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Abstract

In this work, ZnO quantum dots (ZnOQD) were synthesized by Sol–gel synthe-
sis and impregnated on polylactic acid (PLA) knitted fabric through self-

assembly of different cycles from layer-by-layer (LBL) using cationic agent

Poly(diallydimethylammonium chloride) (PDDA). Then, morphological, chemi-

cal and photocatalytic properties were studied. The results demonstrate that the

synthesis provided 8 nm Wurtzite-type ZnO nanoparticles. In addition, X-ray

photoelectron spectroscopy (XPS) spectra, X-ray diffraction (XRD) and scanning

electron microscopy (SEM) proved the inclusion of ZnOQD on the surface of

PLA matrix, which allowed the evaluation of its photocatalytic properties, there-

fore, coated PLA with five cycles of ZnOQD obtained the best result for

degrading 85% of the dye Rhodamine B (RhB) in 360 min under UV radiation,

in addition to its reusability for another five cycles of photocatalytic activity.
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1 | INTRODUCTION

In the last few years, the use of dyes in the textile and
leather industry has declined, but even so their produc-
tion remains large due to the applications of the world of
fashion, interior design and plastics. It is estimated that
more than 800,000 tons, representing 3000 types of dyes,
are produced annually for applications in textile

processes, and the lack of efficiency and optimization of
these production processes causes the release of about
10%–15% of these dyes in the environment as generators
of complex textile effluents.1,2 As a result, up to 84,000
tons of dyes can be lost in water, 90 million cubic meters
of water are used annually in the production of these
dyes as well as in their application in the textile and
leather industries. These processes end up being
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responsible for the production of 20% of the industrial
effluents that pollute the waters.3,4 To reduce water pol-
lution with dyes, several treatments are proposed such as
flocculation,5 adsorption,6 photocatalysis,7 among others.

Photocatalysis has been used as an excellent technol-
ogy to eliminate numerous organic pollutants from differ-
ent wastewater and convert them into non-toxic
substances. This technology mainly uses semiconductor
metal oxides as photocatalysts. These oxides have the
purpose of degrading organic molecules, such as dyes.8

The photocatalysis in the presence of semiconductor
materials involves a reaction with free radicals initiated
by radiation. It is a process in which the semiconductor
irradiation produces photoexcited electrons and posi-
tively charged gaps. The photoexcitation of semiconduc-
tor particles by light with energy greater than the energy
gap of the semiconductor, generates an excess of elec-
trons in the conduction band and electronic vacancies
(gaps) in the valence band.9

There are countless semiconductor catalysts that can
be applied to dye photodegradation, such as zinc oxide
nanoparticles considered as an excellent photocatalyst in
the textile wastewater.10 Studies has shown that the photo-
catalytic efficiency of these nanoparticles substantial
increase in the photocatalytic activity of ZnO.11 Mohamed
et al. investigate solar photocatalytic performance of
ZnOQD in the degradation of synthetic dyes Dianix,
methyl orange and comassie brilliant blue R in textile
effluents.12–14 In a later work, this same group evaluated
the behavior of ZnOQD to photodegrade the carmine
indigo dye and the real effluent from an Egyptian textile
industry.15 Similarly, Khan and researchers reported the
photodegradation of methyl orange dye using ZnOQD
under UV irradiation.16 Chen obtained excellent results in
the study of ZnO nanoparticles for photocatalytic degrada-
tion of Azo dyes under UV irradiation.17

ZnO are type II-IV crystalline semiconductors that
have recently attracted great attention due to their pie-
zoelectric properties.13 These nanomaterials can be
applied to transistors, biosensors, LED's, photovoltaic
cells, antibacterial agents, and heterogeneous photo-
catalysis processes.18–23 The characteristics such as
structural defects, crystallite size and morphology are
due to ZnO having an energy gap of approximately
3.37 eV and a high energy binding of excitons
(60 meV).24 Furthermore, the ZnOQD have the three
dimensions of its nanostructure defined on a scale of
length between 1 and 10 nm, which provide quantum
confinement responsible for increasing its gap and, thus,
creating a sufficient distance for the coulombic attrac-
tion of transporters load is minimally null.25 This is an
essential characteristic for the excitonic effects to
become more expressive and fundamental in the ultravi-
olet radiation protection on textile fabric and

photocatalytic property.26,27 This property is the result
of electron migration to the material surface through
the focus of UV radiation and holes that react with the
oxygen in the medium, generating active sites forming
superoxides capable of degrading organic molecules dye
from wastewater, such as found in food and textile
industrial effluents.

