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Phytic acid was investigated as an organophosphorus pollutant. Titanium dioxide
(TiO,) doped with Ce and N was prepared using the sol-gel method and loaded
onto a modified shell power to produce modified shell powder/Ce-N-TiO, (Msp/
CeNT). The combined effects of adsorption and photocatalysis on phytic acid
were explored. The actual phytic acid degradation rate with the composite
photocatalyst was higher than the sum of the adsorption removal rate of
phytic acid using the modified shell powder and the photocatalytic
degradation removal rate of phytic acid using the Ce-N-TiO, photocatalyst.
Msp/CeNT synergistically affected adsorption and photocatalytic degradation.
The effects of different factors, such as reaction temperature, catalyst dosage,
initial pH, stirring speed, and light intensity, on the combined effect were
investigated. The results showed that the synergistic effect increases with the
increase of light intensity. Increasing the reaction temperature, catalyst dosage,
initial pH, and stirring speed first increased and then decreased the synergistic
effect of the composite photocatalysts. Phytic acid (69.54%) was degraded within
4 h when the temperature, pH, catalyst dosage, stirring speed, and light intensity
were 25 °C, 5, 1 g/L, 300 rpm, and 500 W, respectively. We investigated and
prepared a composite photocatalytic material, developing a new theoretical
method for degrading organophosphorus dissolved in water and providing a
basis for treating lake eutrophication as a practical application.

composite photocatalyst, phytic acid, adsorption, photodegradation, synergy

1 Introduction

The eutrophication of lake water is a serious ecological problem. Limiting the input of
nitrogen only without controlling the input of phosphorus stimulates the proliferation of
nitrogen-fixing cyanobacteria, which leads to continued algae growth in lake water,
aggravating the eutrophication of water bodies (Wang and Jiang, 2016). Reducing the
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phosphorus input to water bodies can slow water body
eutrophication (Suresh et al, 2023). In lake water, organic
phosphorus accounts for up to 74% of the total phosphorus and
is more likely to be adsorbed into particulate matter and
than
phosphorus, increasing the eutrophication degree (Cao et al,

transformed into particulate phosphorus inorganic
2018). Therefore, suppressing excess organic phosphorus in lakes
is key to controlling eutrophication.

Phytic acid is a dissolved organic phosphorus pollutant that
usually accounts for 50%-80% of the total phosphorus content in
plants (Wang and Guo, 2021). A large amount of metabolizable
organophosphorus phytic acid is excreted in feces because humans
and ruminants lack phytase for digesting phytic acid. A high
concentration of phytic acid is thus released into the soil and
discharged into rivers through leaching or surface runoff, which
aggravates lake eutrophication (Gupta et al., 2015). Phytic acid easily
combines with metal ions to form insoluble phytates, which the
human body cannot absorb and use, reducing the use of minerals by
the human body (Mingjing and Jaisi, 2018). Adopting suitable
methods to degrade phytic acid in surface water bodies is
essential for controlling the eutrophication of water bodies. Of
these methods, adsorption is widely used because of its ease of
operation and high removal efficiency (Zheng et al, 2023).
Traditional adsorbents, such as alumina, iron oxide, and its water
and oxide, differ in their organophosphorus removal -effects;
however, their high cost and complicated treatment processes
hinder their practical application. As such, the preparation of
new and green adsorbents from waste is a current research topic
(Jiang et al., 2018). The oyster shells in freshwater contains large
amounts of CaCO; and are microporous, providing a natural
material for the preparation of adsorbents (Zhou et al, 2022).
Modification of the powdered clam shell substantially increases
its specific surface area and adsorb organophosphorus in water
(Raizq, 2020). However, modified shell powder can only adsorb
phytic acid, which can still be released into water, causing
environmental pollution. Therefore, appropriate methods must be
used to remove phytic acid in subsequent steps.

