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Abstract

Particulate matter (PM) and organic contaminants present a significant health problem due to their small size and
complicated composition. Herein, we proposed carbon quantum dots (CQDs)/ZnO nanocomposite coated on cheap
and widely available fibrous materials, which are textiles (silk, cotton, and polyester) that have the ability to remove
PM and organic contaminants. The CODs/ZnO nanocomposites were fabricated using a facile hydrothermal
approach from CQODs that were obtained from biowaste tamarind shells. Coated textiles with CODs/ZnO
nanocomposites were tested with PM and photocatalytic activity using methylene blue (MB) as a model organic
contaminant. The presence of CODs on CQDs/ZnO nanocomposites can improve the filtration efficiency of textiles
by ~8% of silk, ~22% of cotton, and ~38% of polyester. The result showed that cotton-CQDs/ZnO have the best
removal efficiency (88.5% for PM10 and 88% for PM2.5) and demonstrated excellent washable reusability. In
addition, textile-CQDs/ZnO exhibited excellent photocatalytic activity with 7.1, 7.4, and 9.1 times better than
uncoated silk, cotton, and polyester, respectively, under UV light. The unique properties of CQODs, such as their high
surface area, rich functional groups, and charge separation, combined with the adsorption capability and physical
properties of ZnO, can contribute to PM capture and organic contaminants removal effectively. Thus, due to several
properties and compatibility with various types of textiles, the CODs/ZnO nanocomposites can be easily integrated
into existing air filtration systems to remove air pollution
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1. Introduction

Air is contaminated with fine dust particles such as particulate matter (PM). Particulate matter
10 and 2.5 (PM10 and PM2.5) is composed of various chemical substances, such as nitrate, sulfate, silicate,
carbon, and ammonium, which refers to a particle size below 10 and 2.5 um [1]. PM pollution is hazardous
for the community because these small particles can penetrate the bronchi and human lungs [2]. PM is
produced by vehicle exhaust, industrial activity, road dust, forest fires, and sand dust storms, and its
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inhalation can occur in the home, workplace, and the ambient environment. With the complex
composition and small size, removing and regulating PM remains a major challenge [3].

PM is accompanied by some harmful gaseous pollutants such as carbon monoxide (CO), nitrogen
oxides (NOy), Sulfur dioxide (SO,), and organic contaminants such as volatile organic compounds
(VOCs)[4]. VOCs are one of the most dangerous air pollutants, usually present indoors and outdoors.
VOCs are mostly vaporized easily at room temperature, and their concentration is higher than other
pollutants in the indoor air. Interactions between VOCs species and other pollutants can also lead to
adverse human health outcomes, such as respiratory effects and neurological symptoms [5,6]. Therefore,
the development of multifunctional materials that can simultaneously remove organic contaminants and
PM is crucial to study.

Until now, there have been two types of air filter materials that are used for PM filtration, porous
and fibrous filters [2]. Filters can be composed of various materials, such as textiles or fabrics [7], oxides
[8], metals [9,10], carbon-based materials [11,12], and advanced materials [13,14]. Textile is one of the
cheap and widely available fibrous textile materials. It is flexible, has good mechanical properties, and has
low airflow resistance [15]. Those properties can be used as a filter to remove air pollution. Moreover, the
rich potential binding sites in textiles make it a promising substrate for incorporating nanomaterials to
improve or add their properties [15].

Several studies have successfully incorporated ZnO into textiles to remove PM [16] and organic
contaminants [17,18]. The presence of ZnO in the enhancement of filtration performance was attributed
to increasing surface potential and surface roughness of fiber, allowing the capture of PM [19]. ZnO also
shows promising effects in photocatalysis to remove organic contaminants due to its wide bandgap, high
electron mobility, and great transparency in the ultraviolet-visible range [20]. To improve adsorption
range, surface charge, functional groups, and charge separation for removing particulate matter and
organic contaminants application, incorporating other materials such as carbon quantum dots (CQDs)
to produce nanocomposites is a promising technique [21-23].

