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Abstract
The increasing presence of organic pollutants such as herbicides and pesticides in
water, soil and air requires efficient strategies for their removal and degradation in
a reliable and environmentally sound manner. This work focuses on adsorbent
materials for water remediation, also addressing pollutant degradation, a critical
aspect allowing adsorbent re-use. A photo-regenerable adsorbent based on a liquid
crystal network (LCN) is proposed, consisting of a highly ordered nanoporous
material obtained through the polymerization of reactive mesogenic monomers.
The addition of titanium dioxide nanoparticles in the LCN matrix as photocatalyst
opens to its photoregeneration, allowing degradation of the pollutants and further
cycles of adsorption. The LCN-TiO2 composite was optimized using methylene
blue (MB) as a model and then tested for a real pollutant. The adsorber proved its
efficiency with a maximum pollutant uptake of 86 wt% and total photoregeneration
achieved by irradiation with an ultraviolet source. The best tradeoff of adsorption
capacity and photoregeneration efficacy was found for samples loaded with only
1 wt% of TiO2 nanoparticles. This composite also exhibited a high pollutant
adsorption capacity and fast and complete photo-regeneration toward the herbicide
Diquat, opening the way for a new versatile strategy for water remediation from
emerging organic pollutants.
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1 | INTRODUCTION

The XXI century has been identified as “the century of the
environment,”[1] with the intent to highlight the increasing
global concerns related to the growing pollution due to hu-
man activity, and the urgent need for a robust contribution
from the scientific community to tackle this issue.[1–5] Ac-
cording to the new European Policies of Circular Economy,

water management is no more just a matter of wastewater
disposal, but it is steadily shifting towards considering it as a
resource.[6] Henceforth, developing new strategies to remove
contaminants is an ongoing challenge driven by the
increasing release of harmful substances resulting from hu-
man activities. To this end, in addition to secondary treat-
ment technologies, further decontamination processes need
to be included in the purification line for wastewater to be
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reused, with the purpose of reducing the amount of emerging
and persistent pollutants.[2] This step is particularly impor-
tant in the presence of emerging organic contaminants,[2–5]

that are synthetic organic chemicals (such as pharmaceuti-
cals[7,8] and personal care products,[9] endocrine disrupting
chemicals,[10] and pesticides[11]), for which established
detoxification strategies are still missing. Indeed, their
presence in water even at low concentration (from ng L−1 up
to mg L−1) is raising serious concerns regarding the potential
threat to natural ecosystems and human health.[4,7,12,13]

Among removal strategies, adsorption is claimed as one
of the most feasible, versatile and low-cost methods, relying
on physical and/or chemical interactions between the tar-
geted molecules and the adsorbing substrate.[3,13–15] With
respect to other methods such as advanced oxidation,[16]

adsorption via films eliminate the need to remove the
oxidizer from the clean water, whereas they in principle
require less energy compared to membrane processes.

In the field of pollutants adsorption, nanoporous self-
assembled polymers have attracted increasing attention
thanks to their tunable molecular design, which also allows
selectivity toward specific pollutants, depending on their
size and/or charge.[17,18] Within this context, liquid crystals
(LCs) are especially interesting materials, with great versa-
tility of use spanning from electro-actuable systems[19,20] or
batteries[21] with the possibility of working with chiral
systems[22,23] and overall in the field of responsive mate-
rials.[24–27] Specifically, liquid crystal networks (LCNs)
represent one of the main classes of materials for designing
highly ordered nanoporous adsorbent suitable for molecular
separation.[28–36] A distinctive advantage of these systems
relies in their ability to preserve the orientational order of
the liquid crystalline phase upon polymerization,[28] while
nanoporosity can be introduced by either disruption of non-
covalent interactions (e.g., hydrogen bonds) or by the se-
lective removal of porogenic templates.[30,31] Among the
different liquid crystalline organizations, smectic phases
offer several advantages for the preparation of adsorbent
LCNs. Their molecular design typically relies on simple,
linear mesogenic units that are easier to synthesize and
purify compared to those required for more complex struc-
tures like columnar or cubic. Moreover, smectic phases
exhibit well-defined lamellar ordering combined with higher
fluidity, enabling easier processing and alignment of
monomers prior to polymerization. These features allow the
formation of highly ordered films with controllable orien-
tation and charge and size selective adsorption, as demon-
strated by Schenning and coworkers.[30,37]

