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To provide a low-cost photocatalyst and new methodology for the utilization of waste rice noodle (WRN),
a carbon quantum dots/zinc oxide (CQDs/ZnO) composite using WRN as the raw material was synthesized
and characterized. The CQDs/ZnO composite based on WRN exhibited a highly efficient photocatalytic
degradation effect on various organic pollutants and could be a good alternative for commercial ZnO.
For methylene blue, the CQDs/ZnO composite showed a good degradation rate of 99.58% within
! and could be recycled and reused for ten
photocatalytic cycles without an appreciable decrease in the degradation effect, which was much better
than that of commercial ZnO. The resulting CQDs/ZnO composite also displayed a nice photocatalytic
degradation effect on other common organic pollutants, such as malachite green, methyl violet, basic

40 min, a high degradation rate constant of 0.2630 min~

fuchsin, rhodamine B, aniline and tetracycline. In particular, it could achieve excellent photocatalytic
degradation on malachite green with an extremely high degradation rate constant of 1.9260 mint.
Besides, the CQDs/ZnO composite could also be used to control the pollution of tetracycline or aniline.
The introduction of CQDs based on WRN to ZnO resulted in efficient electron—hole pair separation and
enabled more photogenerated electrons to reduce O, and more photogenerated holes to oxidize H,O,

which caused stronger abilities in producing radicals (such as O,"~ and "OH) and a better photocatalytic
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1 Introduction

Water pollution has become an increasingly important problem
that can cause serious harm to human health and affect the
quality of life.*”> Among the various technologies for wastewater
treatment, photocatalytic decontamination with nano semi-
conductor particles has proved to be an effective and simple
technology. Zinc oxide (ZnO) is a potential photocatalyst for
wastewater treatment and has attracted widespread attention.>™*
Compared with other nano semiconductor photocatalysts (such
as TiO,,” ZnS,'*"* CdS™ and Fe,0O; (ref. 13)), nano ZnO has
many advantages such as relatively high quantum efficiency,
good biocompatibility and low cost.** However, pure ZnO has
a large band gap whose photogenerated electrons and holes are
easy to recombine."** It also shows poor absorption and
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degradation effect to organic pollutants.

utilization rate in the visible light region, which limits its
application in practical wastewater treatment.'®*”

Recent studies show that combining carbon quantum dots
(CQDs) can be an efficient strategy to overcome the disadvan-
tage of pure Zn0O."*** Generally, CQDs can enhance the photo-
catalytic activity of ZnO from three aspects: First, CQDs can be
used alongside ZnO as an electron sink, which suppresses
electron-hole recombination and generates electron-hole pairs
more effectively.” Second, the broad spectral absorption and
high absorption coefficient of CQDs can fully utilize the visible
light region and finally enhance the photocatalytic activity.*>**
Third, introducing CQDs may enhance the adsorption capacity
to organic pollutants and gain from the photocatalytic
process.”* Until now, the CQDs in the CQDs/ZnO composites
reported so far were synthesized using glucose,® sucrose,”
fructose,* ascorbic acids,"** sodium citrate,** graphite rods,*
peach juice®* or coffee grounds' as carbon sources. However,
due to the large market demand for photocatalysts, CQDs for
constructing the CQDs/ZnO composite should be synthesized
using low-cost carbon sources, preferably the waste.>®

Cooking waste can cause potential pollution to the soil and
water environment, thus providing a significant challenge to
urban governance.” Nowadays, commercial treatments for
cooking waste mainly include anaerobic digestion,*®*° aerobic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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composting,®* landfill,*"** incineration® and forage making.*
Although cooking waste can be treated through the above
strategies with large-scale industrialization, there are some
fatal shortcomings, such as the mass occupation of land, high
investment for equipment, low product profit margin, and
easy production of secondary pollution like greenhouse gases
and waste leachates.*”

The rice noodle is a traditional daily diet of the local people
in Guilin, a city of China. Thus, a large amount of waste rice
noodles (WRN) is produced with an output of over 70 tons per
day, which has brought tremendous pressure to the environ-
ment of the city.***® Therefore, it is necessary to explore an
effective way to recycle WRN. Starch is the main organic
component in WRN, which is easy to carbonize under hydro-
thermal conditions and potentially prepare functional carbon
materials. Our previous results suggested that the hydro-
thermal carbonization of WRN could provide functional
carbon materials such as activated carbon, fluorescent carbon
quantum dots (CQDs) and CQDs/inorganic oxide composite.>®
Among them, the CQDs/inorganic oxide composite based on
WRN can serve as a photocatalyst for water pollution control
with high adding value. For example, the CQDs/TiO,
composite based on WRN shows a good photocatalytic degra-
dation effect on various water-soluble dyes under visible light
irradiation, and displays better photocatalytic performance
than commercial TiO,.?¢

