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tion of TiO2/ZnO nanoparticles by
organic acids with enhanced methylene blue and
rhodamine B dye adsorption properties

M. Andrade-Guel,a C. Cabello-Alvarado,*ab P. Bartolo-Pérez,c D. I. Medellin-Banda,a

C. A. Ávila-Orta, *a B. Cruz-Ortiz,d A. Espinosa-Muñoza and G. Cadenas Pliegoa

The United Nations Organization (UNO) has revealed that approximately 2.1 billion people do not have

access to treated water. Methylene blue (MB) and rhodamine B are produced as water pollutants in

textile, plastic, and dye industries. In this study, oxalic acid or lactic acid surface-modification were

applied to TiO2/ZnO nanoparticles aiming to improve antibacterial and adsorption properties. The

mixtures containing the corresponding acid and nanoparticles in 0.25 : 1/0.5 : 1 ratios of ZnO and TiO2

correspondingly were subjected to ultrasonic treatment with a catenoidal ultrasonic probe coupled to

a homemade ultrasonic generator with an output power of 750 W, wave amplitude of 50% and variable

frequency in the range of 15–50 kHz. To verify the influence of the ultrasonic treatment, different

treatment times of 30, 45, 60, and 90 min were applied. Unmodified and modified TiO2/ZnO

nanoparticles were characterized by FTIR, TGA, XRD, SEM, and XPS. From the results, obtained from the

physicochemical characterization, in the ZTO90 and ZTL90 samples a greater modification was shown.

The SEM images showed that a coating was present on the surface of the ceramic particles of the ZTL90

sample. The O 1s deconvolution in the XPS spectra indicates a greater presence of C]O bonds in the

ZTL90 sample. In parallel, the sample ZTL90 presented 85 and 89% adsorption efficiency for MB and

rhodamine B dyes in a time of 12 min, and important antibacterial activity against E. coli and S. epidermis

could be evidenced.
1. Introduction

The lack of quality water causes the death of 1.7 million infants
per year, due to diseases such as cholera, dysentery, and
malaria. In addition to the problems that a contaminated water
source brings, there are other contaminants, mainly chemical
waste from industry, including heavy metals, dyes, and surfac-
tants, whose presence represents a public health problem.
Water pollution is one of the problems that most afflict
humanity, this is a high priority issue because water is consid-
ered the main natural resource. Many industrial activities
release large amounts of water contaminated with organic
compounds that make up detergents, fertilizers, pharmaceu-
tical residues, pesticides, dyes, and colorants.1,2 Dyes are one of
the largest groups of environmental pollutants due to their wide
use in sectors such as electronic, textile, leather, paint,
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automotive, food, pharmaceutical, printing, paper, solar panel,
etc.3,4 Colorants and dyes are made up of highly complex
aromatic unsaturated chemical structures, due to their high
stability. Dyes degradation products are found to be toxic,
mutagenic, and carcinogenic.5 The risk associated with these
contaminants is related to their persistence in a natural envi-
ronment even at a low concentration.6 Thus, the removal of dyes
from effluents has been given utmost importance.7 Methylene
blue (MB) and rhodamine B (RB) are basic heterocyclic dyes
used extensively in the dyeing of various cotton, silk, paper,
leather, etc.8 Both dyes cause serious environmental problems
due to their high toxicity and accumulation in the
environment.9

Currently, techniques have been developed especially for the
treatment and removal of contaminants, such as membrane
ltration techniques, ion exchange, chemical precipitation,
electrocoagulation, coagulation, occulation, reverse osmosis,
nanoltration, absorption, activated carbon, coagulation–oc-
culation, electro occulation, photocatalysis of metal degrada-
tion, adsorption.10 One option to improve these water treatment
techniques is to use new nanostructured materials with anti-
bacterial and adsorbent properties. Some of these nanometric-
sized materials have characteristics that would greatly help to
exert a barrier against bacteria and to adsorb organic molecules,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Identification of the samples according to treatment time

