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Summary: A one-step activation technique for preparing activated carbon/titanium dioxide
(AC-TiO,) photocatalyst was developed in this study, which achieved the expansion of activated
carbon and the crystallization transition of titanium dioxide in one step. The properties of the
generated materials were examined utilizing photocatalytic degradation of tetracycline hydrochloride
(TC). The optimized sample (10%AC-TiO,) has a photocatalytic efficiency of 99.8% in 60 minutes
and a degradation efficiency of more than 90% after 5 cycles. According to the experiment results,
the combination of AC with TiO; at high temperatures can induce a considerable number of oxygen
vacancies in TiO,, hence increasing the reaction activation site, resulting in improved photocatalytic
performance. A strong C-Ti chemical bond can be formed between AC and TiO,. Simultaneously,
using AC as the substrate decreases the aggregation problem induced by the small nano size of TiO,
and increases dispersion uniformity. The unique carbon structure with a amount of pore structure can
considerably improve the catalyst's adsorption efficacy. Because of the synergistic effect of
adsorption-degradation and the perfect photocatalytic activity of TiO,, the composite photocatalyst
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has exceptional photocatalytic efficiency, opening new possibilities for TiO, modification.
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Introduction

Antibiotic use in both humans and animals
is increasing as a result of the fast-paced
development of the pharmaceutical and medical
industries [1-2]. Antibiotic pollution, also requires
consideration for the ecosystem and the surrounding
environment, and the persistence and refractoriness
of antibiotics will result in significant environmental
issues [3]. One of ten antibiotics allowed for
livestock growth, tetracycline hydrochloride (TC), is
frequently found in drinking water, sewage, and
sediment [4, 5]. The continual growth in TC content
in water poses a threat to human life and health
because of its refractory biodegradability and
stability [6-7]. It has become a major topic in recent
years to Fig out how to reduce the environment
impact of TC.

Nano-semiconductors have received a lot
of attention recently because of their excellent
potential for catalytic [8-10]. In recent decades,
photocatalytic technology has been one of the most
prominent topics due to the conversion and use of
solar energy [11]. As a result, photocatalytic
technology has enormous potential for tackling
antibiotic concerns in aquatic environments.

Common semiconductor nanocatalysts used in the
photocatalytic remediation of organic pollutants in
water include ZnO, TiOz, WOs, ZnS, and g-CsNa
[12-13].

Among various transition metal oxides, TiO-
is widely used as a photocatalyst due to its unique
characteristics of low cost, good optical activity, high

chemical stability, and non-toxicity [14-15].
However, due to its wide band gap, pure TiO; can
only utilize ultraviolet light, and the high

recombination efficiency of electrons and holes leads
to its low catalytic efficiency in practical use [16-17].
Sheet-like two-dimensional (2D) materials having
unique optical and electrical capabilities, as well as
great chemical and thermal stability. At the same
time, it has a large specific surface area, which
permits its internal charges to migrate quickly and
directly to the outer surface under illumination,
allowing it to conduct surface interactions with other
semiconductor materials more efficiently [18-19]. In
addition,  optimize  structural or  chemical
modification can effectively address some issues with
TiO, and enhance photocatalytic effectiveness such
as by doping elements or importing oxygen vacancies
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in the TiO- lattice to change its internal energy band
structure and reduce the energy band gap of light
[20]. Metal/nonmetal doping is a well-known
approach for reducing catalyst band gaps, improving
electron and hole separation efficiency, and
increasing photocatalytic activity.

Carbon has the advantages of low prices and
simple access to raw materials because it’s abundant
in nature. It has been noted that carbon, a nonmetal,
can shrink the band gap of TiO; by generating hybrid
orbitals, boosting the absorption of visible light
[21]. J. Matos. and Wu. J. M. et al. employed
carbon-doped TiO;, photocatalyst for enhanced
methylene blue degradation under visible light [22,
23]. G.Murali et al. created an activated carbon
sphere and nanocomposite with TiO, nanoparticles to
improve photocatalytic water splitting due to
improved photon harvesting ability and the
construction of a suitable pathway for effective
charge separation and migration [24]. Furthermore,
activated carbon with a high specific surface area can
be employed not only as a doping element source, but
also as a matrix material to prevent TiO;
agglomeration and boost the active site. This method
of synthesizing the two materials separately and then
combining them is straightforward and quick to adopt,
but it can result in weak interfacial interaction
between the two phases, causing sample instability
after repeated cycles and a loss in catalytic activity.