However, these materials are hardly re-usable as pollut-
ants cannot be degraded or eliminated.[33,34] In this regard,
integrated photocatalytic adsorbents exploiting wide energy
gap semiconductors to oxidize adsorbed pollutants to carbon
dioxide and water upon light absorption would represent a
significant advancement. To date, most photocatalytic adsor-
bents have been developed in powder form. Among these,
different researches reported on titanium dioxide–zeolite hy-
brids,[38,39] metal oxide–supported activated carbons,[40,41]

and ZnO/clay nanoarchitectures, or even 2Dmaterials such as
planar carbon nitride[42,43] with good degradation rates.[44,45]

Powders have some advantages with respect to films catalysts
thanks to their greater surface area and large surface/volume
ratio, which in turn positively affects the reaction ki-
netics.[46,47] Nonetheless, the recovery of powders after
treatment, typically by filtration or decantation, remains time
and energy intensive thus limiting their large scale applica-
bility.[4,44,48–50]

Our work fits this general framework, as it presents a
novel photocatalytic adsorbent based on an LCNs composite
film loaded with titania nanoparticles. Figure 1 schematizes
the working principle of the system as well as its composi-
tion. The smectic phase of the LCN takes up the role of
adsorber, whereas the TiO2 nanoparticles, embedded in the
film, provide the needed photocatalytic properties without
altering consistently the adsorption capacity. This way, the
system can effectively adsorb pollutants thanks to the LCN
smectic structure, and those pollutants are afterward
degraded upon UV irradiation. In addition to high sorption
capacity, the use of LCN allows for adsorption selectivity.
Indeed, alkaline treatment of the LCN breaks hydrogen
bonds, generating porosity and exposing carboxylate groups,
which enable the selective adsorption of cationic organic
pollutants from water. Upon UV illumination, the TiO2
nanoparticles generate reactive oxygen species (ROS) that
oxidize the adsorbed pollutants into smaller intermediates
and eventually harmless products such as CO2 and H2O,
allowing multiple adsorption–desorption cycles. The
adsorption selectivity toward cationic species, adsorption
capacity, photocatalytic activity and reusability were first
evaluated using methylene blue (MB) as a model pollutant.
Afterward, promising results were obtained in the adsorption

F I GURE 1 Schematic of the use of TiO2-loaded LCNs for water
remediation. LCNs, liquid crystal networks.
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and degradation of a real organic pollutant, Diquat, a widely
used herbicidal agent.[51,52] While previous studies have
reported LCN-based adsorbents or TiO2 photocatalysts for
water remediation, our approach combines the structural
organization of smectic LCNs with the photocatalytic
properties of titania nanoparticles in a single system. This
design allows simultaneous selective adsorption of cationic
pollutants and in situ photocatalytic degradation, over-
coming the limitations that both systems have when used
separately.

2 | RESULTS AND DISCUSSION

2.1 | LC mixtures and LCNs

Prior to polymerization, we assessed the effect of TiO2
nanoparticles on the thermal properties and phase behavior
of the LC monomer mixture performing a polarized optical
microscopy (POM) observation upon heating. The pristine
LC mixture revealed a first melting at ~90°C and a transition
to the isotropic phase (clearing point) at ~110°C (Figure S1,
black dot micrograph). Upon cooling, a Schlieren texture
typical of nematic mesophases appeared at ~110°C (yellow
dot), which evolved into a fan-shaped texture below 100°C
(red dot), indicating the formation of a smectic phase.[26,53]

