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A B S T R A C T

A simple strategy was presented to convert a possibly problematic and harmful solid waste into a sustainable and 
feasible value-added product. In this regard, novel self-carbon-doped ZnO (C-ZnO) photocatalysts containing 
both unground cigarette filters (CF) and ground cigarette filters (CFG) as carbon sources and templates were 
successfully synthesized for the first time. A series of C-ZnO photocatalysts containing three different amounts of 
CF and CFG were obtained by a facile one-step precipitation method. Comprehensive characterization of C-ZnO 
photocatalysts was realized via FTIR, Raman, XRD, SEM-EDAX, TGA, BET, and PL analysis techniques. While the 
grinding process did not affect the structural and crystallite properties of the templates, differences were 
observed in CF and CFG morphology. The crystallite sizes of C-ZnO photocatalysts differed depending on the CF 
and CFG amounts used as templates. The as-prepared specimens were used as promising photocatalysts for the 
remediation of methylene blue (MB) contaminated water. C-ZnO photocatalyst with the lowest CFG amount, 
denoted as 0.06-CFGZ exhibited high MB degradation (98 %) under 270 min irradiation. Amounts of CF and CFG 
in C-ZnO photocatalysts influenced their morphology, playing an important role in their photocatalytic activities. 
The design of C-ZnO using CF and CFG templates not only facilitated the valorization of environmental waste but 
also offered a novel strategy for the preparation of efficient carbon-doped photocatalysts.

1. Introduction

Due to rapid population growth and increasing industrial processes, 
the demand for drinking water and effective wastewater treatment 
methods is increasing. The effluents of some industries and their prod
ucts pollute water resources to such an extent that they affect human 
life. Wastewater from textile, leather, cosmetics, and paper industries 
contains significant amounts of dye effluents. Among cationic textile 
dyes, methylene blue (MB) is a relatively low toxic thiazine dye that can 
cause adverse effects on human health. Additionally, the presence of this 
non-biodegradable compound in aquatic systems can block sunlight and 
reduce the availability of dissolved oxygen. Therefore, wastewater 
treatment containing this dye is crucial before discharging into water 
bodies and the environment [1–3].

Recently, wastewater treatment technologies including adsorption 
[4,5], ionic flocculation [6], membrane filtration [7] and bio
accumulation [8] have been applied to eliminate this aromatic hetero
cyclic dye. Most conventional approaches have drawbacks, including 
the disposal of exhausted adsorbent causing secondary pollution and an 

extended retention time required for biodegradation of complex and 
recalcitrant dye. Alternatively, advanced oxidation processes (AOPs) 
can be performed as notable methods to degrade MB to harmless sub
stances such as CO2 and H2O. There are different ways of incorporating 
AOPs into water treatment but they work on the same principle: reactive 
oxygen species are generated in an aqueous environment and take part 
in oxidative processes. AOPs can be implemented for oxidative degra
dation of organic and inorganic pollutants as well as inactivation of 
pathogens. Among AOPs, photocatalysis is a cost-effective, energy-sav
ing, and environmentally friendly water treatment method that gener
ates various reactive species, including but not limited to hydroxyl 
radicals, to eliminate organic pollutants through a non-selective oxida
tion mechanism [9–11].

ZnO has drawn attention as a promising photocatalyst in recent de
cades due to its properties such as being low-cost, non-toxic, and 
biocompatible. However, the wide band gap energy and rapid electron- 
hole pair recombination limit the actual photocatalytic application of 
this semiconductor [12–14]. To overcome this challenge and improve 
the photocatalytic efficiency of ZnO, researchers have focused on the use 
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of combination with other semiconductors [15], preparation of poly
meric composites [16,17], and doping with metals and non-metals [18]. 
Among these strategies, designing new carbon-based ZnO photocatalysts 
(C-ZnO) has gained importance in utilizing agricultural wastes (psyllium 
husk), bio-waste (wood wastes, brewed coffee), and plant extract-based 
natural resources (agro-waste extract) as carbon sources [19–23]. In 
addition, current studies are carried out on cigarette butts, one of the 

most commonly available abundant personal waste to that can be con
verted into a useful product for water treatment [24]. Considering the 
concept of AOPs in water treatment, this non-biodegradable, toxic waste 
has been mainly used as a carbon-based solid source to prepare a po
tential catalyst [25,26].

Gupta and Pandey [26] reported the photocatalytic degradation of 
MB with carbon containing niobium carbide catalysts synthesized by 
using filters of smoked cigarettes. As an alternative catalyst, Co and Fe 
co-doped carbon material was prepared from waste cigarette filters for 
persulfate oxidation with high COD removal from biological textile 
wastewater [25]. Glugoski et al. [27] published studies on the utilization 
of the filters from smuggled cigarettes with immobilized Fe3+ for the 
degradation of Reactive Black 5 dye by the photo-Fenton process. Ulti
mately, the authors reported that they preferred to use smuggled CFs 
instead of used filters due to the absence of toxic substances from the 
combustion of tar and nicotine.

