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A B S T R A C T

The health risk posed by metronidazole antibiotic in the environment necessitates a sustainable approach for its 
detection and degradation. A benign microwave pyrolysis approach was adapted for the fabrication of fluores
cent biomass carbon dots (BCDs) from pine bark (PB) agro-waste, highlighting its dual functionality for 
metronidazole (MNZ) detection, and as a co-catalyst with CoTiO3 (CTO) in MNZ degradation. The results 
demonstrated that the BCDs with diverse functional groups, was an effective fluorescent probe for MNZ detec
tion, with fluorescence quenching at an emission of 430 nm under 330 nm excitation. The linear range for 
detection of MNZ was 0–25 μM with a detection limit as low as 0.014 μM. Additionally, rationally modifying 
BCDs on CTO resulted in the design of highly active BCDs/CTO photocatalysts, and the experimental results were 
modeled through a central composite design (CCD) under the response surface methodology (RSM) to predict 
and optimize MNZ photodegradation. At optimal operational conditions (pH = 9, MNZ = 64.17 mg/L, and 5.5 wt 
% catalyst loading), 99.81 % of MNZ was degraded within the 60 min irradiation time. The degradation rate 
constant of 5.5 wt% BCDs-CTO (0.0786 min− 1) surpasses that of CTO (0.0192 min− 1) and BCDs (0.0131 min− 1) 
by 4.1 and 6 times, respectively. The reusability of 5.5 wt% BCDs/CTO was assessed in five consecutive series, 
thus providing evidence of high stability and superior interaction of the BCDs, and CTO. The BCDs nanomaterial 
significantly contributes to the simultaneous sensing and degradation of MNZ, offering a promising solution to 
mitigate pharmaceutical pollution in aquatic environments.

1. Introduction

Pharmaceutical antibiotics are extensively utilized in our everyday 
life; however, they have emerged as a critical ecological issue aftermath 
of the COVID-19 pandemic, owing to their elevated release into the 
environment by households, improper management/disposal by hospi
tals, agricultural activities, and industries [1,2]. In particular, metroni
dazole (MNZ), as one of the most widespread antibiotics, has a close 
relationship with our lives for the treatment/prevention of potentially 
harmful ailments [3,4]. Though the excessive presence of MNZ residues 
and metabolites in soil and water is persistent and naturally resistant to 

degradation, it indirectly impacts the environmental system and higher 
medical costs [5]. This overtime has been associated with appetite loss, 
headache, hormonal imbalance, blurred vision, and seizures [6–8]. The 
conventional water treatment’s seriously failed at removing MNZ in the 
environment. Hence, there is a significant requirement to formulate and 
construct a straightforward, expeditious, dependable nanomaterial with 
dual-functional solutions for the detection and remediation of MNZ in 
water samples.

Currently, analytical methods comprising high-performance liquid 
chromatography [9], thin-layer chromatography [10], supercritical 
fluid chromatography [11], ultraviolet (UV) spectroscopy [12], 
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colorimetric [13], electrochemical method [14], and fluorometric 
spectroscopy have been explored to detect MNZ in water samples. 
Fluorescence spectroscopy has emerged as a prevalent technique in 
contemporary times for the detection of MNZ antibiotics on account of 
their remarkable sensitivity and nonintrusive characteristics [3,15–17]. 
Fluorescent probe sensors, such as semiconductor quantum dots, gold 
nanoclusters, luminescent metal–organic frameworks, and carbon 
nanomaterials, have been specifically engineered to detect antibiotics in 
aquatic environments [1]. Fluorescent carbon nanomaterials-based 
systems, especially carbon dots (CDs), among the highlighted sensors 
not only presented distinctive features, comprising good water solubil
ity, lesser cytotoxicity, high-level biocompatibility, high emission 
quantum yield, controllable optical attributes, eco-friendly nature for 
sensing, and remediation applications [18–21]. Recently, agricultural 
waste, and biomass from Trapa bispinosa peels [22], orange peel [23], 
Putrescent garlic (Allium sativum) [24], coconut petiole residues [25], 
and Ginkgo biloba [26] have received commendable attention as CDs 
fabrication precursors, compared to the utilization of chemicals, and 
other organic substances. This is largely attributed to the low-cost, 
nontoxicity, renewable nature, and greener nature of the agricultural 
materials [27]. Nitrogen-doped carbon dots (N-CDs) derived from 
chicken biowaste via hydrothermal synthesis (240 ◦C for 8 h), have been 
innovated to detect MNZ [28]. CDs derived from Gardenia jasminoides 
were prepared via the hydrothermal approach (180 ◦C for 6 h), and its 
fluorescent detection of MNZ was untaken [16]. These studies reported 
good accuracy, high sensitivity, and low detection limit, but were 
limited by mono-functional detection of MNZ, and the absence of further 
fair remediation of the antibiotic in groundwater. Since the utilization of 
a single CDs nanomaterial as a sensor of MNZ alone cannot provide 
maximum potential for commercial-scale applications, extensive 
removal from the ecosystem using an affordable remediation technique 
is warranted.