Titanium dioxide (TiO,) photocatalytic oxidation is a water
treatment method that strongly oxidizes TiO, with low selectivity
and high treatment efficiency that produces no secondary pollution
(Zhang et al,, 2021). The UV content of sunlight is less than 5%, so
sunlight is less efficient for use and restricts the large-scale
application of photocatalysts. The modification of TiO, has been
considered to overcome this drawback. The co-doping of TiO, with
metal and nonmetal ions effectively overcomes this drawback. The
introduction of metal elements produces new impurity energy levels,
thus reducing the bandgap energy; the introduction of nonmetal
elements produces more oxygen vacancies, which reduces the
light thus
strengthening the response to visible light.

bandgap and widens the absorption  range,

The rare earth element Ce has a unique 4f electronic
configuration. Doping nano-TiO, increases the electron-hole
separation efficiency and the quantum yield, reduces the bandgap
so that TiO, can respond to visible light, and inhibits the anatase-to-
rutile transformation of TiO, (Maarisetty et al., 2019). However, the
doped nonmetallic element N enters the lattice of TiO, to form Ti-
O-N bond, which can shift the absorption red to the visible region

(Yu et al, 2010). Therefore, co-doping TiO, with Ce and N
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effectively increases photocatalytic efficiency. A large number of
pollutants must be enriched on the surface of nano-TiO, particles to
further increase photocatalytic activity. Nano-TiO, particles can be
attached to modified clam shell powder for use as a pollutant
adsorbent to achieve pollutant degradation through adsorption
and photocatalysis.

In this study, modified shell powder/Ce-N-TiO, was prepared
using the sol-gel method. The morphological characteristics and
physicochemical properties of the composite catalyst were explored
using SEM, BET, and Raman spectroscopy. Phytic acid was the
target material to be removed from water. The synergistic
adsorption and photodegradation of phytic acid by the modified
shell powder/Ce-N-TiO, was explored; the effects of different
factors, such as temperature, pH, composite photocatalyst dosage,
stirring speed, and light intensity, on this synergistic effect were
determined.

2 Materials and methods

2.1 Materials

Tetrabutyl titanate (AR, Beijing Myrida Technology Co., Ltd.);
Cerium nitrate hexahydrate (AR, Beijing Myrida Technology Co.,
Ltd.); Urea (AR Beijing Merida Technology Co., Ltd.); Anhydrous
ethanol (AR, Beijing Myrida Technology Co., Ltd.); Phytic acid
(70%, Sinopharm Chemical Reagent Co., Ltd.); Potassium persulfate
(AR, Tianjin Fengchuan Chemical Reagent Technology Co., Ltd.);
Potassium antimony tartrate (AR, Shanghai Zhanyun Chemical
Technology Co., Ltd.); Ammonium molybdate (AR, Tianjin
No.4 Chemical Reagent Factory). Concentrated sulfuric acid (AR,
Hengyang Kaixin Chemical Reagent Co., Ltd.); Hydrochloric acid
(AR, Hengyang Kaixin Chemical Reagent Co., Ltd.). All chemical
reagents are analytically pure and can be wused directly
without treatment.

Main Instruments: CEL-S500 xenon lamp light source; HJ-6
multi-head constant temperature magnetic stirrer; UV-1800 UV-
visible spectrophotometer; H2050R-1 high-speed tabletop freezing
centrifuge; KSY-14-16 muffle furnace; GZ-WXJ-I microwave
closed-type dissolver; DHG-9030A electric constant temperature
blower drying oven; SEM test using ZEISS Sigma 300 from
Germany, automatic specific surface and porosity analyzer
(Micromeritics ASAP 2460 from the United States) at 200°C, N,
adsorption test BET. Horiba LabRAM HR Evolution Raman
Spectrometer from Japan was used to record the Raman spectra
of the samples, the exciter wavelength of 532 nm, testing Wave
number range 50-900 cm ™.

2.2 Preparation of composite photocatalyst

2.2.1 Modification of shell powder

The oyster shells used in the laboratory were obtained from an
agricultural product market. The surfaces of the clam shells were
cleaned using detergent and a cleaning ball. The surfaces were
polished until clean and then soaked in 0.5% dilute hydrochloric
acid for 0.5 h to remove excess impurities. After cleaning with pure
water, these pretreated shells were dried in a drying oven at 65°C; the
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shells were crushed to a powder with sealed sample pulverizer, and
the shell powder was sieved through 200 mesh. Finally, the sieved
powder was calcined in a muffle furnace at 900°C for 2 h, producing
the modified shell powder, which was sealed and kept until
further use.

