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ABSTRACT

The surface modification of nano-TiO, was carried out with lanthanide-acetylacetonate complexes by adsorption

method. The effects of lanthanide complexes content, lanthanide element type, adsorption temperature, solvent dosage,

adsorption time and other conditions on the photodegradation activity of methyl orange by the modified catalyst were

studied, and suitable modification conditions were obtained. The results show that the photocatalytic activity of the

modified nano-TiO, is much higher than that of the unmodified pure TiO,, and the lanthanide-acetylacetonate complex-

es is an excellent surface modifier.
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1. Introduction

Nano-titanium dioxide (TiO,) has good visible light transmittance,
strong ultraviolet light absorption performance, and high chemical ac-
tivity. It has attractive application prospects in solar energy storage and
utilization, photocatalytic conversion, environmental treatment of oxi-
dative degradation of organic pollutants, and the preparation of new
materials. The production of nano-TiO, has gradually realized industri-
alization, but due to the small size and high surface energy of
nano-particles, it is easy to agglomerate between the particles, which
seriously affect its performance. At the same time, nano-TiO, is a
strong polar substance, which is not easy to disperse in organic systems
(such as coatings, plastics, etc.) and greatly limits its application range.
In order to make full use of the excellent properties of nano-TiO,, it is
necessary to use suitable reagents to improve the surface properties of
TiO,. On the one hand, it can effectively prevent the agglomeration of
nanoparticles; on the other hand, it has no obvious adverse effect on
the properties of nanoparticles. The ideal modification can even im-
prove and promote the properties of nanoparticles. The advantage of
this method is that there is no damage to the structure and size of the
nanoparticle matrix, and the result is good in reproducibility, which is
conducive to mass production. There have been many reports on the
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surface modification of nano-TiO, by inorganic matter'” or organic

matter*,

Due to the high band gap of TiO, (up to 3.2 e¢V), only ultraviolet
light with a wavelength less than 387.5 nm can excite its catalytic ac-
tivity, while the energy spectrum of ground sunlight is mainly distrib-

uted in the visible and near-infrared regions, with only a small amount
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(around 3%) of the light is distributed in the ul-
traviolet region. In order to replace the expensive
and fragile artificial ultraviolet light system with
the abundant available solar energy resources, it
is expected that through the modification of TiO,,
the effective excitation will be transferred from
the ultraviolet region to the visible light region.
Experimental studies have shown that nano-TiO,
particles are doped with precious metal elements
(Pt, Pd, etc.)™®, transition metal ions (Fe**, Ru*",
Re™, etc.)[7’8], non-metal elements (N, S, C, hal-
ogen, etc.)[g’11
ergy level to a certain extent, and achieve visible
light excitation. It is worth noting that people
have also found that surface modification of TiO,
with dye molecules (so-called dye sensitization)
can greatly increase the utilization rate of visible
light absorption!'>'*,

Based on the above background, consider
the use of lanthanide-acetylacetonate complexes
to modify the surface of TiO,. (1) Because lan-
thanide-acetylacetonate complexes are insoluble
in water, but can be dissolved in many organic
solvents, the modification with it should improve
the lipophilic property of the surface of TiO,. (2)
The complex contains lanthanide metal ions and
organic groups, which have both inorganic and
organic properties, and should be able to act as a
good dispersant to prevent agglomeration be-
tween nanoparticles. (3) Dye sensitization refers
to the excited state electrons generated by dye
molecules absorbing visible light or even near-
infrared light, which are directly injected into the
conduction band of TiO, nanocrystals through
interface electron transfer, thereby broadening
the wavelength range of excitation light. Lantha-
nide-acetylacetonate complexes have good fluo-
rescence properties'> '¥l. Whether it can act like
a photosensitizer is an interesting question. The
currently reported photosensitizers mainly in-
clude metal ruthenium bipyridine complex series,
metal osmium bipyridine complex series, phtha-

I etc. can reduce the band gap en-

locyanine and cyanine series, porphyrin series,
chlorophyll and its derivatives, etc.!"™". The
photosensitization of lanthanide-acetylacetonate
complexes has not been reported yet. (4) If the
metal complexes modify the surface of nano-

TiO,, the performance of nano-TiO, changes sig-
nificantly, then it is possible to achieve such con-
trol by adjusting the electronic and steric effects
of the ligand and the types of metal atoms, so as
to control the performance of metal complexes,
and further control the performance of modified
nanoparticles. Research in this area is still lack-
ing. At the same time, researchers have also no-
ticed that the doping of lanthanide ions also has a
certain promotion effect on the photoactivity of
TiO,*'*], Based on the synthesis of lanthanide-
acetylace-tonate complexes, the author modified
the surface of nano-TiO,, and used the photo-
catalytic degradation of methyl orange as a probe
reaction to study the appropriate conditions for
the surface modification of nano-TiO,.