Further cooling led to crystallization of the sample at ~60°C
(green dot). This thermal behavior is consistent with the
differential scanning calorimetry (DSC) thermogram
(Figure S1, upper left, and upper right for the magnification
of high-temperature-region), which showed during the
heating cycle a large endothermic peak at 91°C and two
smaller endothermic events at 101°C and 108°C,
corresponding to the transitions from the crystalline phase
to the smectic phase, from the smectic to the nematic
phase, and from the nematic phase to the isotropic liquid,
respectively.[30,54–56] TiO2 addition (1–10 wt%) preserved
the general mesomorphic phase behavior and transition
temperatures (Figures S2–S4 and Table S1), with all
mixture presenting the smectic phase useful to prepare the
nanoporous LCN.[57] However, POM analysis revealed a
progressive increase in nanoparticle aggregates that inter-
fered with the optical homogeneity of the films and masked
the underlying liquid crystalline textures. Upon polymeri-
zation (Section 4 and Figure 2a,b), POM images confirm that
the TiO2 nanoparticles were distributed throughout the entire
films (Figure S5 and digital photographs in Figure 2c). The
completion of polymerization was verified via attenuated
total reflectance infrared (ATR-IR), where the disappearance
of characteristic acrylate band at 804 cm−1 confirmed the
consumption of reactive acrylate double bonds (Figure 2d,
blue and black curves, and Figure S6). DSC analysis on the
polymerized pristine LCN film shows only a glass transition
temperature (Tg) around 70°C (Figure S7).

To cleave the hydrogen bonds associated with the car-
boxylic acid groups and activate the adsorber, the films were
immersed in an aqueous solution of KOH. ATR-IR spectra

collected before and after the treatment reveal the shift of the
C=O stretching band from 1676 cm−1 (characteristic of
carboxylic acid dimers),[58] to 1542 cm−1, indicating the
disruption of the hydrogen bonds and the formation of the
carboxylate salt (Figure 2d, black and red curves, and
Figure S8).[30,58] The complete disappearance of the band at
1676 cm−1 confirm that all carboxylic acid groups have been
deprotonated, evidencing the full cleavage of the intermo-
lecular hydrogen bonds. Further confirmation of this is given
by the adsorption of MB after different times of immersion
in KOH (see following section).

2.2 | Adsorption properties of LCNs

The presence of carboxylate moieties in the LCN allows
selective removal of cationic species as demonstrated by the
adsorption tests in solutions containing both anionic and
cationic molecules. Figure 3a,b reports the UV-Vis spectra
of binary dye solutions before and after LCN addition.
In particular in Figure 3a, a mixture of Indigo Carmine
and Rhodamine 6G shows the absorbance peak of both
Rhodamine (cationic, λmax = 526 nm) and Indigo Carmine
(anionic, λmax = 609 nm). After placing the LCN in the
mixture for 48 h the peak corresponding to Rhodamine 6G
is no longer visible (blue line), proving its efficient removal.
To verify that this process is not dye-specific, the same test
was performed for another dye pair, that is a mixture of MB
(cationic, λmax = 662 nm) and Methyl Orange (anionic,
λmax = 464 nm) with analogous results. Indeed, when
adsorption takes place, the peak at 662 nm completely dis-
appears, while the peak at 465 nm, assigned to the anionic
Methyl Orange, remains essentially unaltered (Figure 3b).

The adsorption behavior of the LCN samples was
quantified by performing adsorption isotherms for MB as a
prototype pollutant. Figure 3c shows six MB solutions at
increasing concentrations (left to right) before and after the
adsorption process, showing that LCN can completely
remove the dye molecules up to a threshold value. A typical
adsorption kinetics is reported in Figure S9. Figure 3d re-
ports the equilibrium adsorption capacity calculated ac-
cording to Equation (1) as a function of the equilibrium
residual dye concentration. For all the films, the adsorption
behavior nicely follows the Langmuir isotherm model:

qe ¼ qL
kLCe

1þ kLCe
ð1Þ

where kL is the Langmuir constant related to adsorbent/
adsorbate affinity and qL represents the maximum adsorption
capacity (fitting parameters are reported in Table S2).[59]