2.2.2 Preparation of modified shell Powder/Ce-N-
TiO, composite photocatalyst

The Msp/CeNT composite photocatalyst was prepared using the
sol-gel method. We mixed 30 mL of anhydrous ethanol with a
certain amount of modified shell powder via ultrasonic vibration,
and we added 8.5 mL of tetra-butyl titanate to produce solution A.
We combined 20 mL of anhydrous ethanol, 1.5 mL of ultrapure
water, and a certain amount of hydrochloric acid, which we fully
mixed. We calculated the molar amounts of doped cerium and
nitrogen. The cerium and nitrogen sources were cerium nitrate
hexahydrate and urea, respectively, which were added into the
mixed solution. The resulting solution was mixed to produce
solution B. We combined 20 mL of anhydrous ethanol, 1.5 mL
of ultrapure water, and a certain amount of hydrochloric acid, which
we fully mixed. We calculated the molar amounts of doped cerium
and nitrogen. The cerium and nitrogen sources were cerium nitrate
hexahydrate and urea, respectively, which were added into the
mixed solution. The resulting solution was mixed to produce
solution B. Under vigorous stirring without bubbles, solution B
was slowly dropped into solution A, after which the mixture was
continuously stirred for 1.5-2 h to prepare the composite
photocatalyst gel, which was dried in a vacuum-drying oven at
65°C for 12 h, and then ground and crushed with a mortar. Then, the
modified shell powder/Ce-N-TiO, was prepared via calcination at
600°C for 2 h in a muffle furnace. Ce-N-TiO, was prepared without
adding the modified shell powder using the same method.

2.3 Methods

2.3.1 Determination of combined effects of
adsorption and photocatalysis

This experiment was performed using a xenon lamp as the light
source and a double-layer beaker with a jacket as the reaction
container. Phytic acid (100 mL) at a mass concentration of
50 mg/L was added to a double-layer beaker; 10 mg of modified
shell powder, 90 mg of Ce-N-TiO,, and 100 mg of modified shell
powder/Ce-N-TiO2 composite photocatalyst were added to the
phytic acid. The phytic acid degradation rates of the modified
shell powder, CeNT, and composite photocatalysts via adsorption
and photocatalysis were investigated. Before the degradation test,
the mixed modified shell powder/Ce-N-TiO, solution was placed in
a dark room, and an adsorption-desorption equilibrium test was
conducted for 2 h in the dark. A magnetic stirrer was used under
irradiation with a xenon lamp. Under the xenon lamp illumination,
a small amount of liquid was measured with a sampler at 0.5, 1, 1.5,
2,2.5, 3, 3.5, and 4 h, which was then centrifuged and filtered for the
subsequent determination of the mass concentration of phosphate.
The effects of the reaction temperature, initial pH, stirring speed,
composite photocatalyst dosage, and light intensity on the
synergistic effect were further analyzed using this method.
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2.3.2 Phosphate determination method

Ammonium molybdate spectrophotometry was used for
phosphate determination. We pipetted 1 mL of the solution to be
measured into a 25 mL colorimeter tube, and we fixed the volume to
25 mL with distilled water. Ascorbic acid (1 mL) was added and
shaken well, and 2 mL of the molybdate solution was added
dropwise after 30 s. The solution was allowed to stand for
15 min and then measured colorimetrically at 700 nm using a
UV-visible spectrophotometer. The phosphate concentration was
determined according to the standard phosphate curve, and the
degradation rate of the phytic acid solution was calculated as follows:

= g>< 100%
n Co

where, 1 is degradation rate (%) of organic phosphorus in phytic
acid solution; C, is the content of PO, in the phytic acid solution at
moment t; C is the total phosphorus content in phytic acid at the
initial moment.