There is a limited number of studies in the literature on using either 
smoked or pristine cigarette filters as carbon sources in photocatalyst 
systems. The main novelty of this study is the first-ever presentation of a 
unique combination of cigarette filters and ZnO systems with two 
different strategies based on unground and ground filters. Here, the 
comparison between ground and regular cigarette filters as carbon 
sources was hypothesized to reveal differences in doping efficiency and 
the resulting C-ZnO photocatalyst properties through variations in sur
face area and carbon incorporation mechanisms. These variations could 
potentially influence the photocatalytic performance of the resulting 

Fig. 1. (a) FTIR spectra (b) XRD diffractograms of CF and CFG specimens.

Fig. 2. SEM images of CF and CFG specimens at different magnifications (a) 250x, (b) 1000x, (c) 2000x, (d) 5000x, (e) 20000x.

Fig. 3. TG and DTG curves of CFG.
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materials. A systematic characterization of photocatalysts was carried 
out to identify the possible differences in structural, morphological, 
optical, and surface properties. The photocatalytic activity of the carbon 
self-doping photocatalysts that enabled dual environmental benefits was 
investigated using MB as a cationic model dye pollutant.

2. Methodology

2.1. Materials

Cigarettes used in this work had long slim filters (6 mm x 22 mm) 
that consisted of only cellulose acetate (without any additives). They 
were obtained in the Turkish market and the filter parts were separated. 
The reason for using unsmoked cigarette filters was the absence of toxic 
substances associated with the combustion products. The unground and 
ground filters were used in two different forms named CF and CFG, 
respectively. Foss Cyclotec ™ (CT293) device was used with a 1 mm 
sieve apparatus for the grinding process of the filters. CFG was weighed 
and used directly for the photocatalyst synthesis while CF was cut into 
approximately 1 cm pieces.

MB (C16H18ClN3S.xH2O (x = 2–3), Merck), zinc nitrate hexahydrate 
(Zn(NO3)2⋅6H2O, reagent grade, 98 %, Merck), and sodium hydroxide 
(NaOH, ACS reagent, ≥97.0 %, pellets, Sigma-Aldrich) were used 
without further purification. All solutions were prepared with ultrapure 
water from the Elga Purelab QUEST UV pure water device.

2.2. Synthesis of photocatalysts

The synthesis of the photocatalysts was carried out using the 

precipitation method with a minor modification [28]. A series of CF-ZnO 
and CFG-ZnO photocatalysts were prepared using three different 
loading amounts of CF and CFG, respectively. The quantities of CF added 
were 0.06 g, 0.3 g, and 0.6 g, and the resulting photocatalysts were 
designated as 0.06-CFZ, 0.3-CFZ, and 0.6-CFZ, respectively.

In a typical synthesis of the 0.06-CFZ specimen, 0.1 M Zn 
(NO3)2⋅6H2O solution (200 mL) was prepared and placed in a flat- 
bottomed flask. Subsequently, 0.06 g CF was added to this solution 
with vigorous stirring by a magnetic stirrer for five minutes to obtain a 
uniform and stable solution (solution A). A solution of 0.1 M NaOH (400 
mL) was prepared (solution B) and placed in a dropping funnel. Solution 
B was added slowly (1 drop/second) to solution A under vigorous stir
ring. The mixture was stirred for a further 2 h and kept for 24 h at room 
temperature to obtain precipitates. Then, the white precipitates were 
filtered and extensively washed with distilled water and ethanol. Sub
sequently, the rinsed precipitates were dried in an air oven at 80 ◦C for 
24 h, calcined in a 500 ◦C muffle furnace for 5 h, and ground in an agate 
mortar. The same procedure was followed for the synthesis of CFGZ 
specimens, 0.06-CFGZ, 0.3-CFGZ, and 0.6-CFGZ. ZnO nanoparticles 
were also synthesized for comparison purposes without the addition of 
CF or CFG.

2.3. Characterization

The structural, morphological, and optical differences between ZnO 
particles and CFZ and CFGZ specimens were investigated by a range of 
techniques. Fourier Transform Infrared attenuated total reflectance 
(FTIR-ATR) analysis was conducted using a Perkin Elmer FTIR Spec
trometer Spectrum Two device (diamond/ZnSe crystal Universal ATR 

Fig. 4. Nitrogen adsorption-desorption isotherms of (a) CF, (b) CFG, and (c) pore size distribution plots of CF and CFG.
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accessory) operating in the 4000–400 cm-1 region with a resolution of 2 
cm-1. Dispersive Raman spectroscopy measurements were carried out 
using a Thermo Scientific DXR Raman Microscope using laser excitation 
at λ=532 nm. The spectra were recorded with 2 cm-1 spectral resolution 
and 10 mW Ar+ laser power. X-ray diffraction (XRD) measurements 
were carried out on the Bruker D8 Discover device using Cu Kα radiation 
(λ=1.54 Å) as the X-ray source. The device voltage and applied current 
were 40 kV and 40 mA, respectively. Crystallite sizes (D, nm) were 
calculated using the Scherrer equation (Eq. (1)) regarding the reflection 
related to the (1 0 1) plane of ZnO. 