Sample
Time of
sonication (min) Acid employed

ZT 0 None
ZTO30 30 Oxalic acid
ZTO45 45 Oxalic acid
ZTO60 60 Oxalic acid
ZTO90 90 Oxalic acid
ZTL30 30 Lactic acid
ZTL45 45 Lactic acid
ZTL60 60 Lactic acid
ZTL90 90 Lactic acid
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of which some dyes are composed.11 Regarding ZnO, it is
a useful material to remove contaminants in water, due to its
high chemical stability, high photocatalytic efficiency, direct
bandgap, anisotropic growth, high electron mobility, and
simple controlling of its morphology.12–14 One of the advantages
of ZnO over TiO2 is the much larger electron mobility which
contributes to larger photocatalytic efficiency in the photo-
degradation of surrounding pollutants due to rapid electron
transfer.15 However, to improve the adsorption of dyes on metal
oxides, it is necessary to modify the surface of TiO2 and ZnO
with organic acids such as oxalic acid or lactic acid by
ultrasound-assisted. Acid molecules can penetrate the cell wall
of bacteria increasing their bactericidal capacity, this depends
on their dissociation capacity. The controlled modication of
surfaces by organic molecules has a high potential to improve
material properties.

For the surface modication of nanoparticles, there are
different techniques depending on their nature, such as
conventional heating, microwaves, plasma, and ultrasound.
The latest three are considered as green chemistry techniques
that do not generate reaction by-products and optimize the
consumption of reagents, which is the reason that they are
considered environmentally friendly surface activation ener-
gies.16 The use of ultrasound helps to activate chemical bonds,
and to promote faster functionalization through sonochemis-
try, which has an unconventional energy source that is used to
agitate particles in solution. High-frequency ultrasound corre-
sponds to high-power (low-frequency) ultrasound, found
between 20 and 100 kHz, and can reach frequencies of up to 2
MHz.17 In liquid systems, it has been explained that the
chemical and physical effects of ultrasound are a consequence
of the phenomenon of acoustic cavitation. Acoustic cavitation
occurs as a response to the decrease in pressure, due to the
propagation of an acoustic wave.18

There are several approaches to nanoparticle modication,
for example, the study by Nakayama et al. on themodication of
TiO2 with carboxylic acids and amines;19 Qu et al. chemical
modication of TiO2 with carboxylic acids by solvothermal
reaction;20 Da Silva et al. reported surface modication of ZnO
nanoparticles with (3-glycidyloxypropyl) trimethoxysilane by
sol–gel,21 and Hong et al. ZnO nanoparticles were graed onto
polystyrene through typical solution polymerization.22 So far,
there is no study on the modication of both TiO2/ZnO nano-
particles using variable frequency ultrasound energy. Based on
the above information, it was proposed to carry out the modi-
cation of TiO2/ZnO nanoparticles using renewable organic
acids using variable frequency ultrasound to improve the
adsorption and antibacterial properties of MB and rhodamine B
dyes.

2. Experimental section
2.1 Reagents and materials

The nanoparticles ZnO were purchased from Sigma Aldrich
(<100 nm), nanoparticles TiO2 anatase phase (21 nm), MB,
rhodamine B from Sigma Aldrich, distilled water with a pH of 7
was used as a solvent to obtain the aqueous solutions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.2 Chemical modication of nanoparticle TiO2/ZnO by
ultrasound-assisted

50 mL of deionized water were added to a beaker and 10 g of
oxalic acid or 10 mL of lactic acid were added, which were
dispersed in an ultrasound bath for 15 min at 40 �C. Then, in
a 0.25 : 1 ratio, ZnO and TiO2 nanoparticles mixture were added
to this solution, which was previously dispersed in 50 mL of
deionized water using an ultrasound bath for 15 min at 40 �C.
We used this molar ratio because a previous study indicated the
highest photocatalytic activity was obtained.23

The mixture obtained from the two solutions was subjected
to ultrasound treatment with a catenoidal ultrasonic probe
coupled to a homemade ultrasonic generator with an output
power of 750 W, wave amplitude of 50%, and variable frequency
in the range of 15–50 kHz, at different times (30, 45, 60, and 90
min). All treatments were carried out at a temperature of 37 �C.
At the end of the reaction, the solution was heated on a hot
stage at a constant temperature of 80 �C for 20 min. Subse-
quently, it was ltered and washed several times, the nano-
particles were placed in an oven to dry at 80 �C for 24 h. Table 1
shows the identication of the nanoparticles TiO2/ZnO
according to the acid and treatment time.
2.3 Characterization