2. Experiment

Nano-TiO,, Zhejiang Wanjing New Material
Co., Ltd., particle size 10-20 nm, specific surface
area 60—70 m>-g', purity >99.0%, vacuum dried
at 45 °C for 1 d, and then placed in a desiccator
for later use. LayO;, Smy0;,  EnOs;,
ty >99.0%, produced by Shanghai Yuelong Non-
ferrous Metals Co., Ltd. Ce(NO;);-6H,0,
(NH4),Ce(NO3)s, hydrochloric acid, sodium hy-
droxide, acetylacetonate, and absolute ethanol are
all analytical reagents.

Ultrasonic cleaner, KQ—50E, Kun Shan Ul-
trasonic Instruments Co., Ltd. Magnetic stirrer,
type 78-1, Shanghai Jingfeng Instrument Co.,
Ltd. Vacuum drying oven, model ZK-82B,
Shanghai Shiyan Instrument Factory Co., Ltd.
UV lamp, ACTINIC BL 20 W, PHILIPS, im-
ported from Poland. UV lamp, ACTINIC BL 40
W, PHILIPS, imported from the Netherlands.
Centrifuge, Model 800, Shanghai Jingfeng In-
strument Co., Ltd. Spectrophotometer, Mod-
el 721, Shanghai No.3 Instrument Analysis Fac-

tory.

2.1 Synthesis of Ln(acac); (Ln = La, Ce,
Sm, Er)

The synthesis of Ln(acac); was carried out
(24231 Taking La(acac); as an ex-
ample: weigh La,O; white powder (3.00 g, 9.21
mmol) in a small beaker, add a small amount of

via references
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water, start magnetic stirring, slowly add concen-
trated hydrochloric acid dropwise, then the white
powder gradually dissolves into a colorless solu-
tion. Add 5.7 mL (55.6 mmol) of acetylacetonate
to form two phases of oil and water, and then add
about 6 mL of industrial alcohol to form a ho-
mogeneous phase. Slowly add NaOH solution
dropwise to the above solution, the reaction solu-
tion gradually produces a white precipitate, drip-
ping until the pH value of the mixed solution is
6.5, at this time the reaction solution is a thicker
solid-liquid mixture. After suction filtration, the
filter cake was thoroughly washed with distilled
water and dried in vacuum at 45 °C for 2 d to
obtain a white solid La(acac);'2H,O (6.86
g, 79.0%).

Sm(acac);'2H,O and Er(acac);-3H,O were
synthesized from Sm,0; and Er,0;, respectively,
according to the above-mentioned similar meth-
ods, and the yields were 78.1% and 64.5%, re-
spectively. Ce(acac); 2H,0O was synthesized from
Ce(NO;);-6H,0O by a similar method, and the
yield was 54.6%.

2.2 Synthesis of Ce(acac),®

Weigh (NH,;),Ce(NOs)s red solid (9.45 g,
17.23 mmol) in a small beaker, add about 45 mL
of water to dissolve, add 7.1 mL (69.0 mmol) of
cetylacetonate to form a two-phase oil and water,
then add about 7 mL industrial alcohol, stir to
form a homogeneous colorless solution, at this
time the pH value is about 1. The aqueous am-
monia solution was gradually added dropwise to
the above solution, and a yellow precipitate was
gradually produced in the reaction solution.
When the pH of the solution reached 5, the sus-
pension appeared light green. When the pH value
of the mixed solution reaches 6.5, stop adding
ammonia water, continue to stir for 0.5 h, then
suction filter, the filter cake is fully washed with
distilled water, and vacuum dried at 45 °C for 2 d,
a brown-yellow Ce(acac), solid (3.93 g, 42.5%)
gained.

2.3 Modification of nano-TiO,

The typical modification process is as fol-
lows: weigh about 2 g of nano-TiO, in a

round bottom flask, then weigh in the required
quality of lanthanide-acetylacetonate complexes,
add a set volume of absolute ethanol, magneti-
cally stir for 0.5 h, then ultrasonic treatment for
20 min. And then placed in a constant tempera-
ture oil bath with a set temperature and agitated
for a certain period of time. Take it out, centri-
fuge the mixed solution, discard the solvent,
wash the precipitate with distilled water and cen-
trifuge, after repetition for once, finally transfer
the precipitate to a watch glass and dry it under
vacuum at 45 °C for 1 d, then take it out and
place it in a desiccator for later use.