Recent research has been carried out to evaluate the
photocatalytic activity of ZnOQD synthesized by the
solvothermal method with size between 8.4 and 9.6 nm. In
this work, the researchers verified the sample of smaller
size and synthesized at low temperature showed better
photocatalytic result, degrading the Dianix Blue dye at a
rate of 2.47 � 10�2 s�1.13 Wang presented that 96.7% of
RhB was degraded at the irradiation time of 150 min in
the presence of ZnOQD.28 However, this mechanism is
limited thanks to the rapid recombination of the ZnO hole
and electron pairs. In addition, ZnOQD powders
suspended in the organic dye degradation mechanism in
aqueous media may pose a potential risk to the ecosystem
due to the complexity of nanostructure retention.29 In
addition, its use in powder form would become an obstacle
in the reuse of inorganic semiconductor. One way to get
around these obstacles is to implement polymeric matrices
such as plastics and textiles. In addition to the retention of
nanostructures and the possibility of reuse in photo-
catalytic cycles, the polymeric material, due to its flexibil-
ity, can facilitate the inhibition of electron recombination
in the ZnO holes necessary for photodegradation.30

In this work, a new material based on ZnOQD coated
PLA fibers was produced, thus obtaining a nanocomposite
with photocatalytic properties. The colloidal ZnOQD solu-
tion was obtained by Sol–gel reaction and immobilized on
PLA knitted fabric by LBL self-assembly with cationic
polyelectrolyte. Morphological and optical analyzes of
ZnOQD were performed, as well as the PLA/ZnOQD
nanocomposite were evaluated for its photocatalytic prop-
erty on RhB dye under UV radiation.

2 | EXPERIMENTAL

2.1 | Materials and chemicals

PLA knitted fabric made in jersey-like structure,
182 g m�2 in grammage, average fiber diameter of
11.4 μm and 30 Ne. Zinc acetate dihydrate (Zn
[CH3COO]2.2H2O), potassium hydroxide (KOH) (99%),
ethanol (99.5%) were purchased from Isofar Chemical
Industry and used without further purification. RhB dye
(CAS number: 81-88-9) A.R. was purchased from
Labsynth (100%), to use in the photocatalytic evaluation.
The PDDA (300,000 g/mol; 20% wt in H2O) was pur-
chased from Sigma Aldrich.
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2.2 | Synthesis and purification of
ZnOQD

The ZnOQD was obtained by method proposed by
Pacholski,31 however, with some changes. 3.78 g of (Zn
[CH3COO]2.2H2O) were diluted in 162 ml of ethanol,
under vigorous stirring at 60�C, while 1.86 g of KOH
were solubilized in 88 ml of ethanol and ultrasonicated
for 5 min at room temperature.

Then, the KOH solution was added dropwise to the
precursor solution of Zn(CH3COO)2.2H2O, so that the
mixture is stirred vigorously at 60�C for 135 min, then
placed at rest until it reaches the temperature of 30�C. At
the end of this step, the resulting ZnOQD solution was
purified. First, this colloidal solution was washed with
ethanol in centrifugation at 4000 rpm for 20 min to sepa-
rate the quantum dots from the by-products of the
ZnOQD synthesis step. The decanted material is put to
dry in an oven at 70�C for 30 min, then a fine white pow-
der of ZnOQD is formed.

2.3 | LBL assembly coating

The procedure for making the ZnOQD coated PLA fabric
was performed using an automated LBL machine and
shown Scheme 1. The PLA fabric samples were cut to
6 x 6 cm measurements, previously washed as described
in section 2.1. Afterwards, they were immersed cyclically
in an aqueous solution of PDDA at 5 g L �1 with pH = 4

(cationic charge) and also, in the ZnOQD solution at
0.8 g L �1 with pH = 11 (anionic charge). The immersion
time in each cycle was 5 min.

With each immersion of the PLA in cationic and
anionic solutions, the samples were immersed in
deionized water for 2 min and, at the end of the cycles,
the PLA knitted coated were dried in an oven with air
circulation at a temperature of 70�C for 35 min. The sam-
ples under study in this work are named according to the
number of LBL cycles submitted. Thus, the samples in
ZN1, ZN3, ZN5, ZN7 and ZN9 were produced from 1, 3,
5, 7 and 9 coating cycles, respectively.