Compared to TiO, with an indirect bandgap, ZnO with
a direct bandgap can be more efficient at using longwave
ultraviolet light and shows higher exciton binding energy,
electron mobility and quantum efficiency.’” Thus, it is ex-
pected that a combination of ZnO and WRN-based CQDs can
afford a low-cost photocatalyst with better photodegradation
performance and a new strategy for WRN utilization. Hence,
we designed and synthesized a new CQDs/ZnO photocatalytic
composite, in which CQDs were obtained from the hydro-
thermal carbonization of WRN. The photodegradation
performance to common and organic pollutants, such as
water-soluble dyes, aniline, and tetracycline, as well as the
photocatalytic mechanism of the as-prepared CQDs/ZnO
composite were also investigated and are discussed in this

paper.

2 Experimental section
2.1 Materials

The waste rice noodle (WRN, main organic constituent: starch
21.36 g/100 g; protein 1.91 g/100 g; fat 0.4 g/100 g) was collected
from the canteen of the Guilin University of Technology in
Guilin, China. The nano ZnO (99.9% purity), methylene blue
(98.5% purity), malachite green (98% purity), methyl violet
(98% purity), basic fuchsin (98% purity), rhodamine B (98%
purity), aniline (99.9% purity), tetracycline hydrochloride (98%
purity), ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na, 98% purity), 2-propanol (IPA, 99% purity), 1,4-benzoqui-
none (BQ, 98% purity) and dimethyl pyridine N-oxide (DMPO,
99% purity) were all purchased from Macklin Reagent
(Shanghai, China) without further purification.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthesis recipe and EDS elemental analysis of the CQDs/
ZnO composite based on WRN. The dosage volume of the CQDs
solution was 200 mL for each sample

Elemental analysis (wt%)

Dosage of
Serial number Zno (g) Zn (0) C
CQDs/ZnO-1 1.25 63.14 16.32 20.54
CQDs/Zn0O-2 2.5 70.12 17.59 12.29
CQDs/Zn0O-3 5 73.78 19.13 7.09
CQDs/Zn0O-4 7.5 75.61 19.27 5.12
CQDs/ZnO-5 10 76.64 19.65 3.71

2.2 Synthesis

The CQDs solution was prepared by hydrothermal treatment of
WRN in accordance with our previous work.*® In a typical
synthesis, 100 g WRN was ground to a smooth paste in a mortar
and mixed with 200 g deionized water. The mixture was heated
in a 500 mL sealed Teflon-lined autoclave (Kemi Instrument,
Anhui, China) at 200 °C for 10 h. The CQDs solution was
collected by filtering as a kind of brown solution.

After that, 200 mL of the resulting CQDs solution was directly
mixed with a given dosage of ZnO powder and stirred at room
temperature for 0.5 h to obtain a uniform suspension. The
reaction mixture was then transferred to an oven and kept at
85 °C for 3 h. After that, the resulting solid was sent to a tubular
furnace protected by nitrogen and activated at 600 °C for 1 h.
The CQDs/ZnO composite was obtained as a kind of dark brown
powder. The synthesis recipe of the CQDs/ZnO composite is
shown in Table 1.

