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The promising green synthesis of carbon dots (CDs) from microalga Chlorella pyrenoidosa was achieved using
simple hydrothermal and microwave-assisted methods. Doping of nanomaterials by nonmetals (N, S, and P)
was confirmed by X-ray photoelectron spectroscopy (XPS), while the existence of metals in the CDs was
confirmed by inductively coupled plasma optical emission spectroscopy (ICP-OES) and transmission
electron microscopy (TEM), and Mg, Ca, K, and Na were found as the dominant doped metals. The novel
nanomaterials with excellent photoluminescence (PL) properties were used for the modification of ZnO
obtained by a simple hydrothermal process. In this regard, a series of ZnO decorated with multi-doped
carbon dots (xCDs) was prepared and their photocatalytic properties were evaluated. The ZnO-xCD
photocatalysts were characterized by various advanced techniques including X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), XPS, Brunauer—Emmett—Teller
(BET), PL, ultraviolet-visible (UV-vis) spectroscopy and electrochemical impedance spectroscopy (EIS)
analysis. The photocatalytic behaviour of the obtained materials was investigated in the degradation of
carbamazepine (CBZ). The influence of the synthesis method of xCDs and their content on the activity of
the photocatalyst was examined. The photocatalyst ZnO modified with 3% xCDs obtained by the
microwave-assisted method revealed the highest effectiveness for CBZ degradation and allowed for a first-
order degradation rate of 2.85 times in comparison with non-modified ZnO. The improvement of the
photocatalytic process was achieved by support with peroxymonosulphate resulting in up to 3.18 times
a first order kinetic rate constant compared with that of simple photocatalysis in the presence of ZnO-
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mutagenic, and their removal by biological processes in
wastewater treatment plants is inefficient. Among the variety of

1. Introduction

Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.
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In recent years, rapid global development has caused serious
environmental pollution worldwide, mostly due to persistent
organic pollutants. Some organic pollutants seriously influence
the living environment because they are toxic, carcinogenic, and
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micropollutants, pharmaceuticals despite their low concentra-
tions, in long-term pollution, may cause changes in the
biochemical functions of aquatic organisms and related
ecosystems." Recent studies have indicated that carbamazepine
(CBZ), an antiepileptic drug, is one of the most detected phar-
maceutical compounds in water bodies™* and its presence has
been confirmed in freshwater and marine water, with concen-
trations ranging from ng dm ™ to a few pug dm™>.* CBZ exhibits
stability and high persistence, and its negative impacts on
aquatic organisms have been proven. Recent studies on the
biological effects of CBZ indicated that this compound causes
altered biological responses (physiological, cellular, and
molecular) at concentrations detected in the aquatic environ-
ment (up to 1 pg dm~?) in marine bivalves (adults and early life
stages).” With regard to the harmful effects of persistent organic
pollutants on human beings and wildlife, the development of
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advanced treatment technologies is crucial to face this chal-
lenge. Among the various water treatment techniques employed
to remove micropollutants from water streams, for example
adsorption, membrane separation, coagulation, and advanced
oxidation processes (AOPs) are promising for the elimination of
organic micropollutants, especially for recalcitrant compounds
with a low biodegradability.®” In this regard, solar light-assisted
photocatalytic degradation of recalcitrant pollutants in the
presence of an advanced semiconductor offers efficient water
treatment solution from pharmaceutical drugs.?

Zinc oxide (ZnO) is a promising photocatalyst owing to its
nontoxicity, simplicity of processing and synthesis, excellent
photostability, high chemical stability, and low cost.>® These
advantages make ZnO applications in photocatalytic technolo-
gies highly widespread in industrial applications. However,
certain limitations to common applications, such as the narrow
photoresponse range, recombination of photogenerated elec-
tron-hole pairs, and low adsorption capacity, have guided
extensive studies on appropriate modifications to enhance the
photoreactivity of ZnO.' Therefore, much effort has been
devoted to improve the photocatalytic activity of ZnO using e.g.,
doping with various metals**> and non-metals,"* formation of
hetero-structural composites,** noble metals deposition,* and
coupling with nanocarbon components.'**®

Zero-dimensional quasi-spherical nanoparticle carbon dots
(CDs) have gained global importance in many applications.
CDs, in particular, exhibit excellent advantages including facile
synthesis, good luminescence features, photostability, low
cytotoxicity, low risk to the environment, and easy functionali-
zation for surface modification.”” Among the variety of reported
CD synthesis methods, e.g., carbonization method,"® pyrolysis,*®
hydrothermal,*** microwave irradiation,*** arc discharge,*
electrochemical exfoliation,* laser ablation,” and acidic
oxidation.”” Methods considered as a green bottom-up
synthesis approach are hydrothermal carbonization and
microwave irradiation.”® Green CDs syntheses methods are
promising because of its facile process, the use of an aqueous
medium, and the possibility of using carbon from diverse
renewable organic resources.”®* Among the aforementioned
methods, the microwave-assisted method allows for the
synthesis of shorter reaction times and lower reaction temper-
atures and does not require a specialized Teflon reactor.*

Following the trend of green chemistry principles, the
development of biomass-derived CDs is of great interest.
Various bio-waste/plant materials,* including plants,* mush-
rooms,* and microorganisms® offer cost-effective and eco-
friendly precursors for the synthesis of CDs. In particular,
algae with alkaloids, proteins, polyketides, quinones, cyclic
peptides, phlorotannins, polysaccharides, lipids, and glycerol
can be used to synthesize CDs nanoparticles with a high
number of heteroatoms (N, S and P) on the surface, which is
required for achieving a high quantum yield.** Zhang et al.
synthesized N-, S-, and P-doped CDs from microalgae Chlorella
pyrenoidosa with main model ingredients (i.e., glucose, glycine,
and octadecanoic acid).*® Hydrothermal-produced N-, S-, P-
doped CDs with a diameter smaller than 20 nm revealed
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fluorescence quantum yield 4.7-9.4 times higher than CDs
produced from model compounds.*

Owing to their numerous advantages, CDs have been used to
improve the effectiveness of semiconductors for the use in
photocatalytic processes. These directions provide useful strat-
egies for the treatment of pharmaceuticals, pesticides, and
other industrial pollutants in water. CDs offer a variety of
benefits: (i) light absorption in the visible region by combina-
tion with semiconductors in their hybrids, (ii) upconversion
photoluminescence, (iii) CDs act as electron acceptors to reduce
the recombination of photogenerated electron-hole pairs, and
(iv) photosensitization of photocatalysts.>**® A series of recent
studies have indicated that the utilization of CD for inorganic
semiconductors modification may enhance photocatalytic
activity. For instance, Silva et al.®” demonstrated that TiO,/
carbon quantum dot composites possessed improved photo-
degradation efficiency of antibiotics, such as sulfadiazine, sul-
famethoxazole and trimethoprim under UV-vis irradiation.
Also, Ren and coworkers® have provided evidence for the
boosting tetracycline photodegradation under visible light
using carbon quantum dots/Bi,WOs heterojunctions as the
photocatalysts. In general, carbon dots influence positively on
organic compounds degradation by the photocatalytic
treatment.

Many studies have confirmed that the oxidizing capability of
a photocatalyst can be significantly improved by the assistance
of e.g., hydrogen peroxide (H,0,), peroxymonosulphate (PMS)
or persulphate (PS).'**** This enhancement is caused by the
activation of these oxidants by photoinduced electrons to
generate radicals with a strong oxidation potential, such as
hydroxyl ("OH) with a redox potential of 2.8 V or sulphate
radicals (SO, ™) with even a higher redox potential (2.5-3.1 V)
depending on their activation methods.** Additionally, SO,"
possesses a higher selectivity and longer half-life than “OH in
certain cases. Thus, SO, ™ is expected to have better capacity for
organic pollutants degradation.*>*

In this study, we report environmentally-friendly microwave-
assisted and hydrothermal methods to prepare multi-doped
CDs from freshwater algae Chlorella pyrenoidosa. Furthermore,
both types of multi-doped CDs were applied to produce novel
multi-doped CDs-ZnO nanoparticles (NPs) by simple hydro-
thermal method, which exhibited enhanced photocatalytic
performance to remove CBZ under a Xenon lamp. The multi-
doped CDs-ZnO also were examined in the photocatalytic
process assisted by peroxymonosulphate (PMS). The phase,
morphologies, optical and electronic properties of the synthe-
sized materials were investigated in detail. The mechanism of
the photocatalytic process supported by PMS was examined by
the experiments in the presence of scavengers. Reusability
studies were also carried out using selected nanocomposites to
recognize the long-term stability and commercial applications.