Cobalt titanate (CoTiO3) a typical ABO3-type perovskite, has 
attracted considerable attention in remediation purposes under the 
heterogeneous photocatalysis technology. Notably, its narrow energy 
bandgap (Eg = 2.25 eV), good magnetic properties, and outstanding 
photochemical stability, thus rendering the CoTiO3 nanoparticles (NPs) 
applicability in magnetic recording, gas sensors, pigment, dielectric 
material, and catalysis [29,30]. However, pure CoTiO3 exhibits reduced 
photocatalytic capability, largely attributed to reduced visible light 
absorptivity, low electron mobility, and a recombination rate of pho
togenerated charge carriers [31,32]. Nanocomposites based on the 
CoTiO3, comprising Ti/CoTiO3/Ce-PbO2 [33], CoTiO3@Co3O4/N-CNO 
[34], CoTiO3/TiO2 [35], and Fe-doped CoTiO3/SiO2 [36], have pre
pared to enhance photocatalysis applications, still unsatisfactory 
because of their limited ability to use the solar spectrum, and avert 
photogenerated charge carriers recombination. Hence, green and syn
ergistic bonded CoTiO3 heterojunctions must be developed to promote 
their practicality. The utilization of carbon dots (CDs) nanomaterial has 
triggered intensive interest in various redox reactions with ilmenite 
heterojunctions in the remediation of organic pollutants solely [37,38], 
whilst neglecting the integrated systems. The utilization of CDs with an 
adequate energy gap, electron storage, and carrier separation capacity 
[39,40] will greatly boost the photocatalytic performance of the CoTiO3 
catalyst. Thus, decorating CoTiO3 with CDs can effectively address the 
setback of the photocatalyst CoTiO3 material, facilitate tight interface 
contact [41], a large formation of active sites, and thus significantly 
improve the photocatalytic performance of the heterojunction for 
remediation purposes.

In taking advantage of naturally abundant materials as precursors for 
CDs synthesis, high-value-added utilization of Pine bark is still under
rated. The chemical structure of the fully-fledged pine bark is comprised 
of cellulose, hemicellulose, and lignin, which have found application as 
a good precursor for carbon nanomaterial synthesis [42,43]. Hence, the 
utilization of underused pine bark in the fabrication of high-value CDs 
thus serves environmental protection, economic benefits for speedier 

detection of MNZ, and as a co-catalyst with CoTiO3 in the antibiotic 
remediation, which is highly warranted, since such studies have not 
been carried out before. It is imperative to emphasize that prior studies 
involving carbon nanomaterials with ilmenite catalysts have not incor
porated multi-parameter optimization in the photo-oxidation of organic 
pollutants. The current study addresses these aforementioned gaps in 
CDs production via a greener method, utilizing it as a sensor and a co- 
catalyst for CoTiO3 by exploring the RSM-CCD (Response Surface 
Methodology- Central Composite Design) in the degradation process.

Herein, highly fluorescent biomass carbon dots (BCDs) were suc
cessfully synthesized from pine bark, through a green and facile mi
crowave pyrolysis method. We have utilized a microwave pyrolysis 
approach for BCDs design, thus saving more reaction time and energy 
generation, as another alternative to previous studies reported in the 
sensing of MNZ [44]. We comprehensively analyzed the BCDs 
morphology, structure, and optical attributes. The fluorescent BCDs 
probe selective quenching with MNZ, evidenced high sensitivity, and 
presented a better limit of detection (LOD), compared with previously 
reported studies. Furthermore, the CoTiO3 (CTO) modified with BCDs 
was designed by the Pechini protocol [37], and then applied for photo- 
degradation of MNZ following the RSM-CCD pathway. The crucial 
degradation parameters of the photocatalytic process, including catalyst 
loading, pH solution, and MNZ initial concentration, were optimized 
using RSM-CCD and quantified. The BCDs-CTO nanocomposite strongly 
degrades MNZ antibiotic residues after exposure to light illumination for 
approximately 1 h (99.80 %), thus evidence the heterojunction versa
tility for redox reactions.

2. Materials and methods

2.1. Reagents

Sulfamethazole (SMZ), chloramphenicol (CLM), tetracycline (TC), 
metronidazole (MNZ), ciprofloxacin (CIP), and ethanol were all ob
tained from Merck Chemicals. Nitrate salts of Cadmium, zinc, Iron (III), 
Iron (II), nickel, mercury, cobalt (II) nitrate hexahydrate, titanium (IV) 
isopropoxide, citric monohydrate acid, and Rhodamine B (99 %) were 
acquired from Sigma-Aldrich.

2.2. Synthesis of biomass carbon dots (BCDs)

Biomass CDs were rapidly synthesized by using pine bark (PB) ob
tained from Vaal University of Technology, South Africa as starting 
precursor, through the microwave pyrolysis method. Firstly, the chop
ped, sieved PB was put into a 250 mL Duran quartz bottle, and then 
subjected to pyrolysis inside a microwave oven (model LG MH8042GM, 
maximum power of 1000 W at a frequency of 2450 MHz) for 30 min at 
800 W with periodic cooling in each 5 min under inert atmosphere 
through purging of nitrogen gas. After that, a Branson 2800 sonication 
water bath was used to sonicate 3 g of charred PB powder mixed with 
150 mL of ultrapure water for 30 min. The mixture was then centrifuged 
for 60 min at 10,000 rpm, the supernatant was filtered through a 0.22 m 
filter membrane, and the biomass CDs powder was obtained by freeze- 
drying. (SCANVAC CoolSafe™).

2.3. Synthesis of Cobalt titanate, and BCDS − Cobalt titanate (BCDs- 
CTO) photocatalysts

The modified Pechini method, which is similar to that which was 
previously reported, was used to design BCDS-CTO catalysts [37]. To a 
50 mL ethanol, citric acid (0.06 mol), and Cobalt (II) nitrate hexahydrate 
(0.01 mol) were introduced. Then, 0.01 mol titanium (IV) isopropoxide 
was slowly added to the stirred solution and further stirred for 2 h. Then, 
this mixture was transferred, and heated for 2 days at 80 ◦C in an electric 
oven. The gel was further calcined at 600 ◦C for 4 h, and after cooling the 
obtained powder was milled into a fine powder in an agate mortar.
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The BCDs-CTO photocatalysts were synthesized using the wet 
chemical approach, whereby 300 mg of as-prepared CTO and different 
specific amounts of BCDs were dispersed into absolute ethanol. The 
mixture was subjected to stirring, and sonicated for a period of 8 h, and 
then the slurry was centrifuged and dried at 80 ◦C for 12 h in a vacuum 
oven. The residue material was labeled as x-BCDs-CTO, where “x” rep
resents the quantity of BCDs added (x = 3 wt%, 5.5 wt%, and 8 wt%). 
This loading amount is specifically carried out in line with the RSM-CCD 
design.

