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In this work, by taking commercial P25 hydrophilic titanium dioxide (TiO,) as a photocatalyst, the magnetic
field effect (MFE) on the photodegradation rate of methyl orange is studied. It is found that a relatively lower
magnetic field B = 0.28 T can efficiently enhance the photodegradation efficiency of commercial TiO, by
24%. However, the photodegradation efficiency of commercial TiO, will be suppressed slightly by 7% under

a magnetic field of 0.5 T. Moreover, such MFE on the photocatalyst is dependent on the settling state of the
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other photocatalysts (g-C3Ny4) indicate that the MFE is a ubiquitous phenomenon in the photocatalytic
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Introduction

Light is an inexhaustible source of energy. By taking light as
a driving force to control the progress of a chemical reaction, it
is effective to regulate the chemical reaction. Among all kinds of
light related chemical reactions, photocatalysis reaction is
a typical reaction that utilizes light as a source of energy.">
Under light radiation, a photocatalyst can trigger and accelerate
some important chemical reaction, such as photocatalytic water
splitting to produce hydrogen and oxygen, photocatalytic
conversion of carbon dioxide, formaldehyde and other gases,
and photocatalytic degradation of toxic substances in industrial
wastewater and so on.”” It can be seen that photocatalytic
reactions have been widely used in modern industrial produc-
tion and life, and have great industrial application value. For
improving the photocatalytic efficiency, researchers mainly
carry out study from two directions. The first one is to develop
an advanced catalyst with excellent photocatalytic performance
to improve the utilization rate of photons.*® For instance, atom
doping or hydrogen treating can significantly broaden the
spectral response range of titanium dioxide (TiO,), which covers
the spectral response range from ultraviolet to visible band,
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strategy to regulate the catalytic process of commercial catalysts and improve the catalytic efficiency.

greatly improving the utilization efficiency of photons.>** The
second one is to change the reaction conditions to improve the
photocatalytic efficiency, for example, by applying electric field
one can significantly influence the transportation process of
photoinduced carrier, improving photocatalytic performance.*?
Among the numerous optical activity semiconductor catalysts,
titanium dioxide (TiO,) is a kind of classical optical activity
catalyst. In 1972, Fujishima and Honda found for the first time
that TiO, can degrade water to prepare hydrogen and oxygen
under light radiation, and since then, researchers have been
committed to develop more effective photochemical trans-
formation reaction systems.'? For titanium dioxide (TiO,), there
are mainly three crystal types: anatase (~3.2 eV), rutile (~3.02
eV) and brookite (~2.96 eV), in which anatase TiO, possesses
good optical activity and is an n-type semiconductor with
a direct band gap, widely used in optical research including
photocatalysts, disinfection, purification, and optical coating
materials.>*™*°

Magnetic field, as an important thermodynamic parameter
similar to temperature and pressure, plays a significant role in
numerous physical and chemical processes. For example, in
2004, Y. Tanimoto et al. found that paramagnetic transition
metal ions could be induced to migrate by gradient magnetic
fields, and the movement distance was related to the magnetic
susceptibility of ions; larger magnetic susceptibility will result
in farther movement distance within the same time.*® Similarly,
in 2004, Chen et al. found that magnetic field can accelerate the
diffusion of paramagnetic oxygen gas giving rise to an increase
in the oxidation reaction rate of Fe(OH),.** Magnetic field can
also affect the synthesis of materials besides influencing the
migration of ions; for instance, Ding et al. found that magnetic
field can induce phase transition of MoS, from a semiconductor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phase (2H) to metal phase (1 T), and the phase transformation
degree depends on the magnetic field intensity, and the pure
metal phase (1 T) MoS, phase can be obtained when the
magnetic field reaches 9 T.*” Recently, we found that the
magnetic field can accelerate the Kirkendall effect of non-
magnetic silicon in liquid,* and also found that the magnetic
field can significantly accelerate the Ostwald ripening process of
Fe;0,.>* Undoubtedly, over the past few decades, a great deal of
fascinating findings has been achieved under magnetic field.
However, there are few studies about how magnetic field
influences photocatalysis, especially the MFE on the commer-
cial photocatalysts. In this work, by taking commercial TiO,
(P25 TiO,) as the research subject, the MFE on the photo-
degradation of methyl orange is carefully investigated. The
results show that the photodegradation rate can be accelerated
under a magnetic field of 0.28 T. Moreover, an unusual
phenomenon is observed that the photocatalytic process can be
inhibited when a magnetic field of 0.5 T is employed, which is
different from the previous reports.

