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and stable catalytic reduction of 4-
nitrophenol by 2-hydroxyethylamine stabilized
Fe3O4@Pt and its kinetic factors†

Xia Xu, * Liming Yang, Yanjun Cui and Bing Hu

The successful development of efficient and stable catalysts for 4-NP reduction reactions is beneficial to the

environment and ecology. Fe3O4@Pt exhibits excellent catalytic performance for 4-NP reduction reaction

due to the synergistic effect between Fe and Pt. But its structure and catalytic performance are extremely

unstable. Here, we utilized the small-scale organic compound 2-hydroxyethylamine as surfactant to

construct a stable composite nanomaterial. Then investigated the influence of monochromatic light

(650 nm, 808 nm and 980 nm) and temperature on the kinetics of 4-NP reduction reaction by 2-

hydroxyethylamine stabilized Fe3O4@Pt. The results indicate that both temperature and monochromatic

light radiation can affect kinetic regulation. Increasing temperature can promote the catalytic rate, while

monochromatic light radiation can induce agglomeration and inhibit the catalytic rate. This study opens

up a new way for developing and regulating catalysts for heterogeneous catalysis reactions.
Introduction

4-Nitrophenol (4-NP) and nitroaromatic compounds are widely
used as intermediates in pharmaceutical, pesticide and dye
production.1 Their poor biodegradability, high solubility,
toxicity and stability in water have caused many ecological
problems.2–4 Therefore, most of the nitroaromatic compounds
including 4-NP are listed as major pollutants by the U.S. Envi-
ronmental Protection Agency.5–7 However, the reduced product
4-aminophenol (4-AP) can serve as an intermediate in the
synthesis of various analgesic and antipyretic drugs,8 and other
aniline derivatives, such as aniline, are important monomers
for preparing functional polymers and can be widely used in
materials science.9–12 Catalytic reduction of 4-NP in aqueous to
obtain 4-AP and similar derived aminophenols is not only
environmentally friendly, but also easy to operate and detect,
and has gradually developed into an important research eld.
Therefore, designing and synthesizing efficient and stable
catalysts is crucial for this eld.

So far, various noble metal nanocatalysts have been
successfully applied to 4-NP reduction reactions, but their
catalytic performance varies. The catalytic performance of
precious metal nanocatalysts largely depends on the inherent
physical and chemical properties of the catalyst's nanostructure
and composition, such as Au,13 Ag,14 Pd,15 Pt16 and mutual
bimetallic nanomaterials.17–20 However, the agglomeration of
versity, No.1, Yingmen Village, Lanzhou

du.cn

tion (ESI) available. See DOI:

5835
precious nanocatalysts during catalytic reactions is inevitable.21

In order to achieve more satisfactory stability, as well as
improved catalytic activity and selectivity, multi-component
composite nanocatalysts are the natural choices. Reduced gra-
phene oxide,22 polydopamine-wrapped reduced graphene
oxide,23 metal–organic framework,24 carbon nanotubes,25 as well
as inorganic salts CaCO3 (ref. 26) and g-Al2O3,27 can all be used
as support materials to construct composite nanomaterials with
precious metals. In addition, support materials can also change
the intrinsic electronic properties of metal nanoparticles or
generate catalytic active site at the metal support interface
through metal–support interaction, providing a key contribu-
tion to the overall catalytic activity.28–32

Although organic surfactants with large size and polymer
hydrogels can be used to improve the stability of precious
nanocatalysts, the surfactants or polymer hydrogels usually
passivate the active surface, resulting in loss of catalytic activity
or too long induction time.33–35 In our research group's pub-
lished articles, large-sized sodium bicarbonate crystals can be
used to improve the stability of Fe2O3@Pt, the residual polymer
SiO2 usually passivates the active surface, leading to a loss of
catalytic activity or long induction time.36

In addition, as suggested by Arrhenius equation, the rate of
some catalytic reactions can be further increased by increasing
the local temperature of the active site on the catalyst surface.37

Another method for regulating reaction kinetics is photo-
radiation, but most studies are based on the photothermal
conversion of photothermal reagents or the localized surface
plasmon resonance (LSPR) coupling effect to change the
temperature of the solution to explore its impact on catalytic
reduction performance.38–42 However, there are few reports on
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the effect of monochromatic light radiation on catalytic rate
without causing temperature changes in the solution.