In reaction on the issues mentioned above,
we offer a one-step activation method for producing
an AC-TiO, photocatalyst and investigate the
degrading performance. For the purpose of making
activated carbon, we employ agricultural waste hemp
straw as the carbon source, and the raw materials are
easily accessible and reasonably priced. The
expansion of activated carbon and transformation of
titanium dioxide crystal form are accomplished
simultaneously utilizing a one-step activation process
with tetra butyl titanate as the titanium source.
Activated carbon and titanium dioxide can form
strong C-Ti chemical bonds in a high temperature
environment, which increases the catalyst's cycle
stability; at the same time, the combination of carbon
materials and TiO, can cause titanium dioxide to
produce a large number of oxygen vacancies during
the high temperature process, thereby increasing the
reaction activation site, decreasing the catalyst band
gap, and improving the photocatalytic efficiency. The
carbon structure of the pore structure can also
significantly improve the adsorption effect of the
catalyst by adsorbing TC during the dark reaction
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stage of photocatalysis. The composite photocatalyst
has superior good photocatalytic efficiency and offers
a novel method for altering titanium dioxide due to
the synergistic effect of adsorption-degradation and
the unique photocatalytic activity of titanium dioxide.

Experiment
Preparation of experimental samples

Since all the chemicals used in the
experiment are analytically pure, no additional
processing is necessary. Deionized water is the only
type of water required for the experiment. 10 g of
hemp straw powder should be well dissolved in 100
mL of 6% KOH, then the mixture should be
transferred to a hydrothermal kettle and heated to 190
°C for one hour to promote reaction. To extract the
activated carbon precursor PAC, centrifuge Separate,
remove the KOH aqueous solution, and dry at 80 °C
for 12 hours after cooling to room temperature;
Tetrabutyl titanate was used as the titanium source,
and 10 ml of the compound was applied dropwise to
150 ml of solution in a water bath set at 80 °C.
Titania precursor P-TiO, was created using a
0.3mol/L NaOH solution, agitated for 24 hours,
transferred to a hydrothermal kettle, and heated to
180°C for 12 hours. Following complete grinding of
PAC and P-TiO; in accordance with various mass
ratios, they were activated in a high temperature tube
furnace while being shielded from oxygen to produce
AC-TiO,. The composite photocatalyst AC-TiO, was
created by drying it at 80 °C for 12 hours after being
cleaned with acid and alcohol. As represented by
10%, 20%, 30%, 40%, and 50% AC-TiO,, the mass
ratios of PAC: P-TiO; are 1:0.1, 1:0.2, 1:0.3, 1:0.4,
and 1:0.5, respectively. The preparation procedures
for the control samples of TiO, and AC-TiO; are
identical to those described previously.

Characterization

To ascertain the crystal phase composition
of the samples, X-ray difffraction (XD8 Advance
A25, Bruke, Germany) with Cu-K radiation was used
to detect X-ray diffffraction patterns (XRD). Utilize a
field emission scanning electron microscope
(FE-SEM) to examine the sample's morphology. N>
adsorption-desorption isotherm was used to analyze
the sample's Brunauer-Emmett-Teller (BET) specific
surface area. To examine the alterations of functional
groups on the sample's surface, a Fourier infrared
spectrometer was employed. A photoelectron
spectrometer was used to analyze data from X-ray
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photoelectron spectroscopy (XPS). An
ultraviolet-visible spectrophotometer (Agilent
Technologies Cary 60 UV-Vis) was used to measure
the absorbance of the tetracycline hydrochloride
solution.

