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Abstract: Access to fresh water is an increasing concern worldwide. The contamination of this
vital liquid is largely caused by discharges of pollutants into rivers and seas from different types
of industries. Waste dyes from different industries have been classified as harmful to health. In
this study, polymeric nanomaterials based on polylactic acid (PLA) and nanoparticles of titanium
dioxide (TiO;) and zinc oxide (ZnO) modified by ultrasound-assisted extrusion were obtained. These
materials were evaluated by FTIR, DRX, TGA, DSC, SEM and methylene blue adsorption. From
the results of the physicochemical characterizations, it was possible to observe the presence of TiO,
and ZnO nanoparticles dispersed in the polymeric matrix, increasing the crystallinity and thermal
stability of the polymer. In addition, a good dispersion of the nanoparticles could be seen by means of
SEM, due to the extrusion assisted by ultrasound. The methylene blue dye adsorption tests revealed
that the best result was 98% dye adsorption in a time of 13 min for the 1.5% PZT sample. Additionally,
this material could be used for 3 adsorption cycles without affecting its adsorbent properties.

Keywords: nanocomposite; PLA; ZnO/TiO,; adsorption; methylene blue

1. Introduction

Data from the World Health Organization (WHO) mention that around 2400 million
people do not have access to basic sanitation facilities, and more than one billion people
do not have access to safe drinking water. It is expected that in 2050 the total population
will be nine billion people, and many of them will not be able to obtain a supply of this
vital liquid [1]. Access to fresh water is limited due to its contamination by waste water
discharged by different types of industries such as textile, paper and dyestuff. There are
different types of polluting dyes that are considered to affect natural water resources in an
important way [2]. The constant presence of different organic dyes in wastewater gives rise
to serious environmental and health problems. There are a number of processes for wastew-
ater treatment depending on the desired degree of treatment to be reached. These can be
classified into three categories: physical, chemical and biological [3]. Some techniques
applied for water sanitation are coagulation, chemical precipitation, ion exchange, reverse
osmosis, advanced oxidation and adsorption, among others [4]. Adsorption is a versatile
method to remove various contaminants present in wastewater. This process is produced
by interactions of chemical ranges through van de Waals forces, which allows particles,
molecules or ions to be trapped or retained on the surface of a material [5]. Methylene blue
(MB) is a colorant used in different textile and dye industries. It is cationic in nature and
particularly resistant to many conventional treatments. For humans, chronic exposure to
methylene blue affects different parts of the body. In particular, the kidney is the organ
most affected since the accumulation of this chemical causes kidney function failure due to
damage to the kidneys [6].
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TiO, in its different crystalline phases is a good photocatalyst due to its high refractive
index (2.74) and its ability to absorb wavelengths within the UV-Vis range [7]. TiO; is a
material that presents interactions between molecular oxygen and the surfaces adjacent
to it. This phenomenon plays a key role in many important processes, such as catalytic
oxidation reactions, chemical detection and photocatalysis. While oxygen weakly interacts
with fully oxidized TiO,, it causes an excess of electrons in TiO, samples. Electron excess
originates from intrinsic reducing defects (oxygen vacancies and titanium interstitials) and
doping, forming polarized states of Ti>* in the band gap near the bottom of the conduction
band [8].

Different nanometric materials, due to their size, can be used as adsorbents with
great potential for removing chemical compounds. Nanometric-sized TiO is an excellent
option in the purification of water resources, especially for the removal of heavy metals and
decontamination of organic compounds. Some studies report that mesoporous nanometric
TiO, deposited on cellulose rapidly removes Pb?* from wastewater. It has been reported
that the anatase phase of TiO; has a tendency to form hydrogen bonds by interacting with
organic contaminants [9].

Zn0O is widely used as a semiconductor (Eg = 3.37 eV), magnetic material, electrolumi-
nescent material, UV-absorber, piezoelectric sensor and actuator, field emission displaying
material, thermoelectric material, gas sensor, a constituent of cosmetics, etc. [10]. In ad-
dition, it possesses an excellent effective surface area and leads to higher adsorption of
organic molecules, while enhanced photocatalytic activities of this material lead to efficient
degradation of dyes in water. This type of photocatalyst in wastewater with a high pH
level (pH 11.5) has been monitored and has exhibited great stability [11].