Herein, Fe3O4 has been chosen as a carrier for loading Pt
atomic clusters due to its ability to be adsorbed by magnets and
its ease of separation and recovery. Organic surfactant 2-
hydroxyethylamine with small size is adsorbed on the surface of
Fe3O4@Pt composite nanomaterials to prevent the separation
and aggregation of Pt and Fe3O4, and excessive 2-hydrox-
yethylamine can form a supporting membrane, thereby stabi-
lizing its structural characteristics without affecting its catalytic
performance. In addition, the inuence of monochromatic light
(650 nm, 808 nm and 980 nm) and temperature on the catalytic
reduction of 4-nitrophenol were investigated via 2-hydrox-
yethylamine stabilized Fe3O4@Pt.

Experimental section
Materials

Chloroplatinic acid hexahydrate (H2PtCl6$6H2O) and 4-nitro-
phenol (4-NP) were obtained from Aladdin reagent (Shanghai)
Co., Ltd. Ethanol was obtained from Beijing Chemical Reagent.
FeSO4 was obtained from Sinopharm Chemical Reagent Co.,
Ltd. NaBH4 was obtained from Jinan Yuxin Chemical Co., Ltd.
2-Hydroxyethylamine purchased from Yantai Shuangshuang
Chemical Co., Ltd. All reagents used in this study are analyti-
cally pure and have not been puried in any way except for
special labels. All experiments used deionized water.

Synthesis of Fe3O4@Pt

First, distilled water (5 mL) and FeSO4 (4 mg) were added into
a 50 mL beaker for ultrasonic dispersion. Then add ethanol (5
mL) and H2PtCl6 aqueous solution (0.2 mL, 1 g/100 mL). Aer
fully stirring, NaBH4 powder (5 mg) was added into the mixed
system. Aer stirring for 10 minutes, centrifuge and separate.
Discard the supernatant, wash the sediment with distilled
water, and then disperse the sediment in 2 mL distilled water
for standby.

Synthesis of 2-hydroxyethylamine stabilized Fe3O4@Pt

The preparation method of 2-hydroxyethylamine stabilized
Fe3O4@Pt is the same as that of Fe3O4@Pt, but the difference is
that different amounts of 2-hydroxyethylamine (0, 0.1, 0.2, 0.3,
0.4 and 0.5 mL) need to be added at the same time as 5 mg
NaBH4.

The catalytic reduction performance test for 4-NP

The catalytic reduction performance test was conducted using
a 4 mL quartz cuvette as the reaction vessel at room tempera-
ture. The specic operating steps are as follows: H2O (3 mL), 4-
NP (20 mL, 0.01 mol L−1), Fe3O4@Pt or 2-hydroxyethylamine
stabilized Fe3O4@Pt (20 mL, 0.001931 mol L−1, taking from 2mL
stock solution) were successively added into a 4 mL quartz
colorimetric dish. Aer the solution was completely dispersed
evenly, fresh NaBH4 (100 mL, 0.2 mol L−1) aqueous solution is
dropped into the above solution. Themolar ratio of NaBH4/4-NP
is 100, so the amount of NaBH4 is excess compared to 4-NP. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
absorbance performance during reaction was monitored by UV-
vis spectra (in the range of 250–500 nm) or 722N spectropho-
tometer (record the absorbance value at l = 400 nm).