2.3 General characterization

The morphology and EDS elemental analysis of the CQDs/ZnO
composite were characterized using a JEM-2100F field emis-
sion transmission electron microscope (TEM, JEOL, Akishima,
Tokyo, Japan) with an accelerating voltage of 200 kV. The
powder X-ray diffraction (PXRD) patterns were obtained with an
X'pert PRO X-ray diffractometer (Panalytical, Malvern, Worces-
tershire, UK) with Cu Ko radiation (2 = 0.15418 A) at 40 kV and
40 mA and a scan speed of 5° min~" (26). The resulting prod-
ucts’ infrared (IR) spectra were recorded as KBr pellets at a range
of 400-4000 cm™ ' on a Nicolet 5700 FT-IR spectrometer
(Thermo Fisher, Waltham, MA, USA) with a spectral resolution
of 4.00 cm ™. The determination of the points of zero charge
(PZC) of the resulting samples was carried out as follows:*
10 mL of 0.01 mol L™" NaCl solution was placed in a closed
centrifugal tube. The pH was adjusted to a value between 2 and
11 by adding HCI or NaOH solutions. Then, a 0.05 g sample was
added, and the final pH was measured after 10 h under agita-
tion at a sample. The point of zero charges (PZC) was obtained
from the intersection of the pH final vs. pH initial curve of the
test sample and the blank sample. The X-ray photoelectron
spectroscopy (XPS) of the CQDs/ZnO composite and commer-
cial ZnO was carried out with an ESCALAB 250Xi X-ray photo-
electron spectrometer (Thermo Fisher, Waltham, MA, USA) with
an Al Ka X-ray as the stimulating source.

RSC Adv, 2022, 12, 23692-23703 | 23693
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The UV-vis absorption spectra of the CQDs/ZnO composite,
CQDs and commercial ZnO were measured by a UV3100 UV-vis-
NIR spectrophotometer (Shimadzu, Chiyoda, Tokyo, Japan) in
diffuse reflection mode using BaSO, as reference. The photo-
luminescence spectra of the CQDs/ZnO composite and
commercial ZnO were examined with a Cary Eclipse fluorescence
spectrophotometer (Varian, Palo Alto, CA, USA) with a xenon
lamp as the excitation source in the range of 350 to 650 nm and
an excitation wavelength of 325 nm. The electrochemical prop-
erties for the CQDs/ZnO composite and commercial ZnO were
investigated in a three-electrode system with a platinum network
counter electrode and an Ag/AgCl (saturated KCl) reference
electrode, using a concentration of 0.1 mol L™ Na,SO, aqueous
electrolyte at 25 °C. The transient photocurrent response was
performed on an electrochemical analyzer using 0.5 V bias
voltage under light irradiation with a 300 W Xe lamp as the light
source. The BET-specific surface results of the CQDs/ZnO
composite and commercial ZnO were characterized by using
a TriStar II 3020 surface area analyzer (Micromeritics, Atlanta,
GA, USA) under a nitrogen atmosphere with an initial tempera-
ture of 150 °C and a heating rate of 10 °C s~ .

The impacts of the active species such as the superoxide
radical (O, "), hydroxyl radical ("OH) and photogenerated hole
(h") in the photocatalytic reaction process were investigated by
adding different scavengers, in which 2-propanol (IPA), 1,4-
benzoquinone (BQ, 98% purity) and ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na) were used to probe "OH, O, ™
and h', respectively. This method was identical to the preceding
photocatalytic activity test with the addition of 1 mmol of
scavenger. The radical production abilities of the CQDs/ZnO
composite and commercial ZnO were investigated by electron
spin resonance (ESR) with an EMXplus X-band electron para-
magnetic resonance spectrometer (Bruker, Karlsruhe, Baden-
Wiirttemberg, Germany) using dimethyl pyridine N-oxide
(DMPO) as the spin trapping agent.

2.4 Measurement of photocatalytic performance

The photocatalytic degradation experiments for organic
pollutants were performed under visible light irradiation. First,
the CQDs/ZnO composite with a dosage of 2 g L' was dispersed
into an aqueous solution containing organic pollutants with an
initial concentration of 20 mg L™' with magnetic stirring at
25 °C in the dark for 30 min. It was then placed under a 20 W
405 nm purple light lamp with an illuminance of 8 x 10" Lux,
which could emit a kind of purple light in the wavelength range
of 340-450 nm (see Fig. S1 in ESIt). Such samples were prepared
for several repeat experiments. After a certain period, one of the
samples was taken out and centrifugated. The concentrations of
the organic pollutants in the samples were measured by UV-vis
spectrophotometry using a UV3100 UV-vis-NIR spectropho-
tometer (Shimadzu, Chiyoda, Tokyo, Japan). The testing wave-
lengths were as follows: 664 nm (methylene blue), 618 nm
(malachite green), 582 nm (methyl violet), 543 nm (basic
fuchsin), 554 nm (rhodamine B), 230 nm (aniline) and 267 nm
(tetracycline hydrochloride). The photocatalytic degradation of
organic pollutants was measured with the value of C/C,. Each of
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the photocatalytic degradation results presented in this paper
represented the average measurement of three samples having
the same composition.