2.4 | Characterization

The structural properties of the ZnOQD, as well as their
presence in the PLA fibers, were analyzed by X-ray dif-
fraction (XRD). The apparatus used in the analysis was a
Bruker D2 Phaser diffractometer, scanning speed
0.02 deg min �1 and using a CuKa source, lattice parame-
ters of ZnOQD has been determined by Equation (1), (2),
(3) and (4)31,32:

dhkl ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 h2þk2þhkð Þ

3a2 þ l2

c2

q ð1Þ

a¼ λffiffiffiffi
3

p
senθ100

ð2Þ

SCHEME 1 Flowchart of the layer-

by-layer assembly coating [Color figure

can be viewed at

wileyonlinelibrary.com]
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c¼ λ

senθ002
ð3Þ

V ¼
ffiffiffiffiffiffiffi
3a2

p c
2

� �
ð4Þ

where dhkl is interplanar distance in the structure of hex-
agonal; h, k and l are Miller index; a and c are cell param-
eters; λ = 1.54 is wavelength of the x-ray radiation (Cu-
Kα radiation); θ100 and θ002 are Bragg's angle at (100) and
(002), respectively, and V is the volume cell for the hexag-
onal structure. The X-ray photoelectron spectroscopy
(XPS) measurement was made in an ultrahigh vacuum
VG Scientific ESCALAB 200A spectrometer using a
15 kV (300 W) monochromatic AlKα X-ray. All binding
energy (BE) values reported in the present work are with
the reference to carbon C1s core level at 284.6 eV. The
curve fitting of the high-resolution spectra was performed
with combined Gaussian–Lorentzian functions. Trans-
mission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) images were performed
with the JEM-2100 JEOL microscope operating at 200 kV
and having a resolution of 0.2 nm used to structural prop-
erties of ZnOQD. A drop of this solution was deposited
on the copper grid covered with a carbon film and placed
in the sample holder. Morphological properties of
nanocomposites were characterized by Field Emission
Scanning Electron Microscopy/Energy dispersive x-ray
spectroscopy (FESEM/EDS) analyses by Supra 35-VP,
Carl Zeiss where the surface of the samples was treated

with gold deposited in vacuum for 3 min. The optical
bandgap Eg was estimated from the UV-2600,
SHIMADZU spectrophotometer.

2.5 | Photocatalytic assay

The photocatalytic activity of samples was determined by
the discoloration of RhB dye in aqueous solution under
UV radiation. RhB dye is widely used as a model dye for
the standardization of photocatalytic nanomaterials.33,34

The dye is a cationic molecule and shows a molecular
absorption peak at 554 nm. The pristine PLA and ZN1,
ZN3, ZN5, ZN7 and ZN9 samples were cut to 45 x 10 mm
and fixed to the inner face of the cuvettes, as shown in
the Scheme 2. Each cuvette was filled with a 4 mL aliquot
of RhB at 5 ppm. Then, the samples were kept in contact
with the dye solution for 60 minutes in the dark to
achieve stabilization of adsorption–desorption in the PLA
knitted. The cuvettes were kept in a radiation chamber
positioned at an angle of 45� at a distance of 13 cm from
the lamps and at a temperature never exceeding 30�C.
The radiation chamber is made up of two 20 W fluores-
cent lamps from the Verivide brand and an 18 W ultravi-
olet black light bulb from Phillips, with emission spectra
between 330 and 400 nm. The chamber's radiation sys-
tem was 13 W m�2, monitored by a radiometer (HD9021,
Delta Ohm). The photocatalytic efficiency was monitored
by measuring the absorbance at the wavelength of
highest intensity of the dye (554 nm) as a function of the
irradiation time suffered (t) at 30 min intervals of

SCHEME 2 Photocatalytic assay scheme of coated samples with and without ZnOQD [Color figure can be viewed at

wileyonlinelibrary.com]
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collection, using a UV-Shimadzu spectrophotometer
310PC. The reaction kinetics of the discoloration of the
RhB solution for each nanocoating sample can be
described by Equation (5) fitted to a first order kinetic
model:

ln
C0
C

þk C0�Cð Þ¼ krKt ð5Þ

where C is the RhB concentration at time t, C0 is the ini-
tial concentration value, and K is the dye adsorption coef-
ficient and kr is the reaction kinetic constant.