D=Kλ / (βcosθ) (1) 

where K = 0.9, λ is the X-ray wavelength (1.5418 Å), θ is the Bragg 
angle, and β is the full width at half maximum intensity (FWHM, ra
dians) [29].

Scanning electron microscopy (SEM) analysis was carried out on an 
FEI-Philips XL30 SEM-EDAX operating at an accelataring voltage of 
under 10 kV. Photoluminescence (PL) features were investigated using a 
fluorescence spectrometer (Edinburgh Instruments Spectrofluorometer 
FS5). A PerkinElmer STA 600 model device was employed for the 
thermogravimetric analysis (TGA), which was conducted at tempera
tures ranging from 30 to 800 ◦C in a nitrogen environment (20 mL/min). 
Brunauer-Emmett-Teller (BET) surface areas and Barrett-Joyner- 
Halenda (BJH) pore size distributions of the filters and photocatalysts 
were determined using a Quantachrome Quadrosorb SI device with ni
trogen adsorption at 77 K.

2.4. Photocatalytic activity experiments

Photocatalytic activity experiments under UV-A light were carried 

Fig. 5. FTIR spectra of (a) ZnO particles and CFZ photocatalysts, (b) ZnO particles and CFGZ photocatalysts.
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out in a specially designed system comprising a cylindrical Pyrex reactor 
vessel placed on a magnetic stirrer and illuminated from above with a 
125 W black fluorescent lamp (BLF). The BLF light source was in the 
range of 300 to 420 nm, with a maximum emission at 365 nm. Photo
catalytic experiments were performed in a 50 mL pyrex reaction vessel 
at room temperature (25 ◦C ± 2 ◦C) and natural pH. The optimum 
amount of photocatalyst was 0.25 mg/mL and the MB dye concentration 
was 5 mg/L. At certain time intervals (t = 0, 30, 60, 90, 120, 150, 210, 
and 270 min), samples were collected from the reaction vessel and 
filtered through a 0.22 μm Millipore acetate membrane filter. The 
absorbance of the filtered MB solutions was measured at 246 nm, 292 
nm, and 664 nm by a UV–vis spectrophotometer (Shimadzu UV-2600). 
The reproducibility of the results was determined as <5 % via pre
liminary experiments performed in triplicate prior to the main experi
mental part.

3. Results and discussion

3.1. Characterization of CF and CFG

FTIR spectroscopy was used to determine the presence of the func
tional groups in both CF and CFG specimens (Fig. 1(a)). A wide peak in 
the FTIR spectrum of the CF centered at around 3492 cm-1 was attrib
uted to the -OH stretching vibration, resulting from the absorbed water 

molecules. The two peaks observed at 2925 cm-1 and 2853 cm-1 were 
identified as the symmetrical and asymmetrical C–H stretching vibra
tions in the methyl group, respectively. The peaks at 1736 cm-1, 1431 
cm-1, 1367 cm-1, and 1216 cm-1 were related to the C = O stretching 
vibration of the acetate groups, -CH2 bending, -CH group bending, and 
C–O bond stretch in acetyl groups, respectively. The peaks at 1125 cm-1 

and 1032 cm-1 corresponded to the asymmetrical C–O-C stretching in 
the ester group and the vibrational mode of the C–O bond in cellulose 
molecules, respectively [30]. Furthermore, the peaks at 899 cm-1 and 
602 cm-1 were attributed to the glycosidic unit of cellulose acetate and 
the C–H stretching in the acetyl group, respectively [27,31]. As antic
ipated, the peak intensities and positions in the FTIR spectrum of CFG 
remained unaltered.

The XRD diffractograms of the CF and CFG specimens exhibited a 
single broad characteristic band in the range of 2θ=10–30◦ centered at 
around 2θ=14◦ (Fig. 1(b)). This band indicated the presence of an 
amorphous structure [32].

SEM images of CF exhibited smooth, long filamentous strips that 
terminate in a triangular cross-sectional form [33]. A slight deformation 
was observed during the grinding process as evidenced by the SEM 
images of CFG (Fig. 2).

The elemental compositions of the CF and CFG specimens, as 
determined by EDAX spectra, are presented in the Supplementary Ma
terial (SM), Part I, Figure SM1. The EDAX data consisted mainly of 
carbon and oxygen, with trace amounts of titanium and aluminum. The 
principal usage of titanium in CFs is to give a white color and it’s also 
well known that nanomaterials containing titanium are used to reduce 
the harmful chemicals inhaled by smokers [30,34]. The presence of 
heavy metals on the other hand, can be ascribed to various factors 
including the cultivation of tobacco, soil contamination, the cigarette 
manufacturing process, and the use of brightening agents on paper [30,
34].