CQDs have a small size of 1-10 nm and provide several advantages, including being easy to
produce, having great chemical stability, having strong electron conductivity, and being biocompatible
[24]. Due to its simplicity, cost-effectiveness, scalability, and environmental-friendliness, the hydrothermal
approach is a promising method for producing mono-dispersed CQDs [25,26]. An effective and
promising alternative material for producing CQDs is cheap and sustainable sources of raw materials,
such as biowaste [27]. Tamarind shells are brittle and are primarily generated as a biowaste by-product of
the tamarind pulp industry [28]. The high carbon content of tamarind shells has been used for several
applications [29-31]. Moreover, tamarind shells are affordable in price and generally have abundant local
availability. Therefore, tamarind shell has a promising carbon source to produce CQDs and fabricate
CQDs/ZnO nanocomposites.

Although there are several reports on the CQDs/ZnO nanocomposites application, simultaneous
efforts should be made to explore a new application of CQDs/ZnO nanocomposites, especially for
organic contaminants and PM removal applications. Moreover, investigating the interactions between
CQDs, ZnO, and air pollutants can provide insights into adsorption, photocatalytic activity, and air
purification processes. Therefore, further investigations in the field of CQDs and ZnO as air filters may
provide potential directions for the development of more efficient, sustainable, and cost-effective air
filtration technologies.

Herein, we utilized tamarind shells as a carbon source to produce CQDs, while CQDs/ZnO
nanocomposites were produced from a green synthesis technique. CQDs/ZnO nanocomposites were
coated on different types of textiles (silk, cotton, polyester) and evaluated for their ability to remove PM
and organic contaminants. The mechanism of CQDs/ZnO nanocomposite coated on textiles and the
effect of CQDs/ZnO nanocomposite for PM and organic contaminants removal were also studied in this
work.
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2. Method
2.1 Materials and reagents

The textiles (polyester, cotton, silk), tamarind fruits (Tamarindus indica), and incense sticks
(diameter: 0.3 cm, length: 2.6 cm, weight: 1.45 g) were purchased from a local market. Zinc acetate
dihydrate (Zn(CH3CO,),-2H,0), sodium hydroxide (NaOH), acetone (C3H¢O), and methylene blue
(Ci6H1sCIN3S) were purchased from Merck company (Darmstadt, Germany).

2.2 Synthesis of CQDs

The tamarind shells were separated from the tamarind fruits and broken into medium-sized. Then,
a medium-sized tamarind shell was dried and reduced using a mortar to obtain powder. The 3.75 g
tamarind shell powder was dispersed in 75 ml deionized water and the mixture was heated in Teflon-
lined stainless steel autoclave at 180°C for 12 h. The dispersion obtained was filtered through a Whatman
grade No. 1 filter paper, followed by a 0.2 um membrane filter. The brown-colored solution of as-prepared
CQDs was stored at 4°C for further use.

2.3 Synthesis of ZnO and CQDs/ZnO nanocomposite

2.4 g of zinc acetate dehydrate and CQDs solution (40 ml) were mixed by using a magnetic stirrer at room
temperature. Then, NaOH 0.5M was added dropwise until the pH reached 10. The solution mixture was
placed in a 100 mL stainless steel autoclave at 80°C for 3 h. The precipitate was separated by
centrifugation at 8,000 rpm for 10 min. The precipitate was washed several times with deionized water to
remove impurities. Finally, the white-brown powder of CQDs/ZnO nanocomposites was obtained by
drying the precipitate at 60°C overnight, sealed, and stored at 4°C for further use. For ZnO synthesis was
conducted with 40 ml of DI water without CQDs solution under same procedure.

2.4 Fabrication of ZnO and CQDs/ZnO nanocomposites coated on textiles

For the pretreatment of textiles, all the samples (silk, cotton, polyester) having a size of 5 cm x 5 cm were
washed with detergent and water. Then, the textiles were immersed in 1M of NaOH solution at 80°C for
30 min after being cleaned with acetone, followed by rinsing with water and drying at 55°C for 24 h.
Textiles coated with ZnO and CQDs/ZnO nanocomposites were fabricated using a dip-coating approach.
The dried textiles were immersed in ZnO and CQDs/ZnO nanocomposite solution under an ultrasonic
bath at 50°C for 40 min and dried at 55°C overnight. The ZnO and CQDs/ZnO solution was prepared
by diluting 1 g of CQDs/ZnO powder in 100 ml of DI water. The Immersion-drying process was
undertaken three times in succession. The textiles were heated at 200°C for 30 min to remove weakly
attached particles and rinsed with DI water followed by drying at 55°C for 24 h