3 | RESULTS AND DISCUSSIONS

3.1 | Morphologic properties of the
ZnOQD and ZnOQD coated PLA fabric

The x-ray diffraction pattern of the ZnOQD powder
obtained by precipitation synthesis in ethanol is shown
in Figure 1. The peaks at positions 2θ = 31.76�, 34.40�

and 36.23� are relative to the crystalline planes (100),
(002) and (101), respectively, exhibit high intensity while
the peaks of less intensity at positions 2θ = 47.58�,
56.63�, 62.88� 67.96�, 72.52� and 77.05�, are related to the
crystalline planes (102), (110), (103), (112), (004) and
(202), respectively, corresponding to planes of wurtzite
structure (JCPDS card: 05-0664), according to the litera-
ture.35,36 The results are presented in the supplementary
material (see Table S1) reveal a good agreement with
crystallographic database cited, which allows to clarify
the formation of ZnO appropriate to the parameters of
the unit cells and the reported crystalline structure.

The high intensity and narrow thickness of the peaks,
mainly in relation to the planes (100), (002) and (101) in
the XRD indicate a polycrystalline structural characteris-
tic of the ZnO nanoparticles powder.37 From the XRD
pattern it is evident the absence of peaks that do not
belong to the wurtzite phase, this demonstrates that pre-
cipitation synthesis formed ZnO nanoparticles without
other structures that differ from the ZnO wurtzite hexa-
gon. Moreover, the excess of ions (OH�) at pH between
10 and 11 can generate the formation of ZnO in zinc
hydroxide however, the hydrogen potential measurement
of the ZnOQD colloid resulted in pH 9.4, which corrobo-
rates the presence of an only phase on XRD. Although
there was no total nucleation of Zn(OH)2 in ZnO
nanoparticles, the centrifugation process allowed the
residual removal of the Zn(OH)2 growth units formed by
the reaction between zinc acetate and potassium hydrox-
ide, similar to what occurs in the mechanism reaction
using NaOH as reducing agent.35

The crystallite size of ZnOQD was determined using
debye–scherrer method based at peak of greatest inten-
sity of XRD pattern. As reported, the intensity is a dem-
onstration of preferential crystallographic growth during
the formation of nanoparticles.38 To evaluate the crystal-
lite orientation, a precise analysis of the crystallographic
structure was determined through the texture coefficient
(TChkl) based on the intensity values of each plane (hkl)
related to the referent peak of greater intensity (101) pre-
sent in XRD lattice of ZnO and the intensities of the letter
JCPDS 05–0664. Thus, TChkl was calculated following the
Equation (6).39

Rhkl ¼ Ihkl
P7
i
Ihikili

x 100 ð6Þ

where Rhkl is the relation between the relative intensity
Ihkl measured from the plane's reflection hkl, in percent-
age, and

P7
i
Ihikili is the sum of the reflections intensities

at planes (100), (002), (101), (102), (110), (103) and (112)
in XRD lattice. The Equation (7) definition to realization
of the texture coefficient calculation TChkl is introduced
in the following form:

TChkl ¼ Rhkl

RShkl
ð7Þ

where Rhkl and Rshkl are relative intensities corresponding
to plans with Müller Indices of ZnO XRD lattice and the
JCPDS 05-0664 crystallographic card, respectively. The
results of TChkl is presented in the supplementary mate-
rial (see Table S2), indicate a preferential orientation to

FIGURE 1 X-ray diffraction pattern of ZnOQD [Color figure

can be viewed at wileyonlinelibrary.com]
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the plane (002) with TC200 = 1.32 since TChkl >1 indi-
cates a preferred orientation along the plane (hkl) in
comparison with the distribution of ZnO nanoparticles.39

Based on texture coefficient results presented in Table S2
indicate that the nanoparticles have a preferred orienta-
tion along the plane (002), then used as a basis for crys-
tallite size using the Equation (8)40:

D¼ kλ
βcosθ

ð8Þ

where k = 0.9, λ = 0.154 nm, the x-ray wavelength, β is
full width at half maximum and cosθ is the Bragg's dif-
fraction angle corresponding to the plane (002). The aver-
age crystallite size calculated for the ZnO nanoparticles
obtained by precipitation was 9.14 nm.