2.4. Characterization

The morphology and particle size of the BCDs and BCDs-CTO pho
tocatalyst were recorded by Tecnai 20 transmission electron microscope 
and Scanning Electron Microscopes (SEM) ZEISS Ultra/Plus FEG-SEM. 
The functional group was performed with a Fourier transform infrared 
spectrometer (Perkin Elmer spectrum 400). X-ray diffraction (XRD) 
patterns for BCDs, and BCDs-CTO photocatalyst were recorded with a 
Bruker diffractometer AXS with Cu kα radiation source. Raman spectra 
were measured by a Horiba LabRAM HR Evolution (Kyoto, Japan). The 
UV–vis absorption spectrum and fluorescence spectrum of the BCDs 
were detected using a Maya 2000 Ocean Optics spectrometer and Jasco 
FP-8600 spectrophotometer, respectively. Thermal analysis with a 
heating rate of 10∘C/min in a nitrogen purge stream from 30 to 900 ◦C 
under 19.8 mL/mins was performed by Perkin Elmer STA 6000 thermal 
simultaneous analyzer. Cyclic voltammetry (CV), and electrochemical 
impedance spectroscopy (EIS) were performed using Bio-Logic SP-300 
potentiostat (ferrocyanide solution) with a three-electrode cell system 
(glassy carbon electrode as the working electrode, Ag/AgCl served as the 
reference electrode, and platinum (pt) as the counter electrode).

2.5. Fluorescence quantum yield measurement

The fluorescence quantum yield and fluorescence MNZ measurement 
are given in the supplementary information (SI) (Text S1).

2.6. Photocatalytic activity test

The photocatalytic performance was evaluated by degrading MNZ, 
and the degradation details are presented in SI (Text S2).

3. Results and Discussion

3.1. Preparation and characterization of BCDs

Pine bark (PB) was utilized as the raw material to synthesize green 
biomass carbon dots (BCDs), using a microwave technique (Scheme 1), 
thus eliminating the necessity for a complex preparation process and 
chemical additives. The synthesized BCDs showcased the highest fluo
rescence excitation at 330 nm and the maximum emission at 430 nm (as 
further emphasized in section 3.2).

The morphology of BCDs, as assessed by TEM (Fig. 1A), was spherical 
in morphology and well dispersed, without aggregation. The histogram 
data (Fig. 1C) shows that the BCDs possess an average size distribution 
within the range of 1.5 to 60 nm, with an average particle size of 18.39 
nm. The BCDs (Fig. 1B) showed that the lattice spacing is approximately 
0.23 nm and ascribed to the (100) plane characteristic of regular 
graphite [45].

XRD powder pattern of BCDs displayed a broad diffraction signal at 
22.5, and a weak peak at 43.3◦, which aligns with 002, and 101 lattice 
planes, thereby evidencing the amorphous and graphitic carbon struc
ture [46–48] in the prepared BCDs (Fig. 1D). The Raman spectrum of the 
BCDs as presented in Fig. 1E, comprises two peaks positioned at 1363 

Scheme 1. Design process of (A) BCDs, and (B) BCDs-CTO photocatalysts.
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cm− 1 and 1585 cm− 1, which align to the D band (structurally disor
dered) and G band (graphite phase), respectively [49]. The ID/IG ratio 
was determined to be 0.85, thus affirming that the BCDs possess a strong 
degree of graphitization nature, which further aligns with the XRD 
result.

The FTIR spectrum of BCDs was carried out, and presented in Fig. 1F. 
This figure evidenced the formation of –OH broad peak, and –NH 
stretching vibrations at 3398 cm− 1, and 3170 cm− 1, respectively thus 
suggesting the hydrophilic attributes of BCDs [50]. Also, peaks at 2914 
cm− 1 and 815 cm− 1 were assigned to the –CH stretching vibration 
[51–53]. Additionally, the peaks at 1696 cm− 1 and 1577 cm− 1 evidence 

the C=O [54], and C=C stretching vibration that is present in the BCDs 
sample [55]. The peaks observed at 1427 cm− 1, and 1031 cm− 1 repre
sent the –OCH3 [56] and symmetric stretching vibrations of the C-O-C 
group, respectively. The BCDs surface functionalities primarily centered 
on diverse functional groups.

The BCDs sample thermal analysis (TG, and DTG) as presented in 
Fig. S1, exhibited a total weight loss of about 20 %, thus indicating the 
material was relatively stable. At first, we have initial weight loss be
tween 30 to 180 ◦C occur, which is attributed to the evolution of surface- 
adsorbed water molecules and light volatiles [57]. In addition, major 
weight loss between 200–480 ◦C is associated with the devolatilization 

Fig. 1. (A) TEM image (B) HRTEM image, (C) Particle size distributions, (D)XRD pattern, (e) Raman plot, and (F) FTIR spectra of BCDs.