ZnO nanoparticles have been studied as potential dye adsorbents. Some authors
report that this type of nanoparticle presents selective adsorption of MB, being a good
candidate for the elimination of MB in wastewater [12]. One way to increase its adsorption
and antimicrobial properties is to modify its surface, that is, to add functional groups to its
surface. The surface modification process of nanoparticles consists of the union of different
organic or inorganic materials through covalent bonds or non-covalent bonds, such as
hydrogen bonds or electrostatic or van der Waals interactions. Incorporating functional
groups such as O-H, C-O and COOH has been reported to increase dispersion in polymeric
matrices and their interaction with other molecules [13].

TiO; and ZnO can degrade contaminants in the form of colloidal solutions and in
particle suspension systems [14,15]; however, the recycling process is complicated and
causes secondary pollution [16]. For this reason, preference has been given to the incorpo-
ration of TiO, and ZnO in polymeric matrices. For example, TiO, with cellulose has been
reported [17], demonstrating the degradation of basic organic compounds (99% methylene
blue) and acids (100% acid violet and methyl violet), in polyurethane with the degradation
of phenolic contaminants [18]. Polymeric membranes with fluorinated polyvinylidene-ZnO
have been studied for the decontamination of water flows [19], as well as the incorporation
of these nanoparticles into polyethylene (PE) membranes, retaining 99% of indigo blue [20].
One of the less-studied biodegradable polymeric matrices in water treatment is polylactic
acid (PLA). PLA is a thermoplastic polymer derived from lactic acid (LA) that can be used
in the manufacturing of textiles. The production of 90% of LA in the global market is by
lactic acid bacteria (LAB), which can stereoselectively produce L or D-LA [21]. Finally,
the ultrasound-assisted melt-extrusion method (USME) is a high-quality process used to
produce polymeric compounds with an adequate homogeneous dispersion [7].

The interest in obtaining polymeric nanocomposites with biodegradable materials
for the good of society has increased, due to the growing concern about environmental
contamination from synthetic polymers and microplastics [22]. This study reports the
production of PLA polymeric nanocomposites and modified TiO; and ZnO nanoparticles
by ultrasound-assisted extrusion for the adsorption of methylene blue dye.
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2. Materials and Methods
2.1. Materials

Polylactic acid (PLA) resin Ingeo biopolymer 6260D was provided by NatureWorks
with a melt index of 65 g/10 min. To prepare the nanocomposites, TiO, nanoparticles
anatase phase (21 nm) and ZnO nanoparticles (<100 nm) were purchased from Sigma
Aldrich (Saint Louis, MO, USA). Methyl blue (MB) was obtained from Sigma Aldrich (Saint
Louis, MO, USA) and distilled water with a pH of 7 was used as a solvent to obtain the
aqueous solutions.

2.2. Surface Modification of ZnO/TiO;

The surface modification of ZnO/TiO, with lactic acid by ultrasound energy followed
the protocol of Andrade-Guel et al. The reaction time for the modification was 90 min [23].

2.3. Composite Preparation by an Ultrasound-Assisted Melt-Extrusion Process

PLA-ZnO/TiO, polymer nanocomposite preparation was carried out using an
ultrasound-assisted melt-extrusion process with a lab-sized twin-screw extruder from
Thermo Scientific (model Prism TSE-24MC) with a screw diameter of 24 mm and L/D ratio
of 40:1. This was assisted by a catenoidal ultrasonic tip (Branson Ultrasonics Corp., CT; D,
51.27 cm). The extruder was connected to a homemade ultrasonic generator (15 to 50 kHz,
100% of 750 W). The temperature profile was a flat one, at 190 £ 1 °C in all sections of the
extruder, with a screw speed of 80 rpm. As a post-extrusion system, a cooling bath was
used at the outlet of the die with a pelletizer (Thermo Fisher, Waltham, MA, USA). Table 1
shows the concentrations of the samples obtained for this study.