Langmuir-type isotherms suggest that the adsorption of MB
molecules primarily occurs through monolayer coverage on
a homogeneous surface with uniformly distributed adsorp-
tion sites, which is in line with the molecular arrangement
sketched in Figure 2a for LCN films after KOH treatment.
The calculated qL value for the pristine film (~865 mg g−1) is

RESPONSIVE MATERIALS - 3 of 10

 28348966, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rpm

2.70027 by D
aniele M

artella - <
Shibboleth>

-m
em

ber@
unifi.it , W

iley O
nline L

ibrary on [19/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



in line with the maximum adsorption capacity report for
other liquid crystalline membranes.[30]

The addition of TiO2 barely lowers the maximum
adsorption capacity, with an effect rather independent on the
actual nanoparticle loading (Figure 3e). This result suggests
that TiO2 nanoparticles provide a limited contribution to MB
adsorption possibly shielding the active sites of the LCN films
and thus reducing their overall availability for adsorption.[60]

Despite this modest detrimental effect, the calculated qL
values for the TiO2-filled films are still rather high, in the
range 740–760 mg g−1, hence close to values obtained via the
use of chitosan or nanocellulose and one order of magnitude
greater than other membrane systems.[61,62] These high values
(albeit expected to worsen slightly in nonpure water, due to
the presence of competing ions[47]) makes LCN promising
materials for effective combined adsorption and photo-
catalysis of organic pollutants.

Additionally, to gain a molecular-level understanding of
the pollutant–LCN interactions, FTIR spectra were recorded
for the carboxylated LCN before and after MB adsorption,
along with that of pristine MB (Figure S10). The carbonyl
stretching band of the carboxylic groups in the polymer,
observed at ν (C=O) = 1730 cm−1 for the COO−Kþ form
(black line), shifted slightly to 1727 cm−1 upon interaction
with MB (cyan line), evidencing perturbation of the
carboxylate environment due to electrostatic pairing with the

cationic dye. Concurrently, the symmetric C–H stretching
vibration of the cationic dimethylamino groups of MB,
located at νs (C–H) = 1387 cm−1 in the free dye (blue line),
shifted to 1377 cm−1 (cyan line) when adsorbed on the LCN,
further supporting the presence of ionic interactions between
positively-charged MB and the carboxylate sites of the
polymer. These correlated shifts confirm that adsorption
primarily arises from electrostatic coupling rather than weak
physisorption. Furthermore, measurements of MB adsorp-
tion after different total time of immersion in KOH (reported
in Figure S11) seem to confirm this view. Indeed, while for a
reduced concentration of MB (30 mg mL−1, black line) no
difference in adsorption capacity can be observed, for a
higher concentration of 500 mg mL−1 there is a strong dif-
ference in adsorption capacity between the 15 min KOH-
treated sample and the 1 h-treated one. In detail, only 60%
of MB is adsorbed in the first case with respect to the latter.

2.3 | Photoregeneration of the LCNs

To test the possibility to re-use LCNs in multiple adsorption
cycles, the samples were placed in MB solution with con-
centration typical of environmental pollutants (~1.2 ppm) for
3.5 h and then irradiated with the 365 nm LED. During
irradiation, the peak absorbance associated with the MB was

F I GURE 2 (a) Schematic representation of material preparation (green: monomer, red: crosslinker); (b) Structure formula of the monomer (6OBA)
and the crosslinker (C6H); (c) Photographs of free-standing films; (d) Attenuated total reflectance infrared spectra of the liquid crystal mixture,
polymerized film and the KOH-treated film.
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monitored. The digital photographs of the samples before
and after the regeneration and the dynamic of the peak in-
tensity normalized for the initial value are reported in
Figure 4a,b, respectively. The absorbance of the pristine
LCN film (red lines in Figure 4a,b) shows a consistent
decrease up to ~40% in 3 h. This behavior is assigned to the
photobleaching of dye under irradiation, well-known in the
field.[63–65] The sample with 1 wt% loading of titania (black
lines in Figure 4a,b) shows a faster kinetic overall, with a
slower rate than the samples with larger loads within the first
1.2 h. Then, the absorbance drops below 65% within 3 h.
Notice that at this time the steady state has not been reached
yet, suggesting that complete regeneration of the sample is
slow but possible (see data for longer exposure in Figure 4c,
black line). The samples with 5 wt% and 10 wt% TiO2