The catalytic reduction performance test under different
temperatures and light radiation is similar to the above
method, except that before starting the test, the aqueous solu-
tion containing 4-NP and catalyst is heated to constant
temperature in a constant temperature water bath or continu-
ously irradiated for 1 minute under a specic wavelength and
power of laser.
Characterization

The powder X-ray diffraction (XRD) pattern was measured on
a Panaco X′ Pert PRO X-ray diffractometer with Cu Ka radiation
(l = 0.15406 nm, the operation voltage: 45 kV, the operation
current: 40 mA, scanning speed: 1° min−1, test range: 10° # 2q
# 70°). The transmission electron microscope (TEM) images
were obtained on a FEI Talos F200S transmission electron
microscope (the operation voltage: 200 kV). The Fine spectra of
Fe and Pt were determined by Thermo ESCALAB 250XI X-ray
photoelectron spectroscopy (XPS). The magnetometer hyster-
esis loops was measured on LakeShore 7404. The UV-vis
absorption spectra were measured on Shimadzu UV-1780 UV-
vis-NIR spectrophotometer. The absorbance at l = 400 nm
was monitored by a 722N visible spectrophotometer.
Results and discussion
Synthesis and characterization of 2-hydroxyethylamine
stabilized Fe3O4@Pt

Fig. 1 shows the XRD results of Fe3O4@Pt and 2-hydroxyethyl-
amine stabilized Fe3O4@Pt, the diffraction peak at about 40° is
attributed to Pt nanoparticles, and the other diffraction peaks
are consistent with the cubic phase of Fe3O4 (JCPDS: 75-0449). A
series of weak diffraction peaks were observed in 35.76, 57.51
and 63.17, corresponding to (311), (511) and (440) crystal
planes, respectively. When 2-hydroxyethylamine is added, 2-
hydroxyethylamine adsorbs on the surface of the composite
nanomaterial, so the diffraction peak of Fe3O4 weakens signif-
icantly. What's more, 2-hydroxyethylamine stabilized Fe3O4@Pt
has the ability to be adsorbed by magnets and is easy to separate
and recover. Its saturation magnetization, residual magnetic
eld strength and coercive force were 27.9 emu g−1, 5.9 emu g−1

and 138.7 G, respectively (Fig. S1†). The TEM images of
Fe3O4@Pt (Fig. 2a and b) show that Pt clusters of approximately
2 nm uniformly dot the surface of Fe3O4, and the overall
uniformity and dispersion are particularly good. But this
structure is extremely unstable, and Pt and Fe3O4 will quickly
separate and aggregate when stored in aqueous solution for 3
hours (Fig. 2c and d). Fig. 2e and f show the TEM images of 2-
hydroxyethylamine stabilized Fe3O4@Pt. 2-Hydroxyethylamine
can adsorb on the surface of composite nanomaterials to form
a protective layer, preventing the separation and aggregation of
Pt and Fe3O4, and the excess can spontaneously form a sup-
porting membrane, thereby improving the stability of
composite nanocatalysts. As shown in Fig. S2,† the addition of
RSC Adv., 2023, 13, 25828–25835 | 25829
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Fig. 1 X-ray powder diffraction (XRD) patterns of Fe3O4@Pt and 2-
hydroxyethylamine stabilized Fe3O4@Pt.
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2-hydroxyethylamine has no effect on the XPS ne spectra of Fe
2p and Pt 4f. The high-resolution XPS spectra of Fe 2p (Fig. 3a)
indicated that 2-hydroxyethylamine stabilized Fe3O4@Pt were
primarily composed of Fe2+ corresponded to the peaks at
710.2 eV and 723.3 eV, and the peaks at 711.7 and 725.1 eV were
assigned to Fe3+. The two valence states of Fe element are
consistent with XRD results, which once again conrms that the
Fig. 2 Transmission electron microscopy (TEM) images of (a and b)
freshly prepared Fe3O4@Pt, (c and d) Fe3O4@Pt after 3 hours of
storage, (e and f) 2-hydroxyethylamine stabilized Fe3O4@Pt.

Fig. 3 XPS high-resolution spectra of (a) Fe 2p and (b) Pt 4f of 2-
hydroxyethylamine stabilized Fe3O4@Pt.