Table 1. Identification of the PLA-ZnO/TiO, nanocomposites with different percentages of additives
(0,0.25,0.75 and 2 wt.%).

Sample Code Description
PLA Pristine PLA
PZT 0.25% PLA with 0.25% of ZnO/TiO, modified with lactic acid
PZT 0.75% PLA with 0.75% of ZnO/TiO, modified with lactic acid
PZT 1.5% PLA with 1.5% of ZnO/TiO, modified with lactic acid
PZT 2% PLA with 2% of ZnO/TiO, modified with lactic acid

2.4. Characterization Technigues
2.4.1. Fourier Transform Infrared (FTIR)

A Magna Nicolet 550 spectrometer was used for the FI-IR analysis; 100 scans and
a resolution of 16 cm~! were applied in the range of 400 to 4000 cm~!. The samples
had previously been dried in a vacuum oven at 100 °C for 15 h and were subsequently

supported on KBr granules.

2.4.2. X-ray Diffraction

XRD (X-ray diffraction) was carried out to obtain a structural analysis using a Rigaku
Smartlab diffractometer operating at 40 kV and 40 mA with a stability of 0.01%/8 h.
Measurements for each system were made in the 20 range from 10° to 80° with a step size
of 0.02 and a count rate of 10 s/step. The crystallinity index was calculated by dividing the
crystalline area by the total area (crystalline + amorphous).

2.4.3. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) was carried out under the ASTM E-1131 stan-
dard, using a Q500 thermal analyzer from TA Instruments. The TGA thermal curve of
the samples was obtained. The instrumental conditions were as follows: a heating rate of
10 °C/min and a sample mass of 10 mg. Calibration was carried out with calcium oxalate
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as the standard. The temperature range was 30-700 °C, up to 600 °C under an N, AP
(50 mL/min) atmosphere and up to 700 °C under CO, (50 mL/min).

2.4.4. Differential Scanning Calorimetry (DSC) (ASTM D3418)

A Discovery Series 2500 thermal analyzer from TA Instruments, with a DSC cell, was
used for the measurements, under the following experimental conditions. Indium was
used as the calibration standard. Samples of ca. 9.0 mg were placed in aluminum pans and
were subjected to a heating/cooling/heating cycle at a rate of 10 °C/min under an Nj high
purity (50 mL/min) atmosphere. The temperature range was 0 °C to 220 °C.

2.4.5. Scanning Electron Microscopy (SEM)

The samples were evaluated using a JEOL model JSM-7401F field emission scanning
electron microscope with an EDAX EDS detector. The operating conditions in the mor-
phological analysis were 3.0 kV acceleration voltage, with a secondary electron detector,
and 10 kV acceleration voltage, with a backscattered electron detector. In the chemical
analysis by EDS, a 15 kV acceleration voltage was used. The samples were previously
coated (sputtering) with gold palladium.

2.4.6. Adsorption of Methylene Blue

For the determination of methylene blue adsorption on PLA and PLA-ZnO/TiO,
samples, an aqueous solution of 200 mg/L of methylene blue concentration was prepared.
The adsorption experiments were carried out in 50 mL beakers with 20 mL of the solution
and 0.02 g of polymeric nanocomposites, respectively. The beakers were placed on a
stirring grill at room temperature and vigorously shaken at 600 rpm for 18 min. Every
2 min a sample was taken and placed in a vial for later reading in the UV-VIS spectrometer
(Shimadzu UV-2401 PC) at a wavelength of 664 nm. All experiments were performed
in triplicate.

The percentage of adsorption efficiency was calculated according to Equation (1):

%Adsorptionef ficienty = Ci E Ce x 100 1)

where C; and C, are initial and final concentrations, respectively.
The adsorption capacity of the PLA and PLA ZnO/TiO, samples was calculated with
Equation (2) in equilibrium:
(Ci—-C)V

g = @

where V is the volume in L of solution and m is the amount of mass in mg of absorbent.