The photocatalytic kinetics can be described by the Lang-
muir-Hinshelwood mode, in which the integral form is:

1 Co G-C

t= (H) In (?) + X (1)
where ¢ refers to the irradiation time; C, is the initial concen-
tration of the organic pollutant, and C is the concentration of
the pollutant at time ¢; K is the equilibrium constant for the
organic pollutant adsorption on the catalyst, and K; reflects the
limiting rate of the reaction at the maximum coverage under the
given conditions.

At a low initial concentration of organic pollutant, the
second term in eqn (1) becomes insignificant, and hence it can
be neglected. Thus, the kinetic fitting of the photocatalytic
degradation in this paper used the following equation:

C
Ln (%) = KKt = Kyppt (2)
where Ky, is the apparent degradation rate constant in min*

used as the basic kinetic parameter.

3 Results and discussion

3.1 Structural characterization

The TEM analysis results of the CQDs/ZnO composite (CQDs/
ZnO-2 sample) are given in Fig. 1a—c. As shown in Fig. 1a, the
CQDs/ZnO composite presented an irregular sheet structure,
and spherical particles of CQDs were evenly dispersed on the
surface of ZnO. The HRTEM image displayed both the lattice
interleaving of nano ZnO and CQDs, in which the lattice stripes
with a spacing of 0.523 nm and 0.30 nm belonged to the (204)
and (110) crystal planes of ZnO, respectively. Meanwhile,
a crystal plane with a lattice spacing of about 0.283 nm could be
observed, which corresponded to the (020) crystal plane of
CQDs (See Fig. 1b). In addition, the elemental mapping showed
that the CQDs were relatively evenly distributed on the surface
of ZnO, which resulted in a carbon content of 12.29 wt% in the
composite (see Fig. 1c).

As shown in Fig. 1d, the PXRD patterns of the CQDs/ZnO
composite and commercial ZnO powder were similar, while
the diffraction peaks of CQDs in the composite could not be
observed obviously due to the relatively low content. The
diffraction peaks at 31.73°, 34.36°, 36.21°,47.47°, 56.53°, 62.75°
and 67.85° could be attributable to wurtzite ZnO (JCPDS card
no. 36-1451). On the other hand, the IR spectra of the CQDs/
ZnO composite showed that the strong Zn-O vibration bands
of commercial ZnO at 441 cm™ "' had an obvious red shift and
narrowing after combination, which might be due to the reac-
tion between the carboxyl group in CQDs and hydroxyl group on
the surface of ZnO. The characteristic absorption peaks of
CQDs, including the stretching vibration of the O-H bonds
(3439 cm™'), C-H bonds (2988 cm™') and C-O bonds
(1052 cm ™), were also observed (see Fig. 1e). In addition, due to
the organic groups in CQDs, the point of zero charge (PZC) value

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a—c) The TEM image (a), HRTEM image (b) and elemental mapping (c) of the CQDs/ZnO composite based on WRN. (d—f) The PXRD

patterns (d), IR spectra (e) and PZC (f) of commercial ZnO and the CQDs/ZnO composite.

of the CQDs/ZnO composite (7.50) is lower than that of
commercial ZnO (8.91, see Fig. 1f).

The XPS results of the CQDs/ZnO composite and commercial
ZnO are given in Fig. 2 and Table 2. As shown in Fig. 2a, the XPS
spectra of the CQDs/ZnO composite showed the existence of Zn,
O and C elements. The characteristic peaks in the Zn 2p spec-
trum at 1044.42 and 1021.30 eV belonged to the signals of Zn
(2p1s2) and Zn (2ps,,), respectively (see Fig. 2b and Table 2). In
the high-resolution spectrum of O 1s, the CQDs/ZnO composite
showed the existence of Zn-O and C-O bonds, whose charac-
teristic signals were located at 530.34 and 531.81 eV, respec-
tively. By contrast, the O 1s spectrum of commercial ZnO
displayed two characteristic peaks located at 529.61 and
531.31 eV, which could be assigned to the Zn-O bond and the
surface hydroxyl group of ZnO, respectively. Combined with the
IR results, it could be presumed that the complex reaction of
CQDs and ZnO was actually the reaction between the carboxyl
group in CQDs and the hydroxyl group on the surface of ZnO,
which resulted in the disappearance of the signal of the surface
hydroxyl group and the appearance of the signal of the C-O
bond (see Fig. 2c and Table 2). Besides, in the C 1s high-
resolution spectrum of the CQDs/ZnO composite, the charac-
teristic peak at 284.21 eV could be attributed to the C-C bond in
CQDs, while the characteristic signals centered at 285.78 and
288.55 eV were related to the C-O bond and C=C bond of
CQDs, respectively (see Fig. 2d and Table 2). Thus, it was clear
that the CQDs and ZnO were successfully combined in the
resulting composite.