Thermogravimetric data for CFG were presented as a TG curve and a 
derivative thermogravimetric DTG in Fig. 3. The initial stage of the mass 
loss was due to the dehydration, with a loss of 10 % observed up to 
around 205 ◦C. The second stage was the plasticizer used in filter making 
and this degradation step was found to correspond to the deacetylation 
process of cigarette filters [30]. As the temperature of 394 ◦C was 
reached, a mass loss of 84 % was observed. Therefore, it can be 
concluded that a burning temperature above 400 ◦C is sufficient to 
remove the CFG template and obtain C-ZnO photocatalysts.

Nitrogen adsorption-desorption isotherms and the corresponding 
BJH pore-size distribution curves of CF and CFG specimens are displayed 
in Fig. 4. CF and CFG specimens exhibited Type IV isotherms according 
to the IUPAC classification that was characteristic of mesoporous ma
terials [35]. The BET-specific surface areas (SBET) of CF and CFG were 26 
m2/g and 50 m2/g, respectively, and the grinding process resulted in an 
almost doubled surface area. The differences between the specimens 
could be attributed to the morphological changes already observed in 
the SEM images (Fig. 2). The pore diameters of CF and CFG were 
approximately 3 nm and 2 nm, respectively.

3.2. Characterization of photocatalysts

3.2.1. FTIR analysis
FTIR analysis was carried out to ascertain the possible differences in 

functional groups of the CFZ, CFGZ, and ZnO specimens, and related 
FTIR spectra were presented in Fig. 5.

A wide peak centered at approximately 3429 cm-1 in the FTIR 
spectrum of ZnO belonged to the -OH stretching vibration of water 
molecules (Figure 5(a), (b)). The peaks at 1637 cm-1, and 1395 cm-1, 
corresponded to the H–O–H bending and trace amounts of nitrate ions 
from the precursor, respectively. The peaks located in the 920–500 cm-1 

low-frequency region corresponded to Zn–O–Zn and Zn–O stretching 
vibrations [16,36–38]. The peaks observed at 3506 cm-1, 2988 cm-1, 
2902 cm-1, and 1523 cm-1 corresponded to the -OH stretching, 

Fig. 6. XRD diffractograms of (a) ZnO particles and CFZ photocatalysts, (b) 
ZnO particles and CFGZ photocatalysts.
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symmetrical and asymmetrical C–H stretching in the methyl group, and 
H–O–H bending, respectively (Fig. 5(a)) [16,30,39]. The peak at 1394 
cm-1 indicated the presence of nitrate ions [38]. The peaks at 1077 cm-1 

and 1047 cm-1 were Zn-O-Zn asymmetric stretching vibrations of the 
oxygen bridge in the orthorhombic structure [40]. The peaks located in 
the 880–500 cm-1 region belonged to the Zn-O stretching vibration [41]. 
The absence of characteristic intense acetate peaks at 1736 cm-1 and 
1216 cm-1 related to the C––O stretching and C–O bond stretching vi
brations, indicated the removal of the CF template after the calcination 
[30]. A slight shift was observed for 0.3-CF and 0.06-CF specimens. All 
CFGZ specimens exhibited similar spectra regarding the position of 
characteristic peaks, shape, and size with only a slight change indicating 
that mechanical grinding did not affect the functional groups of the 
photocatalysts. (Fig. 5(b)).

3.2.2. Raman analysis
Raman spectra are given in SM, Part II, Figure SM2. The intense band 

at 435 cm-1 in the Raman spectrum of ZnO corresponded to the E2 (high) 
vibration mode. The other bands observed at 321 cm-1, 381 cm-1, 585 
cm-1, 680 cm-1, and 1161 cm-1 were assigned to the 2E2 mode, A1 (TO) 
mode, A1 (LO) mode, TA+LO, 2A1 (LO) contributions, and 2E1 (LO) 
modes, respectively [15]. The Raman spectrum of 0.06-CFG revealed 
bands at 437 cm-1, 330 cm-1, and 383 cm-1 attributed to E2 (high), 2E2 
mode, and A1 (TO) modes of ZnO. In the Raman spectrum of 0.6-CFG, 
the intensity of the prominent band related to the E2 (high) mode of 
ZnO shifted to a lower wavenumber (428 cm-1), and the intensity also 
decreased (Figure SM2 (a)). Furthermore, the peak of the oxygen va
cancy A1 (TO) mode at ZnO (382 cm-1) was shifted remarkably 
compared to CFZ specimens, indicating the carbon self-doping process 
[42]. Same kind of changes in the Raman spectra of CFGZ were noted 
(Figure SM2 (b)).

