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Abstract

Using copper nitrate trihydrate as the copper source, TiO2 @Cu-MOF nanocomposites were prepared by a one-step crystalliza-
tion method, and the effect of the amount of TiO2 loaded on the adsorption of rhodamine B was studied. X-ray diffraction (XRD),
scanning electron microscope (SEM), energy spectrometer (EDS), N, adsorption-desorption (BET), and infrared spectroscopy
(FTIR) were used to characterize the microstructure and surface properties of composite materials. The results show that the
composite material not only has a good degradability for rhodamine B, the decolorization rate reaches 98.03% after 120 min, but
it also maintains a good cycle performance. Fitting the first-order kinetic equation to the reaction process, under the optimal
conditions, R* = 0.98, indicating that the reaction process conforms to the first-order kinetic equation. Therefore, the catalyst has

good catalytic degradation and cycle performance.
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Introduction

Environmental pollution is becoming more and more promi-
nent with increase in the activities of industries. Textile, cos-
metic, paper, leather, and food processing industries produce a
lot of wastewater that is polluted with significantly high
amount of synthetic dyes. Most of these synthetic dyes are
chemically and thermally stable, non-biodegradable, and quite
toxic. Among the common wastewater pollution, dye waste-
water pollution is toxic, deep in color, and very difficult to
degrade (Ruan et al. 2010). The methods to solve the
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traditional wastewater such as chemical method, physical
method, and biodegradation method are not effective. These
are the reasons why the removal of organic dyes from waste-
water remains an environment challenge that attracts attention
of the research community (Li et al. 2016).

Titanium dioxide (TiO,), as a kind of conventional photo-
catalytic nanomaterial with strong oxidation resistance, high
stability, and non-toxicity, is considered to be the most prom-
ising photocatalyst, and is expected to be widely used in or-
ganic wastewater treatment (Jiang et al. 2014; Yu et al. 2019;
Kiwi and Rtimi 2018). However, there are some disadvan-
tages in the photocatalytic degradation of pure TiO,, such as
low photocatalytic efficiency, fast photocatalysis carrier hole
recombination, poor dispersion, and so on (Xing et al. 2016;
Rtimi et al. 2016; Zeghioud et al. 2019). Metal organic frame-
work—MOF—has also developed rapidly in recent years.
This kind of material mainly consists of two parts: organic
ligand (generally containing O, N, S coordination atoms)
and inorganic metal center. It is a kind of crystalline porous
material formed by self-assembly (Li et al. 2012). MOFs have
a porous structure and diverse functions, so they have impor-
tant application potential in the fields of sensing,
biopharmaceuticals, catalysis, and separation (Farha and
Hupp 2010; Meilikhov et al. 2010). As a new porous material,
MOFs have potential application value in photocatalysis.
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Herein, TiO,@Cu-MOF composite catalyst was prepared
by one-step crystallization method. The prepared TiO,@Cu-
MOF was characterized using some classical characterization
methods and rhodamine B (RhB) was selected as a model dye
and used in evaluating the TiO, @ Cu-MOF adsorption perfor-
mance in aqueous solutions. In the results obtained from ad-
sorption process, it takes a little time to reach the adsorption
equilibrium and achieves a good adsorption efficiency. In ad-
dition, the TiO,@Cu-MOF can be reused for many times
under recycle activation.

Experimental
Reagents

Rhodamine B and N,N-dimethylformamide (DMF, AR) were
procured from Tianjin Kemiou Chemical Reagent
Development Center, China. 1,3,5-Benzenetricarboxylic acid
(H3TBC, 98%), TiO, (99.8%), and ethyl alcohol absolute
were procured from Shanghai McLean Biochemical
Technology Co., Ltd. Copper nitrate, H,SO4 (98%), and
NaOH (AR) were procured from Tianjin Fengchuan
Chemical Reagent Technology Co., Ltd.

Test instrument

The following are the test instruments: electric heating blast dry-
ing oven (DHG-9245A, Shanghai-Heng Scientific Instrument
Co., Ltd., China), electronic balance (FA2004, Shanghai
Jinping Scientific Instrument Co., Ltd., China), low-speed desk-
top centrifuge DT5-2 (Beijing Times Beili Centrifuge Co., Ltd.,
China Company), multi-head magnetic stirrer (HJ-4A, China
Jiangsu Kexi Instrument Co., Ltd.), Xenon light source
(MICROSOLAR300, China Beijing Bofeilai Technology Co.,
Ltd.), low-temperature coolant circulation pump (GKDL-20,
Gongyi City, China) Yu Gaoke Instrument Factory), CNC ultra-
sonic cleaner (KQ-300DE, Kunshan Ultrasonic Instrument Co.,
Ltd., China), and 100-ml high-pressure hydrothermal reactor
(Anhui Kemi Machinery Technology Co., Ltd., China).