2. Materials and methods
2.1. Materials

Microalgae tablets were purchased from Meridian, Taiwan. The
freshwater algae Chiorella pyrenoidosa was in the form of
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200 mg tablets, prepared using the patented DynoMill®
method, causing the cell walls to break (Broken Wall).

Zinc acetate dihydrate ((CH3;COO),Zn-2H,0, an analytical
reagent grade) was purchased from AppliChem (Germany).
Sodium hydroxide (NaOH, 99.9%) and 2-propanol ((CHj),-
CHOH, 99.9%) were obtained from POCh (Poland). Carbamaz-
epine (C;5H;,N,0, 99.9%), potassium peroxymonosulphate
(PMS, 2KHSO5 KHSO, K,S04, OXONE®), p-benzoquinone (98%),
tert-butanol (>99.5%), ammonium oxalate monohydrate
((NH4),C,04, 99.5%), and sodium azide (NaNj, 99.5%) were
obtained from Sigma-Aldrich. Acetonitrile (ACN, CH;CN, LCMS
grade) was obtained from Supelco, and orthophosphoric acid
(H3PO,, HPLC electrochemical grade reagent) was purchased
from Fisher Chemical (USA). The chemical reagents were used
as obtained without additional purification. Deionized water
(DI) produced by Hydrolab equipment, was used in all
experiments.

2.2. Multi-doped carbon dots preparation

2.2.1. Hydrothermal method. Firstly, 2.5 g microalgae
powder was obtained by grinding in a mortar and then
dispersing in 150 cm® of deionized water using an ultrasound
bath for 15 min. The microalgae powder dispersion was trans-
ferred to a Teflon-lined stainless steel autoclave and heated at
200 °C for 4 h in an oven. Afterward, the reaction mixture was
cooled to room temperature, and the sediment was removed by
centrifugation (6000 rpm, 10 min) and thereafter solution was
filtered. Next, the supernatant containing the CDs was trans-
ferred to an amber-coloured storage bottle and labelled as
hydrothermal-assisted CD (CD_ht). The CD_ht solution was
freeze-dried for further characterization.

2.2.2. Microwave-assisted method. Firstly, 2.5 g microalgae
powder was obtained by grinding in a mortar and then
dispersing into 10 cm® of deionized water, followed by stirring
for 15 min. The microalgae powder dispersion was then treated
by microwave irradiation at 750 W for 7 min. The solid powder
was ground in a mortar and dispersed in 150 cm® of deionized
water by ultrasonication for 15 min. Next, the solids were
removed by centrifugation (6000 rpm, 10 min) and solution was
filtered through a 0.22 pm filter membrane. Subsequently, the
supernatant containing the CDs was transferred to an amber-
colored storage bottle and labelled as microwave-assisted CD
(CD_mw). For further characterization, solution of CD_ht was
freeze-dried.

2.3. Preparation of ZnO-multi-doped CD nanocomposites

ZnO-xCD photocatalysts were prepared via a hydrothermal
process under mild conditions. For the synthesis, firstly, (CH;-
C00),Zn-2H,0, 20 mmol)) was dissolved in deionized water (50
cm?) under constant magnetic stirring. Secondly, appreciable
volumes of the previously prepared CD aqueous solutions (0, 5,
10, and 20 cm® of CD_mw, which were linked to 0, 0.75, 1.5, and
3 wt% and 0.612, 1.25; 2.5 cm® of CD_ht, which were linked to
0.75, 1.5, and 3 wt%) were added. Appreciable amounts of
CD_mw and CD_ht were added according to the mass obtained
after lyophilization. After homogeneous dispersion, 50 cm® of

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances

NaOH aqueous solution (60 mM, 2.4 g) was added to the solu-
tion of Zn salt and CD and stirred at room temperature for
5 min. The suspension was then placed in a Teflon-lined
stainless-steel autoclave and heated at 80 °C for 16 h in an
oven. Finally, the photocatalysts were washed with deionized
water until neutral pH was obtained and dried at 50 °C for 12 h.

2.4. Characterization

X-ray diffraction (XRD) analysis were carried out by using X-ray
diffraction (XRD) system SmartLab (Rigaku Intelligent, Tokyo,
Japan). XRD patterns were recorded at 26 from 5° to 80°, with
a scan speed of 2° min~' and a step of 0.01°. Specific surface
area was evaluated by nitrogen adsorption with the Brunauer-
Emmett-Teller (Sggr) method with the Micromeritics Gemini V
apparatus (model 2365) (Norcross, GA, USA). The optical prop-
erties of the samples were analysed by the ultraviolet-visible
diffuse reflectance spectra (DRS) in the wavelength range from
200 nm to 800 nm by the Thermo Scientific Evolution 220
diffuse reflectance spectrophotometer (Waltham, MA, USA)
using barium sulphate as a standard reference for powder
samples and using water as a standard for liquid samples.
Photoluminescence (PL) studies were performed on a RF-6000
spectrofluorometer (Shimadzu, Japan). A PerkinElmer ICP-
OES Optima 2000 DV (USA) was used to determine metals (Al,
As, Bi, Ca, Cd, Cr, Co, Cu, Fe, Ga, In, K, Mg, Mn, Na, Ni, Pb and
Zn) in the studied samples. The ICP-OES instrument was opti-
mized before measurement and was used with the following
parameters: RF power, 1300 W; frequency 40 MHz, demount-
able quartz torch, axial viewing, plasma gas (Ar) flow, 15.0
dm® min~"; auxiliary gas (Ar) flow, 0.2 dm® min~'; nebuliser gas
(Ar) flow, 0.8 dm® min~*; glass cyclonic spray chamber, sample
pump flow rate, 1.5 cm® min'; replicate, 3. Metals ions were
measured at wavelengths of 396.153; 193.696; 223.061; 317.933;
228.802; 267.716; 228.616; 327.393; 238.204; 417.206; 230.606;
766.490; 285.213; 257.610; 589.592; 231.604; 220.353; 206, and
200 nm for Al, As, Bi, Ca, Cd, Cr, Co, Cu, Fe, Ga, In, K, Mg, Mn,
Na, Ni, Pb, and Zn, respectively. The total amount of metals in
the studied microalgae was determined after the digestion
process using nitric acid. Fourier transform infrared (FTIR)
spectra were recorded on a FTIR Nicolet iS10 (Thermo Fisher
Scientific Waltham, MA, USA) spectrometer in the wavenumber
from 400 to 4000 cm ™. The pellets were made by grounding the
sample and KBr in 1:100 ratio and pressed using a hydraulic
press. The surface chemistry of the samples was analysed by X-
ray photoelectron spectroscopy (XPS) using the UHV Prevac
spectrometer with monochromatic Al Ko radiation (hn = 1486.6
eV) from an X-ray source operating at 10 kV. The Casa XPS
Version 2.3.23 PR1 software was used to analyse the XPS data.
Transmission electron microscopy (TEM) investigations were
conducted with ThermoScientific Titan Themis Cs corrected
200 kV S(T)EM. Samples were dispersed in ethanol and subse-
quently placed on a carbon-coated copper grid. The morphology
of samples was analysed using Phenom ParticleX Desktop SEM
form Thermo Fisher Scientific (USA), which was equipped with
backscattered electrons (BSEs) and secondary electrons (SEs)
detector. Thermogravimetric analysis (TGA) was performed
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using thermogravimetric analyser 2 SF/1100 from Mettler
Toledo. The thermal properties of samples with the mass of 7-
10 mg were investigated at the temperature range of 50 °C to
800 °C (heating rate 10 °C min '), under nitrogen atmosphere
(N, flow rate 50 cm® min ). Electrochemical characterization of
the prepared samples was performed by electrochemical
impedance spectroscopy (EIS), photocurrent measurements,
and Mott-Schottky measurements using an Autolab PGSTAT204
potentiostat/galvanostat equipped with an FRA32M module and
an on-off light-emitting diode (LEDs) of near-ultraviolet (390
nm) as the illumination source. The photocatalysts were
deposited on screen-printed carbon electrodes (DRP-110 type)
from an aqueous suspension. Typically, 10 mg of the photo-
catalyst was dispersed in 2 cm® of water, mixed, and ultra-
sonicated, and the working electrode was coated with 0.01 cm®
of suspension and finally dried at 60 °C. The electrolyte used
was Na,SO, with a concentration of 1 M. EIS was performed
under dark and light conditions with frequencies in the range of
105-0.1 Hz and a sinusoidal wave of 5 mvV. The transient
photocurrent was measured at a constant potential of 0 V.
During the experiment, the deposited electrode was irradiated
in the following sequence: light-off (50 s) and light-on (50 s).