The materials obtained were characterized by infrared spectros-
copy using the Nicolet Magna 550 spectrometer with 10 scanners
and a resolution of 16 cm−1, in the range of 400 to 4000 cm−1. For
thermogravimetric analysis, the equipment used was, Dupont
Instruments model 951 (TA Instruments), operated at a heating
rate of 10 �C per main in a nitrogen atmosphere with gas ow of
50 mL min−1. The approximate weight of samples of 10 mg was
analyzed in the interval of temperature from 25 to 800 �C. The X-
ray diffraction (XRD) patterns were obtained using a diffractom-
eter Siemens D5000, (KS Analytical Systems, Aubrey, TX, USA)
operated at 35 kV and a current intensity of 20 mA. Samples were
scanned in an angular range of 10–80� degrees (2q). X-ray
photoelectron spectroscopy (XPS) was carried out using a study
was realized in the K-ALPHA spectrophotometer Thermo Scien-
tic, model XL-30 Phillips instrument with an accelerating
voltage of 5–25 keV with a monochromatic X-ray source with
a binding energy of 0–1350 eV and a depth of 400 mm, there is no
pre-treatment to the samples.
RSC Adv., 2022, 12, 28494–28504 | 28495
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2.4 Adsorption

The adsorption experiments were carried out by adding 20 mL
of the 200 mg per solutions (MB or rhodamine B) and 20 mg of
the nanoparticles to a beaker at room temperature for 12 min
under stirring at 200 rpm, previously the nanoparticles were
dispersed for 5 min in an ultrasonic bath. Then, every 2 min an
aliquot (MB or rhodamine B solution) was taken from the
experiment, nally the nanoparticles are separated by centri-
fugation and were analyzed by UV-vis spectroscopy at 664 nm
for methylene blue and 564 nm for rhodamine B. All experi-
ments were performed in triplicate. The adsorption efficiency
percentage was calculated according to eqn (1):

% adsorption efficiency ¼ Ci � Ce

Ci

� 100 (1)

where Ci and Ce are initial and nal concentrations, respec-
tively. The adsorption capacity of the nanoparticles was calcu-
lated with eqn (2) at equilibrium:

qe ¼ ðCi � CeÞV
m

(2)

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

2.5 Desorption studies

The desorption and regeneration of the adsorbents for methy-
lene blue and rhodamine B dyes were studied for four succes-
sive cycles. In each cycle, the adsorbents were loaded withMB or
rhodamine B by mixing 20 mg of the sample with 20 mL of the
200 mg L−1 concentration of dye at room temperature. The
mixture was shaken for 12 min. The samples loaded with MB or
rhodamine B were separated by ltration. The percentage
removal of the regenerated materials was determined by the
same method mentioned above.

2.6 Antibacterial assay

Antibacterial activity tests were carried out with Escherichia coli
(ATCC 25404) and Staphylococcus epidermis (ATCC 12228)
Fig. 1 FTIR spectra of (a) ZTO and (b) ZTL.

28496 | RSC Adv., 2022, 12, 28494–28504
bacteria, using the disk diffusion method.24 For E. coli, the
inoculum was prepared from a culture from the previous day, 3–
5 colonies were transferred to 5 mL of Luria Bertani broth (BD
Bioxon, Mexico) and incubated at 35 �C for 8 h. Aer the
incubation time, the suspension was diluted to a concentration
equivalent to the 0.5 McFarland standard. For S. epidermis, the
preparation of the inoculum was by direct suspension of colo-
nies in nutrient broth until reaching a concentration equivalent
to the 0.5 McFarland standard. Finally, with the prepared
inocula, the Petri dishes previously prepared with Mueller–
Hinton agar were inoculated and the samples were placed at ZT,
ZTO90, and ZTL90, which were pressed in the form of discs
(measurement of the disc), the boxes Petri were incubated at
35 �C for 18 h. Aer the time, the inhibition halos were
analyzed. Everything was performed aseptically in duplicate.
3. Results and discussions
3.1 Fourier transform infrared FTIR (ATR)