2.5 PM Measurement

The PM test in this experiment setup was illustrated in Figure 1. Burning incense served as the source of
the PM particles used in this experiment, which flowed into a glass box (40 x 12 x 12 cm). On the surface
of the fan (5.64 watt, CHB12012DS-A model SuperRed, China), sample was positioned in the center of
the box (flow rate of air: 4.2 L/min and window size of filter: 4.5 x 4.5 cm). Before and after the PM
passed through the sample, the PM concentration was measured using PM detectors (BR-8A model,
detection range 0-999 pg/m?, accuracy 0.001 pg/m?, KKMOON, China) and recorded by digital camera
(1.920 x 1.080 pixels x 30 fps) for 30 min. The high concentration of PM before filtration was used
(PM2.5 average = 377 pg/m* and PM10 average = 441 pug/m?). This experimental setup is to evaluate the
performance of the filter under harsh working conditions. For PM detector calibration, the gravimetric
method was applied [32]. The filtration efficiency (£s) will be measured by using this equation [33,34]:

E, (%) =£1=¢2 x 100
C1
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Where CI (mg/m®) is the particle number concentration before treatment, and C2 (mg/m?®) is the particle
number concentration after treatment. The filtration efficiency is one of the key evaluation parameters
for evaluating PM filters and is related to the material structure, thickness, porosity, and airflow velocity
[33].

Sample
Sample
holder

PM detector PM detector
Fan |

Mo

Air flow

Figure 1. PM measurement setup

2.6 Photocatalytic activity test

Photocatalytic activity of the untreated and treated textiles was studied using methylene blue (MB) as the
model organic compound under UV light illumination. Each sample was immersed in 10 mg/L of 40 ml
MB solution with stirring. The absorbance of the remaining or degraded MB was then determined using
UV-Vis spectroscopy with 500-700 nm wavelength. The photocatalytic efficiency was measured by
observing absorbance of MB at 665 nm wavelength and calculated by using this equation:

Photocatalytic efficiency (%) = ¢€2=Ct x 100

Co

Where () is the initial concentration of MB, and C; is the concentration of MB after ‘t minutes.

2.7 Characterization

The UV-Vis absorption was recorded using a NanoPhotometer N60 spectrophotometer (Implen) with
wavescan mode (200-900 nm wavelength) and photoluminescence spectra of solutions in 96 well plate
were recorded using a Cytation 5 (BioTek, Germany with Gen5 3.05 software) with wavescane mode (300
— 700 nm wavelength). Fourier transform infrared (FTIR) spectra was recorded (diamond prism with
single bounce reflection) using an INVENIO R FTIR instrument (Bruker, USA) with attenuated total
reflectance (ATR) measurement technique to observe the functional group of solid samples in 500-4000
cm’! wavenumber (dimension of uncoated and coated textiles are 1 cm x 1 cm). X-ray powder diffraction
(XRD) pattern of samples in powder was recorded by a Rigaku (SmartLab, Japan) diffractometer using
Cu-Ka as the radiation source in 0-80 (20, degree). Dynamic light scattering (DLS) measurements were
carried out by Malvern Zetasizer, UK to investigate the hydrodynamic size and zeta potential of samples
in water solvent. The structure and morphology analysis of the CQDs, CQDs/ZnO nanocomposites,
uncoated, and coated textiles were carried out by field emission scanning electron microscopy (FESEM)
(FEI Nova Nanosem 450, USA). Elemental analysis was investigated by using Energy Dispersive X-ray
spectroscopy (EDS) (Nano Xflash 6/3, Bruker, USA). CQDs and CQDs/ZnO were deposited on a silicon
substrate for this measurement. The washed cotton-CQDs/ZnO were observed by scanning electron
microscopy (SEM) Phenom Pharos (Thermo Scientific, USA) with 5 kV accelerating voltage.
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Transmission electron microscope (TEM) was conducted with a 120 kV accelerating voltage (JEM-2100,
JEOL, USA).