2.5. Photocatalytic performance measurements

The photocatalytic activities of the ZnO-xCD were evaluated in
the degradation of carbamazepine (CBZ) under UV-vis light. The
photodegradation processes were performed in a quartz reactor
with aeration, constant temperature of 20 °C, and sampling
system. The photocatalyst at the content of 0.5 g dm~ and
25 cm® of the CBZ aqueous solution (14 mg dm™?) was intro-
duced into the reactor and kept in the dark for 30 min under
magnetic stirring to reach adsorption-desorption equilibrium.
The light intensity was measured using a UV radiometer (UV-B)
and was maintained at approximately 25 mW ¢cm ™. At certain
time intervals, 1 cm® of the suspension solution was filtered
through syringe filters (¢ = 0.2 um) to determine the CBZ
concentration and total organic carbon (TOC) after each
process. Moreover, some processes were supported by adding
0.2-2 mM PMS to the suspension at the beginning of irradia-
tion. The reaction solution containing PMS was immediately
quenched by the addition of methanol. The presence of CBZ
was monitored using a high High-Performance Liquid Chro-
matography with Diode-Array Detection system (HPLC-DAD,
Kyoto, Japan) equipped with a Phenomenex Kinetex C-18
column. The mobile phase, consisting of ultrapure water (A),
acetonitrile (B), and H;PO, was eluted in the isocratic mode, in
a ratio of 72% (A)/27.5% (B)/0.5% (C), with a flow rate of 1.5
ecm® min~'. The temperature of the chromatographic column
was maintained at 40 °C, injection volume was 0.01 cm?®, and
detection wavelength was 285 nm. TOC was measured using
a carbon analyser (TOC-L, Shimadzu, Kyoto, Japan).

Stability tests were performed using the most active photo-
catalysts supported by the PMS-assisted process. Detailed
experiments on the effect of ions were performed at a concen-
tration of 10 mM NaCl, NaHCO;, and NaNO; (to assess the
effect of CI7, HCO; , and NO; , respectively), while the pH was
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adjusted with NaOH (0.1 M) and HNO; (0.1 M). Moreover, the
contributions of selected reactive species generated during
photocatalysis were examined. The contributions of ‘OH and
SO,"”, 'OH, h*, 0,"7, and '0, were determined by conducting
the degradation processes of CBZ in the presence of iso-
propanol (IPA) (5 mM), tert-butanol (TBA) (5 mM), ammonium
oxalate (AO) (5 mM), benzoquinone (BQ) (1 mM), and sodium
azide (SA) (5 mM), respectively.

3. Results

3.1. Characterization of multi-doped carbon dots

In this study, carbon dots (CD) were prepared using two sepa-
rate methods: hydrothermal (CD_ht) and microwave-assisted
(CD_mw). In both cases, Chlorella pyrenoidosa was used as the
raw material for CD. The schematic preparation methods for CD
are depicted in Fig. 1. First, microscopic analysis was performed
to determine the CD size and chemical composition. Based on
the STEM image presented in Fig. 2a, the CDs were predomi-
nantly monodispersed and spherical. The particle size distri-
bution in Fig. 2b reveals that CD_ht ranged from 12 to 70 nm,
with an average size of 23 nm. The SEM high-angle annular dark
field (STEM-HAADF) image and corresponding elemental
mapping images of CD_ht (Fig. 2c) demonstrate the presence
and coexistence of carbon (C), oxygen (O), phosphorus (P),
sulphur (S), calcium (Ca), and magnesium (Mg) elements.
Carbon was spread over the picture owing to the use of carbon-
coated grids during the analysis.

In the case of CD_mw, microscopic analysis confirmed the
spherical shape of the particles (Fig. 3a). However, the particle
size distribution in Fig. 3b was much larger than that of CD_ht.
The size of CD_mw ranged from 21 to 192 nm, and the mean
size was approximately 68 nm. Elemental color mapping, shown
in Fig. 3c, confirmed the presence of C, O, P, S, Ca, and Mg in
CD_mw. In summary, the preparation method of CDs from
microalgae strongly influenced the size of the CDs. Further
analysis was performed to determine differences in the

Microalgae powder
Chlorellapyrei

Fig. 1 Preparation methods of CDs derived from the algae Chlorella
pyrenoidosa by hydrothermal and microwave treatment.
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chemical structures and optical properties of the obtained CDs
samples.

ICP examination was used to determine the metal concen-
tration in the M-doped CDs nanoparticles synthetized by
hydrothermal and microwave-assisted method, as well as the
metal content in the microalgal tablets, which were the source
for the synthesis of CD. The solutions of CDs and were analysed
for selected metals (Al, As, Bi, Ca, Cd, Cr, Co, Cu, Fe, Ga, In, K,
Mg, Mn, Na, Ni, Pb, and Zn) and the results (Table 1) show
different doping levels depending on the metal. The highest
concentration of metals in CDs samples were found for Ca, Mg,
Na and K for CD_ht, as well as for CD_mw. According to the
measurement of metal content in microalgae tablets, these
metals were also at the highest level in the source material. Up
to that we can observe that analysed heavy metals are under
detection level or very low concentration up to 0.006 mg dm >
for Cr CD_ht. Therefore, we can assume that produced CDs are
environmentally-friendly and the concentration of metals is
associated with metals incorporated into CDs as is shown on
the TEM images, where we can observe clusters of metals
related with CDs. According to these results we have proven that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) STEM image, (b) particle-size distribution (c) elemental (C, O, P, S, Ca and Mg) mapping images of CD_ht.

the synthesized CDs are multi-metal doped particles, with the
main contribution of Ca, Mg, Na, and K.

FTIR analysis was used to determine the chemical functional
groups of the obtained carbon dots, and the results are shown
in Fig. 4. Generally, the spectra of the CDs had similar peaks,
and all the CDs showed broad stretching vibrations at 3000-
3550 cm ™', which were assigned to the surface hydroxyl group
and N-H of primary amines.*® The peaks centred at approxi-
mately 2930 em™' and 2960 em™' originate from the C-H
stretching modes of the alkyl chains. In both CDs samples, the
absorption band for the C=0 stretching mode connected to the
N-H deformation mode was registered at 1664-1671 cm ',
which confirmed the presence of primary amide functional
groups.**** The peak detected at 1454 cm™*, which was regis-
tered in both spectra, characterized the C-H bending vibration
of the methyl group. The bands at 1610 cm ™' and 1592 cm ™" for
CD_mw and CD_ht, respectively, were attributed to the C=C
stretching vibration.** In addition, the C-O stretching vibra-
tions of the hydroxyl groups were registered in the range of
1087-1078 cm ™" for both CD materials.* The medium peak at
1234 cm ', assigned to C-N stretching in amine, was recorded

RSC Adv, 2023, 13, 25529-25551 | 25533
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Fig. 3

only for CD_mw.** The microthermal synthesis conditions were
milder in terms of temperature and pressure, comparing with
hydrothermal synthesis. According to the available literature
studies, amino acids decompose thermally, causing formation
of inorganic gases,” therefore C-N stretching vibration is not
observed for CD_ht. The vibrations of CO, at 2360 cm ™' and
2342 cm™ ' were observed in both CDs spectra. Peaks indicating
the presence of C-S or C-P bonds in the obtained CDs were not
detected.