Experimental section
Materials

Titanium dioxide (TiO,) (99.8% metal basis, anatase phase,
hydrophilic type, Aladdin). Methyl orange (96%, Aladdin)
deionized water (AR, 25 1, MW = 18.02, Aladdin). Methylene
blue (82%+, Adamas). All chemical reagents are of analytical
grade and were used directly without further purification.

Synthesis of g-C;N,

5 g melamine is put in the ceramic boat with a cover. Then the
ceramic boat is placed in the muffle furnace and calcinating the
melamine at 520 °C for 2 h, the heating rate is 10 °C min™".

Photocatalytic experiment

The photocatalytic activities of commercial titanium dioxide
TiO, were evaluated in terms of its degradation efficiency of
methyl orange (10 mg 17 ") in water with and without a magnetic
field. Typically, 50 mg TiO, (g-C3N,) powder was dispersed in
a 100 ml methyl orange (*., mk/methylene blue) solution with
stirring. When the solution is not settled under dark condition
some time, the fresh mixing suspension solution of methyl
orange is obtained. To achieve the adsorption-desorption
equilibrium of methyl orange on the surface of the catalysts, the
mixed solution was kept for 48 h in the dark. Subsequently, the
suspension solution is radiated by a 300 W xenon lamp. Because
a permanent magnet was employed in the experiment, the
conventional magneton agitation could not be used. Therefore,
an inert gas (N,) was used to agitate the reaction solution, and
the gas velocity was controlled to be constant at 80 ml min "
with a gas flowmeter. The current value was fixed at 21 A of
xenon lamp. Finally, the residual methyl orange concentration
in the supernatant was analyzed by UV-visible spectrophotom-
etry (UV-2102 PC) at certain intervals.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Characterizations

The microcosmic morphological and structural information of
samples were obtained by field emission scanning electron
microscopy (FE-SEM, FEI-designed Sirion 200, Hillsboro, OR)
and transmission electron microscopy (TEM, JEM-2010, JEOL
Ltd., Japan). The crystalline structure of the samples was iden-
tified by a powder X-ray diffractometer using Cu Ko radiations
(XRD, X'Pert Pro MPD, A = 1.54056 104). The electron spin reso-
nance (ESR) spectroscopy of the sample was obtained with
a Bruker EMX plus 10/12 (equipped with Oxford ESR910 Liquid
Helium cryostat) at room temperature.

Results and discussion

Due to the small size of the particles and therefore large surface
energy, commercial TiO, is present in an agglomerate state, as
shown in the SEM image (Fig. 1a). Based on the X-ray diffraction
(XRD) data (Fig. 1b), TiO, is indexed to the pure anatase phase
with an average diameter of ~10.26 nm. In order to further
characterize the energy band information of TiO,, UV-visible
absorption spectroscopy was carried out at room temperature,
and the result is shown in Fig. 1c. The band gap of TiO, was
calculated to be about ~3.16 eV using the Tauc formula: (a/v)"
= A(hv — E,),” which corresponds to a wavelength of ~392 nm,
and the absorption band belongs to the ultraviolet band. Fig. 1d
gives the photoluminescence (PL) spectrum at room tempera-
ture, which is consistent with the UV-visible absorption
spectrum.