The ZnO nanoparticles coated PLA knitted by LBL
assembly was investigated following the XRD patterns as
shown in Figure 2a. The presence of two peaks is
observed, one of greater intensity at Bragg's diffraction
16.5� corresponding to the plane (110/200) and the other
of lesser intensity at Bragg's diffraction 18.8�

corresponding to the plane (203), typical of an ortho-
rhombic crystal in the region crystal of the PLA fiber in
all analyzed samples.41,42 This observation demonstrates
the morphological properties of the polymer remains
unchanged after nanocoating process. Although there is
a conformity in the diffraction patterns between
untreated PLA knitted fabric and ZnOQD coated PLA
they are composed of amorphous polymeric structures
interspersed with crystalline polymeric regions, as shown
by Bragg's diffraction between 24� and 40� of the XRD in
Figure 2b, the samples ZN1, ZN3, ZN5, ZN7 and ZN9
nano-finished show diffraction peaks at Bragg's

diffraction 2θ = 31.9�, 34.4� and 36.2� attributed to the
(100), (002) and (101) planes, respectively, of the phase
ZnOQD wurtzite represented by @, #, and * symbols,
respectively.

The chemical compositions on surface of pristine and
PDDA functionalized PLA knitted fabric with ZnOQD
were analyzed by XPS in order to demonstrate possible
surface changes and the types of chemical bonds after the
LBL assembly process. Figure 3a,b shows the XPS pat-
terns of pristine of typical C1s and O1s core electron,
respectively. The C1s spectra of bare PLA is attributed to
three binding energies of 284.9, 286.5 and 288.7 eV to ali-
phatic carbon bond C C and/or to the methyl group
C H, C O bond and ester bond COO present in the
chain polymeric of PLA, respectively.43 The O1s spectra
deconvoluted peaks exhibit two major binding energy
peaks at 533.5 eV attributed to oxygen present in ester
bonds O C═O and peak at 531.9 eV attributed to C OH
bond corresponding to oxygen of aliphatic compound.44

Figure 3c shows the XPS pattern of PDDA functionalized
PLA fiber of N1s core level. The N1s spectra, deco-
nvoluted peaks are located at 398.8 and 399.4 eV attrib-
uted to nitrogen in the form of amine bonds C N and
N H, respectively, and peak at 400.37 eV assigned to N+

species in the PDDA of pyrrolidine ring which corrobo-
rates the presence of the polycationic agent on PLA fibers
surface, clearly the formation of the LBL nanocoating
with the polyelectrolyte due to the existence quaternary
ammonium groups in PDDA molecule.45 Figure 3d
shows the XPS patterns of PLA fabric after nine cycles of
LBL assembly coating which revels presence of Zn2p
peaks in all the samples. The Zn2p spectra deconvoluted
exhibit a peak centered on binding energy at 1021.5 eV
attributed to Zn 2p3/2 electrons of the ZnO,46 which con-
firms the ZnOQD deposition by LBL assembly on PLA
fiber. The spectra deconvoluted to O1s corel level
(Figure 3e) has a shoulder-shaped peak with a binding
energy centered on 531.8 eV corresponding to the
Zn OH bond for oxygen in water molecules present on
the ZnO surface.47 Moreover, the presence of the peak
with the highest binding energy at 530 eV corresponding
to Zn O bond can be attributed to the atoms present in
the wurtzite polycrystalline structure of ZnO.48

The Figure 4a shows TEM image with histogram of
nanocrystals size. The micrograph reveals uniform
nanoparticles in shape, almost spherical and hexagonal
with particle sizes ranging from 4 to 13 nm, however, the
histogram shows a distribution of average particle sizes
described by a Gaussian function, with a particles size of
8 ± 1.5 nm. In the HRTEM image (Figure 4b), displays a
nanoparticle whose spacing of 2.6 Å indicates the orienta-
tion of the growth of the ZnO nanocrystals toward the
plane (002). Furthermore, it can be seen that the SAED

FIGURE 2 XRD pattern of ZnOQD nanocoated PLA and

(b) enlargement of the XRD standard of ZN1, ZN3, ZN5, ZN7 e

ZN9 between 24� and 40�. PLA, polylactic acid; XRD, X-ray
diffraction [Color figure can be viewed at wileyonlinelibrary.com]
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of HRTEM (Figure 4c) shows concentric rings typical of
materials of a polycrystalline nature and of high crystal-
linity49 corresponding at atomic plans (100), (002), (101),
(102), (110) and (103) of ZnO wurtzite phase.50