3.2 Photocatalytic performance

The resulting CQDs/ZnO composite displayed a high photo-
catalytic degradation efficiency on various organic pollutants.
Taking methylene blue as an example, as one of the most

© 2022 The Author(s). Published by the Royal Society of Chemistry

common pollutants in dyeing waste water with considerable
toxicity, methylene blue was difficult to degrade under 405 nm
visible purple light.*® As shown in Fig. 3a—-c, after 40 min of
illumination without photocatalyst, the degradation rate of
methylene blue was only 2.75%. The commercial ZnO had
a photocatalytic effect on methylene blue, but could not achieve
complete degradation with a degradation rate of 62.57% within
40 min and a low degradation rate constant (Kupp) of
0.0243 min~"'. By contrast, the CQDs/ZnO composite based on
WRN had a much better photocatalytic performance. The
degradation rate of the CQDs/ZnO-2 sample could be as high as
96.92% within 5 min, 98.88% within 10 min, and 99.58% within
40 min. It also displayed a high degradation rate constant of
0.2630 min~ ', which was almost 11 times as large as that of
commercial ZnO. The degradation effect of the synthesized
CQDs/ZnO composite was even better than that of the CQDs/
TiO, composite previously reported® in the same photocatalytic
condition. The degradation rate (63.84% within 5 min, 76.75%
within 10 min and 99.57% within 40 min) and degradation rate
constant (0.0580 min~") of the CQDs/TiO, composite both
underperformed compared with those of CQDs/ZnO composite.
This indicated that, compared with TiO,, ZnO could be a better
base material for producing a photocatalytic composite based
on WRN.

Moreover, the CQDs/ZnO composite had good catalytic
stability, which could be recycled and reused without appre-
ciable degradation rate decrease. As shown in Fig. 3d, it could
maintain a degradation rate of more than 95% after ten pho-
tocatalytic cycles. The CQDs/ZnO composite could maintain
structural stability and composition during the photocatalytic
process. The PXRD patterns of the CQDs/ZnO composite before
and after the photocatalytic cycle were almost the same (see
Fig. 3e). The EDS mapping showed that, after ten photocatalytic

RSC Adv, 2022, 12, 23692-23703 | 23695
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Table 2 The assignment of the XPS peaks of the CQDs/ZnO composite and commercial ZnO

Photocatalyst Element Peak (eV) Surface group Assignment
CQDs/ZnO composite Zn 2p 1044.42 Zn Zn (2p1/2)
1021.30 Zn Zn (2ps2)
O1s 530.34 Zn-0O Oxygen bonded to zinc
531.81 Cc-0 Oxygen singly bonded to CQDs
C1s 284.21 C Graphitic carbon
285.78 Cc-0 Alcoholic or etheric structure in CQDs
288.55 C=C m-Electrons in aromatic ring of CQDs
Commercial ZnO Zn 2p 1044.16 Zn Zn (2p1/2)
1021.08 Zn Zn (2ps2)
O1s 529.61 Zn-0 Oxygen bonded to zinc
531.31 Zn-OH Surface hydroxyl group of ZnO

cycles, the CQDs could still be evenly distributed on the surface
of ZnO in the CQDs/ZnO composite. At the same time, its
carbon content maintained 11.95 wt%, which did not cause
obvious loss compared with the original sample (see Fig. 3f-h).