XPS was performed to investigate the surface composition
and oxidation states of the elements in the CD_ht and CD_mw
samples. The XPS survey spectra of CD_ht and CD_mw are
shown in ESI in Fig. S1.1 The high-resolution C, O, N, S, and P
spectra of analysed samples are shown in Fig. 5. The C 1s
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(a) STEM image, (b) particle-size distribution, and (c) elemental (C, O, P, S, Ca and Mg) mapping images of CD_mw.

spectra were analysed based on model of Koinuma et al.,*®
which was enriched with splitting the carboxyl group peak into
two, as in Radaelli's work,* and with a peak corresponding to
carbon bound to nitrogen (C-N).**** The C 1s spectrum of both
carbon materials was fitted into nine peaks at 284.6, 285.0,
285.5, 285.9, 286.4, 287.0, 288.1, 288.9, and 289.6 eV, corre-
sponding to C=C, C-H, C-C, C-N, C-OH, C-0-C, O=C-0OH,
and CO,;>7, respectively. However, the percentage atomic
concentration of identified carbon bonds differed between
CD_ht and CD_mw samples. For example, CD_mw possessed
26.7% C-H bonds, and CD_ht had 17.2% analogous bonds on
the surface. In addition, CD_mw was characterized by a greater
number of C-C bonds, which was 22.8% in comparison to
CD_ht (17.5%). In contrast, the atomic concentrations of C-OH

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary table of the ICP data for CD_ht, CD_mw and microalgae tablets

Metal concentration (mg dm ™)

Metal content (ug g )

Analyte name CD_ht

Cu 327.393 0.0040 =+ 0.000
Cr 267.716 0.006 £ 0.0001
Cd 228.802 <0.001

Ni 231.604 <0.001

Pb 220.353 <0.001

Zn 206.200 2.013 £ 0.006
Fe 238.204 0.064 £ 0.001
Mn 257.610 0.446 £ 0.002
Ca 317.933 16.410 £+ 0.074
Mg 285.213 43.30 = 0.24
Na 589.592 15.28 £ 0.12
K 766.490 62.56 £ 0.072
Al 396.153 0.551 £ 0.0004
Co 228.616 0.003 £ 0.0000
As 193.696 <0.002

Bi 223.061 <0.001

Ga 417.206 <0.0015

In 230.606 <0.001

CD_mw Microalgae tablets
0.0010 + 0.0001 0.816 + 0.027
0.001 £ 0.0000 0.7010 £ 0.011
<0.001 <0.0866
<0.001 1.299 + 0.036
<0.001 <0.0866
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Fig. 4 FTIR spectra of CD_ht and CD_mw.

were 21.4% and 15.2% for CD_ht and CD_mw, respectively. The
signals identified as carbon from carboxyl groups were
considerably higher for CD_ht than for CD_mw. XPS analysis
revealed the presence of similar amounts of nitrogen-bonded
carbon, which was 6.8% for CD_ht and 5.2% for CD_mw.
Four distinct signals in the O 1s region were identified in the
obtained CDs, which were assigned as followed: (i) 531.0 eV for
O=C in carbonyl groups, (ii) 531.8 eV for O=C-O in carboxyl
groups or P=0 phosphorus-oxygen double bond, (iii) 532.8 eV
for C-OH in aliphatic or aromatic carboxyl groups, or C-O-C
ether functional groups, and (iv) 533.9 eV for C-O-C in epoxy
groups, O-C=0 of carboxyl groups, or P-OH phosphorus-
oxygen single bond.*> For both CD_ht and CD_mw, the area of
peaks at 532.8 eV and 533.9 eV was similar. The main differ-
ences between samples in the oxygen region were seen for peaks

© 2023 The Author(s). Published by the Royal Society of Chemistry

at 531.0 eV and 531.8 eV. The atomic concentrations of O=C
carbonyl groups in CD_ht and CD_mw were 5.4% and 12.1%,
respectively. In addition, the intensity of peak assigned to
O=C-0 or P=0 was greater for CD_ht (37.8%) than for CD_mw
(27.1%). The curves for N 1s of both CD materials were fitted to
three distinct nitrogen: (i) 401.8 eV for O=C-N of amide, (ii)
400.3 eV for =N- in amine groups, and (iii) 399.4 eV of
protonated nitrogen =NH'-.%3"55 CD_ht was characterized by
the following nitrogen atomic concentration: 17.1% of nitrogen
originating from amide groups, 71.1% of nitrogen of amines,
and 11.8% of protonated nitrogen. In comparison, CD_mw
consisted of 11.7% of the nitrogen in amides, 59.3% of amines,
and 29.0% of protonated nitrogen. A sulphur in form of
sulphates and phosphor as phosphates were detected in both
CD_ht and CD_mw materials. The atomic concentrations of S in
CD_ht and CD_mw were 0.5% and 0.9%, respectively. P was
present in CD_ht and CD_mw in amount 0.4 at% and 1.7 at%,
respectively.

To explore the optical properties of the CDs, their absorption
spectra were recorded, as shown in Fig. 6a. In both the CDs
solutions, strong absorption was observed in the UV region,
which was attributed to the w — m* transition of the C=C
bonds. The absorption peaks at 251 nm for CD_ht and 256 nm
for CD_mw originate from the n — 7* transition of C=0 and/
or C-N bonds.*® The lower absorption intensity of the n — m*
transition of the CD_ht sample could be attributed to the lower
content of the above-mentioned functional groups compared
with that of the CD_mw.*® This indicates that the preparation
method influences the chemical structure of the obtained CDs.
In this study, the CDs obtained by the microwave-assisted
preparation method possessed higher contents of C=0 and
C-N bonds than those obtained by the hydrothermal method.

Fig. 6b shows the XRD patterns of the CDs, which reveal
a single broad diffraction peak centred at 21.5° for CD_mw and
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20.5° for CD_ht indexed to the (002) plane for both samples be attributed to the presence of more oxygen functional groups.
(JCPDS CARD no. 08-0415). The interlayer distance of CDs Both materials were characterized by the more amorphous
calculated using Bragg's equation were 0.31 nm and 0.32 nm for nature of graphite (0.13 nm).*””

CD_ht and CD_mw, respectively. The higher value of CD_ht can
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Fig. 7a and b show the excitation-emission contour maps of
the CD_ht and CD_mw aqueous solutions, respectively. The PL
spectra were recorded at room temperature under different
excitation wavelengths. The CDs derived from the microalgae

© 2023 The Author(s). Published by the Royal Society of Chemistry

exhibited a characteristic excitation wavelength-dependent
emission spectral nature. For CD_ht, the strongest emission
appeared at 550 nm, with an excitation wavelength of 490 nm.
When the excitation wavelength was varied from 400 to 550 nm,
the emission peaks red-shifted from ~500 to ~600 nm, which is
evident from the 2D emission-excitation map (Fig. 7a). In the
case of CDs _mw, the strongest emission appeared at 450 nm,
with an excitation wavelength of 360 nm. Red shifting of this
sample was also observed at excitation wavelengths varying
from 320 to 400 nm, revealing emission from ~430 to ~460 nm.
According to previous studies, both types of CDs exhibit good
fluorescence properties with existing red shifting, indicating
their attribution to the quantum size effect.”®*

TGA was performed to study the thermal degradation
profiles of CD_ht, CD_mw, and the microalgae tablets (Fig. 8).
The weight loss before 120 °C was attributed to the elimination
of chemisorbed water from the material. In the case of the raw
material for obtaining CDs, i.e., microalgae weight loss of 5.15%
was recorded at 125 °C and 64.55% weight loss was observed in
the range of 165-550 °C. The weight loss of CD_ht was also
recorded at two main temperatures between 65 °C and 120 °C
and 134-550 °C with 5.11% and 55.13% weight losses, respec-
tively. For CD_mw, the first thermal degradation step was 2.84%
and it was observed at 126 °C; the main weight loss occurring
between 200 °C and 550 °C was 55.45%. The thermal stabilities
of the multi-doped CDs obtained using the two different
methods were approximately the same, with slight differences
in the 120-500 °C range because of differences in chemical
composition and doping groups. In this study, the differences
in the chemical structures of CD_ht and CD_mw were
confirmed by the DR/UV-vis, PL, and XPS spectra.