2.4.7. Adsorption Isotherm

Langmuir's and Freundlich’s models can describe the adsorption equilibrium. To test
both models, absorption isotherm data were fitted and the correlation coefficient (R?) was
calculated using the trendline command in Microsoft Excel.

The Langmuir isotherm was calculated using the following Equation (3)

C. C. 1
= =y 3
e qm KLqm ( )

where g, (mg.g~!) and C, (mg.L~!) are the concentrations of the solid phase and liquid
phase of the adsorbate in equilibrium, respectively; g, is the maximum adsorption capacity
and KLqm is the constant obtained from plotting C./Q, versus C,.

The Freundlich isotherm was calculated using the following equation:

Ln(g.) = Ln(Kp) + (Tll)Ln(Ce) 4)
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where Kr (mg.g 1) (L.mg~!) and 1/7 are the Freundlich constants related to the adsorption
capacity and # is the heterogeneity calculated with the lineal plot of Ln(g,) versus Lu(Ce).

2.4.8. Desorption Studies

The desorption and regeneration of methylene blue adsorbents were studied during
three successive cycles. In each cycle, the adsorbents were loaded with methylene blue
by mixing 20 mg of the sample with 20 mL of the 200 mg/L dye concentration at room
temperature. The mixture was stirred for 18 min. The methylene blue-loaded samples were
separated by filtration. The percentage adsorption efficiency of the regenerated materials
was determined by the same method mentioned above.

3. Results
3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

Figure 1 shows the FTIR spectrum of pure PLA, where two peaks can be seen at 2997
and 2940 cm ™! characteristic of the vibration of aliphatic C-H stretching [24]. A peak can
also be seen at 1747 cm ™~ attributed to the stretching vibration of the carbonyl groups C=0O
of the ester group, the band that appears around 1453 cm ! corresponding to the C-H bond
symmetric deformation.

On the other hand, the appearance of the bands around 1262-1070 cm ™! is attributed to
the C-O stretching vibration of the ether groups [25]. PZT nanocomposites present the same
adsorption bands as pure PLA, as reported by Kim et al. for PLA-ZnO nanocomposites [26].
These authors indicate that there was no chemical interaction between PLA and ZnO. In
this study, the PZT 2% sample presented two different bands of low intensity at 2850 cm ™!
assigned to the symmetric vibrations -CH, and 1640 cm ™! corresponding to the hydroxyl
group, both bands coming from the modification of the ZnO/TiO, with lactic acid.

PLA ¥
1 PzT025% | W
3 1 PZT075% |
R ] 3
® ] H
S 1 PZT15% i
8 ] i
E ]
2 |1 PzZT2% |
S N
= RS AN
] C-H
] C-H
] C='O I .C'Ol

T T T T T T T T \ 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 1. FTIR spectra of neat PLA and nanocomposite PZT at different concentrations.

3.2. X-ray Diffraction (XRD)

Figure 2 shows the XRD pattern of the PLA polymeric matrix and of the PLA-
ZnO/TiO, nanocomposites with different percentages of nanoparticles. In this figure,
a broad intensity peak centered at 20 = 17° & 0.5 was observed in the pure PLA and the
PZT nanocomposite, indicating that it is an amorphous structure as no crystalline peaks
were observed. This agrees with what was reported by Pantani et al. [27], when they
studied the PLA-ZnO nanocomposites. In addition, no change in the crystalline structure
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was observed when incorporating modified ZnO/TiO, nanoparticles. Only an additional
intensity peak was observed in the 2% PZT sample at 20 = 25° because it was the sample
with the highest load of nanoparticles. This was due to the presence of modified TiO,
nanoparticles as has already been previously reported in PLA-TiO; nanocomposites [28].
Crystallinity results are as follows: 34 £ 1 for PLA and 50 &+ 0.5, 52 £ 0.7, 53 & 1 and
56 £ 1.2% for PZT, corresponding to 0.25, 0.75, 1.5 and 2%, respectively. It can be seen that
the crystallinity index increases as the concentration of the nanoparticles increases. Several
authors have reported that in the case of fillers, such as ZnO/TiO; nanoparticles, they can
act as crystallization nucleating agents [29-31].