In the experiment, a suitable experimental equipment was
designed, as shown in Fig. 2. Due to the need for applying
a magnetic field to the reaction vessel, the conventional
magneton agitation could not be used. Therefore, an inert gas
(N,) was used to agitate the reaction solution, and the gas
velocity in the experiment was controlled to be constant at 80
ml min~* with a gas flowmeter. The small commercial circular
flake magnets were employed to provide a magnetic field envi-
ronment. The intensity of the magnetic field was changed by
changing the number of small magnets. The specific value of
the magnetic field strength was measured by a Gauss meter. In
each comparison experiment, except for changing the intensity
of the magnetic field, other reaction conditions were kept
consistent. The distance between the xenon lamp and the
reaction vessel was controlled by adjusting the height of the
xenon lamp.

The photodegradation process of methyl orange mainly
involves two processes: the adsorption equilibrium process
between the catalyst and methyl orange, and the other one is the
degradation process of methyl orange on the catalyst surface.
Therefore, in the experiment, the mixed solution of methyl
orange and TiO, was first treated under two different conditions
including non-settling and settling for 48 h, and then the vari-
ation of methyl orange concentration was studied by obtaining
the ultraviolet-visible absorption spectrum. As shown in
Fig. S1a,T after settling for 48 hours under dark, the charac-
teristic absorption peak intensity of methyl orange decreases
evidently compared to the non-settling condition. This result
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(a) Scanning Electron Microscopy (SEM) image of TiO,. (b) X-ray diffraction pattern (XRD) of TiO,. (c) UV-visible absorption spectrum

(inset: Tauc plot, shows the band gap of TiO,: £y = 3.16 eV). (d) Photoluminescence (PL) spectrum of TiO, at room temperature.
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Fig. 2 Schematic diagram of experimental setup.

indicates that there is an obvious adsorption equilibrium
process between TiO, and methyl orange, which has an
important influence on the photocatalytic process. During the
photodegradation process of methyl orange dye, transient
radical intermediates, such as free radicals ("OH, ‘O>”), were
generated. Therefore, by using DMPO (5,5-dimethyl-1-pyrroline
N-oxide) as the trapping agent, the measurement of ESR was
carried out at room temperature for the methyl orange solution
under ultraviolet light irradiation in the presence of commercial
TiO,. Fig. S1bt shows the ESR signals of DMPO-'OH of the

6286 | RSC Adv, 2021, 1, 6284-6291

methyl orange solution before and after ultraviolet light illu-
mination. A quartet line profile with a 1:2:2:1 intensity
pattern of DMPO-"OH ESR signal can be seen when the
measurement was performed under ultraviolet light irradiation,
while only a weak ESR signal can be observed for DMPO-'OH
without light irradiation. This measurement result is well
consistent with the spectra reported in the literature for the
DMPO-'OH adduct and confirms the formation of “OH radicals
during the irradiation of TiO,.>***” Further, by comparing the
color of the two solutions obtained with different light illumi-
nation time (¢ = 0 min and ¢ = 60 min) (Fig. S1bt), it can also be
observed clearly that the color of the reaction solution with
ultraviolet radiation is significantly lighter than that without
light radiation. This demonstrates that commercial TiO, can
effectively degrade the methyl orange dye under ultraviolet light
irradiation.

In order to study the MFE on the photocatalytic reaction of
TiO,, we conducted photocatalytic experiments under different
magnetic field intensities. First, we performed photocatalytic
experiments with non-settling mixed solutions. The typical
results are shown in Fig. 3. Fig. 3a shows the photocatalytic
results under zero field (B = 0 T), where it can be seen that the
strength of the characteristic absorption peak of methyl orange
decreases gradually with reaction time, indicating that methyl
orange is decomposed gradually. Fig. 3b shows the experi-
mental result under a magnetic field of B = 0.28 T. It can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-visible absorption spectra of non-settling and after settling for 48 h methyl orange solution with different degradation time,
respectively. For non-settling condition, (a) without magnetic field, and (b) with a low magnetic field B = 0.28 T, respectively. (c) Variation of
degradation rate with time without and with a magnetic field B = 0.28 T. For settling 48 h condition, (d) without magnetic field, and (e) with a low
magnetic field B = 0.28 T, respectively. (f) Variation of degradation rate with time under without and with a magnetic field B = 0.28 T (the error
bars of experimental data are obtained from repeating the experiment three times under the same experimental conditions).