3.2. Characterization of ZnO-xCD nanocomposites

The XPS survey scan spectra of the ZnO-3CD_mw nano-
composite and the reference ZnO catalysts are shown in Fig. 9.
The high-resolution XPS spectra of Zn 2p and O 1s confirmed
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the presence of ZnO in the nanocomposite. However, the high-
resolution O 1s XPS spectrum revealed the presence of 1.3%
organic oxygen, which was assigned to CD_mw. The high-
resolution XPS spectra of C 1s for ZnO_3CD_mw was fitted to
eight different signals, which were described as followed: C=C,
C-H, C-C, C-OH, C-0-C, C=0, 0=C-OH, and CO;> . In
contrast, the signals in the C 1s region of the reference ZnO
were deconvoluted into C-C, C-H, C-OH, C-O-C, C=0, and

Temperature (°C)

Temperature (°C)

O-C=0 peaks. The presence of carbon in ZnO_3CD_mw and
the referenced ZnO could originate mostly from the zinc
precursor-zinc acetate dihydrate. However, the presence of CD
in the nanocomposite was also confirmed by other techniques,
for example, PL spectra.

The SEM technique was used to determine the morpholog-
ical characteristics of selected specimens. Fig. 10 shows images
of ZnO, ZnO_3CD_ht, and ZnO_3CD_mw. The unmodified ZnO
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Fig. 9 High-resolution deconvoluted XPS spectra for Zn (a), O (b), C (c) of ZnO_3CD_mw, and for C of the reference ZnO sample (d).
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Fig. 10 SEM images of ZnO (a), ZnO_3CD_mw (b) and ZnO_3CD_ht (c).

shows a non-uniform matrix of nanocolumns with an average
length of 2.24 um and a thickness of 290 nm. Synthesis of ZnO
in the presence of CD_ht resulted in the formation of uniform
wires with a length of 1.14-6.24 um (average 3.21 pum) and
a thickness of 112-515 nm (average 287 nm). It is noteworthy
that the sample ZnO_3CD_mw represents a 2D ZnO nano-
structure with nanowalls with a width of 253-886 nm (average
503 nm) and a thickness of 28-87 nm (average 56 nm).

The specific surface area of ZnO and composites from the
series ZnO-xCD were measured using the BET and were from
2.97 m* g~ for ZnO and to 10.90 m” g~ " for ZnO_3CD_mw. The
BET surface areas of the other samples are summarized in Table
2. In general, the CD presence increased the BET surface area of
the composites. The increase in the BET surface area of ZnO-
xCDs indicates that the presence of CD also enhances ZnO
nanoparticle formation, which is supported by the XRD and
SEM measurements. For the series of ZnO composites coupled
with CD_mw, the highest BET surface area was obtained for the
sample in the presence of 3% CD_mw during synthesis, while
for the ZnO composites coupled with CD_ht, the highest BET
surface area was obtained for the sample in the presence of
1.5% CD_mw during synthesis. The higher surface area
enhances the incident light-harvesting, provides more active
sites for micropollutants' adsorption on the surface, and thus,
for ZnO_3CD_mw increases the photodegradation efficiency.*

The XRD diffraction patterns of all the samples in Fig. 11a
exhibit the typical peak patterns of the ZnO wurtzite structure in
the standard data (JCPDS 36-1451). The peaks at 26 of 31.9°,

34.6°, 36.4°, 47.7°, 56.8°, 63.0°, 66.4°, 67.9°, 69.1°, 72.5°, and
76.9° correspond to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) planes of ZnO. No other
diffraction peaks related to CDs were observed in the ZnO_xCD
nanocomposites because the diffraction intensity of the CDs
peak is much lower than that of the peaks assigned to the ZnO
structure. The diffraction peaks of the ZnO_0.75CD_ht,
Zn0O_0.75CD_mw, ZnO_3CD_ht, and ZnO_3CD_mw samples
are shown in Fig. 11b. In all the aforementioned cases, the
peaks shifted to the greater 2 theta degree values compared to
those of bare ZnO. The use of CD_mw caused a greater shift in
the diffraction peaks than the application of CD_ht. The XRD
results indicated that the CDs caused changes in the ZnO crystal
structure, which depended on the amount of CD and the
preparation method. The lattice parameters calculated from the
XRD spectra and the crystallite sizes of the obtained materials
are summarized in Table 2. The lattice parameters of the
samples characterized by shifted diffraction peaks were slightly
lower than those of the reference ZnO. The lattice parameters
were 3.245 A for ZnO_3CD_mw and 3.241 A for
ZnO_0.75CD_mw, whereas that for unmodified ZnO was 3.253
A. Additionally, ZnO_3CD_mw and ZnO_0.75CD_mw were
characterized by significantly smaller particle size of approxi-
mately 34-38 nm in comparison to ZnO (49.4 A). Previous
studies have revealed that CDs may affect the crystal structure of
Zn0.>>*" Song et al. suggested that the shifting of diffraction
peaks may originate from the interaction between ZnO and
CDs.*”* The shift toward a higher angle of the peak related to

Table 2 CD content, synthesis method, BET surface area, lattice parameters (a = b, ¢, c/a ratio), average crystallite size, and energy bandgap of

hybrid photocatalysts from the ZnO-xCD series

Lattice parameters

CD content Crystallite
Sample name (%) CD synthesis method  BET surface area (m*g™") a=b@A) ¢ (4) cla size (nm) Eq (eV)
ZnO 0 — 2.968 £+ 0.015 3.253 5.210 1.6016 49.4 3.18
ZnO_3CD_mw 3.0 Microwave 10.900 + 0.034 3.245 5.197 1.6015 34.3 3.19
ZnO_3CD_ht 3.0 Hydrothermal 3.061 £ 0.049 3.248 5.202 1.6016 48.6 3.10
ZnO_1.5CD_mw 1.5 Microwave 4.101 £+ 0.053 3.252 5.209 1.6018 45.0 3.14
ZnO_1.5CD_ht 1.5 Hydrothermal 5.006 £ 0.059 3.251 5.207 1.6017 41.1 3.16
Zn0O_0.75CD_mw 0.75 Microwave 3.753 £ 0.021 3.241 5.190 1.6014 38.5 3.16
ZnO_0.75CD_ht 0.75 Hydrothermal 2.601 £ 0.024 3.249 5.205 1.6020 45.4 3.18

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ZnO crystalline plane was observed for metal-doped ZnO with
a smaller cation than Zn*", e. g, Fe-**** or Mn- doped Zn0.%>*° Fe
and Mn were detected in both CD_ht and CD_mw aqueous
solutions by ICP-OES analysis. This suggests that the shift of
peaks on the XRD patterns of ZnO_xCD nanocomposites may be
caused by Fe or Mn doping.

UV-vis diffuse reflection measurements were used to inves-
tigate the optical properties of the photocatalysts. The absorp-
tion spectra of the synthesized ZnO and the ZnO-xCD
nanocomposites are shown in Fig. 12. The absorption peak for
all samples was found to be between 350 and 365 nm, which is
typical for ZnO according to previous studies.®”” The optical
absorbance was calculated from the optical reflectance data
using the Kubelka-Munk function (¢ = (1 — R)*2R), where
a and R are the absorption and diffuse reflectance coefficients,
respectively.®® According to the Kubelka-Munk function and the
plot of (ahv)"’? against the energy (hv), the bandgaps (Ej) of ZnO,

25540 | RSC Adv, 2023, 13, 25529-25551

ZnO_3CD_mw, ZnO_3CD_ht are estimated as 3.18, 3.19, and
3.10 eV, respectively (Fig. S21).*° The bandgap energy values of
the other samples are summarized in Table 2, and each was
characterized to be at a similar level. However, ZnO_3CD_ht was
characterized by the lowest E, value.