25830 | RSC Adv., 2023, 13, 25828–25835
crystal phase of the prepared sample is Fe3O4. The peaks at 71.1
and 74.4 eV were originated from the presence of metallic Pt
(Fig. 3b).
Catalytic reduction performance of 2-hydroxyethylamine
stabilized Fe3O4@Pt for 4-NP

The catalytic reduction of 4-NP to 4-AP in aqueous phase has
become an important research eld. On the contrary, because of
its simplicity and repeatability, the catalytic reduction of 4-NP
with NaBH4 under aqueous phase has become a benchmark
model reaction to quantify the catalytic activity of 2-hydrox-
yethylamine stabilized Fe3O4@Pt. As shown in Fig. S3,† the
intensity of absorption peak at 400 nm belongs to the 4-NP, 20
mL, 1.9 mM 2-hydroxyethylamine stabilized Fe3O4@Pt can
trigger the decrease of the absorption peak at 400 nm, and the
formation of a new peak belongs to 4-AP at 300 nm. Therefore,
the absorbance value at 400 nm could represent the concen-
tration of 4-NP, and the reduction process can be easily moni-
tored using a 722N spectrophotometer. Since the amount of
NaBH4 is excess compared to 4-NP, the reaction kinetics follows
the pseudorst-order law, the apparent kinetic rate constant
kapp can be described as eqn (1):

�ln At

A0

¼ �ln Ct

C0

¼ kappt (1)

where C0 and A0 stand for the initial concentration and absor-
bance of 4-NP, while Ct and At correspond to time t.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plots of −ln(At/A0) and conversion versus the reaction time t for 4-NP catalyzed by 2-hydroxyethylamine stabilized Fe3O4@Pt under
different conditions: (a and b) freshly prepared, (c and d) after 48 hours of storage. (e and f) Plots of reaction rate kapp and reaction end time tend
versus the reaction time t under different amounts of 2-hydroxyethylamine and storage time. All reactions take place at room temperature, the
catalyst concentration is 0.013 mM, and the molar ratio of NaBH4/4-NP is 100.
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As a conrmatory experiment, the catalytic reduction
performance of a series of 2-hydroxyethylamine (0, 0.1, 0.2, 0.3,
0.4 and 0.5 mL) stabilized Fe3O4@Pt for 4-NP were character-
ized. As can be seen in Fig. 4a, the catalytic effect of 2-hydrox-
yethylamine stabilized Fe3O4@Pt under different amounts of 2-
hydroxyethylamine are all excellent, a small quantity of catalysts
(20 mL, 1.9 mM) with different specications can trigger the
100% conversion of 4-NP to 4-AP within merely 40 s (Fig. 4b).
When the catalyst is stored in aqueous solution for 48 h, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
catalytic effect of 2-hydroxyethylamine stabilized Fe3O4@Pt for
4-NP is much better than that without 2-hydroxyethylamine,
and the conversion efficiency of 4-NP by 2-hydroxyethylamine
stabilized Fe3O4@Pt was up to 100% in 200 s, which was
signicantly higher than that without 2-hydroxyethylamine
(Fig. 4c and d). The catalytic reduction process of 4-NP with
different specications of catalysts under different storage
times were shown in Fig. S4–S6.† As described in eqn (1), there
is a linear relationship between −ln(At/A0) and t. The apparent
RSC Adv., 2023, 13, 25828–25835 | 25831
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Table 1 Comparison of the kinetic parameter of 2-hydroxyethylamine stabilized Fe3O4@Pt for 4-NP with that of previous work. In this work, the
catalyst concentration is measured by Pt concentration

Catalyst
Reaction
time

4-NP
concentration (mM)

Catalyst
concentration

Rate constant
(10−3 s−1) TOF/h−1 Ref.

