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catalytic activity of porous TiO2

containing C/P/K derived from grapefruit peel†

Ruixiang Wu, ab Wenhua Liu,*a Renao Bai, b Xiufang Tian,b Weikai Lin,b Lejian Lib

and Qianwei Keb

Grapefruit peel possesses a porous structure and a significant specific surface area. In this study, we

introduce an innovative and eco-friendly approach for synthesizing porous TiO2. This was accomplished

by employing grapefruit peel as a bio-template and tetrabutyl titanate as the precursor, utilizing a two-

step rotary impregnation-calcination process. The TiO2 faithfully reproduced the structural

characteristics of the grapefruit peel across different scales, simultaneously incorporating C, P, K

elements from the original grapefruit peel into the final samples. The fabricated samples were analyzed

using XRD, XPS, SEM, TEM, BET, and UV-vis DRS. The results showed that the TiO2 displays an anatase

phase, and possesses a high specific surface area. The investigation of photocatalytic performance

demonstrated that the CPK-TiO2-10 sample exhibited outstanding photocatalytic activity against

Rhodamine B (RhB) solution, achieving complete degradation within 60 minutes. Additionally, the total

organic carbon (TOC) removal rate reached 91.34% after 60 minutes of irradiation. The sample

maintained a high degradation efficiency, even after five recycling cycles. This exceptional performance

can be attributed to its porous structure, enriched with pores and a larger surface area, as well as the

beneficial effects of doping with C, P, K elements in TiO2.
1 Introduction

Water pollution poses a signicant threat to both the environ-
ment and human health.1 Among the various contributors to
water pollution, dyes have emerged as a major concern.2 Global
reports indicate an annual production of more than 700 000
tons of dyes, with more than one-tenth of this quantity being
discharged into the environment untreated during production
and use.3,4 Due to their inherent resistance to natural degra-
dation, dyes present a formidable challenge, necessitating the
development of effective methods and technologies for the
purication and treatment of contaminated dye wastewater. In
response to this environmental challenge, photo-catalytic
degradation technology has gained prominence as a rapid
and efficient means of removing pollutants from wastewater.
Over recent years, this technology has found widespread
application in the treatment of dye wastewater.5,6

As the most promising photocatalyst, TiO2 has been widely
used in the eld of environmental governance.7–10 With the
capability to photocatalytically degrade most organic
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pollutants, TiO2 demonstrates several advantages, including
better stability, environmental friendliness devoid of toxic side
effects, and lower cost.11–13 Consequently, it has been recognized
as the most representative material for photocatalytic treatment
of organic pollutants in water. However, despite its prominence,
TiO2 photocatalysts face several challenges in practical appli-
cation, such as low quantum efficiency, low visible light utili-
zation, and harsh preparation conditions.11–13 These problems
severely impede the practical applicability of TiO2. Studies have
shown that photocatalytic performance is profoundly inu-
enced by the structure and morphology of the catalyst. The
traditional preparation methods make it hard to meet the
demand for directional and precise control of the structure and
performance of the materials. Hence, there exists a formidable
challenge in the eld, the preparation of TiO2 photocatalytic
materials with controllable morphology and structure, coupled
with exceptional performance, using a straightforward and
efficient method.

Originating from the philosophical concept of “learning
from nature”, the preparation of novel functional materials with
multilevel ne and complex structures using natural biomate-
rials as templates is a relatively cutting-edge research eld,
which has attracted the attention of domestic and foreign
researchers.14,15 Some researchers utilized various natural
materials as bio-templates to improve the morphology and
structure of TiO2, while simultaneously incorporating elements
from biomass into TiO2, achieving synergistic enhancement of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TG-DTG curves of grapefruit peel loaded with precursors.
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TiO2 photocatalytic activity. Li et al.16 employed green leaves,
resulting in N-doped leaf-shaped TiO2, withmorph-TiO2 derived
from different leaves showing a signicant increase (103–258%)
in absorbance intensity within the visible light range. Chen
et al.17 utilized rose petals as bio-templates, producing doped N
bio-morphic TiO2 lms exhibiting heightened photocatalytic
activity against methylene blue degradation under sunlight.
Turkten et al.18 utilized rice husk (RH) as a bio-template to
fabricate TiO2 hierarchical microstructure photocatalysts (TiO2-
HMP) doped with C, N, S, and Si elements. TiO2-HMP,
compared to the control TiO2-NP, demonstrated a reduced band
gap of 0.46 eV and an augmented surface area of approximately
10%. When exposed to UV light, TiO2-HMP showed a photo-
catalytic activity enhancement ($10%) compared to TiO2-NP,
likely attributed to the in situ self-codoping of RH by the pres-
ence of multiple dopant ions (C, N, S, and Si).

Grapefruit peel, possesses a porous structure and a signi-
cant specic surface area, oen considered agricultural waste,
is typically discarded without any effective application, leading
to the unnecessary loss of biomass resources and indirectly
exacerbating environmental pollution.19 Comprising various
substances such as cellulose, hemicellulose, lignin, glucose,
and pectin.20 Consequently, its surface is enriched with
hydroxyl, carboxyl, and other functional groups,21 which can
attract cations through electrostatic forces and chelation.
Grapefruit peel, as a readily available and environmentally
benign resource, holds signicant promise for the bio-inspired
synthesis of inorganic materials. Moreover, various functional
materials have been prepared by using grapefruit peel as a bio-
logical template. Zhu et al.22 deposited hexadecyl trimethyl
ammonium bromide/TiO2 composites using grapefruit peel as
a template. Aer calcination-acid treatment to remove the
grapefruit peel, TiO2 foam was obtained, which is used as an
adsorbent to enrich peptides. Zhao et al.23 utilized grapefruit
peel as a template to prepare LaFeO3 perovskite with a large
number of micro–nano pore structures, which showed a high
conversion efficiency of 94% for nitric oxide. Zhang et al.24

utilized grapefruit peel to prepare biochar, and then grew TiO2

on the biochar to prepare grapefruit peel TiO2/biochar
composite material. The composite material exhibited a photo-
catalytic degradation of tetracycline under simulated sunlight,
with an apparent rate constant of 0.021 min−1.