3.2.3. XRD analysis
XRD diffractograms of ZnO, CFZ, and CFGZ specimens are shown in 

Fig. 7. SEM images of ZnO particles and CFZ specimens at different magnifications (a) 5000x, (b) 10000x, (c) 20000x, (d) 50000x, (e) 100000x.
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Fig. 6. For ZnO, the diffraction peaks located at 2θ=31.86◦, 34.50◦, 
36.34◦, 47.64◦, 56.70◦, 62.95◦, 66.43◦, 68.04◦, and 69.19◦ corresponded 
to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), and 
(2 0 1) planes of ZnO, respectively. All peaks were consistent with 
zincite hexagonal ZnO structure (JCPDF 36–1451). In the case of 0.06- 
CFZ, the diffraction peaks at 2θ=31.82◦, 34.47◦, 36.30◦, 47.59◦, 
56.65◦, 62.91◦, and 68.00◦ were assigned to the (1 0 0), (0 0 2), (1 0 1), 
(1 0 2), (1 1 0), (1 0 3), and (1 1 2) planes of ZnO, respectively, whereas 
the diffraction planes of (2 0 0) and (2 0 1) disappeared (Fig. 6(a)). 
Besides, the peaks shifted slightly toward the lower angles in CFZ 
specimens which could be due to the substitution of the oxygen atom in 
the ZnO matrix by carbon [43]. In addition, the absence of an impurity 
phase indicated that carbon successfully entered the ZnO crystal lattice 
[42]. Furthermore, the intensity of the peaks gradually decreased, and 
the width of the diffraction peaks enlarged gradually as the CF amount 
increased in CFZ and CFGZ specimens (Fig. 6). The data implied that the 
possible inhibition role of carbon on the growth of ZnO results in a 
downward trend in the crystalline quality of ZnO with the increase of 

carbon self-doping [42,43]. The results of XRD were in good agreement 
with the Raman data.

The calculated crystallite sizes of the specimens using the Scherrer 
equation from the ZnO (1 0 1) diffraction peak were listed in SM, Part II, 
Table SM1. A gradual increase in size was observed as the carbon 
quantity in photocatalysts increased due to the burning of the template. 
The reason could be the formation of oxygen defects resulting in the 
expansion of the crystal lattice [42].

3.2.4. SEM analysis
SEM analysis was performed to determine the morphological 

changes and sizes of ZnO, CFZ, and CFGZ specimens with five different 
magnifications (Figs. 7 and 8). SEM image of ZnO consisted of irregular 
polyhedral-shaped particles with a slight agglomeration. Compared to 
ZnO, a rougher surface was found in the 0.06-CFZ (Fig. 7) due to the 
origin of the CF template presented in Fig. 2. It was noted that the 
original shape and morphology of ZnO specimen were almost main
tained after the CF addition in the 0.06-CFZ specimen. However, the 

Fig. 8. SEM images of ZnO particles and CFGZ specimens at different magnifications (a) 5000x, (b) 10000x, (c) 20000x, (d) 50000x, (e) 100000x.
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SEM image of 0.3-CFZ was similar to the morphologies of both ZnO and 
CF containing mainly protected forms of irregularly shaped ZnO parti
cles and the presence of covered CF-shaped ZnO particles, resulting in a 
slightly larger particle size than ZnO. In the case of loading a higher 

amount of CF, a well-ordered continuous coating layer of ZnO along CF 
was observed especially in the images at higher magnifications (50000x 
and 100000x), and this also caused a change in the dominant 
morphology of the 0.6-CFZ specimen.

CFGZ photocatalysts demonstrated a similar distribution in the 
morphological trend with less agglomeration throughout the CF con
centration (Fig. 8). A tendency of ZnO-shaped particle morphology 
could be observed on the surface of the base 0.06-CFGZ, while further 
increasing the CFG amount, 0.3-CFGZ specimen revealed more 
template-shaped formed morphology. ZnO morphology transformed 
from irregular polyhedral-shaped particles to the sacrificial CFGZ tem
plate morphology in the 0.6-CFGZ specimen. The grinding process of the 
template slightly improved the uniformity and porosity of CFGZ 
specimens.

The EDAX spectra of ZnO, CFZ, and CFGZ specimens were presented 
in SM, Part II, Figure SM3. The elemental analysis of ZnO nanoparticles 
confirmed the presence of zinc and oxygen element signals. The EDAX 
spectra of CFZ and CFGZ specimens presented carbon and traces of ti
tanium (< 1 %) elements derived from a sacrificial template while zinc 
and oxygen came from as-synthesized ZnO. C-ZnO specimens tended to 
reveal an increasing order of carbon amount with increasing template 
loading.