Fig. 2. (A) UV–Vis, (B) fluorescence emission spectra of the BCDs at different excitation wavelengths from 300 to 405 nm, (C) fluorescence excitation/emission 
spectra, (D) the effect of interference substances, (E) fluorescence intensity quenching of BCDs with MNZ concentration (0–25 μM), (F) Plot of relative fluorescence 
F0/F intensity with metronidazole solution, (G) UV–vis spectrum of MNZ and fluorescence excitation/emission spectra of BCDs, and (H) UV–vis absorption of BCDs 
and BCDs that mixed with MNZ.
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of the BCDs, and pyrolytic degradation of functional groups formed on 
the surface of BCDs [58]. The last stage (above 500 ◦C) involves the 
detachment of the graphitic structure occurs [59].

3.2. Optical properties of BCDs

The optical characteristics and photoluminescence (PL) of the BCDs 
were inspected using UV–Vis spectroscopy and fluorescence spectros
copy (Fig. 2). From the UV–Vis absorption spectra as presented in 
Fig. 2A, there are two absorption peaks, one at 277 nm (sharpen ab
sorption peak) and a shoulder peak around 325 nm. These peaks are 
attributed to π → π* transition of C=C bands, and n → π electronic 
transition of C=O bands in synthesized BCDs [60,61]. The BCDs with 
different luminescence attributes from 300 to 405 nm are found in the 
fluorescence emission spectra, as presented in Fig. 2B. The BCDs emis
sion spectra were red-shifted between the range of 400 to 500 nm with 
an increasing excitation wavelength, accompanied by a decrease in the 
fluorescence intensity. This further affirms that the fluorescence prop
erties of BCDs are powerfully dependent on the excitation wavelength, 
in addition to the varying size of the CDs and different surface states 
[51,62]. The fluorescence spectrum of BCDs exhibited a maximum 
emission intensity upon excitation at 330 nm (Fig. 2C) and was higher 
than the emission peak acquired when excited above the range of 360 to 
405 nm. Furthermore, the quantum yield of BCDs using rhodamine B as 
a standard (from eqn S1) was approximated at 10 % for the emission 
spectra at 430 nm.

Considering the extensive application of the CDs within a complex 
practical setting, the stability of BCDs was assessed through the exami
nation of their fluorescence intensity at varying pH values, irradiation 
under UV light, and after several days. With the pH ranging between 2 
and 10, the fluorescence intensity of the BCDs remained the same 
(exhibited minimal change in wavelength) (Fig. S2A). However, the 
fluorescence emission intensity (Fig. S2A and S2B) significantly declined 
with pH change, as high emission intensity was observed at lower pH 
(<5), and the fluorescence intensity was reduced at higher pH (> 4). The 
highest quenching efficiency of BCDs occurred at pH 6. In addition, 
under extreme pH conditions, the accumulation of BCDs from enhanced 
non-covalent bond interactions like hydrogen bonds between hydroxyl, 
carboxyl, and amino functional groups [55,63,64], provide favorable 
protonation-deprotonation in different acid, and alkaline solutions. The 
variation in the pH medium also results to a photobleaching process 
related to fluorescence reduction [65]. Following a 240 min exposure to 
UV irradiation, the fluorescence intensity of the BCDs remained nearly 
identical to the initial intensity, thus demonstrating the superior resis
tance of the BCDs to photobleaching (Fig. S2C). Moreover, the fluores
cence intensity experienced unaltered fluctuations under normal light 
irradiation after 25 days (Fig. S2D). In summary, the BCDs possessed a 
remarkable ability to adapt to diverse environmental conditions, 
thereby providing a dependable platform for the promising utilization of 
this fluorescent probe in real-world scenarios. The developed method 
was validated following the guidelines outlined in ICHQ2(R1) to 
ascertain its dependability and precision [66].

3.3. BCDs application in MNZ sensing

The selectivity of the BCDs fluorescent probe was tested, and the 
effects of various metal ions (Fe2+, Fe3+, Zn2+, Ni2+, Hg2+, and Cd2+), 
and pharmaceutical antibiotics (SMZ, CLM, TC, and CIP), utilized for 
agricultural activities inclusive of MNZ were investigated on fluores
cence responses of BCDs.

As shown in Fig. 2D, our BCDs critically responded well to the 
pharmaceutical antibiotics (with higher fluorescence emission in
tensity), specifically to MNZ, highlighting the high selectivity for MNZ 
antibiotic identification. Furthermore, the Fo/F values of these samples 
are presented in Fig. 2D (herein F is the fluorescent intensities of each 
sample without BCDs, while Fo is the fluorescent intensity of BCDS 

without adding the sample). The results indicate that the high Fo/F value 
of MNZ (96 %) to lower values of other samples, evident that BCDS had a 
lower fluorescence emission intensity owing to the MNZ’s quenching 
effect on the sensor. The interference experiments were conducted by 
mixing MNZ and other interferents (100 μM) found in wastewater. 
However, the addition of MNZ, along with each interferent did signifi
cantly influence the quenching of BCDs, and display any obvious effects 
as presented in Fig. 2D. Clearly, the BCDs were insensitive to other 
contaminants but selective to MNZ in the mixtures. This observation 
highlights BCDs exceptional sensitivity, excellent selectivity, and anti- 
interference attributes for MNZ detection.