The infrared FTIR spectra obtained for the unmodied and
oxalic acid-modied TiO2/ZnO nanoparticles are shown in
Fig. 1a. In the spectrum of unmodied TiO2–ZnO nanoparticles,
no signals are observed in the 3300 cm−1 region, while in the
spectra of oxalic acid-modied TiO2–ZnO nanoparticles,
broadband is observed in the 3371 cm−1 region, which corre-
sponds to the vibrations due to stretching of the –OH bonds.
The band present in the region of 1625–1630 cm−1 corresponds
to the C]O stretching vibrations. The dened bands found
between the region of 1324 and 1360 cm−1 correspond to the C–
O bonds. The characteristic bands of titanium dioxide (Ti–O–Ti)
are located at 700–850 cm−1.25 In the region of 400–500 cm−1

stretching vibrations of the Zn–O bond are found.26 Fig. 1b
shows the spectrum of the TiO2–ZnO nanoparticles without ZT
modication, only broadband is observed in the region of 400–
500 cm−1, while in the spectra of the TiO2/ZnO nanoparticles
modied with lactic acid, a broadband is shown in the region of
3150–3175 cm−1, which correspond to the vibrations due to
stretching of the –OH bonds. It is observed in the samples
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TGA plots of, (a) ZTO and (b) ZTL.
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ZTL30, ZTL45, and ZTL90, however, in the sample ZTL90 it
presents two bands one at 3358 cm−1 and 3171 cm−1 corre-
sponding to the stretching of the OH bond. The band present in
the region of 1573–1579 cm−1 corresponds to the C]O
stretching vibrations and is present in all samples. The peaks
around 1450 and 1100 cm−1 correspond to the C–O–C bonds.
The bands observed in the region of 730–850 cm−1 are charac-
teristic of titanium dioxide (Ti–O–Ti). The bands shown in the
region of 400–500 cm−1 correspond to the stretching vibrations
of the Zn–O bonds. These results indicate that the methodology
used to modify the TiO2–ZnO nanoparticles with oxalic acid and
lactic acid was correct and time is an important factor because it
is observed that the longer the ultrasound time, the better the
resolution of the bands. Hong et al. supercially modied ZnO
nanoparticles with polystyrene. In their study, peaks around
1454 cm−1, and 631 cm−1 are reported, which indicate the
modication of the ZnO nanoparticles. The authors used
heating and a ask equipped with a reux condenser for 3 h
(ref. 22) to modify. The application of ultrasound helps to
reduce the reaction time. The results in both FT-IR spectra
indicate that the carboxylic groups have been introduced to the
surface of the nanoparticles.
3.2 Thermogravimetric analysis (TGA)

Fig. 2a it can be seen that unmodied TiO2–ZnO nanoparticles
(ZT) present a weight loss of 2.04% from room temperature to
150 �C, nanoparticles modied with oxalic acid using ultra-
sound, present different trend and the rst weight loss is 10.2%,
which can be attributed to water loss. The second weight loss is
12.62% and is observed between 150–350 �C attributed to
functional oxygen groups. And the third loss is 25.3% and is
between 350–450 �C, which can be attributed to the loss of
organic compounds.27,28 From 400 �C a stable temperature is
found, this may be because the TiO2–ZnO nanoparticles modi-
ed with oxalic acid at that temperature no longer have any
organic group attached to the surface.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 2b shows the thermograms obtained by TGA for the
unmodied TiO2–ZnO nanoparticles and those modied with
lactic acid using mechanical agitation and ultrasound at 30, 45,
60, and 90 min. It can be seen that the unmodied TiO2–ZnO
nanoparticles (ZT) show a weight loss of 1.9% between 50–100
�C, while the samples (ZTL60, ZTL0, ZTL45) show the same
trend, which can be attributed to water loss. The second weight
loss is 17.5% and is between 100–250 �C and the third loss is
31.4% and is between 250–400 �C, which are attributed to the
loss of organic compounds.

The fourth loss is 35.4% within 400–600 �C and can be
attributed to the degradation of oxalic acid on the surface of the
nanoparticles. In the case of (ZTL30) and (ZTL90) the thermo-
grams present different weight losses, the rst loss is for
(ZTL30) it is 2.7%, for (ZTL90) it is 13.5%, which is between 50–
150 �C, which is attributed to water loss. The second loss is 7.4%
(ZTL30) and 22.5% (ZTL90) between 150–250 �C corresponding
to desorption of small molecules from the modication process
or even some functional groups weak attachment in the nano-
particle surface, the third loss is 11.2% (ZTL30) and 42.5%
(ZTL90) between 250–450 �C, which are attributed to the loss of
organic compounds. The fourth loss is 11.7% (ZTL30) and
45.7% (ZTL90) between 400–600 �C, which can be attributed to
the degradation of lactic acid on the surface of the nano-
particles. As of 600 �C, the TiO2–ZnO nanoparticles modied
with lactic acid no longer present changes in their structure.
Fig. 2a shows that oxalic acid functionalized with nanoparticles
is more thermally stable, due to the structure of two carbonyl
groups with double bonds that stabilize chemically, whereas
lactic acid functionalized with nanoparticles has only one
carbonyl group.