3 Results and discussion

3.1 Characterization and analysis of Msp/
CeNT composite photocatalysts

3.1.1 SEM characterization and analysis

Figure 1A shows a scanning electron micrograph of the modified
shell powder at x400 magnification, indicating a loose, porous,
layered surface structure, which is suitable for photocatalyst
loading. Figure 1B shows a scanning electron micrograph of the
Ce-N co-doped TiO, loaded with modified shell powder with a 1 pum
scale bar. The modified TiO, after doping was uniformly loaded in a
thin layer on the surface of the modified shells. Figure 1C depicts the
loaded Ce-N co-doped TiO, in a 200 nm scanning electron
microscope image, which shows that the particle distribution and
size were relatively uniform, and loading on the surface of modified
shell was uniform. Some areas showed particle agglomeration, which
may have been caused by the high-temperature calcination. The
results of the pore size analysis of a composite photocatalyst sample
is shown in Figure 1D, which was analyzed using Image]. The
particle size was 30.3787 nm, which is classified as mesoporous.
Mesoporous structures are favorable for the diffusion of phytic acid
in a catalyst and for the combination of phytic acid molecules with
the catalyst, which promotes the photocatalytic reaction.

3.1.2 BET specific surface area and pore
size analysis

Figure 2 shows the N, adsorption-desorption isothermal curves
and pore size distribution curves of the CeNT and Msp/CeNT. The
adsorption isothermal curves of both catalysts contain hysteresis
loops inside the relative pressure region of 0.8-1.0, which indicates
the fourth type of adsorption isothermal model and that the
composite catalysts had a mesoporous structure (Lei et al., 2020).
The average pore size of the composite photocatalyst decreased from
15.3216 nm before modification to 12.0106 nm after load
modification. A composite photocatalyst with a mesoporous
structure has a large specific surface area, which enables the
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FIGURE 1
Scanning electron micrographs of different samples. (A) Modified shell powder. (B, C) Msp/CeNT SEM at different magnifications. (D) Composite
catalyst particle size analysis.
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FIGURE 2
N2 adsorption—-desorption isothermal and pore size distribution curves for different catalysts. (A) CeNT. (B) Msp/CeNT.
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FIGURE 3
Raman spectra of pure TiO, and Msp/CeNT.

increased mass transfer of pollutants in which the pollutants are
subjected to less diffusion resistance, thus effectively increasing
photocatalytic efficiency (Li et al., 2022). The specific surface area
of Msp/CeNT increased from 45.5875 to 56.3615 m?/g after doping
with the modified shell powder, an increase of 23.6%. The loaded
modified shell helped enrich the phytic acid on the surface of the
composite photocatalyst, which facilitated the synergistic adsorption
and photocatalysis effects.

3.1.3 Raman spectroscopy characterization
and analysis

Figure 3 shows the Raman spectra of the different samples. Six
peaks (A;g+2B14+3E) can be observed in the Raman activity pattern
of anatase TiO, (Wang et al.,, 2015). The spectra of both samples
showed strong vibrations at four bands: 145.18 cm™ (Eg),
399.8 cm™ (Byg), 520.28 cm™' (Aig+Byg), and 641.14 cm™ (Eg),
indicating that the TiO, in the composites was present as the anatase
type (Ohsaka et al., 1978). The two characteristic peaks at 399.8 and
520.28 cm™' represent the tensile vibration of the Ti-O bond; the
peaks at 145.14 and 640 cm™" indicate the bending vibration of the
Ti-O bond. The peak value of the prepared sample shifted to a higher
wavenumber, which may have been because of the presence of
oxygen vacancies (Zhang et al., 2023). No Raman spectral peaks
representing the rutile phase were found, indicating that no rutile
TiO, was present or that the content of the rutile phase in the sample
was relatively low and did not reach the detection limit. Overall, the
findings indicated that the composite catalyst was thoroughly
crystallized and mainly consisted of anatase TiO,, which is
suitable for photocatalysis.

