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Abstract

Currently, the pollution generated by the textile industry in the area of dyes is a major concern at
the national and international levels. One of the proposals to mitigate this problem is membrane
technology. In particular, those based on composite materials and polymers of a biodegradable
nature have been the subject of study in recent decades as a replacement for conventional polymer-
based membranes for water treatment, due to the growing demand for sustainable technologies
for this application. This work addresses the preparation and use of polymeric hanocomposites
using polylactic acid and titanium dioxide (TiO,) hanoparticles for their application as biodegradable
membranes. The addition of these nanopatrticles in the polymer matrix improves thermal stability
and provides photocatalytic properties, allowing the removal of dyes, with potential application for
wastewater treatment.
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Introduction

Access to clean water is fundamental to development and human health. Nevertheless, human
activity has altered water quality, and the search for solutions in this area is one of the main concerns
on a global scale (Zhang et al., 2022; Mojiri et al., 2023). Among some of the pollutants in water,
there are complex chemicals and ionizing agents that are widely used as dyes (Kumar et al., 2022).

One of the factors that limits the decomposition of these dyes when they are released into
wastewater is the light-refracting chemicals that hinder the natural decomposition and degradation
of these compounds (Blanchard and Mekonnen, 2022; Mahmood et al., 2022). In recent years,
polymeric membranes have received considerable interest in solving various environmental
problems, such as contaminant removal, gas separation, and water purification. Their versatility of
morphology and chemical structure makes them an excellent technology for various applications
in environmental sciences.

The advancement of these depends on the manufacture of membranes with high permeability and
selectivity, resistance to dirt, and stability in aggressive environments. Membrane manufacturing
methods have evolved over the past ten years, adopting processes that allow the porosity,
thickness, and surface characteristics of the membrane to be modified.

Methods such as phase inversion, electrospinning, layer-by-layer assembly and 3D printing are
innovative manufacturing processes that have made it possible to create membranes with custom
shapes and functionalities and improve their performance (Zhang et al., 2022; Thiam et al., 2022;
Ren et al., 2023; Karki et al., 2024; Luo et al., 2024; Wang and Wei, 2024).

In addition, the performance of polymeric membranes has been increased by functionalization
techniques, such as surface modification, addition of functional nanomaterials, polymer mixing,
and compound formation, which allow for selective separation, antifouling properties and greater
mechanical stability (Kim et al., 2022). These characteristics, together with a longer useful life, good
mechanical, thermal, and chemical stability, low cost, and minimal maintenance, have made them
a new and promising method for wastewater treatment (Mansoori et al., 2020).

One of the most promising materials for the manufacture of new polymeric membranes is polylactic
acid (PLA). Due to its qualities, such as durability, mechanical strength, and transparency, PLA has
established itself as one of the most promising biodegradable polymers in various industries, such
as packaging, automotive, and agriculture. It is a hydrophobic polymer due to the -CH, side groups
present in its chemical structure. In addition, it is resistant to hydrolysis due to the steric shielding
effect of the methyl side groups.

PLA is obtained from the lactic acid (LA) monomer, a linear aliphatic thermoplastic polyester. LA
exists in two forms, L-LA and D-LA, which are mirror-image isomers of each other due to the
asymmetric carbon atom in their molecule. Their physicochemical characteristics are similar; the
only distinction lies in the rotation of chemically generated plane-polarized light (Jem and Tan, 2020;
Taib et al., 2023). However, stereochemistry, as well as the distribution and proportion of L-LA
and D-LA, directly influences the mechanical and thermal characteristics of the polymer, molecular
weight, and degradation time.

For example, poly (D, L-lactide) (PDLLA) is an amorphous polymer, whereas the polymer obtained
from L-LA is semicrystalline (Yuanfeng and Farmahini, 2016; Taib et al., 2023). In the case of
semicrystalline PLA, this polymer is mainly composed of L-LA blocks. A very relevant property of
polymeric materials is the glass transition temperature (Tg), which indicates the temperature at
which the amorphous areas of PLA polymers soften from their glassy state. Tg ranges from 50 to
70 °C for both amorphous and semicrystalline PLAs.