3.2.5. BET analysis
BET Nitrogen adsorption-desorption isotherms of 0.06-CFZ and 0.06- 

CFGZ photocatalysts are given in Fig. 9 where the graphs showcase type 
IV isotherm with a H3 hysteresis loop at high relative pressure (P/P0 
>0.8) characteristics as classified by IUPAC [35]. Type IV isotherm 

Fig. 9. Nitrogen adsorption-desorption isotherms of (a) 0.06-CFZ, (b) 0.06-CFGZ, and (c) pore size distribution plots of 0.06-CFZ and 0.06-CFGZ.

Fig. 10. Photoluminescence spectra of ZnO, CFZ, and CFGZ specimens.
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Fig. 11. UV–vis absorption spectra of MB using CFZ photocatalysts.
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Fig. 12. UV–vis absorption spectra of MB using CFGZ photocatalysts.
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yielded a typical type of monolayer and multilayer nitrogen adsorption 
while the H3 hysteresis loop confirmed the aggregation of plate-like 
particles into slit-shaped pores [44]. The specific surface areas of 
0.06-CFZ and 0.06-CFGZ were 10 m2/g and 23 m2/g, respectively, 
indicating that the grinding process doubled the surface area. Based on 
the results given in Fig. 9(c), the average pore diameters of 0.06-CFZ and 
0.06-CFGZ were 2.1 nm and 2.2 nm, respectively, falling in the meso
porous classification (2–50 nm) [35]. The pore volumes were 0.069 
mL/g and 0.252 mL/g, respectively. The observed increased agglomer
ation in 0.06-CFZ compared to 0.06-CFGZ could lead to blocking the 
pores on an internal surface of the particle in agreement with SEM data 
(Figs. 7 and 8) [45].

3.2.6. Photoluminescence analysis
PL analysis was carried out to assess the recombination rate of charge 

carriers in ZnO particles and CFZ and CFGZ specimens (Fig. 10). The 
ZnO spectrum consisted of a strong UV emission band at λ=390 nm 
(3.18 eV), a blue-green band at λ=471 nm (2.63 eV), and a green band at 
λ=554 nm (2.24 eV). The intense UV emission band could belong to the 
exciton recombination-related near-band edge emission of ZnO while 
the blue-green and green emission bands could be attributed to the 
surface defect and the singly ionized oxygen vacancy in ZnO, respec
tively [15,46]. These three characteristic emission bands of ZnO were 
also observed in the PL spectra of CFZ and CFGZ specimens with a sig
nificant decrease in PL intensity. The reduction in emission intensity 
could confirm an electronic interaction between carbon and ZnO due to 
the self-carbon doping of ZnO. This finding was well in accordance with 
the result of EDAX. It was also previously reported that a low PL in
tensity indicated a decrease in the recombination of electron/hole pairs 
on the semiconductor surface [47].

Upon loading a low-carbon template source for 0.06-CFZ and 0.06- 
CFGZ specimens, self-carbon doping could act as electron trappers to 
separate the electron-hole pairs. However, a high carbon source could be 
an excessive dopant amount that possibly performed as a recombination 
center for the photoinduced electron/hole pairs [43]. Among the syn
thesized CFZ and CFGZ specimens, the lowest intensity was observed 
with 0.06-CFZ signifying an efficient charge transfer resulting in 
reduced electron/hole recombination and improved photocatalytic ac
tivity. However, several factors such as particle size, recombination 
velocity, and defects could affect PL spectra. Hence, it was not possible 
to make an evaluation arising from the PL due to the complex mecha
nism of a semiconductor [44].

3.3. Photocatalytic activity experiments

Photocatalytic activities of CFZ and CFGZ were characterized based 
on their interactions with MB under irradiation. The decolorization ef
ficiencies were shown by UV–vis spectral analysis, experimental pa
rameters as well as kinetic modeling.

3.3.1. Photocatalytic degradation of MB using CFZ and CFGZ 
photocatalysts

The variations over time (0–270 min) in the UV–vis absorbance 
spectra of the MB solution (5 mg/L) after treatment with CFZ, and CFGZ 
specimens (0.25 g/L) were presented in Figs. 11 and 12. UV–vis spec
trum and molecular structure of MB are given in SM, Part III, Figure 
SM4.

The UV–vis absorption spectrum of MB mainly consisted of a peak 
with a shoulder at 664 nm and 617 nm, respectively, related to the auxo 
chromic group of dye. The main peak at 664 nm belonged to a long 
conjugation system that occurred in the range 550–700 nm between two 
dimethylamine-substituted aromatic rings through the sulfur and ni
trogen, where the observed shoulder at 617 nm was responsible for the 
absorbance of the MB dimer. The two spectral peaks in the UV region at 
λ=246 nm and λ=292 nm correspond to the substituted benzene ring 
structure [48,49].