The sample containing pristine (Figure 5a) shows a
clean, low-roughness microstructure and smooth in

appearance, typical found in regenerated fiber of this
type.51 FESEM micrographs of PLA fibers coated with
1 cycle (ZN1) (Figure 5b), 3 cycles (ZN3) (Figure 5c),
5 cycles (ZN5) (Figure 5d), 7 cycles (ZN7) (Figure 5e) and
9 cycles (ZN9) (Figure 5f) present layers of PDDA on the
longitudinal surface of the fiber after the nanocoating

FIGURE 3 C1s and O1s XPS spectra of (a-b) uncoated PLA fabric, N 1s XPS spectra of (c) PLA/PDDA and (d-e) Zn2p and O1s XPS

spectra of ZnOQD impregned on PLA fabric samples [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 (a) TEM and

particle size distribution,

(b) HRTEM and (c) SAED

pattern of ZnOQD. HRTEM,

high-resolution transmission

electron microscopy; SAED,

selected area electron

diffraction; TEM, transmission

electron microscopy [Color

figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 5 FESEM micrographs of the (a) pristine PLA and FESEM micrographs with insights followed by chemical-mapping for the

elements Zn and O of (b) ZN1, (c) ZN3, (d) ZN5, (e) ZN7 and (f) ZN9 samples [Color figure can be viewed at wileyonlinelibrary.com]
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process, indicated by red arrows. The immobilization pro-
cess via LBL promoted the deposition of ZnOQD on the
PLA fibers, a fact corroborated by the blue identification
for the Zn element from superficial elementary mapping
and Zn peak in the EDS spectrum (see Figure S1), shows
the microstructural superficial change of the PLA fiber
present. However, there is also the presence of Cl in the
samples, possibly caused by the formation of defect
points where there was an increase in the overlap of
PDDA layers as the number of LBL cycles increased,
therefore, regions of the fiber surface that did not receive
the layer. Polycation repel ZnO nanoparticles to migrate
to these defect points, forming aggregates.52 In addition,
the formation of hydroxylated metallic species, such as
Zn(OH)4

2�
(aq), Zn(OH)4

2�
(aq) and Zn(OH)3�(aq) ions, gen-

erated by the dissociation of ZnO (s) in an aqueous
medium containing NaOH increases the amount of dis-
persed components adsorb more protons on the surface
of the metal oxide. Thus, the substrate containing
adsorbed PDDA stays in contact with the anionic ZnO
solution for a longer time, reducing pH 11 to pH levels
close to the isoelectric point of the solution. It was found
that ZnO solutions at pH <11 remain unstable, as the
accumulation of dissolved cations induces an increase in
the average hydrodynamic diameter for the aggregation
of ZnO nanoparticles.53

Spectroscopy in the UV–vis region of the ZnOQD and
PLA knitted fabric with semiconductor were performed
to analyze the optical properties before and after the LBL
self-assembly coating process. Figure 6a shows the optical
gap band (Eg) of the pure ZnO nanocrystal related to its
UV–vis absorbance spectrum. It is observed that no other
peak besides the ZnO itself present in the UV–vis absor-
bance spectrum, confirming that we synthesize a pure

metallic oxide. Furthermore, there is a shift in the blue of
the strong absorption band in the region at 360 nm
corresponding to the effect of quantum confinement, as
found in other works.54

3.2 | Eg evaluation of ZnOQD and
ZnOQD coated PLA knitted fabric

For PLA fibers coated with ZnOQD also show the same
deviation from blue, as shown in the diffuse reflectance
spectra of Figure 6b, showing that its optical property
remained unchanged after the self-assembly process via
LBL. The Eg was estimated by extrapolating the linear
portion of the absorption curve versus photon energy,
applying Wood and Tauc's theory55 expressed by
Equation (9):

αhv¼ hv�Eg
� �n ð9Þ

where α is the absorption coefficient, hυ is the photon
energy and n is the value constant 1/2, adopted for transi-
tions of a direct nature to ZnOQD.54 For nanocomposites,
Eg is derived from the diffuse reflectance spectrum apply-
ing the Kubelka–Munk Equation (10) F(R)56:

F Rð Þ¼K
S
¼ 1�Rð Þ2

2R
ð10Þ

where K is the absorption coefficient, S is the scattering
coefficient and R is diffuse reflectance. According to
Figure 6a, the extrapolation of the curve shows a Eg value
of 3.17 eV for ZnOQD, whereas in Figure 6b the Eg values