Subsequently, 2D PL spectroscopy was carried out at room
temperature for ZnO, ZnO_3CD_ht, and ZnO_3CD_mw. The
excitation—emission contour maps are shown in Fig. 13a-c. By
varying the excitation wavelength from 300 to 450 nm, we
observed that for the ZnO photocatalyst, the two highest emis-
sion intensity peaks were observed at 590 nm and 630 nm under
excitation from 340 to 370 nm. For the ZnO_3CD_ht photo-
catalyst, the highest emission intensity peaks were observed at
the same wavelength; however, for the first peak, this maximum
was observed only under excitation at 370 nm, and the second
peak was observed in the same range of excitation as for pure
ZnO. Then, in the last map for ZnO_3CD_mw, we can also
observe the same highest emission intensity peaks, but only
under excitation at 370 nm. To compare the emission intensi-
ties of the analysed samples, the PL spectra at an excitation
wavelength of 370 nm are shown in Fig. 13d. The PL intensities
of ZnO_3CD_mw and ZnO_3CD_ht were lower than that of pure
ZnO, demonstrating that the ZnO nanocomposites with CD
exhibited improved optical properties. This is caused by the
CDs, which act as electron traps to suppress the recombination
of electron-hole pairs.

Next, the PL spectra of ZnO, ZnO_3CD_ht, and
ZnO_3CD_mw were deconvoluted using Gaussian fitting. We
can observe emissions in different wavelength regions in the PL
spectra depending on the analysed sample, which is due to the
presence of defect states in ZnO. All three types of examined
nanostructures, ZnO (Fig. 13e), ZnO_3CD_ht (Fig. 13f), and
ZnO_3CD_mw (Fig. 13g) show common visible light emission
peaks in the following ranges: 500-530 nm (blue-green region),
560-580 (green region), 630-640 (orange region) and 635-700
(red region), and additional samples modified with CD revealed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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an additional peak at 710-760 (high-red region). Quantification
of the intensities of the components (peak area) depends on the
type of sample, and the exact percentages are given in Table S1.1
These results clearly show the contributions originating from
various point defects in the ZnO structure. According to recent
studies, the blue-green emission peak represents the electronic
transition from Ec to Oz, or from Oy’ to Ey.”° The second
emission peak in the green region can be assigned to the elec-
tronic transition from Eg to Vo''.7%* The peaks in the orange

© 2023 The Author(s). Published by the Royal Society of Chemistry

and red regions are due to the electronic transition from Zn; to
O;”* The additional high-red peak appearing in the ZnO
samples modified by CDs can be attributed to electronic tran-
sition involving deep-level states, such as oxygen defects. To
date, different options have been reported for explaining tran-
sitions in this region.” Galdamez-Martinez et al.”® assigned the
emission at 750 nm to electronic transition from V, below Cg
(Cg — V,); while the emission at 780 nm was assigned to
electronic transition O, above Vg, resulting in (O; — Vg). Kumar
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photocatalyst: 0.5 g dm~3, irradiation time = 60 min.

et al.” assigned red emission of 760 nm to V, below the Cg (Zn;
— V,,). Anjum et al.”* proposed the assignment of the following
electronic transitions Cg — V,, V, — Vg, or H; — V. In the case
of our study, we can assume that the modification of ZnO with
CDs resulted in a variety of changes in electronic transitions,
causing the presence of different levels of defects. These results
coincide with XPS and XRD findings.

TGA was performed to study the thermal degradation profile
of ZnO and the selected ZnO-xCD nanocomposites with the
highest CD content (Fig. 14). For ZnO, a slight increase in the
mass was observed upon increasing the temperature to 272 °C,
followed by a stepwise weight loss in the temperature range of
272-288 °C. This confirms the presence of trace amounts of
Zn(OH),, which is transformed into ZnO at approximately 280 °
C.”>7¢ The thermograms of the ZnO_3CD_ht and ZnO_3CD_mw
composites differed significantly from each other. In the case of
ZnO_3CD_ht, a one-step mass loss of 3.6% was recorded in the
temperature range of 119-157 °C. In contrast, the total mass
loss of ZnO_3CD_mw was 1.78%, which was almost two times
smaller than that of ZnO_3CD_ht. In addition, ZnO_3CD_mw
was characterized by a three-step thermal degradation: the first
step of degradation was observed in the range of 50-81 °C and
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was 0.11%, the main stage with weight loss of 1.03% was in 157-
410 °C, and the last degradation step at 140-540 °C was 0.38%.

3.3. Photocatalytic activity of ZnO-xCD nanocomposites

The photocatalytic performance of the ZnO-xCD composites
was evaluated for the degradation of the selected micro-
pollutant, CBZ, in water under UV-vis irradiation. The Lang-
muir-Hinshelwood (LH) model is commonly used to express
the first-order kinetic rate constant during photocatalytic
degradation, where the reaction rate is independent of C,. In
the simplified model, it was hypothesized that adsorption
achieved adsorption-desorption equilibrium, and in our case,
illumination was started after 30 min of constant stirring in the
dark. Additionally, a preliminary study of the CBZ adsorption
process onto photocatalysts showed that this process was
negligible, and adsorption-desorption equilibrium was ach-
ieved after half an hour of mixing in the dark, and no more than
4% of CBZ was adsorbed on each examined photocatalyst.

The examination of series ZnO-xCD composites were seen at
a photocatalyst dose of 0.5 ¢ dm >, temperature of 20 °C, and
neutral pH value. First, the removal of CBZ using a photolytic
process was investigated. The results in Fig. S31 show that this
process was not efficient, and the degradation rate was very low:
after one hour of irradiation, only 13% of CBZ was degraded,
and this process did not cause CBZ mineralization. The effec-
tiveness of CBZ degradation was investigated in the presence of
PMS under UV-vis irradiation. This process enabled the degra-
dation of the parent compound; 100% of CBZ was degraded
after one hour, but the mineralization was insufficient, and only
13% TOC reduction was observed. The other trend was noticed
in the photocatalytic process, where the efficiency of CBZ
removal was high by a simple photocatalytic process being
accelerated in the presence of PMS, bringing a higher first-order
kinetic rate constant and a higher mineralization process. The
results shown in Fig. S3bt indicates that photolytic and pho-
tocatalytic processes, as well as those supported by PMS, have
a good correlation with the first-order reaction kinetics (R* >
0.98) and for better clarity of the further experiments, only
kinetic rate constant (k) values will be expressed in the next
results.

Fig. 15 shows a comparison between ZnO and ZnO-xCD for
the photodegradation of CBZ by simple photocatalysis and PMS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Influence of PMS concentration on degradation rate and

mineralization of CBZ in the presence of ZnO_3CD_mw under UV-vis
irradiation. Experimental conditions: CBZ initial concentration:
14 mg dm~3, V = 25 cm®, photocatalyst: 0.5 g dm~3, PMS concen-
tration = 0.2-2 mM, and irradiation time = 60 min.

activation. Among all the composites of ZnO decorated with
CD_mw and CD_ht, considering the dependence of CD content
on the photocatalytic activity of ZnO-xCD composites, ZnO
synthesized with 3% microwave CDs, exhibited the highest
photocatalytic activity. The first-order kinetic rate constant was
2.85 times higher, and mineralization was 12% higher in the
presence of ZnO_3CD_mw than in the presence of ZnO. An
improvement in the photocatalytic activity was also observed in
the presence of ZnO_1.5CD_mw (at 8% higher k-value and 8%
higher mineralization) and ZnO_0.75CD_mw (at 33% higher -
value and 9% higher mineralization). However, it is evident that
the photocatalytic activities expressed by the first-order kinetic
rate constant for the samples from the series of ZnO_xCD_ht are
lower than those of pure ZnO. On the other hand, the miner-
alization for the ZnO_3CD_ht sample was at the same level as
the mineralization achieved for ZnO, while for the samples
ZnO_1.5CD_ht and ZnO_0.75CD_ht, mineralization was 4%
lower and 7% higher, respectively.