Pd/RGO/Fe3O4 60 s 2.5 5 mg 51 — 43
Pd-GA/RGO 5 min 5 1–20 mg 7 — 44
Cu/Pd@graphitic carbon — 0.05 0.083 mM 80 108 45
AgNPs/SiNSs 40 s 0.12 0.051 mM 80 200 46
PtAu-PDA/RGO 3 min 0.1 0.01 mM 9.58 200 47
Sodium sesquicarbonate-supporting
Fe2O3@Pt

4 min 0.067 0.013 mM 13.98 78 36

2-Hydroxyethylamine stabilized
Fe3O4@Pt

30 s 0.067 0.013 mM 90.93 621 This work
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kinetic rate constant kapp of different specications of catalysts
under different storage times was shown in Fig. 4e. Although
kapp decreases with increasing storage time, Fe3O4@Pt pro-
tected with 0.2 mL 2-hydroxyethylamine has always been the
optimal catalytic rate (0.1409 s−1 for newly prepared and
0.04615 s−1 for storage aer 48 h) and the shortest reaction time
tend (30 s for newly prepared and 110 s for storage aer 48 h)
(Fig. 4f). The author characterized the TEM image of 2-hydrox-
yethylamine stabilized Fe3O4@Pt under different amounts of 2-
Fig. 5 Plots of−ln(At/A0) versus the reaction time t for 4-NP under (a) diff
dependent conversion of 4-NP at different temperatures and (d) the tre

25832 | RSC Adv., 2023, 13, 25828–25835
hydroxyethylamine (0.2 mL and 0.5 mL). As shown in Fig. S7,†
the amount of 2-hydroxyethylamine does not change the
particle size and textural properties, but excessive 2-hydrox-
yethylamine will completely adsorb on the surface of Fe3O4@Pt,
even encapsulating Fe3O4@Pt, thus passivating the active
surface and reducing its catalytic activity. Therefore, the
experiment conrmed that 2-hydroxyethylamine indeed has
a protective effect on the Fe3O4@Pt structure, and 0.2 mL is the
optimal amount. For comparing our catalytic reduction effect
erent dosages of catalysts, (b) different reaction temperatures. (c) Time
nd of reaction rate kapp changing with temperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for 4-NP with those reported catalysts, the turnover frequency
TOF, dened as moles of reactant reduced through per mole of
catalyst per second, was calculated to be 621 h−1 for newly
prepared, and 166 h−1 for storage aer 48 h. The TOF value is
much higher than that of noble metal catalysts (Table 1), indi-
cating that 2-hydroxyethylamine stabilized Fe3O4@Pt has
excellent catalytic reduction activity for 4-NP. Finally, the reus-
ability of 2-hydroxyethylamine stabilized Fe3O4@Pt was char-
acterized. As shown in Fig. S8,† the catalytic performance
remains good aer 5 cycles, once again verifying the excellent
catalytic stability of 2-hydroxyethylamine stabilized Fe3O4@Pt.

The effect of temperature on the catalytic reduction
performance of 2-hydroxyethylamine stabilized Fe3O4@Pt for
4-NP

As we previously described, the catalytic rate of 20 mL, 0.013 mM
2-hydroxyethylamine stabilized Fe3O4@Pt for 4-NP was too high
(the apparent kinetic rate constant Kapp = 0.1409 s−1) to analyze
the effect of temperature on its catalytic performance. So the
amount of catalyst (5, 10, 15 and 20 mL) was carefully investi-
gated. As presented in Fig. 5a, 10 mL, 0.013 mM 2-hydrox-
yethylamine stabilized Fe3O4@Pt has a relatively moderate
catalytic rate (Kapp = 0.03075 s−1) and is applied to explore the
effect of temperature for 4-NP. As shown in Fig. 5b–d, the
conversion efficiency and reaction rates Kapp increase with the
Fig. 6 Plots of −ln(At/A0) versus the reaction time t for 4-NP under diffe
980 nm. (d) The relationship between reaction end time tend and radiati

© 2023 The Author(s). Published by the Royal Society of Chemistry
increase of reaction temperature. When the reaction reaches
60 s, the conversion of the 60 °C system has reached 100%,
while that of the room temperature system is only 54.14%. The
temperature increased from 18 °C to 60 °C, kapp increased from
0.03075 to 0.08579 s−1, an increase of 2.8 times. The TOF also
increased from 305.87 to 582.82 h−1, an increase of 1.9 times.
The results as suggested by Arrhenius equation,37 the catalytic
rate for 4-NP can be further increased by increasing the local
temperature of the active site on the catalyst surface. Mean-
while, it has been proven that 2-hydroxyethylamine stabilized
Fe3O4@Pt has good thermal stability.