found that the strength of the characteristic absorption peak of
methyl orange decreases more obviously after a magnetic field
is applied. For example, at reaction time ¢ = 75 min, there are
still obvious characteristic absorption peaks without magnetic
fields (Fig. 3a); however, the characteristic absorption peak of
methyl orange solution almost disappeared under the magnetic
field of 0.28 T (Fig. 3b), which indicates that methyl orange was
almost completely degraded when the magnetic field (B = 0.28
T) was applied. Then, we extracted the strength of the charac-
teristic absorption peak at different degradation times with or
without magnetic field and plotted the variation of degradation
rates of methyl orange with time (Fig. 3¢). It can be seen that the
degradation rate of methyl orange increases after applying
a magnetic field of 0.28 T. For example, when ¢ = 75 min, the
degradation rate increased by ~24% with magnetic field
compared with that of zero magnetic field (B = 0 T).

Then, in order to further study the magnetic effect on the
solution after settling for 48 h under dark, the corresponding
photocatalytic measurements with or without magnetic field
same as non-settling condition were carried out. As shown in
Fig. 3d-f, it can be seen that the degradation rate of methyl
orange is largely increased after applying a magnetic field of
0.28 T and increased by about ~21% when the degradation time
was at ¢ = 75 min, which is almost the same as non-settling
experimental results. These results indicate that applying
a magnetic field of 0.28 T can give an obvious positive magnetic
effect for either non-settling or settling conditions, that is, it
accelerates the photocatalytic reaction. The likely explanations

© 2021 The Author(s). Published by the Royal Society of Chemistry

can be summarized as follows. For the adsorption process, the
movement of charged particles in the solution can be affected
effectively by the Lorentz force produced by the magnetic
field.*®*” Moreover, the surface of TiO, particles contains a lot of
dangling bonds that can be polarized easily under the magnetic
field, resulting in the reduction of surface adsorption energy.
These two factors are beneficial for the adsorption of dye
molecules on the surface of TiO,.** As seen from Fig. 3¢ and f,
the magnetic field effects on the methyl orange degradation rate
is more obvious for the non-settling condition before 30 min,
and final degradation rates of both conditions including non-
settling and settling is the same at ¢ = 75 min under
magnetic field, which indicates that magnetic fields benefit
from the adsorption equilibrium between TiO, and methyl
orange. On the other hand, for the chemical reaction occurring
on the surface of TiO,, the electron transfer rate determines the
speed of the chemical reaction. Previous studies have shown
that Lorentz force can affect the movement of charge effectively.
For our experiment, when the photons radiate to the surface of
TiO,, the energy of these photons is absorbed by the electrons in
the valence band of TiO,, stimulating the electron transition
from the valence band to the conduction band to form photo-
induced carriers (electron-hole pair). After a magnetic field is
applied, the Lorentz force can effectively separate the electron—
hole pair to suppress carrier recombination, improving the
utilization efficiency of the photoinduced carrier.** Additionally,
from the perspective of the diffusion length of the carrier, the
diffusion lengths of the hole and electron are about 10 nm and

RSC Adv, 2021, 11, 6284-6291 | 6287
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10 mm, respectively. In our work, the average particle diameter
of TiO, is ~10 nm, therefore, the magnetic effect induced by the
Lorentz force upon carrier motion is more obvious.**