The present work studied the effect of TiO, incorporation into the PLA membrane on the
photocatalytic performance in the degradation of methylene blue (MB). To this end, membranes
based on polymeric nanocomposites with different concentrations of TiO, were prepared using the
phase inversion method. The materials were characterized by Fourier-transform infrared (FTIR),
X-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
and scanning electron microscopy (SEM). The physicochemical properties of the materials were
related to the photocatalytic activity in the degradation of MB at room temperature under UV light.
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Materials and methods

Preparation of polymeric nanocomposites of PLA/TiO,

The PLA used was provided by Prospector and obtained from IngeoTM 3001D. Titanium
oxide (TiO,) particles were synthesized following the reported methodology (Romero-Galarza
et al., 2014). All solvents used were of high purity. The synthesis of PLA membranes by the
phase inversion method was performed by dissolving 1.5 g of PLA pellets in 10 ml of N, N-
dimethylformamide (DMF), stirring at 250 rpm at a temperature of 120 °C for 20 min to obtain a
homogeneous mixture of the solution.

The solution was poured onto a glass plate before being placed in a coagulation bath for 24 h. To
prepare the membrane with TiO,, the same procedure was performed by adding a certain amount
of TiO,, 1% (15 mg), 2% (30 mg) and 4% (60 mg) by weight, to the solution under the same
experimental conditions.

Characterization techniques

The SEM micrographs of the membranes were obtained with a JEOL JSM-7401F equipment. For
FTIR analysis, a Nicolet iS10 device with a universal attenuated total reflectance (UATR)
accessory was used. IR spectra were measured in a range of 4 000 cm™ to 400 cm™ with a
resolution of 4 cm™ and 30 scans. The analysis of membrane crystallinity was performed by XRD
with an X PanAnalytical Empyrean equipment with Cu ka radiation (A= 1.54 A) in a range of
10°-80°, at a scanning speed of 0.026° s™.

The thermal stability of the membrane was determined through TGA with a Perkin Elmer Pyris
8000 device at a heating rate of 20 °C min. The samples were scanned in a temperature range of
30 °C to 800 °C, using nitrogen as purge gas. The thermal properties of the membrane were
determined by differential scanning calorimetry with a Perkin ElImer Diamond DSC, from -5 °C to
200 °C, at a heating rate of 10 °C min, maintained for 1 min at 200 °C and cooled from 200 °C
to -5 °C at a cooling rate of 10 °C min, maintained for 1 min at -5 °C, and a second heating from
-5 °C to 200 °C at 10 °C min, the entire analysis in a gaseous nitrogen atmosphere.

The curves shown correspond to the second heating. The glass transition temperature (Tg) and
the melting temperature (Tm) were determined according to the DSC results. The degree of
crystallinity (Xc) was estimated by the value of the enthalpy of fusion, according to the following
equation:

xe=2HM 100

AHm
1). Where: #Hm and A#HAm represent the experimentally obtained enthalpy of fusion and that of
100% crystalline PLA, respectively, the latter with a value of 93 J g™* (Carmona et al., 2015).

Analysis of MB adsorption under visible radiation

To perform the measurements of methylene blue adsorption by the membrane, it was cut into a
square shape measuring 3 x 3 cm and placed inside the crucible with 50 ml of an aqueous solution
of 5 ppm MB under continuous stirring. Aliquots of the dye solution were taken every 10 min until
80 min was reached.

The aliquots were measured with a HACH DR6000 UV-vis spectrophotometer with a reference
beam optical system, scanning speed of 900 nm min™, recording data each nm, using a tungsten
(370-1 100 nm) and deuterium (190-370 nm) lamp as a source. The measurement range was from
400 nm to 850 nm, and the methodology is represented in Figure 1.
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Figure 1. Methylene blue adsorption analysis methodology. a) preparation of the MB solution; b) membrane in
contact with the solution; c) MB stirring and d) membranes with MB adsorbed.
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Tests of photolysis and photocatalytic degradation of MB

For the tests of photolysis and photodegradation of MB, in a similar way to the tests described
above. First, for photolysis tests, 50 ml of solution (5 ppm) was measured and poured into the
crucible without the membrane suspended. An irradiation of 250 W of UV light (254 nm) was applied
using a photoreactor for 80 min. Aliquots were taken after 10 min and measured with a UV-Vis
spectrophotometer under the same conditions as the measurements in the previous section at a
Amax = 665 nm. The same procedure was followed for the photodegradation of MB, but with the
membrane inside the solution, as shown in Figure 2.