loading (green and blue lines in Figure 4a,b) show an
equilibrium value at around 50% of the initial absorbance.
The behavior observed can also be seen in the digital
photograph of the samples in Figure 4a, where only for
1 wt% TiO2 sample, the blue color is no longer visible to the
naked eye.

Such results depend on the interplay of photocatalytic
effect, photobleaching, and scattering: large TiO2 concen-
tration are highly photocatalytic but cause consistent scat-
tering (see Figure 2c as reference). Because the samples are
irradiated from a single side (i.e., the bottom surface), the
degradation kinetic in the lower part of the sample is fast
(hence the rapid initial decrease in absorbance) but slow in
the other (light cannot penetrate effectively through the
whole sample). To confirm this interpretation, we performed

F I GURE 3 Adsorption properties of LCNs. (a, b) UV-vis spectra of binary dye solutions before and after adsorption: (a) RH þ IC and (b) MB þMO.
(c) Methylene Blue solutions before (left) and after (right) the adsorption process with LCN films. (d) Adsorption isotherms for pristine and the TiO2-
loaded LCN films with MB. Solid lines correspond to the best fitting of the Langmuir model (Equation S1) for experimental data. (e) Maximum adsorption
capacity (qL) for pristine and the TiO2-loaded LCN films. IC, Indigo Carmine; LCNs, liquid crystal networks; MB, methylene blue; MO, methyl orange;
RH, Rhodamine 6G.
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a test raising the LED power to 100 mW cm−2. In this sit-
uation (Figure S12), the samples containing 5 wt% and 10
wt% TiO2 show the fastest kinetics and lower absorbance
intensity values at the end of the irradiation. Conversely, the
1 wt% sample performs slightly worse than the reference in
terms of both kinetic and amount of degraded dye. This
behavior can be explained as photobleaching and photo-
catalysis are competitive processes and suggest that, at such
intensity, the first process is dominant. However, because
this intensity is very far from solar irradiation, which is most
appealing for photodegradation, we kept the power at
19 mW cm−2 for the following tests.

To confirm the LCN reusability, we performed cyclic
testing on the 1 wt% TiO2 sample. After the initial regenera-
tion (black curve in Figure 4c), we performed again the whole
deprotonation-adsorption-regeneration process three other
times. The adsorption curves over the four cycles are reported
in Figure S13, showing no consistent difference in adsorption
capability over different cycles. This proves that the sorption
capability of the sample is maintained over few photo-
regeneration cycles. After each adsorption, the samples were
regenerated in the usual manner with spectra collected over

time shown in Figure S14 and summarized in Figure 4c, with
pictures of the sample after each adsorption/regeneration re-
ported in Figure S15. The regeneration process remains long,
with times of irradiation needed >15 h to get to equilibrium
condition. The efficacy of regeneration drops slightly after the
first cycles, getting to a stable value between the third and
fourth cycles. The drop in regeneration capabilities is assigned
to a partial degradation of the sample (observable by absor-
bance spectrum in the range of 400–450 nm, Figure S14).
Even though it does not affect its adsorption capabilities.