In contrast to prior investigations, we used grapefruit peel as
a bio-template to modulate the morphology and structure of
TiO2, while allowing for the natural integration of bio-elements
from grapefruit peel into TiO2. By improving the structure and
elemental composition of TiO2, we achieve synergistic
enhancements in the photocatalytic activity of the resultant
TiO2. In this study, a simple yet effective method was applied,
utilizing grapefruit peel as both a reactive substrate and
a template; tetrabutyl titanate was used as the precursor to
synthesize porous TiO2 containing C/P/K. The synthesis pro-
ceeded via a two-step process, including rotary impregnation
and calcination. The produced samples underwent extensive
characterization. Furthermore, the photocatalytic activity of
these samples was assessed by the degradation of Rhodamine B
(RhB) under UV light irradiation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2 Materials and methods
2.1 Materials

Grapefruit peels were purchased from Shantou Agricultural and
Trade Market, Shantou, China. The following chemicals were
utilized: tetrabutyl titanate (500 mL, AR) acquired from
Shanghai Macklin Company Limited; RhB (100 g, AR)
purchased from Shanghai Macklin Biochemical Technology
Co., Ltd; as well as sodium hydroxide (500 g, AR), sodium
chloride (500 g, AR), anhydrous ethanol (500 mL, AR), acetic
acid (500 mL, AR), and nitric acid (500 mL, AR) both procured
from Sinopharm Chemical Reagent Co., Ltd.
2.2 Preparation of CPK-TiO2 photocatalysts

The grapefruit peel collected for this study underwent a metic-
ulous preparation process. Initially, the peel was thoroughly
cleaned with distilled water, and the yellow outer skin was
peeled off, revealing the spongy inner skin. Subsequently, the
inner skin of grapefruit peel was cut into small squares of 1 × 1
× 1 cm and immersed in a 0.1 mol L−1 NaOH solution for 12
hours to facilitate the removal of cellulose. The treated grape-
fruit peel was repeatedly rinsed with distilled water until
a neutral pH was achieved. The grapefruit peel was processed by
vacuum freeze-drying and subsequently used for experimental.

The synthesis process began by combining 20 mL of ethanol
absolute and a certain volume of tetrabutyl titanate (10 mL, 15
mL, 20 mL, 25 mL) in a round-bottomed ask, with further
adjustment of the pH of the solution to 2 via acetic acid. Then,
2 g grapefruit peel was added, and the round-bottomed ask
containing the solution and grapefruit peel was placed onto
a modied rotary evaporator equipped. Maintaining a rota-
tional speed of 180 rpm, the grapefruit peel underwent
impregnation through rotation within the mixture for a dura-
tion of 12 hours. Finally, it was washed with ethanol absolute
until a neutral pH was achieved and was subjected to freeze-
drying.

In order to determine the optimal calcination temperature
and preparation process parameters, the grapefruit peel loaded
RSC Adv., 2024, 14, 15604–15618 | 15605
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with precursors was rst subjected to thermogravimetric anal-
ysis (TGA). As shown in Fig. 1, the TG-DTG curve of the grape-
fruit peel loaded with precursors increased from room to 800 °C
at a rate of 5 °C min−1 in an air atmosphere. The overall mass
loss of the grapefruit peel loaded with precursors was about
85% with the gradual increase of the calcination temperature,
and the quality decline mainly experienced three stages. In the
rst stage, from room temperature to 200 °C, the mass loss was
about 15%, mainly caused by the surface adsorption of water
and organic volatiles; in the second stage, from 200 °C to 400 °
C, the mass loss was about 58%, mainly due to the combustion
of organic components in the grapefruit peel; in the third stage,
from 400 °C to 530 °C, the mass loss was about 12%, mainly due
to the combustion of organic components in the grapefruit peel
and the crystallization of titanium dioxide.

To achieve the experimental goal while saving energy, the
process parameters of the calcination stage were set as follows:
the grapefruit peel loaded with precursor was calcined in
amuffle furnace under an air atmosphere, with the temperature
rising at a rate of 5 °C min−1 from room temperature to 550 °C,
followed by a three-hour heat preservation phase, and then
naturally cooled to room temperature. According to the added
amount of TBOT, the resultant samples were recorded as CPK-
TiO2-x (x = 10, 15, 20, 25). In order to facilitate comparison,
control samples without grapefruit peel templates were also
prepared under the same conditions, referred to as N-TiO2-x (x
= 10, 15, 20, 25).
2.3 Photocatalytic performance test

Firstly, 100 mL 10 mg L−1 RhB solution was measured and
poured into a quartz reactor, and 50mg of photocatalyst powder
was then added. The magnetic stirrer was then utilized to
disperse the photocatalyst in the dark for 30 minutes. Subse-
quently, the mercury lamp light source and circulating water
cooling device were turned on, and the photocatalytic degra-
dation experiment was conducted. Samples were taken every ten
minutes, and the absorbance of the solution was quantied
aer passing through a 0.45 mm microporous lter membrane.
The sampling, ltration, and absorbance steps were repeated
until the end of the reaction. The degradation rate was calcu-
lated using the mentioned formula. The relationship between
C/C0–t was studied; the degradation rate h was calculated using
the following formula:

h ¼ C0 � C

C0

� 100%

where h – degradation rate %, C0 – dark adsorption equilibrium,
starting concentration of pollutant when light is turned
on, mol L−1, C – concentration of pollutant aer photocatalytic
reaction time t, mol L−1.
2.4 Characterization

In this study, a comprehensive set of techniques was utilized to
assess the properties of the synthesized material. Thermogra-
vimetric analysis (TGA) was utilized to determine the process
parameters of the calcination stage. X-ray diffraction (XRD) was
15606 | RSC Adv., 2024, 14, 15604–15618
employed to test the crystal structure, X-ray photoelectron
spectroscopy (XPS) was employed to assess the elemental
composition and the presence of valence states on the surface of
the material. SEM and EDS were utilized to assess the micro-
surface morphology, structure, and elemental distribution.
Furthermore, TEM was employed to characterize the micro-
structure morphology of the materials and to detect the high-
resolution lattice fringes and electron diffraction. A fully auto-
mated specic surface area analyzer method, BET, was used to
analyze the pore size of the materials, and the light absorption
properties of the samples were assessed via ultraviolet-visible
diffuse reectance spectroscopy (UV-vis DRS). Moreover, the
photoluminescence properties were characterized by a uores-
cence spectrometer. Using KBr as the reference, the Fourier
transform infrared (FTIR) spectrum was used to detect grape-
fruit peel and the resultant samples. The TOC analyzer was used
to test the total organic carbon (TOC) of the pollutants before
and aer the reaction, and to calculate the mineralization rate.
Free radicals were determined by electron paramagnetic reso-
nance spectrometer (EPR).