Photocatalytic Performance Test of Composite
Materials

Tetracycline hydrochloride (TC)
degradation was used to test the produced
compounds' photocatalytic activity. In order to mix
the photocatalyst uniformly, 100 mg of photocatalyst
was typically added to 100 ml of a tetracycline
hydrochloride solution at a concentration of 100
mg/L. The solution was agitated in the dark for 30
minutes prior to the light source's illumination to
bring the reaction system to adsorption-desorption
equilibrium. A 300 W simulated sun light source was
utilized to illuminate the liquid after 30 minutes from
a location 13 cm distant (bought from Shanghai
Hefan  Instrument Co., Ltd.). In each
photodegradation experiment, a circulating water
bath was used to keep the reaction temperature at 25
°C while stirring, and the photodegradation reaction
lasted one hour. Every 10 minutes during the
reaction, 5 ml of sample was withdrawn from the
sample solution, and the solid in the solution was
subsequently removed using centrifugal filtration.
The degradation rate (%)=(Co-C)/Co100% was then
computed from the concentration of tetracycline
hydrochloride as measured using a UV-Vis
spectrophotometer at a wavelength of 358 nm. where
Co and C are the tetracycline concentrations before
and after the reaction, respectively, under visible light
irradiation. The findings demonstrate that the
composite photocatalyst has the optimum catalytic
effect when the mass ratio of PAC: P-TiO; is (1:0.1),
and the degradation efficiency can reach 99.8% after
1 hour of photocatalysis.

Results and Discussion
Structure and morphology

The structural characteristics of different
samples were further assessed using XRD. The XRD
patterns of AC, TiO;, ground AC-TiO, and 10%
AC-TiO; are displayed in Fig. 1, and demonstrates
that AC is a typical amorphous material. The 26=25
°, 38 ° 48 °, 54 ° 55 ° 63 ° and 68 °, which
correspond to the (101), (004), (200), (105), (211),
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(204), and (116) faces, are where the typical peaks
from AC-TiO, are found [25]. In addition, the
sintered TiO- has a twin crystal structure with a small
amount of rutile phase, and its typical characteristic
peaks are located at 26=28 °(110), 36 °(101), 41
°(111) and 57 °(220) [26]. The presence of anatase
and rutile phases causes a homojunction to form in
the composites, speeding electron and hole transfer
rates and improving photocatalytic activity [27-28].
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«:Rutile
2 , Grinding AC-TiO,
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Fig. 1: XRD spectra of AC, TiO; Grinding

AC-TiO; and 10% AC-TiO,.

Scanning electron microscopy pictures of
10% AC-TiO; are displayed in Fig. 2(a)-(b), and the
flake TiO; is more evenly distributed on the surface
of the porous activated carbon and has improved
dispersibility. This is because spreading TiO, on the
surface of AC improves catalyst dispersion
uniformity, recovery efficiency, and cycle stability.
The EDS distribution diagrams for (b) are (e) through
(9), and they demonstrate TiO; is evenly spread
across the AC surface. Transmission electron
microscopy images of 10% AC-TiO; are shown in (c)
through (d). The closely bonded TiO2 nanosheets and
AC are shown in Fig. 2(c). Fig. 2(d) analyzes the
TiO; crystal structure, and the (001) and (101) crystal
planes of the anatase have interplanar spacings of
0.47 nm and 0.35 nm, respectively [29-31]. This
agrees with the XRD test results, and the
homojunction form is the primary factor in the
photocatalyst's successful catalysis.
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Fig. 2:

The surface chemical composition and states
of ground AC-TiO, and 10% AC-TIiO;
nanocomposite  were examined using XPS
measurements. The high-resolution O 1s and Ti 2p
spectra from XPS are shown in Fig. 3(a) and (b),
respectively. Two peaks at 529.9 eV and 531.5 eV,
corresponding to lattice oxygen in Ti-O bonds and
oxygen chemisorbed at oxygen vacancies,
respectively, are present in the O 1s spectra of Fig.
3(a) [32, 33] . The peak Oy intensity dramatically
increased for 10% AC-TiO,, indicating an increase in
oxygen vacancies. This is crucial for boosting the
photocatalytic activity and increasing the active sites
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100 nm