Table 1 shows the percentages of weight loss of the modied
nanoparticles, where it is observed that the ZTO90 and ZTL90
samples show a higher percentage of weight loss, due to the
amount of organic functional groups added. Nakayama et al.
studied the modication of TiO2 nanoparticles with propionic
acid and n-hexylamine and determined the total attachment rate
RSC Adv., 2022, 12, 28494–28504 | 28497
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Table 2 Total attachment rate of surface-modifier on TiO2–ZnO
unmodified and modified with oxalic acid or lactic acid by sono-
chemistry treatments for 30, 45, 60 and 90 min

Sample
Total attachment
rate of surface modier (%)

ZTO30 23.31
ZTO45 25.27
ZTO60 23.32
ZTO90 28.63
ZTL30 9.75
ZTL45 34.34
ZTL60 30.63
ZTL90 43.73
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of surface-modier on TiO2 nanoparticles was estimated based
on TGA data with the aid of simple expressions.19 In this study, it
was determined using eqn (3) and the results are presented in
Table 2. The results of the ZTL samples stand out with
a percentage ranging from 9 to 43% of the modier attached rate
on the surface of the nanoparticles, both with oxalic acid and
lactic acid is achieved surface modication of nanoparticles.

Eqn (3).

Total attachment rate of surface modifier on TiO2ZnO ¼ weight

loss of surface modified TiO2ZnO − weight loss of pristine

TiO2ZnO (3)

3.3 X-ray diffraction

In Fig. 3a the XRD patterns of the ZTO samples at different
times are presented. The spectra present two peaks at 23� and
18� in 2q that corroborate the chemical modication with oxalic
acid. It is observed that by increasing the ultrasound time
intensity the peaks are more intense, in the ZT sample, which is
the unmodied TiO2/ZnO nanoparticles show these peaks. The
Fig. 3 XRD patterns of, (a) ZTO, and (b) ZTL different sonication times.

28498 | RSC Adv., 2022, 12, 28494–28504
diffraction patterns of the ZTL samples are observed, in Fig. 3b
in the region of 22� to 15� 2q, four peaks are shown that increase
the intensity of these peaks when the time of exposure to
ultrasound increases, due to the incorporation of groups func-
tional or the polymerization of lactic acid. Because it is in an
aqueous medium and can lead to a condensation reaction due
to the presence of metal oxides that help to carry out the poly-
merization and ultrasound energy.29 PLA presents some char-
acteristic peaks at 2q ¼ 16�, 18� corresponding to the (203)
plane, 21�, 22� corresponding to the (015) lattice plane, which
can be assigned to the crystalline structure of this polymer,
these peaks are presented in the diffraction patterns when the
nanoparticle is functionalized with lactic acid. Turki et al.
studied the modication of hydroxyapatite with lactic acid, they
report a low affectation in the crystallinity of hydroxyapatite, the
same occurs in this study since said affectation is not observed
in the TiO2/ZnO nanoparticles.30
3.4 Scanning electron microscopy (SEM)

The dispersion and morphology of the TiO2 and ZnO particles
before and aer the modication and the effect of ultrasound,
studied by SEM.

Fig. 4 shows the SEM image for the ZTL sample at 20 000�.
Which did not have any treatment, where hemispherical relief
particles forming agglomerates can be observed, which occur
due to the nanometric size of the particles. Electrostatic and
adhesion forces that can occur when combining materials of
these dimensions are already used. For ceramic materials such
as TiO2, the level and stability in an agglomeration are largely
dependent on environmental chemistry and abiotic factors that
affect the agglomeration, such as the divergence of the nano-
particle isoelectric point (pH at which the particle shows
a neutral surface charge) that leads to electrostatic repulsion
between particles, thus decreasing agglomeration.31
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM image of ZT sample.