3 Result and discussion
3.1 Structure of the resulting samples

Fig. 2a depicts the XRD spectra of CPK-TiO2-x (x= 10, 15, 20, 25)
and N-TiO2-10 samples. From the gure, it can be seen that
there are obvious diffraction peaks at about 2q = 25.32°, 37.86°,
48.06°, 53.97°, 55.09°, 62.75°, 68.87°, 70.33°, and 75.14° for the
samples corresponding to (101), (200), (105), (211), (204), (116),
(220), and (215) crystal planes, respectively, in the anatase phase
of TiO2 (PDF# 86-1157).25 Moreover, the absence of other
impurity peaks indicates that both CPK-TiO2-x and N-TiO2-10
samples exhibit good crystallinity. Notably, the presence of the
grapefruit peel template did not impact the crystalline phase
structure of TiO2. According to Scherrer's formula,26 the average
sizes of the crystalline grains can be calculated to be approxi-
mately N-TiO2-10: 25.2 nm, and for samples CPK-TiO2-x (x = 10,
15, 20, 25), they are 18.12 nm, 20.16 nm, 22.78 nm, 23.01 nm,
respectively. It indicated that with the increasing dosages of
Ti(OC4H9)4, the sizes of the crystalline grains gradually
increased.

To precisely assess the changes in crystal cell parameters,
Rietveld renement was performed on the XRD patterns.27

Fig. 2b displays the Rietveld-rened XRD patterns of N-TiO2-10
and CPK-TiO2-10, alongside the experimental patterns and the
differential curve. The results, detailed in Table 1, indicate
uniform lattice parameters along the a and b axes at 3.785 Å for
all samples. Notably, a subtle variation is observed in the c
lattice parameter; the c parameter of N-TiO2-10 is greater than
those of CPK-TiO2-x (x = 10, 15, 20, 25), which incrementally
increase with the x value. This suggests that utilizing grapefruit
peel as a template in the synthesis of CPK-TiO2-x (x = 10, 15, 20,
25) induces elemental doping, resulting in the contraction of
the lattice parameters in the c-axis orientation of anatase TiO2.

To enhance comprehension of the structural characteristics
associated with the doping process in TiO2 nanomaterials, X-ray
Photoelectron Spectroscopy (XPS) was utilized to analyze the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD spectra of CPK-TiO2-x and N-TiO2-10; (b) Rietveld refined XRD profiles of N-TiO2-10 and CPK-TiO2-10.

Table 1 The crystal lattice parameters of TiO2 were assessed using the
Rietveld refinement method

Sample

Lattice parameters Fitting parameters

a (Å) b (Å) c (Å) Rwp (%) Rp (%) c2 (%)

N-TiO2-10 3.785 3.785 9.509 13.82 10.59 3.69
CPK-TiO2-10 3.785 3.785 9.494 13.86 10.57 2.47
CPK-TiO2-15 3.785 3.785 9.497 13.79 10.75 2.38
CPK-TiO2-20 3.785 3.785 9.501 14.23 10.96 3.82
CPK-TiO2-25 3.785 3.785 9.503 13.74 10.68 3.57
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View Article Online
chemical states and elemental environment. Fig. 3 presents the
core-level spectra for Ti 2p, O 1s, C 1s, P 2p, and K 2p; quanti-
tative analysis results are detailed in Table 2. The survey
Fig. 3 X-ray energy spectrum of CPK-TiO2-10 and N-TiO2-10 (a) XPS sur
(e) P 2p and (f) K 2p.

© 2024 The Author(s). Published by the Royal Society of Chemistry
spectrum of the sample (Fig. 3a) reveals that the surface of the
CPK-TiO2-10 and N-TiO2-10 samples contains primarily
elemental compositions of Ti, O, and C. Characteristic peaks of
P 2p and K 2p were also observed in the sample CPK-TiO2-10.
Among them, the carbon element may have originated from the
environment or the template. The high-resolution XPS spec-
trum of Ti 2p was analyzed in detail, revealing three distinct
peaks (Fig. 3b): Ti 2p3/2 at 458.5 eV, Ti 2p1/2 at 464.2 eV, and
a satellite peak of Ti near 470.5 eV, which are characteristic
values of Ti4+.28 This indicates the formation of TiO2. The high-
resolution XPS spectrum of O 1s depicts distinct peaks for both
CPK-TiO2-10 and N-TiO2-10 (Fig. 3c). The O 1s orbital XPS
spectrum of the N-TiO2-10 sample can be tted to two peaks
with binding energies of 529.68 eV and 532.50 eV corresponding
vey spectrum; High-resolution XPS spectra of (b) Ti 2p, (c) O 1s, (d) C 1s,

RSC Adv., 2024, 14, 15604–15618 | 15607
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Table 2 Binding energy and atomic elemental concentration evalu-
ated from XPS spectra of CPK-TiO2-10

Element BE/ev Group At%

Ti 2p 464.15 Ti–O 13.32 17.78
458.46 Ti–O 4.26

O 1s 529.71 O–Ti 26.83 47.37
530.92 O–H 13.26
532.62 C–O–Ti, P–O–Ti, O–C–O 7.28

C 1s 284.80 C–C 21.28 33.29
286.29 C–O 10.68
288.77 C–O–Ti 1.33

P 2p 133.28 P–O 0.67 1.09
134.38 P–O 0.42

K 2p 291.87 K+ 0.31 0.47
294.72 K+ 0.16
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to O–Ti bonds (lattice oxygen) and O–H (adsorbed oxygen),
respectively.29 Moreover, in the CPK-TiO2-10 sample, the O 1s
orbital XPS spectrum can be tted to three peaks. Alongside the
O–Ti bond (lattice oxygen) with a binding energy of 529.68 eV
and O–H (adsorbed oxygen) at 532.50 eV, there is an additional
peak at 531.15 eV, corresponding to Ti–O–C. This implies that
there may be a trace amount of carbon incorporated into the
lattice of TiO2.

Fig. 3d depicts the high-resolution XPS spectra of the C 1s
orbitals of the samples CPK-TiO2-10 and N-TiO2-10. For N-TiO2-
10, a single peak at a binding energy of 284.80 eV corresponds to
only C–C, indicating adsorbed carbon from the environment.
The C 1s in CPK-TiO2-10 were tted as three peaks. Similar to N-
TiO2-10, the binding energy at 284.80 eV and 286.60 eV of CPK-
TiO2-10 are attributed to adsorbed environmental carbon and
carbon contamination introduced during testing.30 Another
peak was observed at 288.77 eV, where the C may originate from
a small amount of carbon residue in the template of grapefruit
peel, forming C–O–Ti bonds, successfully incorporated into the
lattice of TiO2. This is conrmed by the O 1s peak at 531.15 eV,
indicating the substitution of Ti atoms by C, forming Ti–O–C
structure and leading to lattice contraction in TiO2.
Fig. 4 (a) N2 adsorption–desorption isotherms; (b) pore size distribution