2.4 Photocatalytic degradation

Weigh 0.100 g of the photocatalyst into a
100 mL beaker, add 50 mL of a methyl orange
solution with an initial concentration of 16.7
mg-L"', start magnetic stirring, and place the
suspension mixture under a 20 W ultraviolet
lamp (the tube is 20 cm away from the liquid
surface) after irradiation for a certain period of
time, samples were taken, centrifuged to remove
solid particles, and the clear liquid was measured
with a spectrophotometer to measure the absorb-
ance at 462 nm of the solution. According to the
standard curve equation of absorbance and con-
centration, the concentration of methyl orange
solution in each period is calculated and deter-
mined, so as to know the conversion rate of me-

thyl orange!*”).

3. Results and discussion

3.1 The relative ratio of lanthanide com-
plexes and TiO;

The relative ratio of lanthanide complexes
to TiO, is the most direct factor affecting the
modification effect. If the amount of lanthanide
complexes is too low, the surface of the TiO, par-
ticles will be limited, and the properties of parti-
cle aggregation and surface wettability cannot be
effectively improved. If the amount of lanthanide
complexes is too high, the surface of the nano-
particles will be completely covered by the lan-
thanide complexes, and the photocatalytic ability
of TiO, will not be able to play well. Therefore,
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there should be an optimal ratio between lantha-
nide complexes and TiO,. Table 1 shows the
photocatalytic activity of modified TiO, when the
ratio of La(acac); to TiO, is different. When
w[La(acac);/TiO,] >3%, the activity of modified
TiO, 1is than TiO,. When

WOrse pure

w[La(acac);/TiO,] = 0.25%, the photoactivity of
the modified catalyst is the best. After the modi-
fication of nano-TiO,, the activity has been sig-
nificantly improved, indicating that the modifica-
tion of lanthanide complexes has played a
positive role.

Table 1. The relationship between photocatalytic degradation rate and time under different mass ratios of La(acac); and TiO,

(%)
Time/min 0 20 40 60 80 100 120 140 160 180
0 0 10.3 19.8 268 336 374 446 527 597 69.0
025 0 229 370 475 588 692 796 879 916 925
0.5 0 212 351 435 534 648 749 842 919 944
w[La(acac);/TiO,)/%  0.75 0 148 300 361 475 562 642 727 773 881
1 0 134 255 310 390 470 540 634 734 825
3 0 4.5 11.3 15.8 229 330 355 491 597 716
5 0 4.1 5.0 114 205 28.0 328 43.0 494 57.1

Modification conditions: 70 °C, 2.5 h, ethanol/TiO, =29 mL- g’l.

3.2 Impact of lanthanide species

There are many types of lanthanide ele-
ments, and the author chooses La*", Ce**, Ce*,
Sm’", and Er’* for research. From the perspective
of electronic structure and luminescence abil-
ity!?®], La**(4f") has no 4f electrons, so there is no
f—f energy level transition, which belongs to lan-
thanide ions that do not emit light in the visible
region; the transition energy frequency f—f of
Sm**(4f°) between the lowest excited state and
the ground state falls in the visible region, and
the transition energy of f—f electron is moderate,
which belongs to the lanthanide ion with strong
luminescence; the energy difference between the
lowest excited state and ground state of Er’"(4f'")
is small, the energy level is dense, and the proba-
bility of non-radiative transition is high, which is
a lanthanide ion with very weak luminescence;

Ce*" is a low-valent ion with f-d transition; Ce**
is one of the few tetravalent ions. The compari-
son of Ce* and Ce*" can reflect the influence of
lanthanide valence changes.

The experimental results are shown in Table
2. After the Ce’" and Ce*" complexes are modi-
fied, the activity of the nanoparticles is very low,
while the La’*, Sm’", and Er’* complexes have
the same activity of the photocatalyst after modi-
fication. This seems to mean that the activity of
the photocatalyst is not directly related to the
electronic structure of the lanthanide ions, but
there is some indirect connection. In the next step,
the author will analyze and compare the lumi-
nescence properties of lanthanide complexes, and
investigate the intrinsic relationship between
these properties and the photocatalyst activity.

Table 2. The relationship between photocatalytic degradation rate of different lanthanide ions and time (%)

Time/min 0 20 40 60 80 100 120 140 160
La’ 0 22.9 37.0 47.5 58.8 69.2 79.6 87.9 91.6
Ce*" 0 7.2 12.1 20.5 28.0 344 41.7 494 63.2
Sm** 0 222 32.7 50.1 58.6 70.5 79.0 87.1 91.8
Er*’ 0 19.3 28.3 46.4 57.7 68.2 71.7 86.6 91.0
ce* 0 9.3 19.3 27.2 34.0 40.9 47.6 55.2 62.3

Modification conditions: W[Ln(acac);/TiO,] = 0.25%, 70 °C, 2.5 h, ethanol/TiO, = 29 mL-g".