The sizes of the particles and the defects in a nanomaterial are
the two most important factors that affect the material’s intensity,
peak width, and position of the Raman spectral peaks. Figure 3
shows a strong peak enhancement and a larger peak in the Raman
spectra of the Ce and N co-doped composite catalysts compared
with those of the pure TiO, sample (Choudhury et al, 2013).
Moreover, the Raman vibrational peak of the composite catalyst
at 145.18 cm™' (Eg) shifted toward a higher wavenumber compared
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with that of pure TiO,. This occurred because the ionic radius of
Ce’* is larger than that of Ti, and Ce’, when doped in lattice
interstitials, distorts the lattice and generates a large number of
oxygen vacancy defects, which shifts the Eg mode toward a higher
wavenumber (Zhang et al., 2023). The formation of O-Ti-N bonds
via N doping decreased the strength of the Ti-O bonds and changed
the intensity and width of the vibrational peaks. The Raman spectral
peaks of the co-doped catalysts were stronger and wider than those
of the single TiO, Raman spectral peaks, suggesting that more
were surface, which

oxygen vacancies present on the

strengthened photocatalytic performance.

3.1.4 X-ray characterization analysis

The XRD pattern shows that the composite catalyst sample was
successfully doped with cerium and nitrogen (Zhang et al., 2023).
The crystal size of the modified TiO, sample was reduced because of
the doping with metallic Ce and the nonmetallic B, which inhibited
the phase transition of TiO,, thus maintaining the anatase phase,
which is more conducive to photocatalysis. According to the
calculations, the crystal size of the sample was notably smaller
than that of the undoped sample.

3.2 Evaluation of synergistic effects of
adsorption and photocatalysis

The phytic acid degradation rates of the modified shell powder
via adsorption alone, via CeNT alone, and via adsorption and
photocatalysis  using the composite photocatalyst were
investigated under the following conditions: an initial
temperature of 25°C, a pH of 5, a light intensity of 400 W, a
photocatalyst dosage of 0.8 g/L, and stirring speed of 400 rpm.
The results are shown in Figure 8.

The actual degradation efficiency of phytic acid is greater than
the sum of the theoretical superposition values of the adsorption
efficiency of modified shell powder alone and the photocatalytic
degradation efficiency of phytic acid by CeNT alone. The results of
these three tests are shown in Figure 4. The actual degradation rate
of phytic acid using the modified shell powder/Ce-N-TiO, in the
first 3 h was higher than the sum of the individual adsorption and
photodegradation removal effects of the modified shell powder
alone, indicating that the degradation of phytic acid using the
composite photocatalyst was the result of the synergistic effects
of adsorption and photocatalysis. The incorporation of modified
shell powder was conducive to the adsorption of phytic acid
molecules onto the surface of the CeNT photocatalysts, which
resulted in a concentration effect of the pollutant because the
specific surface area of the modified shell powder and CeNT
increased after compositing (Xue et al, 2011),accelerated the
reaction between the phytic acid molecules and active groups,
and thus increased the efficiency of the composite catalysts in the
photocatalytic degradation of phytic acid. The specific surface area
of the composite photocatalysts increased from 46.5785 to
56.5875 m*/g after loading the modified shell powder with Ce-N-
TiO, which promoted the adsorption of phytic acid. After 3 h of
reaction, although the values on the theoretical curve were lower
than those from the synergistic degradation curve for the composite

photocatalyst, the difference between the two gradually narrowed,
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FIGURE 5

Effects of different temperatures on (A) the removal of phytic acid via catalytic adsorption and photocatalysis and (B) COD removal.

indicating that the synergistic effect of the adsorption and
photocatalytic degradation of phytic acid by Msp/CeNT gradually
weakened. Moreover, the amount of pollutants that could react with
the composite photocatalyst decreased as the phytic acid
concentration decreased, although the photocatalytic performance
remained strong, which led to a weakening of the synergistic
adsorption—photocatalytic effect. Considering these findings with
those in Figure 4B shows that Msp/CeNT also degraded the COD.

3.3 Influence of different factors on
adsorption—photocatalytic synergy

3.3.1 Effect of temperature on Msp/CeNT synergy

The adsorption of phytic acid using the modified shell powder,
the photodegradation of phytic acid using CeNT, and the
degradation of phytic using by composite photocatalysts were
investigated under an initial pH of 6, a light intensity of 400W, a
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catalyst dosage of 1 g/L, a stirring speed of 300 rpm, and at ambient
temperatures of 15, 25, or 35°C. The experimental results are shown
in Figure 5.