15608 | RSC Adv., 2024, 14, 15604–15618
Additionally, no peak was detected around 282 eV, indicating
the absence of Ti–C bonds generated by the substitution of
oxygen atoms with carbon atoms.31 Fig. 3e depicts the high-
resolution XPS spectra of the P 2p orbitals of the samples
CPK-TiO2-10 and N-TiO2-10. The characteristic peak of P 2p was
not observed in sample N-TiO2-10. In the sample CPK-TiO2-10,
the P 2p spectra can be distinctly seen, with peaks at 133.11 eV
and 134.07 eV corresponding to the typical P–O bond. This
indicates that a small amount of P5+ may replace Ti4+ to form
Ti–O–P bonds or to form PO4

3− on the surface of TiO2.
Furthermore, the absence of a peak at 129 eV in the P 2p region
suggests that no Ti–P bond is formed.32 Fig. 3f shows the high-
resolution XPS spectra of the K 2p orbitals for the samples CPK-
TiO2-10 and N-TiO2-10. The characteristic peak of K 2p was not
detected in sample N-TiO2-10. However, in sample CPK-TiO2-10,
distinct K 2p spectra are visible, with peaks at 292.2 eV and
294.5 eV corresponding to the K 2p1/2 and K 2p3/2 orbitals.33 This
indicates that K exists in the sample in the form of K+. The XPS
tests demonstrate that C, P, K elements self-doped into TiO2

from grapefruit peel.
Fig. 4a depicts the nitrogen adsorption–desorption

isotherms of CPK-TiO2-x (x = 10, 15, 20, 25) and N-TiO2-10
samples. Fig. 4a reveals that according to the classication rules
of IUPAC,34 the nitrogen adsorption–desorption isotherms of
CPK-TiO2-x (x = 10, 15, 20, 25) and N-TiO2-10 samples belong to
type IV. The CPK-TiO2-x (x = 10, 15, 20) samples exhibit obvious
H3-type migratory hysteresis loops in the nitrogen adsorption–
desorption isotherms, indicating that the CPK-TiO2-x (x = 10,
15, 20) samples have a typical mesoporous structure with
abundant pores. However, the H3 migratory hysteresis loop in
the nitrogen adsorption–desorption isotherm of the CPK-TiO2-
25 and N-TiO2-10 samples are very small, implying the relatively
less porous structure of the CPK-TiO2-25 and N-TiO2-10
samples.

Fig. 4b depicts the distribution of the pore sizes of CPK-TiO2-
x (x = 10, 15, 20, 25) and N-TiO2-10 samples. The gure exhibits
two peaks in the CPK-TiO2-10 (x = 10, 15, 20) samples, which
indicates that the pore size of CPK-TiO2-x (x = 10, 15, 20)
s of CPK-TiO2-x (x = 10, 15, 20, 25) and N-TiO2-10.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Surface area, pore volume, and pore diameter distribution of
CPK-TiO2-x (x = 10, 15, 20, 25) and N-TiO2-10

Materials
BET surface
area (m2 g−1)

Pore volume
(m3 g−1)

Pore diameter
(nm)

N-TiO2-10 38.89 0.11 8.9
CPK-TiO2-10 79.80 0.28 12.1
CPK-TiO2-15 62.54 0.24 10.8
CPK-TiO2-20 56.73 0.21 9.6
CPK-TiO2-25 49.42 0.18 9.2
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samples is not uniform. It is primarily distributed between
3.0 nm and 20.0 nm, which is characteristic of mesopores. This
may be due to the existence of the voids in the material itself
and the slits between the nanoparticles, which are not uniform.
Consequently, the pore size distribution exists in two regions.
The pore size of CPK-TiO2-25 and N-TiO2-10 is primarily
distributed between 3.0 nm and 15.0 nm, also belonging to
mesopores, possibly attributed to stacking pores between TiO2

particles.
The surface areas, pore volumes, and average pore diameters

of CPK-TiO2-x (x = 10, 15, 20, 25) and N-TiO2-10 samples are
depicted in Table 3. It can be seen that with the increased
dosages of TBOT, the surface areas, pore volumes, and average
pore diameters were all decreased.

Among them, the sample of CPK-TiO2-10 has the largest
surface area and the sample of N-TiO2-10 has the smallest
surface area. The surface areas of CPK-TiO2-10 and N-TiO2-10
were noted at 79.80 m2 g−1 and 38.89 m2 g−1, respectively. The
surface area of CPK-TiO2-10 is approximately 2 times the surface
area of N-TiO2-10. Furthermore, the pore volumes of CPK-TiO2-
10 and N-TiO2-10 were observed at 0.28 m3 g−1 and 0.11 m3 g−1,
and the average pore sizes of CPK-TiO2-10 and N-TiO2-10 were
noted at 12.1 nm and 8.9 nm, respectively. This indicates that
Fig. 5 SEM images of the CPK-TiO2-10 (a), CPK-TiO2-15 (b), CPK-TiO2-

© 2024 The Author(s). Published by the Royal Society of Chemistry
CPK-TiO2-10 possesses a larger number of active sites, which
can effectively promote the photocatalytic reaction.34,35 There-
fore, the sample of CPK-TiO2-10 has the potential advantage of
becoming a good photocatalytic material.

3.2 Morphology of the resulting samples

In order to investigate the inuence of the dosage of TBOT on
the morphology and structure of the products, SEM tests were
conducted on the samples CPK-TiO2-x (x = 10, 15, 20, 25), and
the results are depicted in Fig. 5. The illustration in Fig. 5
depicts the particle size distribution of the sample. Fig. 5 shows
that the samples CPK-TiO2-x (x = 10, 15, 20, 25) consist of
spherical-like nanoparticles with a wrinkled surface. As the
TBOT dosage increases from 10 mL to 25 mL, the nanoparticle
size gradually increases, measuring between 17 nm and 23 nm
for samples CPK-TiO2-x (x = 10, 15, 20, 25). Particle aggregation
intensies, leading to pore blockage. A smaller TBOT dosage
reduces particle size, increasing surface area and pore abun-
dance. However, yields are low when TBOT added is below 10
mL. Therefore, adding 10 mL of TBOT is recommended.

In order to study the inuence of the template on the
morphology and structure of the product, we selected grapefruit
peel and sample CPK-TiO2-10 for SEM detection, and the results
are shown in Fig. 6.

Fig. 6a1 depicts that the grapefruit peel exhibits a porous
structure formed by interlinked curled layers, with a layer
thickness ranging from approximately 5 mm to 7 mm. In order to
further investigate the morphology and structure of the grape-
fruit peel bers, the image of Fig. 6a1 was further magnied.
From Fig. 6a2, it can be seen that the surface of grapefruit peel
bers is relatively smooth and wrinkled. Further magnication,
as shown in Fig. 6a3, reveals that the surface of grapefruit peel
bers has a rich pore structure. This intricate structure indi-
cates a substantial internal storage space within the grapefruit
20 (c), CPK-TiO2-25 (d).