As shown in Fig. 4, within the low range of CQDs dosage, the
photocatalytic degradation efficiency of the CQDs/ZnO
composite was slightly enhanced with the increase of the
carbon content. The CQDs/ZnO composite with about 12 wt%
carbon content (CQDs/ZnO-2 sample) displayed a maximal
degradation rate constant of 0.2630 min~'. However, further
treatment with CQDs dosage resulted in a significant decrease

23696 | RSC Adv, 2022, 12, 23692-23703

to the degradation effect. The CQDs/ZnO-1 sample with
a carbon content of 20.5 wt% displayed a much lower degra-
dation rate constant of 0.1024 min ", which might be attributed
to the shielding effect of the carbon-based materials.>

The resulted CQDs/ZnO composite also displayed a highly
efficient photocatalytic degradation effect on other common
water-soluble dyes such as malachite green, methyl violet, basic
fuchsin, and rhodamine B under visible light irradiation, and
showed better photocatalytic performance than commercial
ZnO (see Fig. 5a-d). It was also observed that the photocatalytic
degradation effect of the CQDs/ZnO composite could be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ten photocatalysis cycles.

affected by the molecular structure of the organic dyes, espe-
cially the mother nucleus structure and substituent group (see
Fig. 5g). An organic dye with a triphenylmethane structure and
dimethylamino group, such as malachite green, showed the

maximal degradation rate constant (1.9260 min~') among the
five organic dyes. By contrast, the phenothiazine dye containing
the dimethylamino group, like methylene blue, displayed rela-
tively low degradation rate constants (0.2630 min '), which
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Fig. 4 The photocatalytic degradation rate within different irradiation times (a) and apparent degradation rate constant (Kspp, (b)) of the CQDs/
ZnO composite with different carbon contents to methylene blue under 405 nm purple light.
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basic fuchsin (c) and rhodamine B (d) within different irradiation times under 405 nm purple light. (€) Comparison of the apparent degradation
rate constants (K,pp) Of five organic dyes, including methylene blue, malachite green, methyl violet, basic fuchsin, and rhodamine B.

indicated that the resulting CQDs/ZnO composite displayed an
extremely high photocatalytic degradation effect on triphenyl-
methane dyes. On the other hand, it seemed that the dime-
thylamino group could benefit from the photocatalytic
degradation compared with other substituent groups like
amino or carboxyl group. For example, as another kind of
triphenylmethane dyes, methyl violet, which had a similar
structure to malachite green but an additional amino group,
displayed a lower degradation rate constant (0.3175 min™ )
than malachite green. The basic fuchsin had three amino
groups but no dimethylamino group in its molecule, whose
degradation rate constant was even lower (0.2055 min %).
Rhodamine B contained a triphenylmethane structure and

23698 | RSC Adv, 2022, 12, 23692-23703

carboxyl group, and also showed a relatively lower degradation
rate constant (0.1745 min ).

Apart from organic dyes, the CQDs/ZnO composite could
also be used to control antibiotic residues.?” Taking tetracycline
as an example, the CQDs/ZnO composite could degrade 98.21%
of the tetracycline within 10 min under 405 nm purple light,
while the degradation rate of commercial ZnO in the same
condition was only 32.94% (see Fig. 6a). On the other hand, the
CQDs/ZnO composite could also eliminate aniline efficiently,
which is very stable in water and easily leads to widespread and
persistent water pollution.*** The commercial ZnO displayed
a weak photocatalytic effect on aniline with a degradation rate
of 39.47% within 80 min, while the CQDs/ZnO composite could

© 2022 The Author(s). Published by the Royal Society of Chemistry
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eliminate 48.80% and 99.90% of the aniline within 10 min and
80 min, respectively (See Fig. 6b).

It is also notable that compared with other CQDs/ZnO
composites for the elimination of dye (see Table 3), the CQDs/
ZnO composite based on WRN showed a much better photo-
catalytic degradation effect than other CQDs/ZnO composites
using natural carbon source or waste (like peach juice or coffee
ground), which could achieve almost 100% photodegradation
within a very short irradiation time. Compared to the CQDs/ZnO
composites containing CQDs synthesized from saccharides or
hydroxycarboxylic acids, the CQDs/ZnO composite based on WRN
still displayed high photocatalytic degradation efficiency and lower
cost, which was beneficial to large-scale water pollutant treatment.

3.3 Photocatalytic mechanism

In order to further examine the photocatalytic mechanism of
the as-prepared CQDs/ZnO composite based on WRN, the UV-
vis absorption spectra of commercial ZnO, CQDs and CQDs/
ZnO composite were tested and are shown in Fig. 7a. The
absorption of the commercial ZnO was mainly in the UV region,
and there was almost no absorption in the visible light region
(wavelength > 400 nm). In contrast, due to the good visible light
absorption of CQDs, the CQDs/ZnO composite exhibited a wide
visible light absorption region whose light-absorption intensity
in the visible light region was much stronger than that of
commercial ZnO. Thus, the combination of CQDs and ZnO
could effectively enhance the energy absorption and produce