Figure 2. MB photodegradation process. a) membrane in contact with the solution; b) photodegradation of
MB with a photoreactor; c) MB solution with the membrane after a few minutes of photodegradation and d)
membrane after the photodegradation process of MB.
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Results and discussion

Using SEM microscopy, it was possible to identify the porosity of the membrane and
the incorporation of nanoparticles on its surface. The morphology of membranes prepared
with PLA and PLA/TIO, is shown in the micrographs of Figure 3. In Figure 3a, it was
observed that pure PLA presents a morphology consisting of a dense surface layer
supported by a more porous inner sublayer.

elocation-id: e4052



https://doi.org/10.29312/remexca.v16i30.4052

M Revista Mexicana de
Ciencias Agrl'colas DOI: https://doi.org/10.29312/remexca.v16i30.4052

REMEXCA

Figure 3. a) SEM micrographs of PLA; b) and PLA/TiO, membranes at 1%; c) 2%; d) 4% by weight.

This is due to the phase inversion method, which allows for the movement of PLA polymer
molecules and the formation of a porous membrane during the process (George et al., 2024). Figure
3b-d shows the morphology of the membranes formed by PLA/TiO, nanocomposites at various
concentrations of TiO,. In the micrographs, it was observed that there is an agglomeration of the
TiO, nanoparticles in the membrane.

This effect is known to affect blocking membrane pores as the concentration of TiO, nanoparticles
increases (Hickman et al., 2018; George et al., 2024). FTIR spectroscopy was used to characterize
the chemical structure and functional groups of both the pure membrane and the membranes of
the nanocomposites, as shown in Figure 4.

Figure 4. Physicochemical characterization of the prepared membranes. a) FTIR spectra; b) XRD diffractograms; c)
TGA curves and d) DSC of pure PLA and TiO, nanocomposites.
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Figure 4a presents the FTIR spectra of PLA and TiO,-prepared materials. In the graph shown, the
asymmetrical and symmetrical stretching vibrations of the C-H and CH; bonds are represented by
the bands at 2 995 cm™ and 2 948 cm™. The C= O stretching vibration of the PLA ester group is
attributed to the band at 1 750 cm™. On the other hand, the characteristic bands of the symmetrical
and asymmetric deformation of -CH; are bands at 1 453 and 1 378 cm™.

The stretching vibration of the C-O-C bond is attributed to the band located at 1 187 cm™, while the
symmetrical and asymmetric deformation of C-H corresponds to the 1 381 and 1 360 cm™ bands.
The three bands between 1 044 cm™ represent the stretching vibrations of the C-O-C bonds, at 870
cm™ for the C-C bond, and the oscillating vibration of the -CH, group appears at 954 cm™. Finally,
the bands assigned to the amorphous and crystalline phases of PLA appear at 870 cm™ and 754
cm™ (Gonzélez et al., 2018; Furukawa et al., 2005; Salahuddin et al., 2020).

It is noteworthy that the addition of TiO, nanoparticles does not have a noticeable effect on band
position and intensity when comparing the spectra of the nanocomposite membranes and the
spectrum of pure PLA. The crystallinity of pure PLA and nanocomposites was analyzed by XRD,
as illustrated in Figure 4b. The graph shows the spectra with the crystalline peaks of pure PLA and
different concentrations of TiO, nanoparticles. The diffractogram of pure PLA shows two distinctive
peaks at 16.8° and 19.2°, corresponding to the reflection of the planes (200) and (203) (Inai et al.,
2005; Thomas et al., 2020).

Likewise, from the diffractogram, the composite membrane presented a pattern of XRD that
confirmed the presence of PLA with the two peaks mentioned above and TiO, (anatase phase) in
the composite membrane. The values of 2# of the peaks obtained from the PLA of the composite
membrane appear at 17° and 19.3°, and the rest of the peaks found at 25.6°, 38°, 48.3°, 54.3°, and
55.3° correspond to the anatase phase of TiO,.

Although the FTIR analysis showed no evidence of the presence of TiO,, XRD was able to confirm
the presence of the nanoparticles in all membranes. It is also observed that the intensity of the
characteristic peaks increases with the increase in the concentration of the nanoparticles. This has
already been observed by other authors, which confirms the incorporation of nanoparticles into the
composite material (Mhlanga and Ray, 2014; Hou et al., 2018).