We also assessed the external quantum efficiency (EQE)
of the process which is defined as the ratio of molecules
degraded per unit time over the photons absorbed by the
system (see Section S4.1 and Figure S16) over subsequent
cycles. The EQE values at the beginning of the exposure are
reported in Figure 4d. Over different cycles, it drops from
0.3% to 0.14% and then stabilizes around 0.06%. The
quantum efficiency over time is instead reported in
Figure S17. Due to the limitation in concentration of the MB,
methylene blue; occurring after the initial degradation, the
quantum efficiency drops sharply after a few minutes, down
to <10−2%. Albeit lower, these final values are stable and on

F I GURE 4 (a) Digital photographs of samples with different TiO2 loadings before and after the regeneration. (b) Normalized absorbance (~615 nm)
dynamics for the samples without TiO2 (red curve), with 1 wt% TiO2 (black curve) with 5% TiO2 (blue curve), and 10% TiO2 (green curve), collected
during regeneration. (c) Normalized absorbance dynamics for the 1 wt% TiO2 sample over following regeneration (“Reg”) cycles (blue to lilac).
(d) External quantum efficiency of the photoregeneration over progressive regeneration cycles.
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the same order of magnitude of similar systems, confirming
the possibility to reliably regenerate the samples.[39,50,66]

This, joined with samples maintaining their capacity of
adsorption and selectivity over different cycles, suggest the
LCNs can be of practical reuse.

2.4 | Towards real wastewater treatment

To move towards a possible real application for wastewater
purification, the best-performing sample (i.e., LCN loaded
with 1 wt% TiO2) was tested directly when immersed in
water to mimic a wider range of conditions suitable for
photo-regeneration and compared with a pristine LCN. After
adsorption (Figure S18), the regeneration in water (Figure 5)
shows a similar behavior to the one reported in air
(Figure 4a), with concentration of MB, methylene blue; that
drops consistently during the irradiation. This process allows
us to avoid drying and washing steps and thus simplifies the
regeneration protocol.

We also tested the efficacy of the system with a real
pollutant beyond model dyes using the herbicide Diquat (a
dicationic pollutant, inset of Figure 6a).[51,52] The LCN
shows great adsorption capability, being able to adsorb up to
350 mg g−1 (Figure 6a). The sorption data are consistent
with the Langmuir model, as shown by the fitting curve
reported in the same figure. The lower qL value compared to
MB is assigned to the different charge and geometry and
molecular weight of the two pollutant molecules: Diquat
carries two positive charges and a smaller molecular weight,
due to its molecular geometry, it is likely to interact planarly
with the film and probably occupy or shield more active sites
than MB, which has only one positive charge and can
interact vertically or diagonally with the adsorbent surface.

Also in this case, the presence of TiO2 allows for Diquat
photodegradation, this time studied through photolumine-
scence. Indeed, because Diquat have an absorbance peak
superimposed to the catalyst absorbance (Figure S19),[52] we

monitored its fluorescence to assess the regeneration of the
sample, while sorption was monitored as in the previous case
(Figures S20 and S21). The normalized photoluminescence
intensity dynamics over irradiation is reported in Figure 6b,
where the regeneration appears about twice to three times
faster than for MB and leads to a complete quenching of the
emission signal in about 5 h. The degradation is confirmed by
the absorbance spectra reported in Figure S22, where the
Diquat absorbance peak is no longer detected after irradiation.
While we exclude a consistent role of photobleaching as
Diquat can last up to a week under direct sunlight (which
carries around one fourth of the UV intensity we are us-
ing)[67,68] Diquat itself might be more sensitive to the photo-
catalysis process. This may be due to stronger interaction
between Diquat and LCN matrix at the binding sites, as the
adsorption tests suggested. Regarding the byproducts of
Diquat degradation, Che et al. suggest that the degradation via
ROS leads to pyrido-pyrazinium, pyridinyl, oxazolone, and
methoxyoxo-methylium, ultimately mineralizing it into
harmless carbon dioxide.[51]

F I GURE 5 Normalized MB absorbance dynamics during
photoregeneration of pristine LCN (red) and LCN loaded with 1 wt%
TiO2 (black) in water. LCN, liquid crystal network; MB, methylene blue.