FIGURE 6 Estimated Eg values for (a) ZnOQD and (b) ZN1, ZN3, ZN5, ZN7 and ZN9. The insets show the (a) UV–vis absorbance
spectrum of ZnOQD and (b) F(R) of ZN1, ZN3, ZN5, ZN7 and ZN9 [Color figure can be viewed at wileyonlinelibrary.com]
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of samples ZN1, ZN3, ZN5, ZN7 and ZN9 were estimated
at 3.39, 3.38, 3.36, 3.37 and 3.36 eV, respectively. It is evi-
dent that after the immobilization process, the Eg of
nanoparticles coated PLA fabric increased in relation to
pure ZnOQD. This rise in Eg is a direct response to the
contribution of PLA fiber attributed to the insulating
properties of aliphatic polymers.57 Furthermore, it is
important to note that pure PLA does not have any opti-
cal band.57 The optical band gap is an intrinsic property
of semiconductors, however, a nominal increase in the
optical band gap of ZnOQD impregnated fabric was
observed, suggesting that as the concentration of ZnO
nanoparticles deposited on the substrate increases,
greater is the concentration charge carriers of ZnOQD, so
this increase in the band gap can be attributed the
Bursten–Moss effect.58 A similar case was reported by
Saeed et al., who found an increase in the optical band
gap in tin doped indium oxide films deposited on PLA
substrate.59

3.3 | Photocatalytic evaluation of
ZnOQD/PDDA/PLA

The photocatalytic activity of pristine PLA fabric and
ZnOQD/PDDA/PLA samples with different assembly
cycles of ZnOQD by LBL were estimated based in the ini-
tial (Co) and final (C) absorbance ratio at each exposure
interval, as shown in Figure 7a. It is observed that the
C/Co lines suffered a RhB reduction in the absence of
light as a result of the fabric adsorption process, however,
the variation of the dye degradation after 360 min of
exposure to UV irradiation is greater for the ZnOQD
coated PLA fabric more than PLA pristine sample, except
for the blank experiment that did not show significant
change in concentration at straight line of photolysis
sample, as the dye is chemically stable and resistant to
UV radiation.60 The PLA Pristine faded only 25% of RhB
dye removed refers to the process of physisorption or
physical adsorption between the cationic dye molecule

FIGURE 7 (a) C/Co and (b) �ln(C/C0) variations versus irradiation time of RhB dye of ZnOQD and PLA/PDDA/ZnOQD fabric under

UV irradiation, (c) photocatalytic cycles and (d) scheme of the photocatalytic mechanism of PLA/PDDA/ZnOQD fabric [Color figure can be

viewed at wileyonlinelibrary.com]
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adsorbed on the surface of PLA knitted fabric, which has
a slightly anionic and hydrophobic character as it is an
aliphatic polyester molecule polymer.61–63 However,
there was greater decolorization of the RhB dye from
ZnOQD coated PLA samples, specifically for the Zn5
sample which faded about 85% of the dye after 360 min.
This phenomenon is linked to the breaking of Azo bonds
of RhB molecule by photogenerated free radicals of
ZnOQD during UV irradiation.64 The reaction kinetics of
the discoloration of RhB solution for each coating sample
can be described from the slope of the linear graph
ln(Co/C) versus time, which displays a straight line con-
firming the first order degradation kinetic model of
Langmuir–Hinshelwood.65,66 According to Figure 7b
shows the estimated values of the kinetic constants and
the fit of the quadratic curve (r2).The degradation effi-
ciency of the dye was 10 times higher for the PLA knitted
after coated with ZnOQD than without the nanocoating on
PLA pristine, highlighting the greater kinetic constants of
the samples ZN5 = 4.96e�3 min�1, ZN9 = 4.46e�3 min �1

and ZN7 = 4.48e�3 min�1 after 360 min of exposure to UV
radiation, with higher values for PLA coated with ZnOQD
found for photocatalytic processes in other works.67,68