Fig. 5 (a) Micrograph of ZTO90 by scanning electron microscopy. (b)
Micrograph of ZTL90 by scanning electron microscopy.
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Images of the ZTO90 and ZTL90 samples were taken. For the
samples modied with oxalic acid at 90 min (ZTO90) at 20 000�
magnications, they are presented in Fig. 5a, it was observed
that on the surface of the mixture of particles, a white coating
was deposited, which can be attributed to the acid coating with
which the particles were modied. Cabello et al. have modied
nanoparticles with oxalic acid, nding the presence of a white
coating consisting of oxalic acid in the SEM micrographs at
150 00�, this by modifying carbon nanotubes using ultrasound
energy at the tip of 120 W, amplitude of 50% and 20 kHz.32

In Fig. 5b the image at 20 000� of the ZTL90 sample is
shown, in this image it can be seen that the particle size
decreased concerning the ZTO90 sample and the reference
blank, therefore see particles with smaller sizes and some small
agglomerates covered by a white layer corresponding to poly-
lactic acid.

It has been reported that organic acids (humic and fulvic
acids) can similarly decrease agglomeration due to nanoparticle
coating, leading to steric stabilization.33

Some studies have reported the use of variable frequency
ultrasound with other results of dispersion of TiO2 particles in
PE polymeric matrices.34

In the case of this modication that is carried out with lactic
acid. The medium where the reaction was carried out is a liquid
© 2022 The Author(s). Published by the Royal Society of Chemistry
corresponding to a saturated solution of the corresponding
acid, and by aping variable frequency ultrasound ranging from
15 to 50 kHz, allows vibration at different frequencies and
energies to carry out the modication of TiO2 and ZnO. Like-
wise, according to phenomena that can occur when having
different frequencies in ultrasound, the cavitation-induced
bursting due to the energetic vibrations of ultrasound-sound
irradiation, leads to the formation of ultrasound waves of
high pressure.35

3.5 Photoelectron spectroscopy (XPS)

To observe the chemical environment of the oxygen atoms and
their coordination with other elements when carrying out the
modication of the ceramic particles with carboxylic acids, the
deconvolution was performed for the O 1s of the samples ZT,
ZTO90, and ZTL90 (Fig. 6a–c).

Oxygen deconvolution for sample ZT showed 3 components
related to C]O bonds at 532.38 eV, also with C–OH interactions
530.84 eV and at 530.22 eV correspond to metal oxides that can
be Ti–O or Zn–O that exist in ceramic materials of this type.36–39

Similarly, in the ZTO90 sample, three signals corresponding to
C]O, C–OH and, metal oxides were detected at binding energy
values of 532.18, 530.70 and, 530.10 eV. For the ZTL90 sample,
a more intense signal corresponding to the C]O bonds could
be observed at 532.18 eV compared to the reference sample and
the one modied with oxalic acid, indicating that polylactic acid
could form a greater amount of C]O double bonds aided by
variable frequency ultrasound energy.

These same components have been widely reported for O 1s
deconvolutions but in other types of materials used as acid
coatings.40

Based on TGA, FT-IR, DRX, and XPS results Fig. 7 show
a possible scheme for surface change of TiO2/ZnO. The presence
of functional groups such as carbonyl, hydroxyl on the surface
of the nanoparticle are observed in the FT-IR spectra, likewise
the weight loss in the TGA demonstrates the presence of organic
compounds in the surface of nanoparticles. The possible link
between the nanoparticles and the carboxylic groups is the
simple hydrogen bond.

3.6 Dye adsorption

3.6.1 Percentage of adsorption efficiency of methylene blue
(MB) and rhodamine B as a function of time. Contact time is an
important parameter in the adsorption process. Fig. 8a shows
the results of the adsorption experiment with MB aer 7 min. It
stabilizes, achieving an adsorption efficiency of 75% with the
unmodied ZT sample. While the modied samples ZTO90 and
ZTL90 achieve an efficiency of adsorption of 82 and 85%
respectively at a time of 12 min. Which indicates that the
chemical modication of the TiO2–ZnO nanoparticles helps the
adsorption of methylene blue. The nanoparticles were previ-
ously dispersed in 5 mL of water in an ultrasound bath for
5min. The use of ultrasound in the adsorption process has been
shown to help improve adsorption efficiency, and reduce time,
energy and cost in the removal of organic contaminants.41

Fig. 8b shows the results of the adsorption efficiency for the dye
RSC Adv., 2022, 12, 28494–28504 | 28499
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Fig. 6 Deconvolution para el O 1s de las muestras (a) ZT, (b) ZTO90 y (c) ZTL90.
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rhodamine B sample ZTO90 and ZT has the same removal
percentage of rhodamine B is 64%, however, sample ZTL90 has
a higher removal percentage of 89%. This is due to the degree of
chemical modication that it presents with the incorporation of
carboxylic groups that interact with the rhodamine B molecule
through interactions or bonds that occur between the nano-
particles and the dye. Xiao et al. suggest that adsorbing or
desorbing dyes such as rhodamine B produce or disappear
hydrogen bonds, and electrostatic interactions.42 Hassani et al.
studied the modication of nanoparticles for ultrasound-
assisted adsorption of orange acid and red acid, achieving an
adsorption efficiency of 89 and 82%, respectively, in a time of 25
Fig. 7 Possible chemical modification TiO2/ZnO with lactic acid and
oxalic acid.