3.3 Influence of adsorption temperature

The adsorption of nanoparticles to the com-
plex solution is a complex physical and chemical
process. Physical adsorption and chemical ad-
sorption can occur successively or simultaneous-
ly in the same system due to different condi-

tions™™. The adsorption temperature has a great
and complicated influence on the adsorption
process. Because adsorption is an exothermic
process, as long as the adsorption has reached
equilibrium, the amount of adsorption will de-
crease regardless of physical adsorption or
chemical adsorption when the temperature is in-
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creased. However, because the chemical adsorp-
tion often does not reach equilibrium at low
temperatures, increasing the temperature will
accelerate the adsorption rate. Therefore, for
chemical adsorption at low temperatures, the ad-
sorption capacity will rise with the increase in

temperature. Until the equilibrium is truly
reached, the adsorption capacity will decrease
with the increase in temperature. Table 3 shows
that the modified catalyst has the best activity

when the adsorption temperature is 50 °C.

Table 3. The relationship between photocatalytic degradation rate and time at different temperatures (%)

Time/min 0 20 40 60 80 100 120 140 160
20 0 23.0 34.8 439 53.4 61.6 69.5 78.4 85.7
Temperature °C 50 0 28.8 45.4 583 73.9 79.4
70 0 229 37.0 47.5 58.8 69.2 79.6 87.9 91.6

Modification conditions: W[La(acac),/TiO,] = 0.25%, 3.5 h, ethanol/TiO, = 29 mL-g .

3.4 The influence of solvent dosage

The amount of solvent will affect the con-
centration of the complex solution and the rela-
tive ratio of liquid (solvent) to solid (TiO,).
When nano-TiO, is adsorbed in the solution, in
addition to adsorbing the complex solute, it also
adsorbs the solvent ethanol, so the interac-
tion between the components must also be con-

sidered. The experimental results of the three
liquid-solid ratios show that the modification
effect is best when the solvent dosage is kept at
ethanol/TiO, = 29 mL~g’1. Too much or too little
amount of solvent will lead to reduced activity of
the modified catalyst. The experimental results
are shown in Table 4.

Table 4. The relationship between photocatalytic degradation rate and time in different ratios of solvent and TiO, (%)

Time/min 0 20 40 60 80 100 120 140
40mL-g! 0 23.0 36.0 49.2 57.2 65.7 73.5 83.8
29 mL-g™ 0 28.8 454 58.3 73.9 79.4

20mL-g! 0 22.4 38.6 41.3 53.6 63.9 75.6 81.8

Modification conditions: W[La(acac);/TiO,] = 0.25%, 50 °C, 3.5 h.

3.5 The effect of adsorption time

The longer is the adsorption time, the closer
the adsorption is to equilibrium. Mastering the
adsorption equilibrium time can avoid wasting
modification time and improve the efficiency of
the modification process. It can be seen from Ta-

ble 5 that when the adsorption time is extended
from 0.5 h to 1 h at 50 °C, the photocatalytic
conversion rate is significantly improved. If the
adsorption time is extended, the photocatalytic
activity has not changed much, so the adsorption
time should be set at 1 h.

Table 5. The relationship between photocatalytic degradation rate and time for different adsorption time (%)

Time/min 0 20 40 60 80 100 120
0.5 0 22.1 39.7 51.9 67.3 78.2 88.5

Adsorption time/h 1.0 0 253 45.3 60.0 70.4 80.3 89.9
3.5 0 28.8 45.4 58.3 73.9 79.4

Modification conditions: W[La(acac);/TiO,] = 0.25%, 50 °C, ethanol/TiO, =29 mL~g’1.

3.6 Light source

The above studies show that under ultravio-
let light conditions, the photocatalytic activity of
TiO, suitably modified by the lantha-
nide-acetylacetonate complexes is greatly im-
proved, so under ordinary light conditions, does
the modified catalyst still have this advantage?
For this reason, the author investigated the cata-

lytic degradation under the condition with a 200
W incandescent lamp, and the results are shown
in Figure 1. It can be seen from Figure 1 that the
photoactivity of the modified catalyst is signifi-
cantly higher than that of unmodified pure TiO,.
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Figure 1. Photocatalysis under 200 W incandescent lamp
illumination.
Modification conditions: w[La(acac);/TiO,] = 0.25%, 50 °C,
1 h, ethanol/TiO, =29 mL- g’l.

4. Conclusion

The surface modification of nano-TiO, with
lanthanide-acetylacetonate complexes was used
for the first time, and the effect of modification
conditions on the photocatalytic activity was
studied. The results show that the photocatalytic
activity of the modified nano-TiO, can be signif-
icantly improved no matter under the conditions

of ultraviolet light or ordinary incandescent lamp.

The specific reasons for the increased photoac-
tivity of the modified catalyst need to be further
studied.
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