F I GURE 6 (a) Adsorption isotherm for 1% TiO2-filled LCN film
with Diquat. Solid line corresponds to the best fitting of the Langmuir
model (Equation 1) to experimental data. (b) Normalized decrease of
peak (~500 nm) Diquat photoluminescence intensity over irradiation
time, extracted from Figure S21c. LCN, liquid crystal network.
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2.5 | Comparison with literature results for
MB, methylene blue; adsorption

The maximum adsorption capacities for MB, methylene
blue; of different materials from literature are summarized in
Table 1. For the sake of comparison, we focused on repre-
sentative TiO2-containing materials, irrespective of their
form, that is, films, (nano)particles, monoliths, etc., that were
expressly developed for adsorption and subsequent photo-
catalysis purposes.

Evidently, the adsorption capacity of the 1 wt% TiO2-
loaded LCN films developed in this work as reported in the
previous sections is extremely high compared to most other
materials proposed in the literature. In addition to perfor-
mance values, we also highlight that working with macro-
scopic samples, here in the form of films, is significantly
advantageous compared to using nanoparticles or powders in
terms of ease of handling and separation from the liquid
medium.

3 | CONCLUSION

The present work proposes photo-regenerable adsorbent
films for cationic species in the form of LCN films obtained
through photopolymerization of a commercial mesogen
upon addition of TiO2 nanoparticles as photocatalyst. The
optimized formulation was the LCN film loaded with 1 wt%
TiO2 that can adsorb up to 747 mg g−1 of the dye MB or up
to 350 mg g−1 of the herbicide Diquat. Thanks to the pres-
ence of TiO2 nanoparticles, the samples can be regenerated
from both the molecules upon light irradiation over the
course of a few hours maintaining almost completely their
adsorption capabilities. Upon subsequent regeneration tends
to become less efficient, with external quantum efficiencies
for the process degrading from 0.25% to a stable 0.05% over
four cycles, still retaining the possibility for the adsorber to
be regenerated and reused. Our results prove that liquid

crystalline networks can be a promising steppingstone to-
wards the goal of pollutants removal and water remediation.

4 | EXPERIMENTAL SECTION

4.1 | LC mixtures

LC mixtures were prepared by mixing 4-(6-acryloylox-
yhexyloxy) benzoic acid (6OBA) and 1,4-phenylene bis(4-
(6-(acryloyloxy)hexyloxy)benzoate) (C6H), by Synthon
Chemicals, in a 90:10 weight ratio (Figure 2a,b). Irgacure
369 (0.5 wt%) was added as photoinitiator, along with 0.1
wt% of 2-methylbenzene-1,4-diol to inhibit thermal poly-
merization.[77] The mixture was dissolved in dichloro-
methane under sonication and then dried under reduced
pressure. For the preparation of composites, Aeroxide®
TiO2 P25 nanoparticles by Evonik (nominally 3–99 nm
particle size, from literature[78] 10–50 nm mainly 15–25 nm
with surface area ~64 m2/g) at 1, 5, and 10 wt% were
dispersed in the solution and sonicated.

4.2 | Liquid crystal networks

Both pristine LCNs and TiO2-LCN composites were fabri-
cated via capillary infiltration, melting the LC mixture at
120°C between two glass slides separated by 40 μm-thick
calibrated spacers (Thermo Scientific™, NIST 9000 Series).
The slides were previously spun-cast (KLM SCC200 Spin
Coater) with a 5 wt% aqueous solution of polyvinyl alcohol
(PVA, Mw 89,000–98,000, 99þ% hydrolyzed, Merck).

The films were photopolymerized at 95°C within the
smectic phase, under UV irradiation (Thorlabs M385LP1-C4
LED, 23 mW cm−2) for 10 min and then annealed at 120°C
for 5 min.

Before the adsorption test, the films were activated with a
0.05 M KOH solution for 2 h (to allow H-bonding cleavage

TABLE 1 Comparison of the maximum adsorption capacity of the LCN loaded with 1 wt% of TiO2 with literature data on other TiO2-containing
materials intended for the adsorption and photocatalysis of methylene blue.