RSC Adv., 2024, 14, 15604–15618 | 15609
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Fig. 6 SEM images of grapefruit peel (a1–a3), CPK-TiO2-10 (b1–b3), N-TiO2-10 (c1–c3); HRTEM image (d1), selected area electron diffraction (d2),
and TEM images (d3) of CPK-TiO2-10.
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peel, suggesting its potential as a biological template for the
preparation of inorganic porous materials.

Fig. 6b1 demonstrates that the sample CPK-TiO2-10 perfectly
replicates the original biological morphology of the grapefruit
peel, forming a porous structure composed of interconnected
layered structures. Further magnication of the SEM image
(Fig. 6b2 and b3) reveals that the sample CPK-TiO2-10 is
assembled layer by layer from spherical-like nanoparticles along
the grapefruit peel bers, with a wrinkled surface and abundant
pores formed by the assembly of particles. The illustration in
Fig. 6b3 shows voids identied in SEM images analyzed with
ImageJ soware; the white areas indicate voids, and the porosity
is estimated to be approximately 21.42%
15610 | RSC Adv., 2024, 14, 15604–15618
From the SEM image of the control sample N-TiO2-10
(Fig. 6c1–c3), it can be observed that the sample N-TiO2-10 has
an irregular shape and is composed of spherical particles with
uneven particle size and obvious agglomeration phenomenon.

To further investigate the microstructure of the material, the
sample CPK-TiO2-10 was analyzed by HRTEM, and the results
are shown in Fig. 6d1–d3. The high-resolution transmission
electron micrograph image of the CPK-TiO2-10 sample in
Fig. 6d1 exhibits various clear lattice stripes. Their lattice
spacings are measured to be 0.351 nm, 0.189 nm, and 0.237 nm,
which correspond to the (101), (200), and (004) crystalline
planes of TiO2, respectively.35 This data aligns with the XRD
characterization results. The selected area electron
© 2024 The Author(s). Published by the Royal Society of Chemistry
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diffractogram (SAED) image of the CPK-TiO2-10 sample in
Fig. 6d2 reveals that the SAED consists of typical polycrystalline
diffraction rings. It indicates that the sample CPK-TiO2-10 has
a polycrystalline structure with good crystallinity. The TEM
image of CPK-TiO2-10 (Fig. 6d3) reveals that the CPK-TiO2-10
comprises a stack of small particles, with the interparticle pores
clearly observable. The particle size distribution diagram
(Fig. 6d3, inset) shows that the average particle size of CPK-TiO2-
10 is approximately 17 nm, demonstrating uniformity. This
measurement aligns closely with the values obtained from XRD
analysis using the Scherrer formula.

Fig. 7a–f depicts the elemental distribution of CPK-TiO2-10.
It was observed that the elements Ti, O, C, P, and K in the CPK-
TiO2-10 sample are uniformly distributed throughout the area.
The EDS energy spectrum of N-TiO2-10 (Fig. 7g) shows that the
atomic number percentage contents of Ti and O in this sample
are 32.64% and 67.36%, respectively, and there are no other
impurity elements, affirming its composition as TiO2.The EDS
energy spectrum of CPK-TiO2-10 (Fig. 7h) reveals that the
atomic number percentage contents of Ti, O, C, P, and K in this
sample are 23.47%, 69.61%, 5.09%, 1.26%, and 0.57%, respec-
tively, which further conrms that the elements C, P, K in the
grapefruit peel are doped into the TiO2. Combining XRD spectra
(Fig. 2) and XPS spectra (Fig. 3) can demonstrate that C, P, K
elements self-doped into TiO2 from grapefruit peel.
Fig. 7 EDS elemental distribution of CPK-TiO2-10 (a–f) and EDS energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3 Synthesis mechanism of the prepared CPK-TiO2

To investigate the organic functional groups on the surface of
grapefruit peel template and their roles in the formation of CPK-
TiO2, infrared spectra analysis was conducted on grapefruit peel
(GP), intermediate product (grapefruit peel soaked in precursor
solution, dried but not yet calcined) (GPT), and sample CPK-
TiO2-10, as shown in Fig. 8.

The FTIR spectra of grapefruit peel (Fig. 8a) show a strong
and broad characteristic peak around 3432 cm−1, attributed to
the stretching vibration of O–H bonds.36 There is a saturated
alkane stretching vibration absorption peak around 2920 cm−1,
and C]O stretching vibration absorption peaks are observed
near 1754 cm−1 and 1625 cm−1.36,37 The absorption peaks at
1383 cm−1 and 1054 cm−1 are caused by the stretching vibra-
tions of C–C and C–O–C bonds.37 Analysis of the FTIR spectra of
grapefruit peel reveals that the surface of grapefruit peel
contains abundant oxygen-containing functional groups. These
oxygen-containing groups assist in anchoring titanium sources
during the impregnation process. The FTIR spectra of the
intermediate product (Fig. 8b) indicate that the hydroxyl
absorption peak at 3448 cm−1 has undergone a redshi relative
to the grapefruit peel, and the absorption peak at 2920 cm−1 has
disappeared. This is attributed to chemical reactions between
Ti4+ in TBOT and hydroxyl, carbonyl, and other organic func-
tional groups on the surface of grapefruit peel during the
spectrum of CPK-TiO2-10 (g) and N-TiO2-10 (h).

RSC Adv., 2024, 14, 15604–15618 | 15611
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Fig. 8 FTIR spectra of GP (a), GPT (b) and CPK-TiO2-10 (c).
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impregnation process, resulting in changes in the functional
groups on the surface of the grapefruit peel. The FTIR spectra of
sample CPK-TiO2-10 (Fig. 8c) show a distinctive absorption peak
near 470 cm−1, which, as reported in the literature, is attributed
to the stretching vibration of the Ti–O bond and the bridging
stretching vibration of the Ti–O–Ti bond.38 This indicates the
successful preparation of TiO2. Additionally, the absorption
peaks around 1628 cm−1 and 3422 cm−1 correspond to the
stretching and bending vibrations of hydroxyl groups, which
may be due to the adsorption of water or residual hydroxyl
groups on the sample surface.

Scheme 1 exhibits the formation of CPK-TiO2. From the FTIR
spectra analysis, we know that it is rich in O–H groups, C]O
groups, and C–H groups on the surface of GP. The interaction
between the Ti4+ of TBOT and the organic functional groups of
the grapefruit peels was either electrostatically attracted or
chemically bonded, resulting in the formation of Ti(OC4H9)4/GP
when immersed in an ethanol solution of TBOT. The hydrolysis
of tetrabutyl titanate leads to the formation of Ti(OH)4/GP on
the surface of grapefruit peels. When this material is calcined at
high temperatures in an air atmosphere, Ti(OH)4 will decom-
pose, and titanium dioxide will undergo in situ nucleation and
growth along the direction of the grapefruit peel ber.