Table 3 Photocatalytic degradation effect of the CQDs/ZnO composites using different carbon sources

Pollutant Photocatalyst ~ Irradiation
Carbon source concentration  dosage times Degradation
of CQDs Light source Pollutant (mg L™ (gL ™ (min) rate (%) Reference
Glucose Halogen lamp (500 W) Methylene blue 10 0.1 30 96 3
Sucrose Halogen lamp with a filter Rhodamine B 10 0.1 60 98 19
(500 W, wavelength > 420
nm)
p-Fructose Xenon lamp Rhodamine B 2.3 1.5 x 107* 105 94 20
(wavelength > 420 nm)
L-Ascorbic Osram lamp (400 W) Methylene blue 50 1 120 87 21
acid
L-Ascorbic Blended mercury lamp Methylene blue 30 1 120 100 22
acid (250 W)
Sodium citrate ~ Xenon lamp (300 W) Methylene blue 10 0.1 60 98 23
Coffee UVB lamp Methylene blue 5 0.25 150 80 15
grounds (6 W, wavelength: 360 nm)
Peach juice UV lamp Methylene blue 20 2 60 95 25
Graphite rods ~ Xenon lamp (18 mW cm?) Tetracycline 10 0.5 30 100 24
WRN Purple light lamp Methylene blue 20 2 10 98.88 This work
(20 W, wavelength: 405 nm) Tetracycline 20 2 10 98.21
Malachite 20 2 10 98.66
green
Methyl violet 20 2 10 98.11
Basic fuchsin 20 2 40 99.39
Rhodamine B 20 2 80 99.33
Aniline 20 2 80 99.90
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more electron-hole pairs under visible light irradiation.
Furthermore, the band gaps of the commercial ZnO and CQDs/
ZnO samples were calculated by means of Kubelka-Munk
theory and are shown in Fig. 7b. The band gap of the
commercial ZnO photocatalyst was about 3.36 eV. By compar-
ison, the introduction of CQDs could afford a narrower band
gap of 1.83 eV, promoting the electronic transition and
improving the photocatalytic degradation process. The valence
band (VB) potentials of commercial ZnO and CQDs/ZnO were
determined by using XPS valence spectra (see Fig. 7c), which
indicated that the maximum energy edge of the VB of ZnO and
CQDs/ZnO composite were about 2.7 eV and 3.2 eV, respectively.
For commercial ZnO, its VB value (2.7 eV) was more positive
than E°('OH, H'/H,0) (2.38 eV vs. NHE). Furthermore, its
conduction band (CB) potential (Ecg = Evg — E) could reach
—0.66 eV and was more negative than E°(0,/0, ") (—0.33 eV vs.
NHE). This suggested that the photogenerated holes of
commercial ZnO can oxidize OH™ to yield hydroxyl radical
("OH), and reduce O, to generate superoxide radical (O, ). For
the CQDs/ZnO composite, the VB value in the ZnO part (3.2 eV)
was more positive than E°("OH, H'/H,0), while the CB value in
the CQDs part (—0.47 eV) was more negative than E°(0,/0, ).
Therefore, the as-prepared CQDs/ZnO composite could also
form O,"~ and "OH radicals simultaneously under visible light
irradiation.

On the other hand, the steady-state PL spectra of the
commercial ZnO and CQDs/ZnO composite (Fig. 7d) showed that
the emission intensity of the CQDs/ZnO composite was much
lower than that of commercial ZnO at similar emission, which
suggested that the modification of CQDs could effectively reduce
the recombination of electron-hole pairs. This feature of the
CQDs/ZnO composite was also proven by the photocurrent
response with the on/off cycles of visible light irradiation (Fig. 7e).
It could be observed that the CQDs/ZnO electrode displayed
a much higher photocurrent (more than 6 times) in comparison
to the commercial ZnO electrode upon irradiation. This means
that a faster interfacial charge transfer to the electron acceptor
occurred in the CQDs/ZnO composite, which resulted in the more
effective separation of electron-hole pairs. In the Nyquist plot of
the electrochemical impedance spectra (EIS) (Fig. 7f), the CQDs/
ZnO composite showed a smaller diameter of the semicircle
than commercial ZnO, which suggested that the CQDs/ZnO
composite had a lower charge transfer resistance than commer-
cial ZnO. This was consistent with the results of PL and photo-
current analysis. In addition, as shown in Fig. 7g, due to the
combination of CQDs, the CQDs/ZnO composite displayed an
enhanced BET surface area (68.29 m” g ') compared to
commercial ZnO (23.42 m* g~ ). This enhanced the adsorption to
various organic pollutants, and was also beneficial to the
enhanced photocatalytic activity of the CQDs/ZnO composite.