In order to further study the photocatalytic effect of TiO,
under a relatively high magnetic field, experiments similar to
those under a low magnetic field were also carried out. For the
non-settling mixed solution of TiO, and methyl orange, pho-
tocatalytic experiments were performed both under zero field (B
= 0 T) and a magnetic field (B = 0.5 T). As shown in Fig. 4a and
b, the characteristic absorption peak intensity of methyl orange
reduced only slightly after applying a magnetic field of 0.5 T.
Then, for the mixed solution of TiO, and methyl orange allowed
to settle for 48 h under dark, the photocatalytic experiment was
carried out in the same way. It can be seen that the experimental
results are similar to the non-settling experimental results with
and without a magnetic field of 0.5 T (Fig. 4d and e). By
comparing the experimental result of photocatalysis with that of
under zero field, it can be found that the higher magnetic field
(B = 0.5 T) has an obviously negative magnetic effect on the
photodegradation of methyl orange, that is, the magnetic field
has an inhibitory effect on the photocatalytic reaction. From the
experimental results shown in Fig. 4c and f, it can be seen that
the photodegradation efficiency of methyl orange is suppressed
obviously by a magnetic field of 0.5 T. For example, when the
degradation time was at ¢ = 75 min, the degradation rate of
methyl orange was reduced by 7% when a magnetic field B= 0.5
T was applied. According to previous studies, the magnetic field

View Article Online
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always has a positive magnetic effect for some reported cata-
lysts, that is, the magnetic field can accelerate the photocatalytic
reaction.***"* Interestingly, our experimental results show that
for commercial photocatalyst TiO,, the magnetic field effect is
dependent on the magnetic field intensity during the degrada-
tion reaction of methyl orange. When a relatively high magnetic
field is employed, the photocatalytic
suppressed.

As mentioned above, the photocatalytic reaction involves
both adsorption and chemical reaction. The experimental
results under 0.5 T magnetic field indicate that the magnetic
field may inhibit the chemical reaction of the degraded
substance on the surface of catalyst. Here, following two
dynamic processes should be involved in the surface chemical
reaction process: one is the generation and separation of
photoinduced carriers subsequently transferred to the surface
of the catalyst; the other one is the charge transfer process
occurring between the carriers transferred to the surface of the
catalyst and the dye molecule (methyl orange molecule). It was
observed that the magnetic field has an inhibitory effect on the
recombination of photoinduced carriers, that is, the existence
of the magnetic field is conducive to the separation of photo-
induced carriers, thus facilitating the efficiency of the photo-
catalytic reaction.*® Therefore, the suppressed effect of
magnetic field on photocatalysis observed in our work might be
related to the charge transfer process between photoinduced
carriers and dye molecules adsorbed on the surface of the
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a ——15mn| b smin | C1of —s— Without MF
B=0 —— 30 min B=05T SR —=—With0.5T
506 = ~06F ——45min 0.8}
« e 3 —— 60 min
= — < ——75min 06l
. { =4 . oV
£ 04 504 ——90min | O
s — 3 ——105min| O
2 2 —— 120 min B
Q

<02 202 ozl

0.0 0.0 00}

300 400 500 600 300 400 500 600 0 20 40 60 80 100 120
Wavelength (nm) Wavelength (nm) Time (min)
d ——15min e ——15min fmo—
B=0 ——30min B=0.5T o 30min —=— Without MF

_06} ——45min | _osl 45 min sl —=—With05T
E ——60 min ——60 min
& 75 min 8 75 min -
041 ——9%0min | So4f ——90min | &
3 ——105min| § ——105min| 3"
5 ——120min| o ——120min| _ 04f
e 2
<0.2 <02 gl

0.0 00 00}

300 400 500 600 300 400 500 600 0 20 40 60 80 100 120

Wavelength (nm)

Wavelength (nm)

Time (min)

Fig. 4 UV-visible absorption spectra of non-settling and after settling for 48 h methyl orange solution with different degradation time,
respectively. For non-settling condition, (a) without magnetic field, and (b) with a high magnetic field B = 0.5 T, respectively. (c) Variation of
degradation rate with time without and with a magnetic field B = 0.5 T. For settling 48 h condition, (d) without magnetic field, and (e) with a high
magnetic field B = 0.5 T, respectively. (f) Variation of degradation rate with time without and with a magnetic field B = 0.5 T (the error bars of
experimental data are obtained from repeating the experiment three times under the same experimental conditions).
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Fig. 5 Variation of the degradation rate of non-settling and settling for 48 h solution with different degradation time under low magnetic field (B
= 0.28T), respectively. By taking TiO, as the photocatalyst, (a) and (b) show the photodegradation of methylene blue for non-settling condition
and settling for 48 h, respectively. By taking g-CsN,4 as the photocatalyst, (c) and (d) show the photodegradation of methyl orange for non-

settling and settling for 48 h, respectively.