3. Result and Discussion
3.1 Characterization result of CQDs, ZnO, and CQDs/ZnO

The photoluminescence (PL) intensity of the prepared CQDs, ZnO, and CQDs/ZnO were
investigated to know the excitation-emission properties (Figure 2). The CQDs solution is pale yellow
under normal light and emits strong blue fluorescence under UV light (Figure 2a inset). The fluorescence
intensity of the prepared CQDs was affected by excitation wavelength. When the excitation wavelength
was increased from 320 to 420 nm, the emission peak became red-shifted from 420 nm to 500 nm. The
emission intensity decreased as the excitation wavelength increased from 360 to 420 nm. This emission
was mainly attributed to defect states and intrinsic defects of the CQDs [35]. The wavelength of the
strongest emission peak of the CQDs was 440 nm, which belongs to blue—violet light. This indicates that
the PL spectrum of our CQDs have excitation-dependent emission properties.

Moreover, due to CQDs having excitation at 360 nm, PL intensity of CQDs/ZnO and ZnO sample
was also investigated under 360 nm excitation. ZnO sample showed the lowest emission compared
CQDs/ZnO and CQDs. While the emission of the CQDs/ZnO nanocomposite has a lower PL intensity
compared to the CQDs. This outcome is mostly the result of photo-excited electron and hole
recombination being suppressed [36]. Emission at around 410 nm from CQDs/ZnO can be attributed to
the near band-edge emission of ZnO [37] and emission at 440 nm occurred due to CQDs presence which
showed the effective interaction between ZnO and CQDs [38]. Thus, the presence of CQDs on the surface
of ZnO can extend the light absorption range due to the CQDs' ability to absorb a broader spectrum of
light. This broader absorption range allows for increased utilization of light for the degradation of organic
contaminants in photocatalytic activity study.

UV-visible spectroscopy was used to measure the absorption of CQDs, ZnO, and CQDs/ZnO
nanocomposites. The CQDs samples exhibit a typical absorption peak at 280 nm. CQDs/ZnO
nanocomposites sample showed a peak at 363 nm, while a peak at 362 nm was appeared from ZnO
sample due to typical absorption of ZnO (Figure 2b). Based on the absorption data, A wide variety of
energy bandgaps for CQDs (3.80 eV), ZnO (2.45 eV), and CQDs/ZnO nanocomposite (2.12 eV) were
found (Figure 2c). CQDs/ZnO have the narrowest bandgap due to the ZnO semiconductor's current state
[39]. The narrow band gap indicates that the photon energy is available to promote electrons from the
valence band to the conduction band. The existence of a narrower band gap can widen the range of
excitation wavelengths that can be absorbed, which facilitates the creation of reactive oxygen species
(ROS) that can decompose air pollutants, thereby increasing photocatalytic performance [40].
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Figure 2. Optical properties of CQDs, ZnO, and CQDs/ZnO. (a) Emission from different excitation
from 320 to 420 (inset: CQDs dispersed in water under normal light and UV light); (b) UV-Vis
spectroscopy result; (c) Bandgap energy.

FTIR spectroscopy was used to analyze the chemical structure and functional group of the
prepared samples (Figure 3a). For CQDs, the broad absorption band at 3300 cm—1 corresponds to O—
H stretching vibrations. The bands at about 1400 cm-1 were associated with the bending vibration of C-
N, whilst the bands at 1630 cm-1 were related to stretching vibrations of the C=C in the carboxyl group
and amido group, the bands at 1140 cm-1 were attributed to C-H bonds. While in ZnO sample, showed
O-H, C=C, and Zn-O bonds. Moreover, the CQDs/ZnO nanocomposite sample contained C-H and O-
H bonds that appeared due to CQDs. The strong absorption bands around 615 cm-1 were attributed to
the typical Zn-O bond absorption peak, and were also found in ZnO sample [41]. Based on this result, it
was demonstrated that CQDs are loaded on ZnO to form CQDs/ZnO. CQDs possess a surface that is
rich in functional groups that can serve as binding sites for ZnO nanoparticles, leading to the formation
of chemical bonds and interactions between CQDs and ZnO.