For the sensitivity study of BCDs, 0–25 μM MNZ concentrations were 
investigated by recording the fluorescence intensity of BCDs. The 
spectra image of BCDs as presented in Fig. 2E shows the fluorescence 
intensity quenching 430 nm associated with MNZ concentrations 
augmentation, without any change in the emissive spectra. It empha
sizes that the BCDs system is sensitive to the MNZ concentration. Herein, 
the Fo/F value of synthesized BCDs is MNZ-concentration-dependent, 
with increasing MNZ concentrations as displayed in Fig. 2F. The fluo
rescence quenching of the BCDs in the presence of MNZ aligned with the 
modified Stern–Volmer expression [67]. The curve fitted a non-linear 
exponential decay in line with the previously reported study [55,68], 
whilst the F0/F = 11.81 + 4.19 exp 0.175* [MNZ], with a correlation 
factor (R2) of 0.9875. The limit of detection (LOD, at the signal-to-noise 
ratio of 3) of BCDs as calculated from the non-linear curve was estimated 
to be 0.014 μM. The detection limit was lower, and comparable to 
previously reported on MNZ sensing as presented in Table 1. The BCDs 
probe for MNZ sensing in this work exhibits numerous dominant be
haviors compared to similar reports as presented in Table 1, comprising 
the environmentally friendly pyrolysis using a microwave oven that 
does not require any hazardous chemicals. The microwave pyrolysis of 
pine bark biomass for the development of BCDs, also requires a simple 
separation process, thus saving energy and time.

3.4. Florescence quenching of MNZ

As evidenced earlier, the fluorescence attributes of BCDs were 
significantly quenched upon the addition of MNZ to our fluorescent 
probe. Hence, to understand the proper nature of quenching, a refined 
approach is discussed using the UV–vis absorption analysis of fluores
cent probe, MNZ, and a combination of the probe along with MNZ in line 
with existing literature [4,53,56]. MNZ weak peak from the UV–vis 
spectra was observed to have overlapped with the excitation spectrum of 
BCDs (Fig. 2G), and Fig. 2H portrayed a significant enhanced absorption 
with the introduction of MNZ. Herein, no new formation of complex or 
electron-hole recombination was achieved between the fluorescent 
probe and the organic compound. Then the overall fluorescent mecha
nism thus aligns with the inner filter effect (IFE) [3,4,70].

3.5. Analytical application of MNZ in real water samples

To examine the reliability of the BCDs fluorescent probe in practical 
settings, we employed it to detect the recovery ratios by introducing 
various concentrations of MNZ (from 0.5 µM, 2 µM, and 3 µM) into real 
water samples (tap water, and river water), obtained from “Vaal Uni
versity of Technology” environment. The results presented in Table S1 
reveal that by utilizing the BCDs fluorescent probe, we effectively 
identified the presence of MNZ antibiotics in the spiked tap water and 
river water. Notably, the recoveries of MNZ ranged from 97 % to 105 %, 
with a relative standard deviation (RSD) of less than 5 %, thus our 
findings suggest that the developed BCDs fluorescent probe is a reliable 
and suitable candidate for the determination of MNZ in actual envi
ronmental water samples.
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3.6. Morphological and structural analysis of BCDs-CTO photocatalysts

Fig. 3A–C shows the SEM images of the active 5.5 wt% BCDs-CTO at 
different magnifications. The photocatalyst is composed of regular and 
slightly agglomerated spherical clusters with a large number of nano
particles, and the BCDs are wrapped around the CTO nanoparticles 
(NPs), thus confirming synergistic interaction. In Fig. 3D and E, 5.5 wt% 
BCDs-CTO TEM images showed a spherical structure of CTO comprising 
minute BCDs nanoparticles wrapped around, consistent with the SEM 
image.

The phase structures of the as-prepared CTO and BCDs-CTO nano
material (NM) were obtained by XRD (Fig. 3F). The distinct diffraction 
peaks of CTO can be found at 23.920 (012 plane), 32.800 (104 plane), 
35.380 (110 plane), 40.590 (113 plane), 48.990 (024 plane), 53.520 (116 
plane), 61.890 (214 plane), and 63.500 (300 plane). All are indexed to 
the ilmenite CoTIO3 (JCPDS no. 15–0866), respectively [35]. No other 
crystalline phase can be detected. No signal of BCDs can be detected, 
primarily from low BCDs loading in the composite.

Fig. 3G shows FTIR spectra of CTO and 5.5 wt% BCDs-CTO photo
catalyst. Both samples exhibited typical absorption peaks at 3340, 2923, 
1610, 1450, and 1037 cm− 1. These peaks are attributed to the –OH 
stretching vibration, skeletal vibration of the sp2 –CH band, C=O 

stretching band, –OCH3, and C–O-C stretching vibration mode. Of note, 
the –CH, and –OCH3 peaks were reduced with BCDs-CTO photocatalyst, 
thus affirming a significant change in the fundamental structure of CTO 
after the incorporation of BCDs. Also, the BCDs-CTO photocatalyst dis
played the stretching mode of Ti–Co bonds appeared at 1037 cm− 1 

[74,75].
The TGA curve of CTO and 5.5 wt% BCDs-CTO photocatalyst is 

presented in Fig. 3H. Both samples exhibited typical weight loss at 
temperatures between 30 and 200 ◦C, and were assigned to water 
molecule loss. The 5.5 wt% BCDs-CTO remained relatively stable af
terward without any further weight loss, whilst the CTO still underwent 
weight loss at 851 ◦C, and was assigned to the formation of ilmenite 
CoTiO3.

X-ray photoelectron spectroscopy (XPS) analysis was conducted to 
analyze the molecular structure and atomic valence states of 5.5 wt% 
BCDs-CTO. As presented in Fig. 4A, XPS survey spectra of 5.5 wt% BCDs- 
CTO evidence Co, Ti, O, and C elements, without additional impurities. 
The Co 2p peak as presented in Fig. 4B evidences two states, namely: 
2p3/2 and 2p1/2 states. The 2p3/2 state was identified at 780.45 and 
786.8 eV, whilst the 2p1/2 was observed at 796.2 eV and 802.9 eV, 
respectively, thus evidencing the presence of Co2+ [76,77]. The Ti 2p 
(Fig. 4C) core levels also presented 2p3/2 and 2p1/2 states, with peaks 

Table 1 
Comparison of different CDs for sensing of MNZ.