It was found that ZnOQD solutions at pH <11 remain
unstable, as the accumulation of dissolved cations induces
an increase in the average hydrodynamic diameter for the
aggregation of ZnO nanoparticles.69 A greater amount of
nanoparticles allows the formation of active sites to pro-
duce reactive oxygen species (ROS) on the surface of the
ZnO to react with the dye, obtaining greater photocatalytic
activity.70 However, the results of the photocatalytic effi-
ciency of the nanocomposite revealed that they are inde-
pendent of the concentration of ZnO on the fiber. As
observed in Figure 2s, the ZN9 sample with the most
nanoparticle coating cycles degraded 83%, very close to
the 80% degraded dye for ZN1 sample. The reason for this
result can be interpreted by the lack of homogeneity of the
nanocoating greater than 1 LBL cycle, as previously dis-
cussed. This allows us to infer that a smaller interaction
between nanoparticles and dye, thus a larger particle size
increase the charge carrier's recombination rate to produce
a smaller amount of reactive oxidative species.71 Although
this limitation is present, it was found that few coating
cycles are sufficient to obtain significant results of dye deg-
radation, so it can be carried out at a lower cost for even-
tual applications. Therefore, the values obtained from
hybrid materials based on ZnOQD are a great alternative
in advanced oxidative processes in the purification of
water with organic contaminants.72

Most studies of materials applied in photocatalytic
processes are dedicated to samples in the form of powder,
especially because nanoparticles have a high reactivity in
dye molecules under UV radiation.72–76 However,

ZnOQD and ZnO nanoparticles can cause significant
risks to aquatic and terrestrial species in an eventual
industrial use,77 therefore, it is necessary to retain the
nanoparticulate catalyst in the treatment system, which
can hamper the process of pollutant degradation in a sus-
tainable manner. Based on this, supports such as
functionalized textile fibers with nanoparticles allow not
only a great alternative for the retention of these materials,
but also allow their use in combined processes of filtration
and effluent remediation due to their flexibility properties
and good mechanical stability, significant properties for
aquatic and terrestrial species in an eventual industrial
use.78 Figure 7c shows the photodegradation efficiency
after five cycles of photocatalytic activity of the ZN5 sam-
ple. Although there has been a small reduction in this
photocatalytic efficiency of the nanocomposite between
the RhB degradation process, the ZnOQD nanocomposite
has shown to have a good reuse performance.

The photocatalytic degradation mechanism for
ZnOQD nanocomposite is shown in Figure 7d. When
ZnOQD immobilized on PLA fibers is exposed to UV
radiation of energy greater than its band range, electrons
from the valence band are excited and transferred to the
conduction band (e�CB), generating the same amount of
holes in the valence layer (h+VB). As a result, excitonic
pairs are formed on the catalyst surface where they react
with water molecules producing highly ROS that can eas-
ily break down the RhB dye into H2O, CO2 and other
intermediate compounds, as described by Equation (11)
to (18).72,79

ZnO=PDDA=PLAþhυ!ZnO=PDDA

=PLA e�CBþhþ
VB

� � ð11Þ

hþ
VBþH2O! •HOþHþ ð12Þ

e�CBþO2 ! •O2
� ð13Þ

O2þ2Hþþ2e�CB !H2O2 ð14Þ

H2O2þe�CB ! •HOþOH� ð15Þ

•O2
�þRhB!H2OþCO2þ intermediates ð16Þ

•HOþRhB!H2OþCO2þ intermediates ð17Þ

H2O2þRhB!H2OþCO2þ intermediates ð18Þ

In additional, previous studies using ZnO nanoparticles
identified the formation of intermediate compounds such
as NO3 and NH4

� after photocatalytic processes.80,81

CABRAL ET AL. 11 of 14



This pair can recombine or migrate to the surface of the
ZnOQD nanocomposite. If there is migration to the sur-
face, this pair ends up serving as a redox source that
reacts with the adsorbed RhB molecule, causing its
degradation.

4 | CONCLUSION

ZnOQD with an average diameter of 8 nm were obtained
and later coated on PLA knitted fabric. The XPS and XRD
analyzes confirmed the presence of ZnOQD on the PLA
fiber surface, this fact is corroborated by FESEM micro-
graphs that showed the PLA fibers surface was coated with
ZnOQD. Therefore, the LBL self-assembly as a process to
functionalization of textiles materials allowed to coated the
PLA knitted fabric with ZnOQD and add photocatalytic
properties. The samples containing ZnOQD showed photo-
catalytic activity acting on the photodegradation of RhB
under UV irradiation, respecting the rule of a pseudo first
order reaction, which showed good application in the treat-
ment of organic contamination as dyes and with the possi-
bility of reusing ZnOQD nanocomposites and more cycles
photocatalytic application.
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