XRD analysis was also used for CQDs, ZnO, and CQDs/ZnO samples (Figure 3b). CQDs sample
showed two peaks at 20 = 14° and 22°. The strong peak at 22° corresponds to (001) and (002) planes of
graphite [42,43]. For ZnO and CQDs/ZnO sample showed that the diffraction peaks at 26 = 31.74°,
34.42°,36.28°,47.64°, 56.62°, 62.80°, 66.24°, 67.92°, and 69.10° corresponded to the crystalline planes
(100), (002), (101), (102), (110), (103), (200), (112), and (201) of the hexagonal ZnO wurtzite
structure (JCPD36-1451). One peak from CQDs (001 planes) appeared in CQDs/ZnO samples, which
indicated the presence of CQDs. The presence of a very small carbogenic core in CQDs is confirmed by
the existence of a wider peak in the 26 = 29 corresponding to (002) hkl plane in the sample [44]. The
formation of small CQDs leads to the conclusion that a wider peak is implied. When the size of the
crystallite was reduced, the XRD pattern peaks broadened. To know more the effect of CQDs in
CQDs/ZnO sample, the peaks of CQDs between 26 = 10° to 30° was observed (Figure 3c¢). It showed
peaks from CQDs and had different intensities between CQDs/ZnO and ZnO samples towards CQDs
region. Those phenomena may be ascribed to the interaction of small amounts CQDs and ZnO [39,45].
The data is in accordance with that reported on ZnO/CQDs prepared using different approaches [23,46].
Based on the functional groups and interaction between CQDs and ZnO, CQDs/ZnO showed a potential
application for removing PM and organic contaminants.
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Figure 3. Characterization result of CQDs, ZnO, and CQDs/ZnO. (a) FTIR result; (b) XRD result; (c)
XRD result at CQDs range (26 = 10 — 30)

Zeta potential was conducted by using DLS to measure the surface charge of prepared sample.
The negative surface charge (-30.7 mV) was shown in CQDs sample which indicated the CQDs have good
stability, while ZnO has positive surface charge (16.1 mV). When CQDs and ZnO was combined to form
nanocomposites, it showed negative surface charge (-18.0 mV) due to the presence CQDs on the surface
of ZnO (Figure 4a). Based on this result, CQDs with surface charges (negative) can interact electrostatically
with the oppositely charged surface of ZnO (positive), leading to attractive forces and binding between
the materials. Furthermore, CQDs/ZnO may have a polar charge (negative surface charge from CQDs
and positive surface charge from ZnO) that can generate electrostatic interaction to capture the polar
charge of the PM. On the other hand, the polar surface charge also affects interaction with VOCs
structure towards adsorption and electrostatic interaction.

The hydrodynamic size of ZnO and CQDs/ZnO were also investigated by dynamic light
scattering (DLS). ZnO has a hydrodynamic size of 297.5 nm while CQDs/ZnO nanocomposite has a
bigger hydrodynamic size of 301.6 nm. This might be due to the presence of CQDs on ZnO surface
(Figure 4b). In this section, the hydrodynamic size of CQDs was not presented due to the DLS machine
having a limitation to detect samples with high fluorescence. The size characterization of CQDs/ZnO was
also studied using FESEM. The exposed sample area of CQDs/ZnO had uniformly sized with an average
size was 267.2 nm (Figure 4c). Since DLS and FESEM have a limitation to measure <10 nm or exact
CQDs size, TEM was used to analyze the morphology and size distribution of prepared CQDs. As shown
in Figure 4d, CQDs showed spherical shape and 2.769 nm of the average particle size. This result
confirmed the successful synthesis of CQDs from biowaste tamarind shells. Thus, CQDs typically have a
high surface area due to their small size. The increased surface area provides more opportunities for the
CQDs to interact and bind to the surface of ZnO. As a result, a larger number of CQDs can be
accommodated on the ZnO surface, leading to higher coverage and the potential for enhanced
interactions. These binding interactions are crucial for achieving synergistic effects and enhanced
properties in CQDs/ZnO nanocomposites for removing PM and organic contaminants applications.

CQDs b) | CQDs/ZnO
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Figure 4. (a) Zeta potential result; (b) Hydrodynamic size result; (¢) FESEM result of CQDs/ZnO; (d)
TEM result of CQDs

3.2 Characterization result of coated textiles

The coated and uncoated samples were also analyzed by FTIR to investigate the interactions
between textiles with ZnO and CQDs/ZnO nanocomposite (Figure 5). The XRD spectrum result of
uncoated silk revealed three distinct peaks that were attributed to the C=0, C-O, and C=C bonds at
1711, 1098, and 714 cm!, respectively (Figure 5a). Strong peaks of uncoated cotton appeared at 1725,
1045, and 705 cm™! due to the C=0, C-O-C, and C=C bonds (Figure 5b). For uncoated polyester, the
C=0, C-0, and C=C bonds were responsible for the strong peaks at 1715, 1235, and 715 cm™! (Figure
5¢). After coating with ZnO and CQDs/ZnO nanocomposite, the additional peaks were identified at
500-552 c¢cm” Due to the characteristic peak of the Zn-O bond from ZnO and CQDs/ZnO
nanocomposite on the surface of textiles[47]. Surprisingly, in all textile-CQDs/ZnO samples, the peaks
from 1800-800 cm™! were found different from uncoated and coated textiles with ZnO. This might be the
presence of CQDs in CQDs/ZnO samples toward coordination bond between functional groups in
textiles and CQDs/ZnO through hydroxy or carboxylic groups.
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Figure 5. FTIR result of uncoated and coated textiles. (a) Silk; (b) Cotton; (c) Polyester