(110) —PLA

— PZT 0.25%
— PZT 0.75%
— PZT 1.5%
— PZT 2%

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 theta (")

Figure 2. XRD spectra of neat PLA and nanocomposite PZT at different concentrations.

3.3. Thermogravimetric Analysis (TGA)

The TGA analysis of the PLA and the polymeric compounds obtained is presented in
Figure 3. These results show the onset of weight loss for the compounds and the PLA from
280 °C and stabilizing up to 388 °C. A comparison of the temperatures recorded at 10% and
50% weight loss was made (Table 2). It was observed that the only sample that increased its
thermal stability was PZT 0.25%, having a temperature of 344 °C at 10% weight loss, which
was higher compared to PLA (337 °C). Likewise, at 50% weight loss, the 0.25% PZT sample
presented 368 °C, resulting in greater thermal stability than PLA (362 °C). This indicates
that at this weight percentage there is a greater compatibility between the ZnO and TiO,
particles modified with lactic acid with the PLA polymeric matrix. Studies of PLA and
nanoparticles such as modified nanoclays, through ultrasound-assisted extrusion, have
shown that adding modified nanoparticles to some functional groups increases the thermal
stability of polymeric nanocomposites [32].

The PZT 0.75%, PZT 1.5%, and PZT 2% samples presented lower temperature values
at 10 and 50% weight loss compared to the polymer alone. This faster decomposition
phenomenon is the reason for the evaporation of the carboxyl group, because the amount
of functional groups that were present in the modified samples was around 43% [23].

For the obtained PLA, PZT 0.25%, PZT 0.75%, PZT 1% and PZT 2% samples, the
amount of residue obtained at 580 °C was 0, 0.2, 0.5, 0.7 and 1.5%, respectively. Such results
could be due to the amount of particles that remain in the extruder and to the carrying out
of this method of extrusion assisted by ultrasound materials.
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Figure 3. Thermogravimetric analysis of PLA and nanocomposites obtained.

Table 2. Thermal properties of the samples obtained.

Temperature at Different Level of Weight Loss ~Amount of Residue at 580 °C

Sample
T1o% (°C) Tso9, (°C) (%)
PLA 337 362 0.00
PZT 0.25% 344 368 0.21
PZT 0.75% 325 354 0.5
PZT 1.5% 304 333 0.7
PZT 2% 300 328 1.00

3.4. Differential Scanning Calorimetry (DSC)

A DSC analysis was performed on the samples obtained (Figure 4). The values of
melting temperatures, fusion energy and cold crystallization temperatures are presented in
Table 3. The melting temperatures of the samples with modified nanoparticles were very
similar to those obtained for PLA, with all the samples in the range of 174.30 to 176.6 °C,
showing that there is no notable effect when adding these nanofillers to the polymeric
matrix. In the cold crystallization temperatures (T..), an increase is seen when increasing
the content of modified ZnO and TiO, nanoparticles, so that the pure PLA presented a T,
of 98 °C and the sample with a higher content of PZT nanoparticles, 2%, a T of 102.33 °C.

It must be taken into account that PLA has slow crystallization kinetics compared to
other polymers, and it has been reported that the presence of nanoparticles in the polymeric
matrix contributes to increasing the crystalline content of the materials [33].

Pure PLA showed a crystallization temperature (T.) of 96 °C and a melting temperature
(Tm) of 176 °C; the compounds did not show (T¢). The increase in the cold crystallization
temperature (T) with the addition of the nanoparticles implies that, during the cooling
cycle, the higher particle content must have acted as a physical barrier to crystal growth [34].
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Figure 4. Differential scanning calorimetry of pure PLA and obtained compounds.

Table 3. Differential scanning calorimetry (DSC) data for PLA and nanocomposites obtained.