Figure 5 shows that the actual phytic acid degradation efficiency
of the composite photocatalyst at different reaction temperatures
was higher than the sum of the theoretically superimposed
degradation efficiency of phytic acid via adsorption using
modified shell powder alone and photocatalytic degradation with
CeNT alone, which proves the synergistic effects of adsorption and
photocatalysis in the degradation of phytic acid of the composite
photocatalyst. Figure 5 also shows that temperature affects the
synergistic effect: the composite photocatalytic degradation
efficiency increased as the temperature increased, reaching a
maximum at 25°C, after which the degradation rate gradually
decreased. The main reason for this finding is that the movement
of phytic acid molecules accelerates with the increase in
temperature, which increases the effective collision efficiency
between the active groups on the composite photocatalyst and
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FIGURE 6

Effects of catalyst dosage on (A) the removal of phytic acid via the synergistic action of adsorption and photocatalysis and (B) COD degradation.

phytic acid molecules. In addition, the process of the adsorption of
phytic acid on the composite photocatalyst is an exothermic
reaction; as such, an increase in temperature is favorable for the
desorption of pollutants and phytic acid degradation intermediates
from the composite catalyst (Zhang et al., 2022). As the reaction
proceeded, the concentration of phytic acid in the system gradually
decreased, and the intermediate products generated on the surface of
the catalyst gradually desorbed with increasing temperature,
providing more active sites for phytic acid molecules, which in
turn increased their chance of being oxidized via photocatalysis.
Phytic acid degradation rate decreased as the temperature further
increased, which may have been because of the evaporation of water
from the solution system. Part of the catalyst attached to the inner
wall of the reaction vessel, which reduced the chance of contact with
the catalyst and decreased the phytic acid degradation efficiency.
The COD removal efficiency in phytic acid is also affected by
temperature, and the degradation efficiency of COD is lower
than that of phytic acid because phytic acid has six phosphate
groups when COD is in the last stage of degradation.

3.3.2 Effect of catalyst dosage on Msp/
CeNT synergy

The adsorption of phytic acid using modified shell powder
alone, the photodegradation of phytic acid by CeNT alone, and
the synergistic adsorption and photodegradation of phytic acid
using the composite photocatalyst were investigated at an initial
pH of 5, a light intensity of 500W, a temperature of 25°C, and a
stirring speed of 300 rpm, and with different composite catalyst
dosages of 0.8, 1, and 1.2 g/L. The phytic acid removal results are
shown in Figure 6.

Figure 6 shows that the actual degradation efficiency of phytic
acid was larger than the sum of the theoretically superimposed
phytic acid degradation rates of the modified shell powder
adsorption alone and CeNT photocatalysis alone for the different
dosage conditions. The results indicated that the composite
photocatalyst ~ had synergistic  effect  through the
adsorption—photocatalytic degradation of phytic acid. Analyzing
Figure 6 demonstrates the effect of dosage on this synergistic

a

effect: the phytic acid degradation rate gradually increased with
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an increase in the photocatalyst dosage and reached a maximum
value at a dosage of 1 g/L. More phytic acid was adsorbed onto the
surface of the catalyst as the catalyst dosage increased, which
increased the opportunity for contact with the active groups on
the catalyst and thus the photocatalytic efficiency (Gusain et al.,
2020). Moreover, the probability of photon absorption by CeNT
increased with the gradual increase in the concentration of the
composite catalyst in the solid-liquid system, which generated more
photogenerated electrons and holes, leading to an increase in the
phytic acid oxidation efficiency. However, the catalytic efficiency no
longer increased but gradually decreased with further increases in
the composite catalyst dosage, which was attributed to the
suspended particles of the high-concentration catalyst having a
scattering and masking effect on the light. In this situation, the
photocatalysts could not be sufficiently excited by light energy,
which ultimately weakening the effect of the photocatalyst
(Nishiyama et al., 2018). Although the number of active sites in
the solution increased with increasing photocatalyst dosage, the
tendency for particle-to-particle agglomeration also increased when
the photocatalyst dosage was too high, which gradually led to a
decrease in the number of active sites and thus to a decrease in the
photodegradation rate (Soto-Vazquez et al., 2016).