(@), (b) The SEM images, (c), (d) The TEM images and (e), (f), (g) EDS images of 10% AC-TiO,

on the material's surface. Two parallel peaks at 458.9
eV (Ti 2p3/2) and 464.6 eV (Ti 2pl/2) in Fig 2(b)
demonstrate the presence of TiO; in the composite
[34, 35]. Notably, another peak around 460.8 eV for
10% AC-TiO; can be assigned to the strong chemical
bonding Ti-C bond [36-38]. This bond is essential to
loading TiO; onto the surface of the AC,
demonstrating that for 10% AC-TiO,, TiO; binds to
AC mostly by chemical bonds and some C element
doped on the TiO; phases. It is consistent with the
experiment's predictions and the primary cause of the
composite material's significant catalytic impact.
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Fig. 4: FT-IR spectra of AC, Grinding AC-TiO;

and 10% AC-TiO;,

Fig. 4 displays the FT-IR spectra of AC,
ground AC-TiO,, and 10% AC-TiO,. The stretching
vibration peaks of the sample's adsorbed water -OH
are located between 3600 cm™ and 1600 cm* in the
spectra of all three materials [39]. The latter's
presence may have In order to speed up the
photocatalytic reaction, it is advantageous to produce
hydroxyl radicals (OH) in contact with the catalyst
surface during the photocatalytic stage. The
stretching vibration peak of the C-O bond is located
close to its peak position of 1200 cm™; for grinding
AC-TiO, and 10% AC-TiO, the same broad
mountains at 500-700 cm™ are Ti-O bonds [4, 39]
demonstrating the successful synthesis of TiO,. The
specific surface areas and pore structure
characteristics of the three photocatalysts were

(@), (b) XPS spectra of Grinding AC-TiO2 and 10% AC-TiO..

characterized via N adsorption-desorption method
and the results were shown in Fig. 5. As can be seen,
the three photocatalysts belong to the mesoporous
materials, but the specific surface area of the 10%
AC-TiO; is 800 m?-g* greater than that of TiO- alone.
The pore diameter distribution is shown in Fig. 5 (b).
The maximum pore diameter distribution of 10%
AC-TiO; and ground AC-TiO; s essentially the same,
measuring around 3 nm, which is significantly less
than the diameter distribution of TiO,. The great
adsorption capacity of the catalyst in the dark
reaction stage is due to its wide specific surface area,
plentiful pore structure, and uniform pore size, which
also creates favorable conditions for the quick
transfer of TC to the active site.

The Raman spectra of AC, ground AC-TiOs,
and 10% AC-TiO; in the ranges of 0-1000 cm™ and
1000-2000 cm'?, respectively, are shown in Fig. 6(a)
and (b). The distinct peaks of 10% AC-TiO- can be
seen in Fig. 6(a) at 155, 198, 393, 513, and 635 cm™,
which are the Raman characteristic peaks of TiO,.
This is because during the calcination process, the
oxygen inside the distorted TiO, crystal will diffuse
to the outside to produce oxygen vacancies, resulting
in the broadening of the spectral peaks [40]. The
typical Raman peaks for the disordered sp3 (D band)
and conjugated sp2 (G band) of carbon atoms in Fig.
3(b) are situated at 1345 cm? and 1600 cm®,
respectively. l4/lg ratios are 0.960, 1.012, and 1.041,
respectively—not much of a difference. It is clear
that loading of metal oxides has little impact on AC
flaws, and as a result, the loading of metal oxides
plays a major role in improving the photocatalytic
efficiency of composites.
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Photocatalytic performance

The photocatalyst's light responses are
governed by its light absorptivity. Fig. 7 shows the
TC degradation performance of the catalyst under the
irradiation of simulated sunlight, and a first-order
kinetic formula is used to fit In(Co/C)=kt [21], where
Co and C are the concentrations of pollutants in the
solution at time 0, respectively, and t and k are the
photocatalysis rate constants. This is done using
kinetic fitting using Kkinetic data from relevant
literature. The photocatalyst made by the activation
approach is better to other photocatalysts in all
aspects of adsorption performance and photocatalytic
performance, and the catalytic efficiency can reach
60 min after photodegradation 99.8%. Fig. 7(a)
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(@), (b) The Raman spectroscopy of AC, Grinding AC-TiO2, and 10% AC-TiO,,

compares TiO,, ground AC-TiO2, and 10% AC-TiO..
This is as a result of the following factors. First,
during the high-temperature activation process,
numerous oxygen vacancies are created, which helps
to increase the photocatalytic efficiency. Secondly,
during the activation process, titanium dioxide
produces two crystal structures of the anatase and
rutile phases, forming a homogenous junction.
Thirdly, the lamellar TiO, can provide more reactive
sites, improving photocatalytic efficiency; and finally,
using AC as a carrier increases TiO, dispersion
uniformity. It is advantageous to the separation of
electrons and holes and improves photocatalytic
efficiency. The presence of AC also enhances the
catalyst's ability to adsorb substances, leading to the
formation of a high concentration of tetracycline
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hydrochloride inside the catalyst that aids in the
process of degradation. Because of this, the 10%
AC-TiO; photocatalyst has very high photocatalytic
efficiency.