Melting Melting Cold Crystallization Cold

Sample Temperature (°C) Enthalpy Temperature (°C) Crystallization

Tm (J/g) Tec Entalphy (J/g) (T¢c)

PLA 176.1 58.28 98.0 30.97
PZT 0.25% 175.4 48.73 102.0 33.25
PZT 0.75% 174.3 45.95 101.1 36.10
PZT 1.5% 175.8 47.70 101.6 34.95
PZT 2% 176.6 40.18 102.3 30.31

3.5. Scanning Electron Microscopy (SEM)

Figure 5 presents the SEM images and the EDS (Energy Dispersive Spectroscopy)
analysis of the PLA and of the sample with the highest percentage of modified TiO, and
ZnO nanoparticles (PZT 2%). Images were taken at a magnification of 30,000 . In the PLA
polymer, only the surface of the polymer can be seen without any nanoparticles and some
roughness on its surface. For the PZT 2% sample, some particles and agglomerates with
different sizes can be seen at different magnifications, indicating that there was a good dis-
persion throughout the polymer of the two different particles having spherical morphology.

Maryam Azizi-Lalabadi et al. reported SEM images of nanocomposite films of PVA
and TiO,/Zn0O, obtained by mixing in their suspension, showing agglomerates of TiO,,
ZnO and of the two particles together with different particle sizes. These films were
mentioned as a good alternative for food packaging [35].

From the EDS analysis of the PLA polymer, only signals corresponding to the C
(0.2 KeV) and O (0.52 KeV) atoms that make up said structurally pure polymer [36] were
detected. The sample of PZT 2% with nanoparticles presented a concentration of C, O, Ti
(0.46 KeV) and Zn (1.02 KeV) atoms, confirming the presence of these two nanoparticles in
the polymeric nanocomposite.
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Figure 5. SEM images of (a) PLA and (b) 2% PZT samples at 30,000 <. EDS analysis of (c) PLA and
(d) 2% PZT samples.

3.6. Adsorption of Methylene blue

The adsorption efficiency of pure PLA and nanocomposites are shown in Figure 6.
In pure PLA, it was observed that after 10 min adsorption equilibrium was reached with
an adsorption efficiency of 25%. A 60% removal rate for cellulose/PLA /polyurethane
membrane impregnated with cobalt nanoparticles has been reported [37]. In the PZT
nanocomposites, it was observed that they had the same adsorption behavior in the first
3 min, and removal was close to 90% for all nanocomposites. This is due to the rapid uptake
of MB molecules on the outer surface of the nanocomposite. The PZT 1.5% nanocomposite
presented a 98.9% adsorption efficiency at 13 min. At this time the equilibrium of adsorption
and desorption was reached for the elimination of dyes in wastewater. The contact time and
adsorption are important. A shorter contact time allows efficient removal of contaminants
when they are found in a treatment facility that receives large volumes of water [38]. The
nanoparticles ZnO/TiO,, unmodified and modified with lactic acid, showed 67 and 85%
adsorption efficiency for methylene blue dyes in a time of 12 min, as reported in a previous
study [23]. When these nanoparticles are incorporated as nanofillers in the PLA matrix, the
percentage of adsorption efficiency increases.

Mohammad et al. studied the adsorption of PLLA/TiO, nanofiber membranes for MB
removal. They obtained 100% removal at a time of 60 min under light radiation. In this
study, the nanocomposite at different concentrations of ZnO/TiO; nanoparticles performed
for a shorter time and with an adsorption efficiency greater than 95% [39].
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Figure 6. The adsorption efficiency of PLA and nanocomposite PZT at different concentrations (MB
concentration = 200 mg/L; nanocomposite content = 20 mg/20 mL; T = 25 °C and t = 18 min). The
second figure is the same, at a scale of 80 to 100% adsorption efficiency.