Carbon Precursor Synthesis method (Conditions) Linear range 
(μM)

Quantum Yield 
(%)

Selectivity LOD 
(μM)

Ref.

Non-conjugated polymer carbon dots (PCDs) from 
polyethyleneimine

HT (180 ◦C, 30 min) 0.06–15 9 0.020 [69]

Nitrogen-doped carbon dots (N-CDs) from L-tartaric acid and 
triethylenetetramine mixture

MWP (800 W, 6 min) 0.5–22 31 0.220 [70]

N-CDs from Galli Gigerii HT (240 ◦C, 8 hr) 0–1000 19.45 0.267 [28]
N, S, P-Triple Doped Porous Carbon from Elaeagnus gum HT (2 steps 130 ◦C for 6 hr; 750 ◦C for 

3hr under N2 atm.)
0.1–45 and 
50–350

n.m. 0.013 [71]

N-CDs from mixture of citric acid and urea HT (190 ◦C, 6 hr) 0–179 35 0.250 [72]
Bismuth-doped carbon quantum dots HT (200 ◦C, 4 hr) 0.02–2 n.m. 0.016 [73]
Biomass carbon dots (BCDs) from pine bark MWP 0 – 25 10 0.014 This 

Work

HT = Hydrothermal, N2 = Nitrogen, Atm = Atmosphere, MWP = Microwave pyrolysis, n.m. = not mentioned.

Fig. 3. (A–C) SEM images, (D, E) TEM images of 5.5 wt% BCDs-CTO sample at different magnifications, (F) XRD patterns, (G) FTIR spectra, and (H) Thermal analysis 
of 5.5 wt% BCDs-CTO, CTO, and BCDs samples.
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around 463.7 and 457.8 eV and thus affirm Ti4+. The O 1s peak iden
tified at 529.7 assigned to the lattice oxygen and the surface adsorbed 
oxygen species [78]. The C 1s peak at 283.7 eV is aligned with C–C 
bonding. The above analysis results provide significant evidence that 
CTO and BCDs are closely connected, and the preparation of the BCDs- 
CTO composite material is successful.

3.7. Photoelectric characteristics

The light absorption property of pure CTO and the BCDs-CTO 

photocatalysts is shown in Fig. 5A. The CTO NM presented intense ab
sorption bands (491 nm, 579 nm, and 655 nm) in the whole spectral 
region. The absorption edge at 491 nm is assigned to the O2– → Ti4+

metal-to-ligand charge transfer transition [77,79]. In addition, the Co2+

→ Ti4+ charge transfer bands created by CoTiO3 crystal field splitting or 
the d-d transition of Co2+ are attributed to the absorption edges detected 
at around 579 nm and 655 nm, respectively, in the prepared samples. 
For the BCDs-CTO samples, the optical absorption edge red-shifted to 
that of CTO, thus evidence that the addition of BCDs widens the light- 
harvesting capability of the photocatalysts. The enhanced light 

Fig. 4. (a) XPS survey plots with the individual spectra for 5.5 wt% BCDs-CTO aligning with (b) Co, (c) Ti, (d) C, and (e) O.

Fig. 5. (A) Absorption spectrum, (B) Tauc’s spectra, (C) PL spectra of BCDs-CTO catalysts, and CTO, (D) Cyclic voltammetry, and (E) electrochemical impedance 
spectra of 5.5 wt% BCDs-CTO, and CTO.
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absorption will significantly strengthen the photo generation of charge 
carriers, and lead to an improved photocatalytic performance (with the 
5.5 wt% BCDs-CTO as the most efficient photocatalyst, as evidenced in 
Section 3.9). The band gap (Eg) of the obtained CTO, and 5.5 wt% BCDs- 
CTO is approximately 2.33 eV, and 2.20 eV, based on the Tauc plot 
(Fig. 5B). Fig. 5C presents the fluorescence spectra of the CTO and BCDs- 
CTO photocatalysts. The BCDs-CTO photocatalysts have a lower fluo
rescence intensity (excited at 325 nm) than CTO NM. A lower fluores
cence intensity corresponds to high photo-generated charged carrier 
separation efficiency, so the 5.5 wt% BCDs-9/CTO has the highest sep
aration efficiency. Fig. 5D and E shows the CV and EIS of the CTO, and 
5.5 wt% BCDs-CTO photocatalysts. The 5.5 wt% BCDs-CTO photo
catalyst presented a higher CV curve and smaller EIS radius compared to 
CTO NM. This indicates higher charge transfer and separation capabil
ities with the 5.5 wt% BCDs-CTO photocatalyst, thus promoting 
improved degradation performance. Herein, BCDs inclusion aided an 
efficient separation of photogenerated charge carriers in the BCDs-CTO 
photocatalyst, as well as extending their lifecycle.

3.8. Optimization and statistical evaluation on the photocatalytic 
performance of BCDs-CTO

Three independent variables, catalyst loading (A), pH value (B), and 
MNZ initial concentration (C), have been used to analyze the degrada
tion factors influence on the removal of MNZ antibiotics, modeled 
accurately using the central composite design (CCD) through response 
surface methodology (RSM) is presented in Table 2.

As presented in Table S2, optimizing the degradation experimental 
parameters and MNZ photo-degradation was best achieved through a 
quadratic model with a lower p-value when compared to other models. 
The quadratic model equation as suggested by the software with the 
significant factors, is presented below:  

Fig. 6A–C further presented the validity of the quadratic equation 
from the CCD-RSM model. The predicted degradation efficiency as a 
term of actual (MNZ degradation) is illustrated in Fig. 6A., and a high 
validity of the quadratic model has confirmed strong proximity between 
variants.