At high temperatures, the major elements such as C and N in
the bio-template will undergo combustion, producing CO2

leading to the gradual disappearance of the template. TiO2

nanoparticles will then assemble into a porous structure guided
by the bio-template. Meanwhile, elements such as P and K that
do not combust at high temperatures, along with residual C
elements, will be doped into the TiO2.
Scheme 1 Schematic presentation of the formation of the CPK-TiO2.

15612 | RSC Adv., 2024, 14, 15604–15618
3.4 Analysis of the optical properties of the resulting
samples

To examine the light absorption properties of the samples, UV-
vis DRS was utilized to assess the CPK-TiO2-x (x = 10, 15, 20, 25)
and N-TiO2-10 samples and to calculate their band gaps. Fig. 9a
reveals that the UV-vis DRS of CPK-TiO2-x (x= 10, 15, 20, 25) and
N-TiO2-10 are very similar, with notable absorption in the UV
region of 200–400 nm. The N-TiO2-10 sample absorption is
negligible, whereas the CPK-TiO2-x (x = 10, 15, 20, 25) samples
have weak absorption in the visible region of 400–800 nm.
However, the absorption band edges of the CPK-TiO2-x samples
were redshied with respect to N-TiO2-10. The absorption band
edges of N-TiO2-10 were approximately 387 nm, whereas those
of CPK-TiO2-x were approximately 403 nm. In addition, the light
absorption intensity of CPK-TiO2-x (x = 10, 15, 20, 25) gradually
decreases with the increase dosages of TBOT, which should be
related to the samples' structure. The larger the surface area of
the sample, the more favorable the light absorption. From Table
3, we can see that the surface area of CPK-TiO2-x (x = 10, 15, 20,
25) samples decreases from 79.80 m2 g−1 to 49.42 m2 g−1 with
the increased dosages of TBOT. Thus, the CPK-TiO2-10 sample
has the strongest light absorption potential. The band gaps of
the CPK-TiO2-10 and N-TiO2-10 samples were computed using
Tauc plots39 to be 3.076 eV and 3.201 eV, respectively (Fig. 9b).
The reduction in the band gap of the TiO2 samples may be
attributed to the doping of small amounts of C, P, and K
elements, which alter the crystal structure or introduce dopant
energy levels into TiO2's energy bands. Additionally, a decrease
in particle size also contributes to band gap changes. These
modications expand the photoresponse range and enhance
the photocatalytic capabilities of the samples.

The uorescence emission spectrum is commonly used to
study the separation efficiency of photogenerated electrons and
holes in photocatalysts. The uorescence intensity serves as an
indicator of the compounding probability of photogenerated
electron–hole pairs, where higher intensity suggests lower
separation efficiency, correlating with reduced photocatalytic
activity, and vice versa.40 Fluorescence spectrum tests were
carried out on CPK-TiO2-x (x = 10, 15, 20, 25) and N-TiO2-10,
respectively, with an excitation wavelength of 320 nm.41 The
resulting data, depicted in Fig. 9c, reveals that under the exci-
tation of 320 nm light, PL emission peaks appeared near
420 nm for both CPK-TiO2-x and N-TiO2-10 samples with similar
spectra. However, the emission intensity of CPK-TiO2-x (x = 10,
15, 20, 25) is lower than that of the N-TiO2-10 sample. Moreover,
the emission intensity of the samples CPK-TiO2-x (x= 10, 15, 20,
25) gradually strengthens with increasing dosages of TBOT.
Among these samples, the sample CPK-TiO2-10 has the lowest
uorescence intensity, which indicates that the sample CPK-
TiO2-10 has a lower compounding probability of photo-
generated electron–hole pairs and higher separation efficiency
than the other samples. This observation suggests that the
sample CPK-TiO2-10 will exhibit better photocatalytic activity.
The inuence of biological C, P, K doping from grapefruit peel is
hypothesized to contribute to this effect, as the introduction of
C, P, K greatly restricts the compounding of the photogenerated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-visible diffuse reflectance absorption spectra (a), band gap energy spectra (b), and fluorescence spectrum (c) of CPK-TiO2-x (x = 10,
15, 20, 25) and N-TiO2-10 samples.
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electron–hole pairs. Consequently, the CPK-TiO2-10 sample has
a very high separation efficiency of the photogenerated elec-
tron–hole pairs, leading to heightened photocatalytic activity.
This observation aligns with the trend of the redshi of the
absorption edge of the UV-vis DRS spectra.
3.5 Analysis of photocatalytic performance in the resulting
samples

Assessing the photocatalytic degradation performance of CPK-
TiO2-x (x = 10, 15, 20, 25) samples on dyeing wastewater
involved selecting N-TiO2-10 and P25 (commercial TiO2 with an
average particle size of 25 nm) as references, and RhB served as
the model pollutant for the photocatalytic experiments. The
experimental conditions were as follows: the initial concentra-
tion of RhB was 10 mg L−1, determined by the untreated dyeing
wastewater concentration in the factory (approximately 10–
20 mg L−1).41 The RhB solution volume was 100 mL, with
a photocatalyst addition of 50 mg/100 mL. The reaction was
conducted at a temperature of 25 °C, an initial pH of around 4.9
(original), and a 300 Wmercury lamp served as the light source.
The results are depicted in Fig. 10.

From Fig. 10a, we can see that despite the exposure to
a 300 W mercury lamp for 60 minutes, the degradation rate of
RhB remained minimal without the presence of photocatalysts.
This suggests the relative stability of RhB under light, with
negligible photodegradation, making it suitable as a simulated
pollutant for photocatalytic degradation experiments. The
adsorption rates of N-TiO2-10 and P25 samples for RhB solution
in the dark were extremely low, each being lower than 3%. The
adsorption rates of CPK-TiO2-x (x = 10, 15, 20, 25) samples
decrease from 14.3% to 5.9% with increasing dosages of
Ti(OC4H9)4. Following 60 minutes of light exposure, the degra-
dation rates of RhB by P25 and N-TiO2-10 were 86.36% and
78.09%, respectively. The degradation rates of CPK-TiO2-x (x =

10, 15, 20, 25) samples were 100%, 98.52%, 95.06%, 92.76%,
© 2024 The Author(s). Published by the Royal Society of Chemistry
respectively. CPK-TiO2-x (x = 10, 15, 20, 25) samples exhibited
superior photocatalytic degradation of RhB solution compared
to N-TiO2-10 and P25, and the photocatalytic activity of the CPK-
TiO2-x samples gradually decreases with increasing dosages of
Ti(OC4H9)4. It can be seen that the CPK-TiO2-10 sample has the
best ability to photocatalytically degrade the RhB solution.