3.3.3 Effect of initial pH on Msp/CeNT synergy

The adsorption of phytic acid using modified shell powder
alone, the photocatalytic degradation of phytic acid using CeNT
alone, and the degradation of phytic acid using the composite
photocatalyst were investigated at pH 3, 5, 7, and 9 under an
initial temperature of 25°C, a light intensity of 500 W, a catalyst
dosage of 1 g/L, and a stirring speed of 300 rpm. The results are
shown in Figure 7.

Figure 7 shows that the actual degradation phytic acid rate was
always higher than the sum of the theoretical values of phytic acid
adsorption using the modified shell powder alone and phytic acid
degradation using CeNT alone under different pH conditions,
indicating that the photocatalyst synergistically
affected the adsorption and photodegradation of phytic acid.
Figure 7 also shows that when the initial pH of the solution
increased from 3.0 to 9.0, the synergistic efficiency of the

composite
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composite photocatalyst increased and then decrease. The
maximum phytic acid degradation rate was reached at an initial
pH of 5, potentially because the photocatalytic activity of TiO, is
higher under acidic conditions. The positively charged catalyst
surface facilitates the process of photogenerated electron transfer
to the catalyst surface, which favors the generation of reactive
radicals, such as -O,” and -OH, in the presence of oxygen in
aqueous media and slows the complexation of photogenerated
electrons with holes. The degree of protonation on the surface of
CeNT and the number of positive charges carried increase under
lower pH conditions, which benefits the transfer of photogenerated
electrons to the catalyst in the photocatalytic reaction, thus
the adsorption-photodegradation efficiency. The
degradation efficiency of phytic acid decreased as the pH of the
reaction system was further increased. This could be attributed to

enhancing

the increase in the amount of hydroxide in water, which consumed
the photogenerated vacancies generated on the catalyst surface and
reduced the number of active groups accessible to phytic acid, thus
degrading the catalytic efficiency. The COD removal efficiency in
phytic acid was also affected by the pH, and the maximum removal
rate was achieved at pH 5, which first increased and then decreased.

3.3.4 Effect of stirring speed on Msp/CeNT synergy

The phytic acid degradation rates using adsorption alone, the
photocatalysis using Ce-N-TiO, alone, and the synergistic
the
photocatalyst were investigated under an initial pH of 5, a
temperature of 25°C, a catalyst dosage of 1 g/L, and light
intensity of 500W while varying the stirring speed: 100, 200, 300,
or 400 rpm. The results are shown in Figure 8.

adsorption and photodegradation using composite

Figure 8 shows that the phytic acid degradation efficiency was
higher using the composite photocatalyst than the sum of the
adsorption of phytic acid using the modified shell powder alone
and the photodegradation of phytic acid using CeNT alone under
different stirring speeds, which indicated that the composite
photocatalyst has a synergistic effect on the adsorption and
photodegradation of phytic acid. The maximum synergistic
efficiency of phytic acid adsorption and photocatalysis as well as
the COD removal efficiency reached a maximum when the stirring
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speed was 300 rpm. The stirring speed affected the synergistic effect
of the composite catalyst as follows: the phytic acid degradation rate
increased and then decreased with increasing magnetic stirring rate,
mainly because the rotational speed of the magnetic stirrer affected
the dissolved oxygen content in the aqueous phytic acid solution.
The higher the rotational speed, the larger the amount of dissolved
oxygen, which is capable of reacting with photogenerated electrons
to produce more superoxide radicals and increases the oxidative
phytic acid degradation rate. Cerium ions use dissolved oxygen to
generate superoxide radicals. In addition, the accelerated
rotational speed of the magnetic stirrer increases the probability
of collision between particles, which is conducive to the adsorption
and desorption processes. However, too fast a rotational speed
leads to the appearance of a central vortex in the container,
resulting in powder photocatalysts being nonuniformly
dispersed in the phytic acid solution, thus reducing the contact
with the concentration of phytic acid. This results in a decrease in

the degradation efficiency.

3.3.5 Effect of light intensity on Msp/CeNT synergy
The phytic acid degradation rate was investigated for the

adsorption using the modified shell powder alone, via
photocatalysis using Ce-N-TiO, alone, and the synergistic
photodegradation and adsorption wusing the composite

photocatalyst under an initial pH of 5, a temperature of 25°C, a
catalyst dosage of 1 g/L, and a stirring speed of 300 rpm, for various
illumination intensities of 300, 400, and 500. The phytic acid
degradation rate via adsorption and photodegradation with the
composite photocatalyst is shown in Figure 9.