This observation was further confirmed by the normal probability 
curve versus externally studentized residuals (Fig. 6B). The outliers (red 
threshold) in Fig. 6C, evidence no values extend above the model limit 
expectations, thus highlighting the appropriateness of the regression 
model. The analysis of variance (ANOVA) in Table 3, presented an F- 
value of 345.71 and Prob. > F of < 0.0001 justifying the model’s sig
nificance. The value of Prob. > F less than 0.05 presents the influential 
model terms, whilst the significance of the parameters for MNZ photo
degradation is A (pH) > B (initial concentration) > C (catalyst loading). 
This is largely attributed to a higher mean square value. Furthermore, 
the quadratic model validation from the ANOVA using the (R2 and 
adjusted R2), evidenced good coherence (adjusted R2 = 0.9939, adjusted 

R2 = 0.9857) [80].
The influence of different degradation parameters on the removal of 

MNZ antibiotics using a 3-dimensional (3D) response surface is pre
sented in Fig. 6D–F. The interaction of pH solution versus the MNZ 
initial concentration also had a significant influence on the degradation 
of MNZ antibiotic (High F value in Table 3). Increasing the pH solution 
from 3 to 9 in Fig. 6F under optimized conditions at 0.025 g/L photo
catalyst dosage, and a degradation time of 60 min, increased the 
degradation efficiency of MNZ (98.78 % for pH 3 to 99.66 % for pH 9). 
The initial MNZ concentration’s impact on the degradation efficiency is 
presented in Fig. 6E and F. Increasing the MNZ concentration from 50 to 
100 mg/L improves the removal efficiency from 96.98 to 97.54 %. 
Herein, a higher amount of MNZ molecules resulted in more interaction 
with BCDs-CTO powders, and the formation of active radicals thus 
yielding higher degradation efficiency [81,82]. With regards to the in
fluence of catalyst loading, as presented in Fig. 6D and F, increasing the 
photocatalyst loading from 3 to 8 wt% resulted in the degradation ef
ficiency reduction from 99.89 to 99.52 %. This is attributed to aggre
gation on the surface of the CTO, thus shielding the CTO from absorbing 
the light irradiation, formation of recombination centers for photo
generated charge carriers, and covering the catalytic reactive sites [83].

The final optimization of BCDs-CTO degradation performance on 
MNZ removal using the desirability function (DF) in this prescribed 
model is presented in Fig. S3. The predicted outcome (catalyst loading =
5.5, pH = 9, and MNZ = 64.17 mg/L) with degradation efficiency at 
99.89 % at 0.765 desirability. This value was utilized for further 
degradation activities, and the experimental degradation was 99.81 %, 
and relatively close to the predicted model value of 99.89 %.

3.9. Photocatalytic activities, Scavenging, and recycling

In Fig. 7A, the photocatalytic degradation efficiencies of various 
photocatalysts toward MNZ are depicted. The degradation efficiencies 

for BCDs, CTO, and 5.5 wt% BCDs-CTO were 51.46 %, 66.56 %, and 
99.81 %, after 1 hr irradiation time, respectively. The degradation ef
ficiency of 5.5 wt% BCDs-CTO was higher than that of the CTO, BCDs, 
and BCDs (5 wt% loading) as a co-catalyst (generation of more electron- 
hole pairs and reduced electron-hole pair recombination) was respon
sible for enhancing the performance of CTO in this study. Fig. 7B pre
sents the photocatalytic reaction process kinetics, and the pseudo-first- 
order model [84,85] describes the photocatalytic processes (Eq. (1), 
with C0 and Ct are the concentrations of MNZ, respectively, at times t =
0 and t. 

In
C
CO

= − kt (1) 

Among them, the degradation rate constant of 5.5 wt% BCDs-CTO 
(0.0786 min− 1) surpasses that of CTO (0.0192 min− 1) and BCDs 
(0.0131 min− 1) by 4.1 and 6 times, respectively. This signifies an 
enormous boost in the photocatalytic performance of the heterojunction 
formed by CTO with BCDs as a co-catalyst. Table S3 depicts the photo
catalytic efficiency of BCDs-CTO compared with other photocatalysts in 
the degradation of MNZ antibiotics in terms of photocatalyst composi
tion, illumination sources, and reaction conditions used [5,86–90]. 
Herein, the final performance of 5.5 wt% BCDs-CTO is higher than 
previously reported photocatalysts and thus considered as an efficient 
photocatalyst for pharmaceutical antibiotics remediation.

The reusability of 5.5 wt% BCDs-CTO nanocomposite was studied for 
five cycles of MNZ degradation to determine its stability for practical 

Table 2 
Experimental levels for each independent parameter based on RSM design.

Factor Name Units Low Actual High Actual

A Catalysts loading wt % 3 8
B pH ​ 3 9
C TC initial Concentration Mg/L 50 100

DegradationofMNZ = 99.26 − 0.2202A+0.4338B+0.2658C+0.1028AB − 0.9726AC+0.5370A2 − 1.91C2 
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applications. As presented in Fig. 7C, the MNZ degradation first run was 
99.8 %, while the efficiency for the fifth cycle was 90.86 %. Further
more, the crystal structure of the fresh, and recycled 5.5 wt% BCDs-CTO 
sample in Fig. 7D demonstrates the stability of the structure, with 
minimal change after five photocatalytic experiments.

Scavenger quenching experiments were conducted using 5 Mm of 
benzoquinone (BQ), ethylenediaminetetraacetic Acid Disodium (EDTA- 
2Na), and isopropanol (IPA) employed to quench superoxide (O2

•− ), hole 
(h+), and hydroxyl (•OH) radical, respectively (Fig. 7E). The •OH 
(76.37 %) exhibited weak inhibition on MNZ degradation (Fig. 7. 