XRD result provided additional evidence of the CQDs/ZnO nanocomposite’s attachment to the
textiles. As shown in Figure 6, uncoated textiles (silk, cotton, and polyester) had an XRD pattern with
three strong peaks at 17°, 22°, and 25° that were attributed to (110), (002), and (101), respectively, which
were characteristic of the crystal structure of textiles [48]. The three peaks in the XRD pattern of the
uncoated textiles were similar in positions and intensities to those of textile-ZnO and textile-CQDs/ZnO.
This demonstrated that coating had no impact on the crystal structure of the textile [49]. All textile-ZnO
and textile-CQDs/ZnO samples had nine additional peaks that are similar with the XRD results of the
ZnO and CQDs/ZnO nanocomposites. It indicated that the textiles were successfully coated with ZnO
and CQDs/ZnO.
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Intensity (a.u)

Figure 6. XRD result of uncoated and coated textiles. (a) Silk; (b) Cotton; (c) Polyester

Uncoated and coated textiles with CQDs/ZnO nanocomposite were also studied using FESEM
EDS to know the surface morphology and elemental present of the produced samples. Based on the
previous characterization results, textile-CQDs/ZnO showed the promising result for PM and organic
contaminants removal study, therefore, the FESEM-EDS characterization of textiles-ZnO were not
analyzed. Uncoated silk, cotton, and polyester have smooth surfaces Figure 7a-c whereas textiles
coated with CQDs/ZnO have rough surfaces Figure 7d-f. In this case, elemental analysis of prepared
samples was identified using EDS mapping (Figure 8). The presence of carbon (C) together with zinc (Zn)
and oxygen (O) indicates the presence of CQDs with ZnO. These results were in line with previous
characterization results and further confirmed the successful incorporation of CQDs/ZnO
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nanocomposite on the textile surface for PM and organic contaminants studies.
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Figure 7. FESEM result. (a) silk; (b) cotton; (c) polyester; (d) silk-CQDs/ZnO; (e) cotton-CQDs/ZnO; (f)
polyseter-CQDs/ZnO

Figure 8. EDS mapping result. (a) silk-CQDs/ZnO; (b) cotton-CQDs/Zn0O; and (c) polyester-
CQDs/ZnO

3.3 CQDs/ZnO coated on textiles mechanism

CQDs/ZnO nanocomposites were successfully loaded on different kinds of textiles (silk, cotton,
polyester), which was confirmed by FTIR, XRD, and FESEM EDS. The deposition of CQDs/ZnO
nanocomposites on textile surfaces can occur through one of the two possible mechanisms. First, the
coordination bond between functional groups in textiles and CQDs/ZnO (O-H, C=0, and C-O) through
hydroxy or carboxylic groups. The second would be that textiles can act as chelating ligands, enabling
metal ions (Zn) to interact and create Zn-O-C or Zn-OOC hybrid bonds via Zn-OH reactions from
CQDs/Zn0O nanocomposites and HO-C or HOOC from textiles [14,50,51].

3.4 PM measurement result

In PM test experiment, the performance of the filter under harsh working conditions was
evaluated with detailed information in. A slight increase in filtration efficiency was found in coated silk
with the presence of ZnO, and CQDs/ZnO (Figure 9a). This might be due to the small amount of ZnO,
and CQDs/ZnO deposited on silk. However, the coated cotton and polyester showed a significant
increase in filtration efficiency, which coated polyester showed more significant increase in filtration
efficiency (Figure 9b-c). This also indicated that the higher amount of ZnO, and CQDs/ZnO was
deposited on polyester rather than cotton and silk. Overall, the textiles-CQDs/ZnO showed the highest
filtration efficiency compared with uncoated textiles and textiles-ZnO. Thus, the amount of ZnO and
CQDs/ZnO deposited on textiles give a significant influence for filtration efficiency. After the PM
test, FESEM images of coated textiles coated with CQDs/ZnO revealed that no significant structural
change had occurred (Figure 9d-f) which also indicated its ability to withstand the PM.
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Figure 9. PM measurement result of uncoated and coated textiles. (a) Silk; (b) Cotton; (c) Polyester.
FESEM result after PM test of (d) silk-CQDs/ZnO, (e) cotton-CQDs/Zn0O, and (f) polyester-
CQDs/ZnO