TGA analysis was used to identify and quantify the thermal stability of the prepared materials. The
TGA curves are represented in Figure 4c, in which a degradation process is identified in a single
stage. This occurs from 282 °C to 351 °C in pure PLA, from 287 °C to 358 °C for material with 1 wt.
% TiO,, from 291 °C to 360 °C for 2 wt.%, and from 291 °C to 365 °C for 4 wt.% TiO..

On the other hand, the remaining mass at the end of the measurements corresponds to the
residue of inorganic material. The figure shows that the addition of TiO, nanoparticles confers an
improvement in thermal stability and decomposition temperature, which coincides with what has
been reported by other authors (Gonzalez et al., 2018). As observed in Figure 4d, DSC analysis
was used to determine the thermal properties and transitions of the prepared membranes.

Table 1 shows the data obtained from DSC, such as the glass transition temperature (Tg), the
melting temperature (Tm), and the cold crystallization temperature (Tcc). Due to the characteristic
melting and recrystallization behavior of PLA, both pure PLA and nanocomposites exhibit two
melting peaks, the first at a temperature of 166.4 °C for PLA and at a slightly lower temperature
for the rest of the materials with TiO,. The second peak occurs due to the recrystallization and
melting of the crystals formed during the DSC heating process, which has already been observed
previously by other authors (Sarasua et al., 1998; Teamsinsungvon et al., 2022).
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Table 1. Thermal properties of pure PLA and nanocomposites obtained through DSC.
Sample Ty (°C) Tm1 (°C) Tm2 (°C) Tee (°C)
PLA 62.4 166.4 170.6 122.6
15 mg TiO, + 60.8 163.6 168.8 112.8
PLA (1 wt. %)
30 mg TiO, + 62.1 164.8 168.8 120.1
PLA (2 wt. %)
60 mg TiO, + 61.8 164.5 168.8 117.4
PLA (4 Wt. %)

As mentioned in this paragraph, the addition of TiO, nanoparticles has a slight effect on the melting
temperature of PLA, suggesting that these particles do not significantly affect the arrangement of the
macromolecular chains of the polymer and their crystallinity under the same processing conditions,
which is consistent with what other authors have reported (Liu et al., 2013; Wang et al., 2013;
Gonzalez et al., 2018).

MB adsorption tests

Figure 5 shows the UV-Vis spectra whose absorbance corresponds to the adsorption of methylene
blue by the membranes and Table 2 shows the % of MB adsorption. The results obtained show
that PLA experiences the highest percentage of adsorption, degrading 69.4% at 80 min, which is
much higher than membranes prepared from nanocomposites, which, in the best case, achieve an
adsorption of 14.97%. This behavior is due to the porous nature of PLA membranes, which was
confirmed by the micrographs presented above.

Figure 5. UV-Vis spectra representing MB adsorption at different times for PLA and TiO, membranes: a) PLA; b) 15
mg TiO,+PLA; c) 30 mg TiO,+PLA and d) 60 mg TiO,+PLA.
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Table 2. The % of MB removal by the prepared membranes under visible radiation.

Sample Time (min)

0 10 20 30 40 50 60 70 80

Adsorption (%)
PLA 0 30.9+9.5 33.748.1 33.4+7.8 28.1+8.2 30.6 7.5 35.8+8.6 54.3 +12 69.4 £15
18.8 3.9 5.52+1.2 0+0.2 0+0.2 0+0.2 0+0.2 0+0.2 0+0.2

o

15 mg
TiO, + PLA
(1 wt. %)

30 mg 0 0+0.2 0+0.2 0+0.2 0+0.2 0+0.2 0+0.2 0+0.2 0+0.2
TiO, + PLA
(2 wt. %)
60 mg 0 82,5 9.05+28 103#3.1 514#16 65521 859+27 14.7+45  15+4.6
TiO, + PLA
(4 wt. %)

The addition of TiO, nanopatrticles reduces MB adsorption, which is explained by the nanoparticles
coating the pores of the composite, resulting in low adsorption values. This is evidenced in the
samples with 1% and 2% by weight of TiO,. Nonetheless, the results suggest that at higher
concentrations of TiO,, the effect of photodegradation begins to be observed.