The parameters and their predicted values by the Langmuir and Freundlich models
are summarized in Table 4. The equilibrium data were adjusted in all the nanocomposites
to the Langmuir isotherm with a correlation constant of R? = 0.999. The adsorption process
was homogeneous and adsorption sites formed a single layer. In addition, it was observed
in the Langmuir isotherm data that the theoretical maximum adsorption (qmax) agreed
with the experimental data obtained, such as the percentage of removal. It was observed
that the value of qmax is higher when it comes to nanocomposites with different charge
concentrations. In a previous study of PLA nanocomposites with nanoclay, it was observed
that they fit the same Langmuir model.

Table 4. Parameters of the isotherm constants and correlation coefficients were calculated for MB
adsorption in PZT nanocomposites.

Langmuir Freundlich
Sample
k Qmax R2 n Kr R?

PLA 0.02 108 0.9876 3.1 9.87 0.8234
PZT 0.25% 0.011 222 0.9995 2.2 120 0.9048
PZT 0.75% 0.010 207 0.9998 5.8 308 0.9927
PZT 1.5% 0.010 203 0.9999 6.3 337 0.9986
PZT 2% 0.013 206 0.9999 5.9 315 0.9979

To verify the regeneration and reuse of the nanocomposite, a process of adsorption
and desorption of the material was carried out (Figure 7). The first time, the MB dye
was adsorbed with a contact time of 18 min, and the material was filtered off and dried.
The adsorbent nanocomposite was directly used for the following adsorption experiment.
After three adsorption cycles, the PZT nanocomposite presented a good performance when
reused. The adsorption efficiency percentages were greater than 80% except for the PZT
0.75% nanocomposite, which at the third cycle obtained a 60% MB adsorption efficiency.
The nanocomposites can be collected quickly due to their particle size and do not require
washing with solvents or acid solutions. The 1.5% PZT nanocomposite demonstrated rapid
dye adsorption after each adsorption cycle.
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Figure 7. Effect of desorption cycles on methylene blue removal (MB concentration = 200 mg/L,
nanocomposite PZT content = 20 mg/100 mL, T = 25 °C and 18 min).

Table 5 shows a comparison with other reported adsorbents. Having biodegradable
materials, all the reported materials present a removal percentage greater than 90%.

However, the time is different for each of the materials, since they reach an equilibrium
at a longer time. In the case of this study the time is 13 min, which suggests that the 1.5%
PZT nanocomposite is a good candidate for the removal of dyes in aqueous solutions.

Table 5. A comparison between the performance of the polymeric adsorbents in previous works and
nanocomposite PZT in this study for the removal of methylene blue.

Adsorbent Type % Remove Time Contact Ref.
Boehmite@Fe;0,@PLA@SIO, 95 180 min [40]
PLLA/TiO, 100 60 min [39]
PLA/C20A Nanoclay 97 60 min [32]
PAni-TiO, 87 60 min [41]
ZnO-Chitosan 99.95 160 min [42]

PZT 1.5% 98.9 13 min This study

4. Discussion

The extrusion process consists of melting thermoplastic polymers, where a polymer
nanocomposite can be obtained in a single step. The combination of thermal energy due to
heating and the friction of the screws and cylinder allows the polymer pellets to melt, as
well as to obtain a uniform mixing [43].

In recent years, this process has been accompanied by an ultrasound that is placed
either at the end or in the intermediate zones, allowing a dispersion of the nanoparticles in
the molten polymeric matrix [44]. This process is simple, solvent-free and easily scalable to
an industrial level. For the formation of the nanocomposites, the ZnO/TiO, nanoparticles
are chemically modified with carboxylic groups. In a previous study by the authors, the
lactic acid modification of these nanoparticles was chosen due to the 43% modification [23].

The effect of the ZnO/TiO, nanoparticles and ultrasound can be observed in the
spectroscopic characterization. For example, in the FTIR the characteristic signals of
PLA were observed, and only in the PZT 2% sample were two bands of low intensity at
2850 cm !, assigned to the symmetric vibrations -CH, and 1640 cm~! corresponding to the
hydroxyl group, observed. The characteristic bands of ZnO and TiO, were observed in the
region in 400-700 cm 1. This agrees with what was reported by Buzarovska, where the PLA
nanocomposite was studied with TiO, nanoparticles functionalized with propanoic acid,
where these bands were attributed to the chemical modification of the nanoparticles [45].
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In the XRD analysis, only a slight change in the diffractogram was detected in the PZT
2% sample. The amorphous nature of PLA has also been observed [46]. The few changes
observed in the XRD may be due to the weight percentage of the nanofiller and the
poor chemical interaction that occurs between the matrix and the nanoparticles [47,48].
Crystallinity was calculated and it was observed that it increases when the concentration of
the nanoparticles in the polymeric matrix increases.