Since the cotton-CQDs/ZnO showed the best result of filtration efficiency (88.5% for PM10 and
88% for PM2.5), the performances of studied uncoated and cotton-CQDs/ZnO, were also checked for a
wide range of initial concentrations of PM2.5 and PM10 (Figure 10a-b). Importantly, the removal
efficiency of all the uncoated and coated did not depend noticeably on the initial concentrations of PM2.5
and PM10, which is supported by the good linear relationship between before and after PM
concentrations with the minimum R? of 0.958. Moreover, the filtration efficiency of cotton-CQDs/ZnO
to remove PM2.5 and PM10 was three times than uncoated cotton as calculated from slopes.
Furthermore, the cotton-CQDs/ZnO was selected to investigate the recycling efficiency as an example by
washing with water and then drying at room temperature. The cycling PM filtration efficiency of cotton-
CQDs/ZnO was maintained at high levels (>87% for PM10 and >85% for PM2.5) (Figure 10c). No
significant structural change was also observed in the FESEM picture of washed cotton-CQDs/ZnO which
means the good washability and reusability (Figure 10d).
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washed cotton-CQDs/ZnO; (d) FESEM result of washed cotton-CQDs/ZnO after PM test

3.5 PM removal mechanism of textile-CQDs/ZnO

The fact that all textile-CQDs/ZnO outperformed all uncoated textile and textile-ZnO in terms
of filtration efficiency, Figure 11 indicates that CQDs/ZnO nanocomposites are crucial to the PM
filtering process. The textile provides air filters with a macroporous structure and good structural stability.
While, the presence of CQDs in textile-CQD/ZnO significantly enhances the filter surface area, which is
advantageous for capturing PM [2]. Furthermore, the presence of CQDs/ZnO on the textile results in
fibers with a high degree of surface roughness, which significantly increases the frictional force between
PM [52,53].

In addition, the CQDs in CQDs/ZnO nanocomposites increase the surface charge and provide
more functional groups that can attract PM through electrostatic interactions. Several functional groups
with high polarity may be found on the surface of PM, including C-O, C-N, -NO3, and —SO3H [54].
When electric charge carrier particles are applied to a material, PM in the airflow is electrostatically
adsorbed [52], and unipolar or bipolarly charged particles and fibers attract each other. Thus, surface
modification by CQDs/ZnO can also improve electrical binding, which allows PM to be electrostatically
trapped [55].

CQDs/ZnO

® PV

Figure 11. PM removal mechanism of textile-CQDs/ZnO

3.6 Photocatalytic activity result

The photocatalytic activity of textile, textile-ZnO, and textile-CQDs/ZnO samples was evaluated
by examining the amount of degradation of MB as model organic contaminants under UV irradiation.
First, MB solutions containing samples were stirred for 60 min in the dark to achieve the adsorption—
desorption equilibrium, respectively. The solution of samples was collected every 20 min for 100 min
after the light was turned on. Samples were then analyzed using a UV—Vis spectrophotometer at 665 nm,
which is the maximum absorption wavelength of MB. Figure 12a-c shows the decrease in the absorbance
of the sample solution towards MB as a function of time. A slight decrease in absorbance was observed
in the dark period (-60 min to 0 min) due to dye adsorption into the sample. However, when the light
was turned on, the sample showed a gradual decrease in absorption over time which was caused by the
decrease in MB concentration due to the photocatalytic reaction of the sample. The greatest decrease in
absorbance was shown in variations of textiles coated with CQDs/ZnO (Silk-CQDs/ZnO, Cotton-
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CQDs/Zn0O, and Polyester-CQDs/ZnO) compared to uncoated textiles and textiles coated with ZnO
(Silk-ZnO, Cotton-ZnO, and Polyester-ZnO). Furthermore, the photocatalytic efficiency was calculated
based on absorbance data. Figure 12d shows the photocatalytic efficiency of uncoated and coated silk.
Uncoated silk achieved 19% of photocatalytic activity, whereas silk-ZnO and silk-CQDs/ZnO achieved
49% and 72%. The 29%, 64%, and 88% of photocatalytic efficiency was achieved by uncoated cotton,
cotton-ZnQO, and cotton-CQDs/ZnO (Figure 12¢). In uncoated and coated polyester samples, polyester-
CQDs/ZnO showed the highest photocatalytic efficiency (92%) than uncoated polyester (28%) and
polyester-ZnO (67%) (Fig.11f). Overall, all samples of textiles coated with CQDs/ZnO showed the highest
photocatalytic efficiency result.
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Figure 12. Absorbance of the sample solution towards MB, (a) Silk; (b) Cotton; (c) Polyester.
Photocatalytic efficiency, (d) Silk; (e) Cotton; (f) Polyester.

