60) using a combination of lights (results
are normalized as C/C, where C;, is the initial concentration at r=0,
and C is the concentration at time ), results of photocatalytic tests
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on methylene blue under visible irradiation (Sdenz-Trevizo
et al. 2019).

The influence of the TiO, content on the photocatalytic
activity of the membranes has been investigated. Polyacry-
lonitrile membranes containing 0, 10, 30, 40, 50 and 60%
of TiO, have therefore been tested under UV and solar-
simulated light, separately, and representative results are
shown in Fig. 3a and b. (All data curves are in supplemen-
tary material Figure S3.) In the absence of TiO, (PAN-0),
under both UV and solar-simulated light, the membrane has
no photocatalytic activity. Also, in both irradiation cases, we
observed that by increasing the TiO, loading in the mem-
brane we obtained better photocatalytic activity. The best
photocatalytic activity was observed for PAN-60 with a
methylene blue decolorization of 95% after 3 h of UV light
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using single irradiation (SOLAR, UV and UV LED) are plotted for
comparison; and b total organic carbon (TOC) removal results after
180 min
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irradiation and 52% under solar-simulated light. Methylene
blue is significantly more discolored under UV exposure
than when it is exposed to solar-simulated light. (Fig. 3)

All membranes used for further experiments under dual
lights are 60% TiO, in polyacrylonitrile (PAN-60). The
experiments were performed using a homemade crossflow
photocatalytic membrane reactor with the particularity of
having quartz windows on each side of the reactor. This ena-
bles irradiation of the membrane on both sides, either with a
similar or a different type of irradiation. In our experiments,
we either used UV light, solar-simulated light or more
interestingly a combination of these irradiations. Figure 4
shows the photocatalytic activity for PAN-60 under these
different irradiations. Results of photocatalytic tests using
single irradiation (SOLAR, UV and UV LED) are plotted
for comparison. We clearly observed that a combination of
irradiation on both sides of the photoreactor has a significant
impact on the photocatalytic activity. A combination of solar
simulated and UV light (DUAL SOLAR + UV) showed 98%
discoloration after 120 min of irradiation. The best activity
has been observed for a combination of UV lights (DUAL
UV +UV LED), with a complete discoloration of methylene
blue after 90 min. In addition, total organic carbon (TOC)
analysis has been performed after each photocatalytic test
(Fig. 4b). These tests showed that full mineralization is not
entirely achieved. Though, we observed a TOC removal
much higher when dual lights have been used, proving the
superior photocatalytic efficiency of using such a combina-
tion of irradiations.

Conclusion

In summary, TiO,/polyacrylonitrile nanofiber membranes
were successfully prepared by electrospinning and further
used in a photocatalytic membrane reactor using single
or dual light irradiations. The results of these preliminary
tests showed that a combination of light on each side of the
membrane significantly enhances the photocatalytic activity,
whereas the combination of dual UV lights showed the best
photocatalytic activity.

We believe that the utilization of dual lights provides an
effective approach to utilize the full potential of a photocata-
lytic membrane. The main innovation in such a dual irra-
diation is to get a system which could be photoactive day
and night, thus significantly enhancing the photo-assisted
degradation of on-stream pollutants. Also, this can genuinely
reduce the energetic consumption of such a system and open
the way to independent treatment units, i.e., using solar pan-
els, battery-assisted systems
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