In addition to the photocatalytic process (PC system), the
degradation performances of the system supported by the
presence of PMS (PC/PMS system) towards CBZ degradation was
explored to accelerate PMS activation to generate highly reactive
SO, . The photocatalytic performance of this system for CBZ
degradation was remarkably enhanced by the composite
material under the simultaneous action of PMS and light irra-
diation, as shown in Fig. 16. The highest increase in first-order
kinetic rate constant of the PC/PMS system compared to the PC
system was observed for the ZnO_3CD_ht, where k value
increased until 3.17 times. Subsequently, a significant
improvement in the k value was also observed for
ZnO_1.5CD_ht and ZnO_0.75CD_ht by 100% and 80%, respec-
tively. On the other hand, the presence of CD_mw in the
composites did not accelerate this process to a higher level than
that of pure ZnO. It can be concluded that the CDs obtained by
the hydrothermal method caused a higher PMS activation than
the CDs obtained by the microwave method. In contrast, the
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Fig. 17 Effect of scavengers on CBZ degradation using
ZnO_3CD_mw by photocatalytic process and photocatalytic process
supported by PMS on the first-order kinetic rate constant in the
presence of isopropanol (IPA), tert-butanol (TBA) ammonium oxalate
(AO), benzoquinone (BQ) and sodium azide (SA). Experimental
conditions: CBZ initial conc.: 14 mg dm™>, V = 25 cm?®, photocatalyst:
0.5 g dm™3, PMS conc. = 0-2 mM, irradiation time = 60 min.

mineralization in the presence of ZnO_3CD_mw was the high-
est, reaching 44%. This photocatalyst (ZnO_3CD_mw) showed
the best activity in the photocatalytic process and the highest
mineralization in the PC/PMS system.

PMS addition significantly improved the photocatalytic
activity of ZnO_xCD, as expressed by the first-order kinetic rate
constant and enhanced the mineralization for the degradation
of CBZ (Fig. 16). It is noteworthy that the photocatalytic
mineralization of CBZ by ZnO was almost completely inhibited
by PMS addition, whereas in the presence of ZnO_3CD_mw, the
addition of PMS caused an enhancement of CBZ mineralization
by 37.5% compared with the value obtained in the simple
photocatalytic process. Considering promising results of PMS
action in the presence of ZnO_3CD_mw, in the next step of
research, the influence of PMS dose on the CBZ removal by
ZnO_3CD_mw was examined. The results of this experiment are
shown in Fig. 16. The first-order kinetic rate constant of CBZ
degradation increased by 33%, 19%, and 13% in the presence of
2 mM, 1 mM and 0.5 mM of PMS. In contrast, the process
decreased by 29% by adding 0.2 mM PMS. The dose of PMS also
influenced the mineralization process, and at doses of 2 mM
and 1 mM, mineralization was accelerated by 35 and 11%,
respectively. Mineralization was inhibited by the presence of
PMS (0.5 mM PMS and 0.2 mM PMS up to 29 and 40%,
respectively, compared with the lower PMS-containing photo-
catalytic system (with 2 mM PMS)). Therefore, 2 mM PMS was
selected for further investigation.

In the photocatalytic process, several highly reactive species
(e.g.,h","OH, e”, 0," ", and '0,) may be produced and can react
with CBZ.””® The photocatalytic activation of PMS results in the
formation of sulphate radicals (SO, ). Isopropanol (IPA) was
chosen as the radical scavenger for ‘'OH and SO, ", whereas,
tert-butanol (TBA) can only inhibit "OH radicals.” Additionally,
the contribution of h*, 0,"~, and 'O, was also examined by the
action of AO, BQ, and SA, respectively. As shown in Fig. 17, the
impact of the addition of BQ was the highest, and the removal
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Fig. 19 Production of 7-hydroxycoumarin (monitored by fluores-
cence emission) in suspensions of bare ZnO, ZnO_3CD_mw, and
ZnO_3CD_ht under UV-vis irradiation. Experimental conditions:
[catalyst] = 0.5 g dm~3, [coumarin]g = 50 pM.

of CBZ was reduced with a decrease in the k value by 93.5%. This
result suggests that O, radicals have a major effect on the
photocatalytic degradation in the presence of ZnO_3CD_mw.
Nevertheless, with the addition of other studied scavengers —
IPA, TBA, AO, and SA, the degradation rate of CBZ decreased by
approximately 80% compared to the control system. These
results suggest that other radical species were also generated
during the photocatalytic process and reacted with CBZ. In the
photocatalytic process supported by PMS, it was clearly
demonstrated that in the presence of IPA, CBZ degradation was
inhibited by 89%, whereas in the presence of TBA, the process
was inhibited by 68%. Therefore, the role of SO,"~ radicals in
CBZ degradation was demonstrated. Furthermore, O, and 'O,
played important roles in the degradation of CBZ by the PC/PMS

25544 | RSC Adv, 2023, 13, 25529-2555]

system. Comparing the degradation of CBZ in the presence of
BQ - agent responsible for the assessment of O," ™ contribution,
the first-order kinetic rate constant was 2.5 times higher than
that in the PC/PMS system, indicating that other species
became more significant. The other trend was observed in the
experiments of CBZ degradation in the presence of SA, indi-
cating the contribution of 'O, action, where the first-order
kinetic rate constant decreased by 62% compared to the PC
system with the PC/PMS system. This observation proves the
major contribution of 'O, to the removal of organic pollutants,
and it has also been reported in other studies on PMS and PS
activation.® The activation PMS through a 'O,-dominated non-
radical pathway have been demonstrated in the presence of
carbonaceous materials, including carbon nanotubes (CNTs),
carbon spheres, nanodiamond, graphene oxide (GO), reduced
graphene oxide (rGO), and biochar.*" In the present study, 'O,-
dominated non-radical pathway was found to be highly
important for ZnO modified by CDs. PMS activation by
ZnO_3CD_mw photocatalyst can be expressed by consecutive
reactions from electron/hole generation (eqn (1)). Firstly, the
reduction of PMS can generate SO, (eqn (2)), which can react
with pollutants and/or cause the formation of ‘OH, as the result
of SO, ™ reaction with OH™ (eqn (3)).*>

ZnO 3CD_mw + hw — h™ + e~ (1)
HSOs +e¢  — SO, + OH™ 2)
OH™ + SO, — "OH + SO~ (3)

Secondly, singlet oxygen can be generated via O, dependent
pathway as a consecutive reaction from O, produced by
oxygen reduction (eqn (4)) via reaction with "OH, H', and/or h*
(eqn (5) and (6)).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Transient photocurrent responses of ZnO, ZnO_3CD_mw,
and ZnO_3CD_ht (A = 380-390 nm, [NaySO4] = 1 M).

0, e~ — 0, ~ (4)
0, +'OH - '0,+ OH (5)
20, +2H* - '0, + H,0 (6)
0, " +h* - '0, (7)

Thirdly, singlet oxygen can be formed through photo-
generated holes (h')-dependent pathway by PMS oxidation
and consecutive reaction with water (eqn (8) and (9)).**

HSOs~ +h* — SOs~ + H' (8)
2805 + 2H,0 — 'O, + 1.5 HSO4~ (9)

Based on the aforementioned results, different types of
active species play certain roles in the CBZ degradation reac-
tions of the PC and PC/PMS systems. In general, the O,"~ was

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a) Nyquist plots of ZnO, ZnO_3CD_mw, and ZnO_3CD_ht without and with light (A = 380-390 nm, [Na,SO4] = 1 M), and (b) Mott—

the main active species during the photocatalytic process,
whereas in the process supported by PMS, a high role of 'O, was
also observed. Furthermore, SO, radicals participated in the
photocatalytic process assisted by PMS.

The important factor in photodegradation for actual appli-
cation is the recycling ability of the photocatalysts. To study the
stability of the selected photocatalyst with the optimal amount
of CDs, the recycling experiment was carried out, as shown in
Fig. 18. The photocatalytic degradation of CBZ by the
ZnO_3CD_mw photocatalyst exhibited no significant decrease
in the first-order kinetic rate constant or TOC reduction. The
degradation ability expressed by k decreased only by 1.2% after
the second run and 8.9% after the third run, while TOC values
indicate that the mineralization process was inhibited by 9.1%
and 10.3%. These results indicate that ZnO_3CD_mw has good
recyclability for photocatalytic processes. However, a slight
reduction in the photocatalytic process assisted by PMS was
observed. The first-order kinetic rate constant decreased after
the third run to the level revealed by a conventional photo-
catalytic process. Meanwhile, TOC reduction was higher by
about 12% in each process assisted by PMS compared with the
photocatalytic process.