To further investigate the performance of CPK-TiO2-x (x =

10, 15, 20, 25), N-TiO2-10, and P25 in degrading RhB solution,
the kinetic degradation curves of photocatalytic degradation
were plotted. The horizontal axis denotes time, and the vertical
axis denotes ln(C0/C). The corresponding results are depicted in
Fig. 10b. The gure reveals that during the photocatalytic
degradation of the RhB solution, the kinetic degradation curves
for CPK-TiO2-x (x = 10, 15, 20, 25), N-TiO2-10, and P25 samples
all conformed to the pseudo-rst-order kinetic model, demon-
strating strong correlations with linear correlation coefficients
(R2) exceeding 0.99. The degradation rate constants k for RhB
are as follows: 0.0331 min−1 for P25, 0.0251 min−1 for N-TiO2-
10, 0.0651 min−1 for CPK-TiO2-10, 0.0604 min−1 for CPK-TiO2-
15, 0.0500 min−1 for CPK-TiO2-20, and 0.0441 min−1 for CPK-
TiO2-25, respectively. This indicates that the catalytic degrada-
tion of organic pollutants under UV light by CPK-TiO2-x (x = 10,
15, 20, 25) samples is markedly better than that of N-TiO2-10
and P25 samples. Among these samples, the CPK-TiO2-10
sample has the best photocatalytic performance.

This superiority can be attributed to the gradient porous
mesh structure of the CPK-TiO2-10 sample, featuring abundant
pores and a larger surface area. According to the literature,
photocatalytic materials with larger surface areas are more
conducive to the contact between catalyst and contaminant and
promote the transfer and transportation of reactants and
products.42 In addition, the CPK-TiO2-10 sample has the highest
photogenerated electron–hole separation efficiency. Conse-
quently, the CPK-TiO2-10 sample has the best photocatalytic
performance. N2 adsorption–desorption isotherms (Fig. 4a),
pore size distributions (Fig. 4b), surface area distribution, pore
RSC Adv., 2024, 14, 15604–15618 | 15613
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Fig. 10 The photocatalytic degradation curves (a) and kinetic curves (b) by CPK-TiO2-x (x= 10, 15, 20, 25), N-TiO2-10, P25, and without catalysis
are presented. The photocatalytic degradation spectra (c) and mineralization (d) by CPK-TiO2-10 for RhB under 300Wmercury lamp irradiation.
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volume distribution, and pore diameter distribution (Table 3)
and uorescence spectrum (Fig. 9c) of the samples can provide
data to support the above reasoning.

Fig. 10c depicts the spectra of the CPK-TiO2-10 sample
during photocatalytic degradation of RhB dye solution at
various reaction times and the corresponding changes in solu-
tion color. The gure reveals that the color of the RhB solution
gradually fades and the intensity of the characteristic peak at
554 nm in the RhB solution becomes gradually weaker as the
reaction time increases. Generally, it is believed that the char-
acteristic absorption peak at 554 nm in the RhB solution is
generated by the chromophore of the aromatic ring in the
molecular structure of RhB.43 The weakening and disappear-
ance of the characteristic absorption peaks indicate that the
aromatic ring structures in the RhB dye molecules are
destroyed. This suggests that the CPK-TiO2-10 sample not only
eliminates the color of the RhB solution but also destroys its
organic structure.

To further investigate the mineralization efficiency of the
RhB solution with CPK-TiO2-10, the TOC of the RhB solution
was measured using a TOC analysis instrument. The resulting
data is depicted in Fig. 10d. According to the gure, the TOC
15614 | RSC Adv., 2024, 14, 15604–15618
removal efficiency of the RhB solution is 68.32% in 30 min, and
91.34% in 60 min. It suggests that the CPK-TiO2-10 sample not
only decolorized the RhB solution but also deeply mineralized it
under ultraviolet light.
3.6 Analysis of cycling stability in the tested samples

The cycling stability of photocatalysts is an important indicator
for their application performance. Hence, the cycling stability of
CPK-TiO2-10 was evaluated. The cycle experiments were con-
ducted as follows: aer each reaction, the CPK-TiO2-10 was
recovered by centrifugation and dried. Furthermore, the same
experimental conditions were maintained throughout. The
results are depicted in Fig. 11.

Fig. 11a exhibits the degradation of the RhB solution in ve
cycle experiments. We can see that the adsorption rate of RhB
decreases from 14.3% to 2.7% in 30 minutes, and the degra-
dation rate of RhB decreases from 99.88% to 87.79% aer ve
cycles. The decrease in adsorption rate is likely due to the
blockage or destruction of the pore structure of the sample by
RhB dye molecules or their degradation products. The decrease
in degradation rate aer ve cycles of reuse may be related to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Cycling runs of degradation for RhB (a), XRD pattern of CPK-TiO2-10 before and after the degradation process (b).
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the loss of catalyst. When measuring the absorbance, a small
amount of the CPK-TiO2-10 catalyst was ltered out of the
solution using a microporous lter membrane. Additionally,
a small amount of catalyst was lost during the washing process
with distilled water following the separation of the catalyst in
each cycle of the experiment.

In addition, XRD characterization analysis of the CPK-TiO2-
10 sample before and aer the cycling experiments was per-
formed, as depicted in Fig. 11b. The gure shows that no new
diffraction peaks appeared in the XRD spectra of CPK-TiO2-10
aer ve consecutive cycling reactions, indicating the absence
of new phases. The results highlight the excellent cycling
stability of the CPK-TiO2-10 samples, implying signicant
potential application value in the eld of dye wastewater
treatment.

3.7 Analysis of the mechanism photocatalytic degradation of
RhB

It is known that the catalytic degradation of sewage by TiO2

under light exposure generates various active free radicals; the
most common are superoxide anion radicals (cO2

−), hydroxyl
radicals (cOH), and holes (h+).44 Moreover, the photocatalytic
reaction utilizes these highly active free radicals to react with
organic pollutant molecules through electron transfer, substi-
tution, and addition. The organic macromolecules degrade into
small molecules or inorganic substances.45 Therefore, in this
study, an electron paramagnetic resonance spectrometer (EPR)
was used to detect the free radicals produced during the reac-
tion process of sample CPK-TiO2-10, with DMPO as cOH and
cO2

− capturing agent and TEMO to verify h +. Fig. 12a and
b illustrate that under dark conditions, the CPK-TiO2-10 sample
lacks the characteristic peaks of cO2

− and cOH. However, aer
irradiating the reaction system in the methanol phase for ten
minutes with a mercury lamp UV light, six peak signals become
apparent in the EPR spectra shown in Fig. 12a. These signals
correspond to the typical signal peaks of DMPO-cO2