In order to ascertain whether photocatalysis
is a significant factor in the degradation process,
there is a adsorption desorption experiment to prove
that TC is degraded. As shown in Fig. 7 (c), the dark
reaction was continued after the adsorption
equilibrium was reached, and then the TC was
desorbed. The absorbance of the solution was
measured, and the ratio of C/Co was determined. C/Co
was significantly larger, indicating that TC was only
adsorbed and not decomposed. Under the same
conditions, the desorption experiment after the light
reaction showed no significant change in C/Co, and it
was determined that TC was adsorbed to the surface
of the catalyst first, and TC was degraded after
illumination. Furthermore, the cycle stability test of
10% AC-TiO; indicates that the degrading efficiency
of the catalyst within 60 minutes is still greater than

a g
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Fig. 7:
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90% after five cycles, showing that the photocatalyst
has strong cycle stability and that the C-Ti bond is
stable. The crucial significance of enhancing
photocatalyst cycle stability reflects the fundamental
role of photocatalytic effects in the catalytic reaction
on the side.

Principles of Photocatalysis

The XRD examination on the photocatalyst
after five cycles (denoted as 10% AC-TiO,-C) to
evaluate the damage caused by the catalytic process,
as shown in Fig. 8. The Fig. 8 shows that the catalyst
is a twofold crystal structure of anatase and rutile
phases. 26=25 °, 48 °, 54 °, 55 °, 63 °, 68 °,
corresponding to (101), (200), (105), (211), (204),
(116) of TiO, anatase phase, respectively crstal face.
The rutile phase's typical characteristic peaks are
located at 2=28 ° (110), 36 ° (101), 41 °(111), and
57 °(220). This is the same as the crystal structure
before cycling, and show the stability of catalyst.
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Grinding AC-TiO, and 10% AC-TiO,, (c) desorption experiment and (e) cycle stability of 10%

AC-TiO,,
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Fig. 8: XRD patterns of 10% AC-TiO; after five

cycles.

The UV diffuse reflectance spectrum of the
material is shown in Fig. 9(a). It can be seen from a
comparison of the spectra of the four samples that
TiO; has an excitation wavelength of about 420 nm.
The catalyst is changed into full-wavelength
absorption with the addition of AC. This has major
implications for increasing visible light absorption by
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efficiency. The forbidden bandwidths of contrast
TiO2, ground AC-TiOz, and 10% AC-TiO; are,
respectively, 3.43 eV, 3.20 eV, and 2.42 eV, as can
be shown from Fig. 9(b) on the relationship between
(ahv)1/2 and photon energy, it is obvious that 10%
AC-TiO; has the narrowest band gap. According to
the empirical formula: Ece = Eve — Eg further,
explore the photocatalytic mechanism of composite
materials. The conduction band, valence band, and
band gap of the photocatalyst are denoted by the
letters Ecs, Eve, and Eg, respectively [41, 42]. For
10% AC-TiO,, Evg can be obtained through the XPS
valence band spectrum (Fig. 9 (c)), which is 2.01
eV, and Eg is 2.42 eV according to DRS analysis
(Fig. 9 (b)). Therefore, Ecg = Eve — Eg =2.01 — 2.42
=-041leV.

The material's PL picture is shown in Fig.
9(d). We may observe that the materials' fluorescence
characteristics gradually deteriorate. The
electron-hole pair recombination efficiency of the
substance  increases  with  fluorescence, but
photocatalytic activity decreases with increasing
fluorescence. So 10% AC-TiO; has the best
photocatalytic effect [43].
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(@), (b) The DRS spectroscopy of AC, Grinding AC-TiO,, and 10% AC-TiO,, (c) Valence band XPS

spectra of the AC/TiO,, (d) Fluorescence spectra of TiO, Grinding AC-TiO; and 10% AC-TiO,,
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as-prepared TiO,, Grinding AC-TiO», and 10% AC-TiO, materials.