In the thermal characterization of the PZT nanocomposites, the results (Figure 3)
showed similar TGA curves, with no loss of water due to humidity observed. A significant
mass loss was observed from 280 °C and stabilizing up to 388 °C, which corresponds to
the PLA decomposition widely reported in the literature [48]. The mass that remained
at the end corresponds to the inorganic material, that is, to the ZnO/TiO; nanoparticles,
which is very close to the amount of percentage by weight that was added. As seen in
Figure 4, with the addition of ZnO/TiO, nanoparticles, the cold crystallization temperature
increased with the increase in the weight percentage of the nanoparticles. In contrast to
pure PLA, the dispersion of the nanoparticles plays an important role in the behavior of
crystallization [49].

The dispersion of the nanoparticles was studied by SEM. A few agglomerates and
a homogeneous distribution of the nanoparticles were observed due to the ultrasound-
assisted extrusion method that was used; modifying the nanoparticles helps to obtain
a good dispersion and distribution. Elements C, O, Ti and Zn were found in the PZT
sample 2%.

This nanocomposite was applied as an adsorbent material for dyes. Nowadays, the
contamination of rivers in Mexico is a concern. Mainly, a solution is sought for the sanitation
of the Atoyac River [50]. As has been reported by some of the authors, the problem is
serious and the main contaminants present are dyes from textile industries.

In a previous study, the adsorption of dyes in nanoparticles alone was reported [23].
In this work, the nanocomposite with a biodegradable matrix was reported using these
nanoparticles.

The adsorption mechanism of the PZT nanocomposite can occur through physisorp-
tion, chemisorption, or both. It can be carried out through electrostatic interaction between
the OH- groups present in the modification of the nanoparticles and the S present in the
methylene blue molecule, or in the carbonyl group of PLA. It can also be carried out through
hydrogen bonds between the methylene blue molecule and the PZT nanocomposite. The
particulate rough nanocomposite surface promotes physical adsorption sites.

5. Conclusions

This research contributes to the development of adsorbent materials using biodegrad-
able nanocomposites such as PLA incorporating ZnO/TiO, ceramic nanoparticles modified
with renewable organic acids. The method for the preparation of the nanocomposite may
be environmentally friendly since it does not use solvents or generate by-products. These
new materials are an excellent alternative to building a filter based on non-woven fabrics,
and thus help in water treatment, specifically the removal and degradation of dyes. The
results of the characterization indicated by FTIR, the characteristic signals of PLA and the
sample PZT 2% showed the bands corresponding to the carbon-hydrogen -CH; bonds and
the hydroxyl group, both coming from the modification of the ZnO/ TiO, with lactic acid.
By means of XRD, it was observed that when increasing the percentage of nanoparticle
load, the crystallinity increases, due to the nature of the ceramic particles. In the SEM
images, it was possible to observe that there was a good dispersion of the nanoparticles in
the PLA polymeric matrix, and in adsorption the methylene blue dye revealed 98% dye
adsorption in a time of 13 min for the 1.5% PZT sample. Additionally, this material could
be used for 3 adsorption cycles.

In future, the use of PZT nanocomposites could be an alternative for removing dyes
from wastewater. Nonetheless, more studies are needed to make this a reality and manufac-
ture commercial non-woven fabrics that could help to eliminate these types of pollutants.
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These studies would include adsorption in a continuous system as well as determining the
effect of pH and temperature. Additionally, it would be worth studying the adsorption
of inorganic pollutants and emerging pollutants. This knowledge would help to find an
alternative solution with a comprehensive approach.
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