The effect of light on the catalytic reduction performance of 2-
hydroxyethylamine stabilized Fe3O4@Pt for 4-NP

Another method of adjusting reaction kinetics is to change the
temperature of the catalyst surface through photothermal trans-
formation. However, most photothermal research is based on
converting light energy into thermal energy through photo-
thermal materials to increase the temperature of the entire
solution and explore changes in catalytic performance.38–42 This
manuscript explores the effect of light radiation on catalytic
efficiency without increasing the entire solution temperature. As
shown in Fig. S9,† 2-hydroxyethylamine stabilized Fe3O4@Pt has
absorption throughout the entire UV visible and near-infrared
regions. Therefore, three types of monochromatic light with
rent wavelengths and power light radiation: (a) 650 nm, (b) 808 nm, (c)
on wavelength and radiation power.

RSC Adv., 2023, 13, 25828–25835 | 25833
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Fig. 7 (a) The conversion versus the reaction time t for 4-NP under different wavelengths of radiation light at 1 w, (b) the trend of reaction rate
kapp changing with radiation wavelength at 1 w.
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good penetrability (650 nm, 808 nm and 980 nm) were selected to
explore the impact of light radiation on catalytic performance.
Fig. S10† shows the temperature changes of aqueous solutions
caused by light radiation at different radiation wavelengths and
powers. 650 nmmonochromatic light with power of 1 w, 2 w, and
3 w continuously radiated for 60 s, causing little thermal effect
and no change in solution temperature. The 808 nm radiation
causedminimal thermal effect, leading to an increase in solution
temperature of 1 °C for 1 w and 2 °C for 2–3 w. However, 980 nm
radiation causes signicant thermal effects, 3 °C for 1 w, 7 °C for
2 w and 10 °C for 3 w. The effect of light on the catalytic reduction
performance of 2-hydroxyethylamine stabilized Fe3O4@Pt for 4-
NP is shown in Fig. 6. Under different wavelengths and power
radiation, it causes a decrease in catalytic rate and an extension of
catalytic reaction end time tend. For 650 nm and 808 nm mono-
chromatic light, the thermal effect caused by power changes is
not signicant, so the catalytic rate does not change signicantly
at different powers (Fig. 6a and b). However, for 980 nm mono-
chromatic light, the thermal effect caused by the increase in
power is signicant, so the catalytic rate gradually increases
(Fig. 6c). Fig. 7 compares the effect of different wavelengths of
radiation light at 1 w on the catalytic reduction for 4-NP. The
comparison results clearly indicate that as the wavelength
increases, the conversion rate and catalytic rate both signicantly
decrease (the kapp without light radiation, at 650 nm, 808 nm, and
980 nm radiation are 0.03075, 0.02832, 0.01781, and 0.01441 s−1,
respectively). Therefore, it can be concluded that monochromatic
light radiation has an inhibitory effect on 2-hydroxyethylamine
stabilized Fe3O4@Pt catalytic reduction of 4-NP, and the longer
the wavelength, the more obvious the inhibitory effect. The
inhibition effect caused by monochromatic radiation may be
attributed to the aggregation of Pt clusters driven by photo-
generated electrons and their transfer to surface Pt atoms.48
Conclusions

In summary, 2-hydroxyethylamine stabilized Fe3O4@Pt
composite nanocatalyst is developed via a one-pot route. The
composite nanocatalyst exhibits a stable and enhanced catalytic
25834 | RSC Adv., 2023, 13, 25828–25835
performance for 4-NP reduction reaction. The value of the
reaction rate kapp and TOF are also higher than many other
reported catalysts. Moreover, the dynamic adjustment experi-
ment shows that increasing temperature can promote the
catalytic rate, while monochromatic light radiation (650 nm,
808 nm and 980 nm) inhibits the catalytic rate. In conclusion,
we believe that 2-hydroxyethylamine stabilized Fe3O4@Pt
composite nanocatalyst will have wide application attraction in
4-NP reduction reaction.
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