−.46 This
observation indicates that cO2

− is not produced in a dark
environment but can be produced when exposed to light.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Following a ten-minute irradiation of the reaction system in the
aqueous phase with UV light from a mercury lamp, a four-peak
signal with a peak intensity ratio of 1 : 2 : 2 : 1 becomes visible in
the EPR spectra shown in Fig. 12b. This pattern is a typical
signal peak of DMPO-cOH.47 It indicates that cOH is not
produced in a dark environment but can be produced when
exposed to light. Fig. 12c shows the signal peak of TEMPO, and
the signal intensity of TEMPO at 10 minutes of illumination is
weaker than that in the dark. It indicates that h+ can be
produced when exposed to light, and can react with TEMPO,
therefore, the signal intensity of the TEMPO is weakened.48,49

EPR tests conrm the production of cO2
−, cOH, and h+ radicals

in the CPK-TiO2-10 photocatalytic degradation system for RhB.
For a more in-depth exploration of the contribution of each

active free radical in the CPK-TiO2-10 photocatalytic system and
to identify the predominant active species, free radical trapping
experiments were conducted. Upon introducing the capture
agent, the degradation efficiency of the dye solution dimin-
ished, suggesting that the captured free radical exerts a signi-
cant inuence on the reaction system. In this experiment,
excess p-benzoquinone (p-BQ), isopropyl alcohol (IPA), and
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)
served as capture agents for cO2

−, cOH, and h+ respectively.50

Each capture agent effectively scavenged the corresponding
radicals without affecting the others. The effects of the corre-
sponding radicals were analyzed by examining the changes in
the degradation rate of RhB following the addition of the
capture agent. Each of the following solutions—5 mL of
0.25 mol L−1 p-BQ, IPA, and EDTA-2Na—was added, respec-
tively. Following a 30 minutes dark adsorption phase, the
reaction system underwent a 60 minutes irradiation with
a 300 W mercury lamp, and absorbance measurements were
taken at ten-minute intervals. The results are depicted in
Fig. 12d.

Fig. 12d illustrates that the addition of various capture agents
led to varying degrees of inhibition in the degradation of RhB.
RhB degradation approached approximately 100% in the
comparison solution without the addition of a capture agent.
RSC Adv., 2024, 14, 15604–15618 | 15615
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Fig. 12 Electron paramagnetic resonance (EPR) spectra and the results of radical capture experiments: (a) DMPO-cO2
−; (b) DMPO-cOH; (c)

TEMPO-h+; and (d) the results from radical trapping experiments.
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Upon introducing IPA to capture the cOH, the degradation rate of
RhB decreased from 100% to 42.43%, representing a decrease of
around 58%. This substantial reduction suggests a marked
inhibition of the photocatalytic activity of CPK-TiO2-10. Similarly,
the addition of EDTA-2Na to capture the h+ led to a reduction in
the degradation rate of RhB from 100% to 63.31%, marking
a reduction of approximately 36%. This indicates a notable
inhibition of the photocatalytic activity of CPK-TiO2-10. The
introduction of p-BQ to capture the cO2

− led to a reduction in the
degradation rate of RhB from 100% to 79.53%, representing
a reduction of approximately 20%. This suggests an inhibition of
the photocatalytic activity of CPK-TiO2-10, albeit with a more
limited effect. Results here also indicate the involvement of cOH,
h+, and cO2

− in the photocatalytic degradation of RhB by CPK-
TiO2-10. These three active free radicals exhibited their effects in
the following order: cOH > h+ > cO2

−.
The EPR spectra and the outcomes of the free radical capture

test were utilized to deduce the mechanism of the photo-
catalytic degradation of RhB dye wastewater by CPK-TiO2 under
UV irradiation from a mercury lamp, as illustrated in Scheme 2.
Under light irradiation, CPK-TiO2 absorbs light energy. When
15616 | RSC Adv., 2024, 14, 15604–15618
the light energy E $ Eg (band gap energy, Fig. 9b), electrons in
the valence band are excited to jump to the conduction band.
Simultaneously, the corresponding h+ is generated in the
valence band.51 Moreover, some electrons and h+ migrate to the
surface of CPK-TiO2, where some h+ reacts with H2O adsorbed
on the surface to generate cOH. Simultaneously, some electrons
react with O2 adsorbed on the surface to generate cO2

−. Addi-
tionally, some cO2

− undergo further conversion to cOH. The free
radical capture test outcomes indicated that cOH was the
primary active free radical in the photocatalytic degradation of
the RhB solution by CPK-TiO2. This radical is primarily the
reaction product of h+ with H2O and the subsequent conversion
of cO2

−. The RhB molecule undergoes oxidation and degrada-
tion into colorless small molecules through the combined
action of cOH, some h+, and cO2

−. The photocatalytic degrada-
tion process can be assessed by the chemical formulas (1)–(6).

CPK-TiO2 !hn hþ þ e� (1)

e− + O2 / cO2
− (2)

h+ + H2O / H+ + cOH (3)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic diagram of the photocatalytic degradation mechanism of RhB by CPK-TiO2.
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O2 + 2H+ + e− / H2O2 (4)

H2O2 + e− / OH− + cOH (5)

(cO2
− + cOH + h+) + RhB / degradation products (6)

4 Conclusion

In this study, based on the design principles of bionics, porous
TiO2 containing C/P/K was synthesized in situ from biowaste
grapefruit peel and tetrabutyl titanate using a rotary
impregnation-calcination two-stepmethod. The rawmaterials are
cost-effective and easily accessible, and the preparation process is
straightforward. The complex and delicate hierarchical structure
inside the grapefruit peel was utilized to precisely and direc-
tionally regulate the nucleation, growth, and structural assembly
of TiO2 nanomaterials. The CPK-TiO2 exhibits controllable
morphology, abundant pores, a large specic surface area, and
good crystallinity. Biogenic elements C, P, and K from grapefruit
peel self-doping into TiO2 reduces the rate of photogenerated
electron–hole recombination. Additionally, the rotary impregna-
tion technique effectively prevents agglomeration and reduces
synthesis time. The degradation performance of RhB simulated
dye wastewater is impressive: the degradation rate of RhB
reached 100% and the TOC removal rate was 91.34% aer 60
minutes of light exposure; a robust degradation effect persists
even aer ve cycles of recycling. Mechanism analysis showed
that RhB molecules undergo photodegradation to small mole-
cules under the joint action of cOH, h+, and cO2

−.
In summary, the inorganic functional materials with

a porous structure prepared from grapefruit peel as a template
exhibit signicant potential for application in the photo-
catalytic degradation of dye wastewater. This research provides
design ideas and data support for the preparation of inorganic
functional materials.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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