Fig. 6. (A) Predicted vs actual values, (B) Normal probability vs. residuals, and (C) Residual vs. run for BCDs-CTO catalysts on MNZ removal, 3D surface response 
plots for MNZ photodegradation efficiency on BCDs-CTO catalysts, (D) Effect of pH and catalyst loading, (E) Effect of MNZ concentration and catalyst loading, and (F) 
Effect of pH and MNZ concentration.

Table 3 
Analysis of variance for the degradation of MNZ in the presence of BCDs – CTO nanomaterials.

Source Sum of Squares df Mean Square F-value p-value

Model 23.69 9 2.63 345.71 <0.0001 Significant
A-catalyst loading 0.4848 1 0.4848 63.68 <0.0001 ​
B-pH 1.88 1 1.88 247.15 <0.0001 ​
C-concentration 0.7068 1 0.7068 92.83 <0.0001 ​
AB 0.0846 1 0.0846 11.11 0.0076 ​
AC 7.57 1 7.57 993.88 <0.0001 ​
BC 0.0056 1 0.0056 0.7414 0.4094 ​
A2 0.7931 1 0.7931 104.17 <0.0001 ​
B2 0.0107 1 0.0107 1.41 0.2633 ​
C2 9.98 1 9.98 1310.96 <0.0001 ​
Residual 0.0761 10 0.0076 ​ ​ ​
Lack of Fit 0.0761 5 0.0152 ​ ​ ​
Pure Error 0.0000 5 0.0000 ​ ​ ​
Cor Total 23.76 19 ​ ​ ​ ​

R2 
= 0.9939, R2 Adjusted = 0.9857, R2 Predicted = 0.9857, Adeq Precision = 57.5855.
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However, the BQ (43.06 %) addition, as well as EDTA-2Na (57.70 %), 
significantly inhibited MNZ degradation (Fig. 7C), suggesting that 
O2
•− and h+ are the primary active species for MNZ degradation with the 

5.5 wt% BCDs-CTO photocatalyst.

3.10. Reaction mechanism

The enhanced photodegradation performance of 5.5 wt% BCDs-CTO 
photocatalyst heterojunction is largely attributed to the incorporation of 
BCDs into CTO. Hence, the ECB and EVB for the BCDs-CTO photocatalyst 
were determined with the formulas: ECB = X – Ee + 0.5Eg and EVB = ECB 

+ Eg, herein Eg represents the bandgap energy, whilst the electronega
tivity (X) of pristine CTO (5.76 eV), and Ee symbolized the hydrogen 
scale-free electron energy (4.5 eV). The EVB and ECB of BCDs-CTO pho
tocatalyst were determined from the above expression to be +2.33 eV 
and +0.15 eV.

Upon visible light illumination, the CTO catalyst absorbs enough 
photon energy, thus excites electrons from the VB to CB while leaving h+

in the VB (Fig. 7F). The electrons from the CB of CTO are transferred 
instantaneously to the BCDs through the BCDs-CTO heterointerface, 
which then reacts with the surface O2 to form O2

•− , and simultaneously 
attack the MNZ molecule. Moreover, given the VB of CTO is higher than 
OH–/•OH (1.98 ev) the photoinduced h+ on the VB of CTO could be 
readily oxidized by the adsorbed H2O to create •OH, and also attack the 
pollutant.

4. Conclusions

In summary, the design of water-soluble carbon dots from pine tree 
bark through microwave pyrolysis for the detection of MNZ was 

executed in this study. This fabrication method offers several advan
tages, including simplicity, a greener approach without chemical 
modification, and utilization of agricultural biomass (crucially adding 
environmental protection and economic benefits). The prepared BCDs 
surface functionalities are comprised of diverse functional groups (hy
droxy, carboxylic acid, and amino), and possess a strong degree of 
graphitization. As a result, the BCDs exhibited a favorable quantum 
yield of 10 %, at an emission of 430 nm under 330 nm excitation. BCDs 
presented a limit of detection (LOD) of 0.014 μM, via a non-linear 
detection range spanning from 0 to 25 μM for MNZ. In addition, the 
application of a BCDs fluorescent probe enabled the measurement of 
MNZ in authentic water samples, yielding satisfactory results (97–105 
%) across all tested samples. In addition, the BCDs modified CTO and 
utilized as photocatalysts for the degradation of MNZ using the CCD- 
RSM technique. The BCDs enhanced the visible light absorptivity of 
BCDs-CTO composites and promoted effective charge carrier transfer. 
From the ANOVA, it was found that the pH solution has more degree of 
significance to initial concentration, and catalyst loading in the degra
dation of MNZ. The maximum degradation activity was obtained about 
99.81 % under the specific conditions of pH = 9, MNZ = 64.17 mg/L, 
and 5.5 wt% catalyst loading during 60-min light irradiation. This 
significantly improved the photocatalytic performance of the CTO, with 
an enhanced degradation of the MNZ actualized in this study. Overall, 
the design of multi-functional nanomaterials achieved sensitive detec
tion and 99.81 % removal of MNZ, thus averting the challenges asso
ciated with the usage of mono-functional materials and completely 
avoiding the hazards of pollutants.

Fig. 7. (A) Photocatalytic performance of 5.5 wt% BCDs-CTO, BCDs, and CTO, (B) Pseudo first-order kinetics, (C) Photocatalyst recycling test, (D) XRD patterns of 
5.5 wt% BCDs-CTO, (E) Degradation of MNZ using 5.5 wt% BCDs-CTO in the presence of different scavengers, and (F) Reaction mechanism over BCDs-CTO photo 
composite in the MNZ degradation.
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