In addition, the first-order rate equation was used to study the rate of photocatalytic activity by
this equation:

In (Co/C;) =Kt

where K is the first-order rate constant (min—"), and t is the reaction time (min). As shown in Figure 13,
(Co/Cy) and -In (Co/C;) were plotted against time. The K value indicates how fast the reaction occurs that
were calculated from the slope of the linear fittings. Figure 13a shows that K for silk-CQDs/ZnO was 7.1
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times higher than uncoated silk and 1.7 times higher than silk-ZnO. Also, in Figure 13b, for cotton-
CQDs/Zn0O, the K value showed 0.0259 min™!, which is 7.4 times higher than uncoated cotton and 2.2
times higher than cotton-ZnO. The K value of polyester-CQDs/ZnO also showed 9.1 times higher than
uncoated polyester and 2.3 times higher than polyester-ZnO (Figure 13c). Based on these results, it has
been demonstrated that and the synergistic combination of CQDs and ZnO is a good strategy for having
a high photocatalytic performance.
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Figure 13. Degradation kinetics, (a) Silk; (b) Cotton; (c) Polyester

3.7 Textile-CQDs/ZnO Photocatalytic Activity Mechanism

The photocatalytic activity of materials for air filters is based on the principle that radiation of
suitable wavelengths can be absorbed, which facilitates the creation of reactive oxygen species (ROS) that
can decompose air pollutants [56]. Here, CQDs interact with adsorbed oxidants/reducers (usually O»
and OH"), they can excite ZnO to generate electron-hole pairs and react with them to produce significant
amounts of active oxygen radicals, such as O, and "OH. These radicals have strong oxidizing properties
and can produce significant photodegradation of MB [57].

For the potential VOCs removal by photocatalytic method, the photoinduced electron-hole pair
(e h™) can undergo redox reactions at the surface of the photocatalyst and generate ROS[58]. Most forms
of ROS react with adsorbed VOCs and transform them into partially oxidized states (intermediates) and
completely oxidized states (CO, + H,O) [59]. In addition, textiles have a function to adsorb organic
contaminants by physical adsorption. Therefore, due to CQDs/ZnO showing good photocatalytic activity,
it can be concluded that coated textile with CQDs/ZnO nanocomposite has the potential ability to
remove other organic contaminants in the air.

4. Conclusion

The development of textiles-CQDs/ZnO as multifunctional materials that can simultaneously
remove organic contaminants and PM was fabricated. CQDs were applied to ZnO to increase the
adsorption range, surface charge, functional groups, and charge separation of ZnO, which restricts its
application for removing particulate matter and organic contaminants. All coated textiles with
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CQDs/ZnO showed higher filtration and photocatalytic efficiency than coated textiles with ZnO and
uncoated textiles. The presence of functional groups in CQDs/ZnO can be deposited to various types of
textiles to increase their ability for PM and organic contaminants removal application. The unique
properties of CQDs combined with ZnO, contributed to effective PM capture and organic contaminants
removal. The properties of CQDs/ZnO nanocomposites can be easily integrated into existing air filtration
systems due to compatibility with various types of textiles. Further development efforts on real-world
validation and addressing the environmental considerations of these materials should be focused. By
addressing these perspectives, implementing CQDs/ZnO in air filters could become an effective and
sustainable solution for improving air quality and reducing the impact of pollutants.
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