The effects of different scavengers (EDTA-2Na, BQ, IBA) on
methylene blue photodegradation are shown in Fig. 8a and b. The
photocatalytic degradation efficiency did not dramatically
decrease and maintained 90.4% after adding EDTA-2Na, which
indicated that the photogenerated hole (h*) was negligible in the
photocatalytic process. By contrast, introducing either IPA or BQ
could result in the significant inhibition of the degradation
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efficiency, with a much lower removal rate of 51.2% and 51.1%,
respectively. This suggested that the superoxide radical (O, ™) and
hydroxyl radical ("OH) were both the main active species in the
photocatalytic degradation process. The electron spin resonance
(ESR) with the DMPO technique was also used to investigate the
reactive oxygen species generated by the CQDs/ZnO composite
and commercial ZnO photocatalysts. As shown in Fig. 8c-f,
obvious characteristic peaks of both O, and "OH radical of
DMPO were observed by using both the CQDs/ZnO composite and
commercial ZnO as a photocatalyst, which suggested that both
CQDs/ZnO composite and ZnO could reduce adsorbed O, to form
the O, radical and oxidize the adsorbed H,O or OH™ to form the
‘OH radical under light radiation. Moreover, compared with using
commercial ZnO as a photocatalyst, both O,"~ and "OH radical
signals of DMPO with the CQDs/ZnO composite were evidently
stronger. Thus, the CQDs/ZnO composite displayed stronger
abilities in producing O,"~ and "OH radical than commercial ZnO
on the same test condition, which demonstrates that the intro-
duction of CQDs could result in efficient electron-hole pair
separation and enable more photogenerated electrons to reduce
0O, and more photogenerated holes to oxidize H,O. Based on the
above results, a possible photocatalytic mechanism schematic is
illustrated in Fig. 8e. When the CQDs/ZnO composite is irradiated
by visible light, the CQDs can be easily excited with photo-
generated electrons on the conduction band (CB) and leave the
holes on the valence band (VB). The excited electrons could
spatially transfer between CQDs and ZnO quickly and result in
a more efficient electron-hole pair separation. Finally, the elec-
trons accumulated in the CB of CQDs and the holes in the VB of
ZnO participate in the reduction and oxidation photocatalysis
reactions, respectively. The photogenerated hole could react with
H,0 to produce more ‘OH, and the separated electrons on the
CQDs could react with O, to produce more O, . The generated
0O, and ‘OH radical could degrade various organic pollutants
and effectively cause excellent photocatalytic activity.

4 Conclusions

In this paper, low-cost CQDs/ZnO composite was synthesized and
characterized using waste rice noodle (WRN) as the raw material.
The CQDs/ZnO composite based on WRN exhibited a highly effi-
cient photocatalytic degradation effect on various organic pollut-
ants, such as water-soluble dyes (including methylene blue,
malachite green, methyl violet, basic fuchsin, and rhodamine B),
aniline, and tetracycline under visible light irradiation, which
showed better photocatalytic performance than commercial ZnO.
The introduction of CQDs based on WRN to ZnO could result in
efficient electron-hole pair separation, and enable more photo-
generated electrons to reduce O, and more photogenerated holes
to oxidize H,O. This can result in stronger abilities to produce O, ™~
and 'OH radical and better photocatalytic activity.

Due to the very low cost of CQDs based on WRN, the CQDs/
ZnO composite based on WRN can achieve much better photo-
catalytic degradation efficiency than commercial ZnO without
raising production costs. On the other hand, since the raw
material (WRN) comes from a kind of local daily diet, the CQDs
based on WRN can achieve a stable supply of raw materials and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the resulting CQDs/ZnO composite has a high value for large-scale
industrialization. Thus, the CQDs/ZnO composite can be a good
substitute for commercial ZnO and have good application in
large-scale water pollutant treatment. In addition, compared to
other recycling methods for catering waste, the conversion
strategy of WRN to the CQDs/ZnO composite can realize higher
added value, which suggests broad prospects for industrialization
and may provide a new method for the recycling of cooking waste.
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