Material Sorption capacity [mg g−1]a Refs

Titanium oxide−polyethylene glycol diacrylate hybrid microbeads 0.215 [69]

TiO2 thin film modified with an Anderson aluminum polyoxometalate 27.4 [70]

Bentonite −20% TiO2 composite powder 48.23 [71]

Graphene oxide/ZnTiO3/TiO2 composite powder 77.95 [72]

TiO2/CuO/GO nanocomposite powder 79.57 [73]

TiO2-based nanosheet modified Ag2O (Ag/Ti atomic ratio = 5%) 172.4 [74]

TiO2 coated polypyrrole composites 273.22 [75]

TiO2 nanoparticle-containing hydrogel nanocomposite of polyacrylamide-grafted gum ghatti 1305.5 [76]

LCN 1 wt% TiO2 750 This work

aTaken as equilibrium adsorption capacity (qe) according to Langmuir fitting to experimental data.
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and induce the presence of negatively charged sites) then
washed in ethanol.[30]

4.3 | Characterization of LCNs

POM was conducted using a Zeiss Axio Observer A1 mi-
croscope equipped with cross-polarizers, a Linkam PE120
heating stage, and an Axio camera. ATR-IR spectra were
acquired with a Spectrum Two spectrometer (PerkinElmer).
Thermal transitions were analyzed using DSC (Q2000, TA
Instruments) under N2 atmosphere.

4.4 | Selectivity and adsorption isotherms

The adsorption behavior of pristine and TiO2-loaded LCN
was investigated through batch adsorption tests. First,
selectivity was tested by using binary mixtures of dyes
bearing opposite charge, that is MB þ Methyl Orange and
Rhodamine 6G þ Indigo Carmine. Then, adsorption iso-
therms were measured by using aqueous solutions (pH ~ 6.8)
containing different concentrations of pollutants, either MB
or Diquat. For all experiments, the liquid to solid ratio
3 L g−1 and the samples were stirred at 300 rpm at 25°C in a
thermostatic shaker (MTC-100, MIULAB) for 48 h. The
adsorbed amount of dye was calculated based on the residual
pollutant concentration in solution measured by using a UV-
Vis spectrophotometer (UV-30, Honda). The equilibrium
adsorption capacity ðqeÞ was calculated as described in
Supporting Information S1.

4.5 | Photoregeneration

After adsorbing all MB from 5 mL of a 3.75 � 10−6 M sol-
ution of MB, samples were photoregenerated in air in an
integrating sphere (Avantes Avasphere-50) equipped with a
deuterium-halogen light source (AvaLight DH-S-BAL), a
365 nm LED (Luminus SST-10, 24 mW cm−2) coupled to a
390 nm lowpass Filter (Semrock Brightline) and two spec-
trophotometers (Avantes ULS2048x64TEC-EVO and
ULS4096CL-EVO) for detection. A microcontroller (Ardu-
ino Uno) synchronizes the opening and closing of two shutters
via transistor-transistor logic signals. The sample is inserted
in the sphere onto a fused silica window above the lower
opening. Alternative activation of the shutters allows alter-
nating the UV irradiation to white light. Closing the white
light shutter, the first spectrophotometer collects the LED
emission needed to calculate EQE. Vice versa, when the LED
shutter closes, the second spectrophotometer takes white light
absorbance measurement. For Diquat instead, after adsorbing
from 3.5 mL of a 10−5 mL solution, photoluminescence was
monitored instead of absorbance, placing the sample in the
sphere and irradiating it with the LED. The sphere was
coupled to a detector through a long pass filter (405 nm,

Semrock Edgebasic) to measure the Diquat emission signal.
Before and after the regeneration, the sample's absorbance in
the UV region was measured with the integrating sphere with
respect to a white reference (Avantes WS-2). The process
quantum yield was assessed as described in Section S5 and
Figure S16 for all regeneration experiments.

This test was also conducted by irradiating samples
immersed in 1 mL of deionized water with an UWAVE LED
UV lamp (365 nm, 24 mW cm−2). Degradation was assessed
with a UV–Vis spectrophotometer (Lambda 45, Perki-
nElmer) equipped with an integrating sphere.
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