Figure 9 shows that the actual phytic acid degradation efficiency
with the composite catalyst was higher than the sum of degradation
efficiency of phytic acid phytic acid adsorbed by modified shell
powder alone and degraded by CeNT light alone under different
light intensities. We noted a synergistic effect of adsorption and
photodegradation of phytic acid by Msp/CeNT under the different
light intensity conditions. Moreover, Figure 9 shows that the phytic
acid photodegradation efficiency increased with increasing light
intensity, reaching a maximum when the light intensity was
500 W. This occurred because the light intensity determined the
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degree of light absorption of the

a

Msp/CeNT  composite
the rate of
photogenerated electron-hole formation in the photocatalytic
reaction depended on the light intensity. The higher the light
intensity, the more photons are produced per unit time and area.
This leads to an increase in the number of photogenerated carriers

photocatalyst at given wavelength, and

on the catalyst surface, resulting in the production of more
photogenerated electrons and holes. The COD removal efficiency
of phytic acid showed the same trend with increasing light intensity.

3.4 Free radical quenching experiment

Tert-butanol (TBA), 1,4-benzoquinone (BQ), and ammonium
oxalate (AO) were selected as the bursting agents of -OH, -O,", and
h*, respectively, under the optimal experimental conditions to
determine the types of active groups that play a role in the
photocatalytic degradation of phytic acid using the Msp/CeNT
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composite photocatalyst. The effects of the different trapping
agents on degradation are shown in Figure 10.

Catalysts are used in various applications. Four burst test
experiments were conducted: a blank group and the three groups
of experiments with molar concentrations of 10 mmol/L of tert-
butanol, AO, and 0.2 mmol/LBQ solution under an ambient
temperature of 25°C, an initial pH of 5, a catalyst dosage of 1 g/
L, and a light intensity of 500 W. The results of the burst tests are
shown in Figure 10. AO more strongly affected the phytic acid
degradation rate of the composite photocatalysts, indicating that the
holes or the active groups capable of interacting with the holes
played a major role in the photocatalytic degradation of phytic acid.
In contrast, the addition of p-benzoquinone and tert-butanol
reduced the phytic acid degradation rate by 25.94% and 11.24%,
respectively; which indicated that -O,~ and -OH were the main active
species playing a role in the phytic acid degradation process.

The adsorption-photocatalytic mechanism was determined
based on the above characterization and free radical trapping
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experiment results. The doping of metallic Ce and nonmetallic N
generated lattice defects on the surface of the composite, which
increased the number oxygen vacancies, provided more active sites,
and improved the photocatalytic oxidation performance of the
catalyst. More contact sites were provided to adsorb phytic acid
molecules onto the surface of the composite material through the
loading of modified shell powder. Phytic acid was decomposed into
small molecules such as PO,*", H,O, and CO, under the action of
-0, and -OH.

4 Conclusion

The specific surface area of the photocatalyst increased from
45.5875 to 56.3615 m*/g after catalyst loading, which improved the
adsorption performance of the modified TiO, material and
increased the number of active sites on the photocatalyst,
favoring the synergistic effect of adsorption and photocatalysis
on the degradation of phytic acid. This effect was strengthened by
an increase in light intensity. Increases in reaction temperature,
catalyst dosage, initial pH, and stirring speed tended to increase
and then decrease the synergistic effect of the composite
photocatalyst. The phytic acid degradation efficiency was
69.54% under the optimal experimental conditions: a reaction
temperature of 25°C, an initial pH of 5, a catalyst dosage of 1 g/
L, a stirring speed of 300 rpm, and a light intensity of 500 W.
Superoxide and hydroxyl radicals were the main active species in
the removal of phytic acid using the composite photocatalysts
according to the results of the free radical burst experiment, which
acted together in the photodegradation of phytic acid. In
conclusion, it shows that Msp/CeNT is a green, efficient and
stable  photocatalyst, which has important theoretical
significance and potential application value for controlling lake
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