The electrochemical impedances (EIS) of
AC, TiOy, ground AC-TiO, and 10% AC-TiO, were
demonstrate  the of
heterojunctions with a large number of charge

investigated to effect
transfer channels on photoexcited separation and
carrier transfer efficiency [44]. Fig. 10(a) shows that
with 10% AC-TiO, the radius of the semicircular arc
drops dramatically. The impedance value decreases
as the semicircle radius decreases. This shows that
the photogenerated carriers of the 10% AC-TiO;
photocatalytic composite minimize their
transport barrier. As a result, the composite material

charge

exhibits outstanding photochemical characteristics,
speeding the transfer of photogenerated electron
holes and having a high photocatalytic degradation
efficiency. The transient photocurrent can effectively
reflect the creation, separation, and movement of
photogenerated carriers. Fig. 10(b) shows that the
transient currents of TiO,, ground AC-TiO2, and 10%
AC-TiO; are weakened sequentially, indicating that
the separation of electrons and holes is sequentially
enhanced, proving that the catalysis of 10% AC-TiO,
is the strongest, which is consistent with the previous
analysis results.

Fig. 11 depicts an EPR investigation of
Grinding AC-TiO; and 10% AC-TiO.. The g value of

both is equal to 2.003, demonstrating that TiO»
produces a certain amount of oxygen vacancies
during the high-temperature activation process, but
the peak height of 10% AC-TiO; is much higher than
that of Grinding AC-TiO,, demonstrating that the
one-step activation of AC and TiO, can effectively
promote the generation of oxygen vacancies, which is
consistent with the XPS analysis. The many oxygen
vacancies can give more reactive sites for the
photocatalytic reaction, increasing photocatalytic
efficiency [45, 46].
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Fig. 11: The EPR spectra of Grinding AC-TiO,, and
10% AC-TiOy,
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The redox potentials of -OH/OH™ and
02/0z- are +1.99 eV and —0.282 eV [47, 48],
respectively. As a result, during the photocatalytic
process, TiO, absorbs sunlight to generate electrons
and holes, O, absorbs electrons and reduces to O,
and H.O oxidizes with holes to produce OH. In
conclusion, Fig. 12 depicts the photocatalytic
reaction mechanism. Under the synergistic effect of
adsorption and catalysis, the AC-TiO, photoatalyst
generated by the one-step activation technique
demonstrates good photocatalytic performance.
During the dark reaction stage, the porous activated
carbon adsorbs a substantial amount of TC,
generating a high concentration of degraded
chemicals inside the catalyst. At the same time,
during the high-temperature activation process of
activated carbon doped TiOz, not only is the crystal
transformation of TiO; realized, but the formation of
a homojunction improves the separation efficiency of
electrons and holes, but also many oxygen vacancies
are generated at the same time, increasing the
reactive sites; finally, the one-step high-temperature
AC-TiO; alteration in the future opens new avenues
for research.

Fig. 12:
source irradiation.
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Conclusion

The one-step activation approach used in
this study to prepare AC-TiO2 for sintering increased
the photocatalyst's catalytic effectiveness and cycling
stability. A new study proposal for the combination
of activated carbon and titanium dioxide is presented
via the one-step sintering method, which can unite
AC and TiO2 through the C-Ti chemical link,
considerably enhancing the photocatalytic activity
and cycle stability. The activation of activated carbon
and the transformation of titanium dioxide from an
amorphous structure to an anatase crystal form and
rutile phase are accomplished during the heating
activation process. This results in the formation of a
homojunction, which speeds up the transfer rate of
electrons and holes and increases the photocatalytic
activity. The oxygen inside the deformed TiO2
crystal diffuses to the outside during the calcination
process, generating oxygen vacancies, introducing
oxygen vacancies, and increasing the reaction
activation sites. AC with a high specific surface area
and flaky  TiO2 have a  synergistic

adsorption-degradation action, which boosts catalytic
efficiency. The catalytic efficiency reached 99.8% in
60 minutes and remained above 90% after five
recycling.

Mechanism of the photocatalytic degradation of TC by 10% AC-TiO; under simulated sun light
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