28500 | RSC Adv., 2022, 12, 28494–28504
min.43 In this study, it was possible to reduce the time for the
removal of dyes such as MB and rhodamine B.

3.6.2 Adsorption isotherm models. The interaction
between solute and adsorbent in an aqueous solution is
described by adsorption isotherms. Table 3 summarizes the
parameters of the calculated adsorption isotherms for the dyes.
The values of R2 in the case of the MB dye were closer to 1 than
the Langmuir isotherm, which suggests that it better describes
the adsorption process, there are homogeneous adsorption
sites forming a single layer.44 On the other hand, in the
rhodamine B dye, a different model is suggested by the
Freundlich isotherm, which is based on the fact that the
concentration on the surface of the adsorbent increases as the
concentration of the adsorbate increases, describing a multi-
layer adsorption process for heterogeneous surfaces.45,46

3.6.3 Desorption studies. Fig. 9 shows the results of the
desorption effect aer 4 cycles, indicating that the ZTL90
material presented better regeneration for both MB and
rhodamine B than the ZT and ZTO90 material. Wu et al. studied
the regeneration of cassava slag material with the dye rhoda-
mine B aer 5 cycles with a contact time of 720 min, and an
elimination rate of 93% was achieved.47 In this study, a regen-
eration of modied nanoparticles was achieved in a contact
time of 12 min. With a removal rate of 75%.

3.6.4 Comparative adsorption studies. Table 4 summarizes
the adsorption studies of other materials described in the
literature; the removal percentage and contact time are pre-
sented. Contact time is an important factor in the adsorption
process as it reduces costs and makes the process more effi-
cient. It can be concluded that the ZTL90 material is an excel-
lent material for the adsorption of dyes since in 12 min it
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The adsorption efficiency of ZT, ZTL90 and ZTO90 (MB concentration¼ 200mg L−1, nanoparticles content¼ 20mg/20mL, T¼ 25 �C
and 12min). (b) The adsorption efficiency of ZT, ZTL90 and ZTO90 (rhodamine B concentration¼ 200mg L−1, nanocomposite content¼ 20mg/
20 mL, T ¼ 25 �C and 12 min).

Fig. 9 (a) Effect of desorption cycles on methylene blue removal (MB concentration¼ 200mg L−1, nanoparticles content¼ 20 mg/100mL, T ¼
25 �C and 12 min) or (b) rhodamine B (concentration ¼ 200 mg L−1, nanoparticles 20 mg/100 mL and t ¼ 12 min).
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obtains an elimination percentage greater than 80%, while
other materials require an hour or more to obtain said perfor-
mance. The ultrasound energy not only helps the chemical
modication of the nanoparticles but also the adsorption since
Fig. 10 Bar graph showing the inhibition zone (mm) by antibiotic
(gentamicin), ZT, ZTO90, and ZTL90 on the growth of E. coli and
image of zone inhibition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the dispersion of the nanoparticles with the ultrasound incre-
ment the contact area and benets the reduction of the time in
the elimination of dyes.

3.7 Antibacterial properties

The antibacterial activity was evaluated against two bacteria,
Gram negative (Escherichia coli) and Gram positive (Staphylo-
coccus epidermis), using the Kirby–Bauer method. The ZTO90
sample did not show inhibition against Escherichia coli and
Staphylococcus epidermis, which is attributed to the fact that
oxalic acid is a dicarboxylic acid, which has a very acidic pH and
is considered one of the strongest organic acids. It also acts as
a chelator with metal ions, which can prevent the ions from
being absorbed into the cell wall of the bacteria and from
exhibiting antibacterial activity.52