Moreover, the influence of selected anions (Cl~, HCO; ™, and
NO; ) as well as the use of artificial marine water as the most
likely concentrated ions in environmental water was investi-
gated. These factors are known to reduce photocatalytic effi-
ciency, therefore, the influence of ions was assessed for the
selected concentration of 10 mM to examine the effect of single
ions, as well as for marine water, as shown in Fig. S4(a).t A
slight inhibition of CBZ photocatalytic degradation was
observed in the presence of each ion, and the first-order kinetic
rate constant decreased the most in the presence of Cl™, where
it was inhibited by 13.8%, whereas the presence of HCO;
resulted in 10.4% inhibition. Less significant inhibition was
observed for NO; ™, where the first-order kinetic rate constant
decreased by only 2.1%. The extreme salinity conditions
revealed by the marine water environment resulted in a 26.1%
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decrease in the first-order kinetic rate constant. Further, the
effect of pH on CBZ removal was examined, selected initial pH
concentrations equal 3.1, 6.6 (without adjustment) and 9.0 were
considered in the reaction mixture, as shown in Fig. S4(b).} CBZ
with two pKa values (2.3 and 13.9)* exists in the neutral form at
all examined pH values. The CBZ removal was at the same level
at pH = 9, with a decrease of k by only 0.9% compared with &
observed at a natural pH of 6.6, while the process at pH 4.1
revealed a decrease in k by 56.9%. The inhibition of the pho-
tocatalytic process under acidic conditions can be explained by
the corrosion of the photocatalyst, as previously reported by Ayu
et al.®

3.4. Discussion on the enhanced photocatalytic activity of
ZnO_xCD composites

The photocatalytic efficiency of "OH radical production was
compared by monitoring coumarin-OH adduct (7-hydrox-
ycoumarin) generation in the presence of selected photo-
catalysts (ZnO, ZnO_3CD_mw, and ZnO_3CD_ht). The results
are shown in Fig. 19. The production of coumarin-OH with
ZnO_3CD_mw was the highest among the photocatalysts. The
generation of 'OH radicals on the sample modified by CD_mw
was up to 3.3 times higher compared with ZnO after 5 min of
irradiation. On the other hand, the modification of ZnO by
CD_ht inhibited the generation of "OH radicals by 70% after
5 min of reaction compared to ZnO. The ZnO_3CD_mw sample
exhibits a maximum formation rate of ‘OH, which is in line with
the best photocatalytic activity demonstrated by earlier CBZ
degradation experiments.

Electrochemical impedance spectroscopy (EIS) was per-
formed under dark and light conditions and Nyquist plots of
the selected samples are shown in Fig. 20a. The arc radius in the
EIS Nyquist plot denotes the charge transfer resistance (R.) at
the electrode/electrolyte interface. Under dark conditions, the
Nyquist plots for all samples consisted of a straight line in the
low-frequency region. However, under light irradiation, the
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Nyquist plots exhibited a significantly lower arc radius, which
indicates a lower R... Equivalent circuit fitting was performed to
estimate the R, values of the analysed samples. The experi-
mental data fit well with the simple Randles equivalent circuit
shown in the inset of Fig. 20a, where Ry is the solution resis-
tance and CPE is a constant phase element. The R, values of
ZnO, ZnO_3CD_ht, and ZnO_3CD_mw were 671, 717, and 180
kQ, respectively. In this study, ZnO_3CD_mw was characterized
by the lowest R, among the analysed samples under light
irradiation, which resulted in the highest photocatalytic
decomposition of CBZ and PMS activation.

Transient photocurrent measurements for the ZnO,
ZnO_3CD_mw, and ZnO_3CD_ht photocatalysts were per-
formed, and the curves with the response of current density
versus time are presented in Fig. 21. Experiments were run with
several on/off cycles with an intermittent LED light source in
a 1 M Na,SO, aqueous solution.*® It is observed that all the
examined photocatalysts exhibit a quick response to the on-off
cycles of the incident light, and the current density samples of
ZnO modified by CDs show an enhancement compared with
that of bare ZnO. ZnO_3CD_mw exhibited the largest photo-
current density of ca. 6.2 pA cm™ >, which is five times higher
than that of ZnO, while ZnO_3CD_ht displays an approximately
30% higher photocurrent density than that of ZnO. The
decrease in the photocurrent response in the second cycle
compared with the first response for ZnO_3CD_mw and
ZnO_3CD_ht seems to be negligible, as the response is stable
and higher than that of ZnO observed in the last two cycles.

Based on the above studies, a possible mechanism for CBZ
over the ZnO_3CDs_mw hybrid nanomaterial is proposed in
Fig. 22. The enhancement effect of CDs in this system is mainly
attributed to the action as an electron reservoir for hindering
the recombination, but also to the controllable band position
adjustment that was observed for the ZnO_3CDs_mw hybrid
system. The mechanism for the enhancement was determined
by analysing the coupled modes of the CDs at the interface of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ZnO as a result of the generation of reactive oxygen species. As
shown in Fig. 22a, the pure ZnO with a band gap equal E, =
3.18 eV, has the conduction band edge and valence band edge
calculated to be —0.44 and 2.74 eV (vs. normal hydrogen elec-
trode (NHE)), respectively. According to the Mott-Schottky
analysis (Fig. 20b), after synthesis in the presence of CD_mw,
the adjustment of the band structure was observed through
changes in the inner environment of the ZnO crystals. Conse-
quently, the conduction band bottom and valence band top
were equal —0.13 and 3.06 eV, respectively. Furthermore, based
on the determined Vg and Cg values of semiconductors, we can
advise that various types of ROS are generated through photo-
excitation.®” The Vg values of ZnO and ZnO_3CD_mw (2.74 and
3.06 eV, respectively) were more positive than Eyom)/on-
(2.38 €V vs. NHE) and the Cg values of them (—0.44 and
—0.13 eV, respectively) were negative than Ego,0,-) (—0.046 eV
vs. NHE). It is worth noting that the shifting of the band edge
position before and after the modification of ZnO influenced
the generation of reactive species, such as revealed by experi-
ments on coumarin oxidation, which showed differences in "OH
production. Additionally, in the presence of PMS, other species
could be generated, as proven by experiments in the presence of
scavengers with the major role of 'O, in CBZ degradation
through the PC/PMS system.

4. Conclusions

Novel CDs were synthesized for the first time by the hydro-
thermal and microwave-assisted method from bio-delivered
source of the algae Chlorella pyrenoidosa. The detailed studies
confirmed that prepared CDs were multi-doped with
nonmetals N, S and P, as well as metals, including higher
contents of Ca, Mg, K, Na, and also Fe and Mn, which resulted
in a shift of peaks in XRD and confirmed doping of ZnO. Multi-
doped CDs revealed good fluorescence properties with red shift
present and an average size of 23 nm and 68 nm for dots ob-
tained by hydrothermal and microwave-assisted methods,
respectively.

These nanomaterials were used in the synthesis of a series of
ZnO-xCD photocatalysts using a simple solvothermal tech-
nique. Detailed studies using X-ray diffraction, TEM, BET, FTIR,
XPS, UV-vis, and PL confirmed the crystal structure, chemical
composition, and optical properties. The as-prepared
ZnO_xCD_mw effectively degraded CBZ in water under UV-vis
irradiation. The photocatalyst with 3% CD content obtained
by microwave-assisted method showed the highest CBZ first-
order degradation rate of 0.099 min~', and mineralization
revealed by TOC reduction of 32.5% under UV-vis light. This
study proved that ZnO-xCD composites can efficiently activate
PMS to generate SO," ", "OH, and 10,. Zn0O_3CDs_mw exhibited
high stability in the subsequent photocatalytic reactions. In
addition, a PMS-assisted process was investigated, and the
activation of radical species by the CDs was demonstrated.
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