catalyst. Under a relatively higher magnetic field, the Lorentz
force exerted by the magnetic field is larger, which will accel-
erate the motion of the charged particles in reaction system and
therefore might produce an adverse effect on the survival of
carriers and the subsequent charge transfer process between
the catalyst and dye molecules, thus showing a suppressed
effect on the photocatalytic reaction. For further studying the
magnetic field effect mechanism, the active species trapping
experiment was performed under the same condition for non-
settling methyl orange solution. In order to ascertain the
active species in the degradation process, some sacrificial
agents, such as ammonia solution (OA), isopropanol (IPA), and
1,4-benzoquinone (BQ) were used as the hole (h*) scavenger,
hydroxyl radical ("OH) scavenger, and superoxide radical ("0*")
scavenger, respectively. From the typical result as shown in
Fig. S2,7 it can be seen that all active species are involved in the
photodegradation of methyl orange (MO) when the magnetic
field was B = 0.28 T. However, the hydroxyl radical ("OH) was
affected and made a small contribution to the photo-
degradation of methyl orange (MO) when a high magnetic field
(B =0.5T) was applied. However, the more detailed mechanism
needs to be further explained by combining further experiments
and theories. The influence of magnetic field for the stability of

© 2021 The Author(s). Published by the Royal Society of Chemistry

commercial TiO, was also explored. As shown in Fig. S3-S5,
there are negligible changes observed in SEM, TEM and XRD
characterizations for commercial TiO, before and after the
photocatalytic reaction. More interestingly, photocatalytic cycle
results for non-settling and settling solution show no obvious
changes of the MFE on the photocatalytic process, which
further confirms the stability of the commercial TiO, used
under the magnetic field (Fig. S61). Further, similar phenomena
are also observed in other dyes and photocatalysts, including
TiO, photodegradation of methylene blue, and g-C;N, photo-
degradation of methyl orange. As shown in Fig. 5a and b, for
TiO, photodegradation of methylene blue, an obvious magnetic
field acceleration effect under the low magnetic field (B = 0.28
T) can be observed, whereas it shows a light magnetic field
acceleration effect for the high magnetic field (B = 0.5 T,
Fig. S7b¥). Further, after settling the methylene blue solution
for 48 h, the magnetic field acceleration effect was smaller than
that of the non-settling mixed reaction solution (B = 0.28 T,
Fig. 5b). Moreover, the suppressed effect on the photo-
degradation of methylene blue was also observed when a high
magnetic field (B = 0.5 T, Fig. S7dt) was applied. At the same
time, a magneto-dependent relation can be observed for the
photodegradation of methyl orange when g-C;N, was used as
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the photocatalyst for photodegrading methyl orange (Fig. S87).
For the non-settling methyl orange solution, the magnetic field
acceleration effect increases with the increase in the magnetic
field (Fig. 5¢c and S87), although the acceleration effect is small
since pure g-C3N, generally shows a low photodegradation
performance compared with TiO,. However, for the reaction
solution after settling for 48 h, the magnetic field shows a sup-
pressed effect for both low and high magnetic fields (Fig. 5d and
S8f). As mentioned above, an adsorption process occurs
between the photocatalyst and the pollutant. Here, the accel-
eration effect might be attributed to the magnetic fields, which
promote the adsorption equilibrium process.

Conclusion

In summary, the MFE on the photodegradation of methyl
orange by a commercial photocatalyst (TiO,) was studied care-
fully. With a low magnetic field of 0.28 T, the magnetic field can
increase the photodegradation rate efficiently in the presence of
TiO,. However, when a magnetic field of 0.5 T is applied, the
photodegradation reaction of methyl orange will be suppressed.
It should be emphasized that all these experiments are done
with commercial P25 TiO, powder. These results provide a novel
magneto-method to modulate the photocatalysis process, which
may find potential applications in catalysis.
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