The difference in the inhibition zone of the ZT and ZTL90
samples was evaluated since only inhibition halos were present
in these samples. It was observed that nanoparticles modied
with lactic acid using ultrasound for 90 min (ZTL90), have the
largest diameters of inhibition against Staphylococcus epidermis
RSC Adv., 2022, 12, 28494–28504 | 28501
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Table 3 Parameters of the isotherm constants and correlation coef-
ficients were calculated for MB and rhodamine B adsorption

Methylene blue

Sample

Langmuir Freundlich

k qmax R2 n if R2

ZT 0.03 95.6 0.9756 0.66 6.91 0.9698
ZTO90 0.02 59.6 0.9767 0.57 6.27 0.9494
ZTL90 0.12 90.3 0.9629 0.16 9.70 0.705

Rhodamine B

Sample

Langmuir Freundlich

k qmax R2 n Kf R2

ZT 0.29 21.58 0.8637 0.37 5.88 0.9655
ZTO90 0.23 19.31 0.8902 2.3 14.58 0.9854
ZTL90 0.13 50.7 0.8796 0.76 6.95 0.9818

Table 4 Removal percentages dyes (MB and rhodamine B), compar-
ative studies

Material
Methylene blue
(removal %)

Rhodamine B
(removal %) Time (min) Ref.

Ag–TiO2 90 90 120 48
ZnO/Nylon 6 93 — 60 49
TiO2/MgZnA 85.88 93 120 50
Co3O4/ZnO 91 86 90 9
Ag@ZnO/TiO2 99.85 99 60 51
ZT 75 64 12 This study
ZTO90 82 64 12 This study
ZTL90 85 89 12 This study

Fig. 11 Bar graph showing the inhibition zone (mm) by antibiotic
(gentamicin), ZT, ZTO90, and ZTL90 on the growth of S. epidermis and
image of zone inhibition.
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Fig. 11. Menazea et al.53 studied the antibacterial activity of PVA/
chitosan matrix doped by selenium nanoparticles against Gram
positive and Gram negative bacteria, they attribute the anti-
bacterial activity to the penetration of the cell wall by selenium
nanoparticles. As can be seen in the two tests against Escherichia
coli (Fig. 10). The antibacterial effect of TiO2 nanoparticles is
associated with the decomposition of the bacterial outer
membrane due to the interaction with reactive oxygen species,
mainly hydroxyl radicals that lead to phospholipid peroxidation
and eventually cell death. While the antibacterial activity of ZnO
nanoparticles is directly related to the concentration and
particle size.54 It should be noted that in the case of E. coli, the
zone of inhibition was smaller than that of the antibiotic
compared to S. epidermis. This is due to the fact that it is pre-
senting resistance to the E. coli bacteria. It is becoming more
andmore common to nd certain resistance to antibiotics. That
is why new materials are being sought; new drugs that help
inhibit bacteria that present resistance. The ZTL90 material can
be an alternative for the inhibition of bacteria on surfaces and
in water.
28502 | RSC Adv., 2022, 12, 28494–28504
4. Conclusions

In this study, TiO2/ZnO nanoparticles were modied using vari-
able frequency ultrasound, it was determined that the optimal
time for modication with organic acids is 90 min. The FT-IR
spectra showed the signals corresponding to the bonds of
carboxylic acids, this is corroborated by the study through the
deconvolution of oxygen using the XPS technique. The variable-
frequency ultrasound energy not only helped the chemical modi-
cation of the nanoparticles but was also used for the dispersion
of the nanoparticles in the study of dye adsorption, which allowed
a greater contact area between the adsorbent material and the
solution. Of the colorant, therefore, it was possible to reduce time,
energy, and cost. According to the characterizations carried out, it
can be said that the best result was presented for the ZTL90
sample in the application of dye adsorption and antibacterial
properties against bacteria such as E. coli and S. epidermidis. With
respect to the study of the adsorption of dye, the percentage of
adsorption efficiency was excellent with the sample ZTL90
achieving 85 and 89% adsorption of MB and rhodamine B in
12 min. The values and time obtained were greater than other
materials. This study contributes to the adsorption of dyes using
modied TiO2/ZnO nanoparticles using an environmentally
friendly technique such as ultrasound, these new materials are an
alternative for the manufacture of lters based on non-woven
fabric for the removal of contaminants in water.
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49 M. Andrade-Guel, C. A. Ávila-Orta, C. Cabello-Alvarado,
G. Cadenas-Pliego, S. C. Esparza-González, M. Pérez-
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