The characteristic absorption peaks of MB at λ=246 nm, λ=292 nm, 
and λ=664 nm were chosen for monitoring the photocatalytic degra
dation process induced by CFZ and CFGZ specimens. During the pho
tocatalytic degradation, intensities of three absorbance reduced 
gradually with the increase of reaction time. The reduction of the peak 
intensities correspond to MB degradation, followed by generated smaller 
intermediates that could successfully be degraded during the photo
catalytic degradation process. The reason could be the formation of 
main aromatic sub-group intermediates such as demethylated metabo
lites, sulfoxide, sulfonic acid, and phenolic compounds. This phenome
non could also be supported in that the absorption peaks of these 
compounds were also observed at wavelengths in the region of 
λ=200–300 nm and λ=500–700 nm overlapping the absorption spectra 
of MB. For this reason, it was difficult to identify the intermediates [49].

3.3.2. Kinetics of photocatalytic degradation
All UV–vis parameters displayed logarithmic decay profiles as pre

sented in SM, Part III, Figures SM5 following pseudo-first-order kinetic 
model expressed by Eq. (2): 

Rate(R)= − dA /dt= kA (2) 

where,
R: pseudo-first-order rate (cm− 1min− 1),
Ao: initial absorbance of MB expressed as A664,o, A292,o and A246,o,
A: absorbance of MB expressed as A664, A292 and A246 at time t, t: 

irradiation time, min, k: pseudo-first-order reaction rate constant, 
min− 1.

Half-life (t1/2, min) could easily be calculated by the following 
equation, t1/2 = 0.692/k.

Kinetic model parameters (R2 > 0.85) are listed in Table 1. The 
highest decolorization rate constant was achieved with 0.06-CFZ and 
0.06 CFGZ photocatalysts, respectively. The degradation rate constants 
of MB (A664) were calculated as k = 11.0 × 10− 3 min− 1 and k = 12.7 ×
10− 3 min− 1 for 0.06-CFZ and 0.06 CFGZ photocatalysts, respectively. 
These values were almost two times the decolorization rate constant of 
MB obtained in the presence of 0.3-CFZ (5.32 × 10− 3 min− 1). This can be 
attributed to the role of carbon amount and zinc-oxygen defects 
reducing the recombination rate of electron-hole pairs, as confirmed by 
PL spectra (Fig. 10) [50,51].

Degradation of aromatic groups yielded rate constants as k = 6.87 ×
10− 3 min− 1 and 6.07 × 10− 3 min− 1 for A292 and A246 in the presence of 
0.06-CFZ photocatalyst, respectively. Upon the use of 0.06-CFGZ, the 

Table 1 
Photocatalytic degradation kinetics of MB expressed by A664, A292, and A246.

First Order Kinetic Parameters

A664 k × 10− 3, min− 1 t1/2, min Rate, cm− 1 min− 1

0.06-CFZ 11.0 63 0.0106
0.3-CFZ 5.32 130 0.0051
0.6-CFZ 7.03 99 0.0068
0.06-CFGZ 12.7 55 0.0122
0.3-CFGZ 8.26 84 0.0079
0.6-CFGZ 7.44 93 0.0072
A292 ​ ​ ​
0.06-CFZ 6.87 101 0.0037
0.3-CFZ 3.61 192 0.0020
0.6-CFZ 4.95 140 0.0027
0.06-CFGZ 7.39 94 0.0040
0.3-CFGZ 5.07 137 0.0028
0.6-CFGZ 4.77 145 0.0026
A246 ​ ​ ​
0.06-CFZ 6.07 114 0.0015
0.3-CFZ 3.64 190 0.0009
0.6-CFZ 4.85 143 0.0012
0.06-CFGZ 6.14 113 0.0015
0.3-CFGZ 4.37 157 0.0011
0.6-CFGZ 4.59 151 0.0011
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Fig. 13. Photocatalytic degradation of MB for (a) A664, (b) A292, and (c) A246 upon use of CFZ and CFGZ photocatalysts.
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calculated rate values were slightly higher than 0.06-CFZ specimen and 
revealed as k = 7.39 × 10− 3 min− 1 and 6.14 × 10− 3 min− 1.

CFGZ specimens exhibited better photocatalytic activity compared to 
the photocatalyst series of CFZ. The reason could be explained by the 
SEM images of CFGZ specimens (Fig. 8) that presented fewer aggregated 
particles than CFZ specimens (Fig. 7). 0.06 CFGZ photocatalyst exhibi
ted the highest photocatalytic activity among all specimens which could 
be attributed to the almost uniform morphology (Fig. 8) with a large 
surface area (23 m2/g). A higher surface area could provide more 
reactive sites, improving photocatalytic degradation efficiency since 
photocatalytic reactions mostly occur on the photocatalyst surface [52].

According to values obtained from Table 1, the trend in photo
catalytic degradation rate constants in the presence of all photocatalysts 
could be given in decreasing order:

A664: 0.06-CFGZ > 0.06-CFZ > 0.3-CFGZ > 0.6-CFGZ > 0.6-CFZ >
0.3-CFZ.