Therefore, the sample with 4% by weight of TiO, shows a certain degree of degradation, although
less than that of pure PLA. This confirms that, under visible light conditions, both mechanisms exist,
although the predominant effect in prepared membranes is adsorption.

MB photodegradation tests

Figure 6 shows the UV-Vis spectrum of MB degradation when samples are exposed to UV radiation
at 250 W. The results obtained from photodegradation are shown in Table 3. The results reveal an
increase in the (%) of degradation, evidently due to the action of the applied radiation. In addition,
a greater degradation is observed for the sample with higher TiO, content, since the sample with
4% by weight of TiO, shows a (%) degradation of 49.6% at a time of 80 min.
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Figure 6. UV-Vis spectroscopy of MB photodegradation at different times for PLA and membranes with TiO,: a)
photolysis; b) PLA; c) 15 mg TiO,+PLA; d) 30 mg TiO,+PLA and e) 60 mg TiO,+PLA.
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Table 3. The (%) of removal of prepared membranes under UV radiation.

Sample Time (min)
0 10 20 30 40 50 60 70 80

Photodegradation (%)

Photolysis 0 175%35  24#53 322374 328272 426247 50298 439379 38746
PLA 0 212423 32659 38146 41671 52195 49398 50.1+9  44.8354
15 mg 0 6.06+1.7 84421 10.7+43 142342 16517 19639 148322 15327
TiO, + PLA
(1 wt. %)
30 mg 0 156428 153%28 254353 329%63 41.1%62 37.1%82 414362  39.1%7
TiO, + PLA
(2 wt. %)
60 mg 0 12.9#1.9 185%28 202+88 337%67 363251 30744 436348 49.6%7.9
TiO, + PLA
(4 wt. %)

As demonstrated in Figure 2, the blue coloration and intensity of the solution have decreased
after the process, which is due to the catalytic effect of TiO, nanoparticles when exposed to UV
radiation. In addition, according to the morphological characterization, the presence of TiO,
nanoparticles uniformly distributed on the membrane surface was confirmed; these particles act
as surface active sites for the photocatalytic degradation process (Deepalekshm et al., 2021;
Mohammad and Atassi, 2021).
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From the data presented in Table 3, with the % photodegradation of the prepared membranes, it
is observed that pure PLA presents a maximum degradation of MB at 50 min. On the other hand,
the membranes with TiO, presented a (%) of gradual degradation over time at times greater than
50 min, which implies changes in the photodegradation kinetics of the components, which depends
on the concentration of TiO,.

Although the removal percentages are not very high, it is noteworthy that the experiments were
carried out in times of up to 80 min. This contrasts with what has been reported by other authors
using PLA, whose experiments are up to 12 h. This presents an advantage in terms of time-removal
efficiency with the additional advantage of having a bio-based matrix, such as PLA.

The results presented in Figures 5 and 6 and Tables 2 and 3 allow us to differentiate
the mechanisms, both adsorption and photocatalysis, that occur for the degradation of this
dye and this type of membrane. In the case of PLA, adsorption predominates because the
porous nature of the membranes allows the capture of dye molecules, and the presence of
TiO, nanoparticles inhibits removal.

On the other hand, the photodegradation results suggest that as the concentration of TiO, increases,
the degradation of the dye begins to occur and gradually increases as the contact time of the
ultraviolet light with the solution increases. The results confirm the feasibility of using these
membranes as a sustainable alternative for water treatment and removal of dyes, such as MB, for
potential use in wastewater plants.

Conclusions

PLA and PLA-TiO, nanocomposite membranes were successfully prepared using the phase
inversion method, which is a simple and easily scalable method for membrane production. The
degradation capacity of the membranes was evaluated, obtaining a greater degradation by adding
4% by weight of TiO, nanopatrticles, in a time of 80 min.

Due to the relatively high removal-time ratio and the fact that this process can be carried out
in temperate environments, the membranes fabricated in the work can be used to remove dyes
such as MB from industrial effluent and agricultural wastewater. Nevertheless, prospects for this
research could focus on evaluating other concentrations of nanopatrticles, as well as studies of pH
and antibacterial properties, to proceed with the evaluation in real wastewater.
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