A292: 0.06-CFGZ > 0.06-CFZ > 0.3-CFGZ > 0.6-CFZ > 0.6-CFGZ >
0.3-CFZ.

A246: 0.06-CFGZ > 0.06-CFZ > 0.6-CFZ > 0.6-CFGZ > 0.3-CFGZ >
0.3-CFZ.

The trend was the same as that of 0.06-CFGZ and 0.06-CFZ speci
mens for the rate constants of A292 and A246.

The degree of MB decolorization by using CFGZ and CFZ specimens 
(Fig. 13) was also calculated by the following Eq. (3-5): 

Decolorization,% =
( (

A664,o − A664
) /

A664,o
))

× 100 (3) 

Decolorization,% =
( (

A292,o − A292
)/

A292,o
))

× 100 (4) 

Decolorization,% =
( (

A246,o − A246
)/

A246,o
))

× 100 (5) 

where,
A664,o, A292,o and A246,o were the initial absorbance of MB
A664, A292, and A246 were the absorbance of MB at time t.
Accordingly, the initial surface coverage extents (t = 0) of A664 for 

0.06-CFZ and 0.06 CFGZ specimens were 14 % and 18 %, respectively. 
These values increased for the photocatalysts containing higher amounts 
of CF and CFG possibly due to the enhancement of surface area con
cerning the amount of substrate. From a general perspective, CFZ and 
CFGZ specimens followed a similar trend as A292 and A246. However, the 
extent of the surface exhibited an inconsistent trend for both the prep
aration method and CF and CFG amounts. Since the adsorption capacity 
was included within surface phenomena, this result was consistent with 
the BET-specific surface area data and was 10 m2/g and 23 m2/g for 
0.06-CFZ and 0.06-CFGZ specimens, respectively.

Decolorization percentage values of MB achieved by using CFZ and 
CFGZ photocatalysts were listed in SI Part III, Table SM2. Upon using 
0.06-CFZ and 0.06-CFGZ specimens, almost a complete decolorization of 
MB was achieved following a prolonged period of up to 270 min. 
Moreover, the decolorization percentage of MB in the presence of both 
0.3-CFGZ and 0.6-CFGZ specimens revealed the lowest performance. 
The reason could be ascribed to the observed tendency of agglomeration 
in catalysts containing a higher amount of CF and CFG (Figs. 7 and 8). 
Upon irradiation during photocatalysis, a similar trend was observed 
with the UV–vis spectral features (A292 and A264) expressing the 
degradation of aromatic groups of MB. In addition, it should be stated 
that the focus of this study was directed to the preparation of the carbon 
self-doped ZnO photocatalysts using two different templates rather than 
concentrating on the degradation pathways of MB under the specified 
experimental conditions.

4. Conclusions

The purpose of the study was to develop cost-effective C-ZnO pho
tocatalysts via a facile one-step precipitation method using CF and CFG 
as carbon sources and templates. A mechanical process based on 

grinding and sieving did not impact the surface functional groups and 
structure of CF and CFG. However, the grinding process influenced the 
morphological characteristics of a long strip structure and triangular 
cross-section of CF and doubled the surface area. FTIR confirmed the 
functional groups of ZnO and the presence of CF/CFG as the carbon 
source. The addition of CF/CFG as templates played a key role in the 
morphological characteristics and crystallite sizes of C-ZnO photo
catalysts. The high amounts of CF/CFG increased particle aggregation, 
particularly in 0.6-CFZ and 0.6-CFGZ specimens, and exhibited specific 
dominant morphology in the sacrificial templated forms. The photo
catalytic activities of C-ZnO photocatalysts were evaluated by moni
toring the degradation of MB dye. The photocatalytic degradation rate 
constants of MB (A664) were calculated as k = 11.0 × 10− 3 min− 1 and k 
= 12.7 × 10− 3 min− 1 for 0.06-CFZ and 0.06 CFGZ photocatalysts, 
respectively. The photocatalytic degradation of MB showed a correla
tion between template amount and morphology of C-ZnO specimens. 
Amongst all photocatalysts, 0.06-CFGZ specimen exhibited maximum 
photocatalytic efficiency that could be explained based on its unique 
template-based morphology, mesoporous nature, and high surface area. 
Furthermore, the high efficiency of this photocatalyst could also be due 
to the reduced electron/hole recombination as shown by PL spectra. The 
finding suggested the potential of using cigarettes or environmental 
solid waste CF as a carbon source and template for preparing doped C- 
ZnO photocatalysts via a facile one-step method to address wastewater 
treatment issues. As future work, we plan to conduct a comparative 
study on the photocatalytic performance under both UV and visible light 
conditions to fully elucidate the benefits of carbon doping and the full 
potential of the newly synthesized photocatalysts.
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