Preparation of TiO,@Cu-MOF

First, take 1.039 g of Cu (NOs), * 3H,0 and 7.5 mL of de-
ionized water in a beaker and stir vigorously at room temper-
ature for 30 min. The Cu (NOj), * 3H,O is dissolved and
recorded as A. Then, take 7.5 mL each of DMF, C,HO,
and H;TBC and stir for 30 min that is completely dissolved
and recorded as B. Add solution A and B together and con-
tinue to stir, and record as solution C. Weigh TiO, according
to the Cu/Ti weight ratio, add it to solution C, and continue
vigorous stirring for 1 h. Then, the mixed solution was trans-
ferred to a 100 mL polytetrafluoroethylene-lined autoclave
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and hydrothermally heated at 120 °C for 12 h. The prepared
liquid was centrifuged and dried at 80 °C to obtain a
Ti0,@Cu-MOF nanocomposite sample (Fig. 1).

Characterization of the adsorbents

The specific surface and porosity of the samples were ana-
lyzed using Autosorb-iQ-MP low-temperature nitrogen ad-
sorption instrument. The surface morphology of the samples
was studied by means of scanning electron microscope (SEM,
Fena World Corporation Quanta 250). The crystal morpholo-
gy of the samples was analyzed by the patterns of the X-ray
diffraction (XRD), which were recorded on a Japan Smart Lab
diffractometer (40 kV, 200 mA) using filtered Cu Ka radia-
tion. Diffraction data were collected in the 26 range of 10-80°.
Using Bruker Tensor27 Fourier infrared spectrometer (FTIR)
functional groups on the surface of the composite material,

wave number range 4000 ~400 cm ™.

Adsorption experiments

A certain concentration of RhB solution was charged into the
reactor, and the prepared TiO,@Cu-MOF catalyst was added.
The pH value of the mixed solution was adjusted using H,SO,
and NaOH. Firstly, the mixed solution was stirred with a mag-
netic stirrer and adsorbed for 30 min under the condition of no
light, until the solution reached the physical adsorption equilibri-
um; Secondly, the solution is placed under the irradiation of
ultraviolet and visible light, and the temperature is controlled by
circulating water through a low-temperature coolant circulating
pump; Finally, turn on the power supply, wait until the reference
current and the reference light intensity are recorded as the
starting point, and then take samples at 15 min, 30 min,
60 min, and 120 min respectively, take the supernatant, and use
the ultraviolet spectrophotometer to measure the absorbance of
each sample at 554 nm.

The decolorization rate D is calculated according to Eq. (1).

A0-At
D=

o X 100% (1)

where A, (mg/L) denote the initial dye concentration; A; (mg/
L) represents the residual dye concentration at time 7.

Results and discussion
Characterization of the adsorbents

Figure 2 shows the XRD patterns of Cu-MOF and TiO,@Cu-
MOF catalysts. The two samples showed diffraction peaks at
20=10°, 15°, and 37°. These are the characteristic diffraction
peaks of Cu-MOF. It can be seen from the figure that the
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Fig. 1 Preparation process of

Ti0,@Cu-MOF nanocomposite STIR

Cu(NO,),»3H,0
H,0
a

nanocomposites of TiO,@Cu-MOF also have new diffraction
peaks at 20=25.3°, 37.8°, 48°, and 55.2°. Compared with the
XRD standard card (jepds78-1996), the new peaks correspond to
the 101, 004, 200, and 211 diffraction peaks of anatase TiO,. The
results show that TiO, in the composite is mainly anatase crystal.
In addition, the characteristic peaks of CuO and Cu,O are not
seen in the figure, which indicates that the Cu-MOF material is
basically pure after washing treatment, without CuO and Cu,O
impurities. Studies have shown that, compared with rutile TiO»,
the surface of anatase TiO, has a stronger ability to adsorb oxy-
gen, which makes it have the function of capturing photoelec-
trons in the photocatalytic process, thereby achieving the purpose
of improving the photocatalytic activity of the catalyst. In addi-
tion, the diffraction peak of Cu-MOF was clear and sharp after
TiO, was loaded on Cu-MOF, indicating that the skeleton struc-
ture of Cu-MOF did not change after TiO, loading.

Figure 3 shows SEM images of Cu-MOF and TiO,@Cu-
MOF samples. It can be clearly seen that the surface of Cu-
MOF is a smooth octahedron, and the surface of the
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— Ti02eCu-MOF
v TiOp
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260
Fig. 2 XRD spectra of Cu-MOF and Cu-MOF/TiO,
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octahedron in the sample picture of TiO, @Cu-MOF is rough,
which may be caused by the crystallization of TiO, on the
surface of Cu-MOF. From the EDS energy spectrum analysis
in Table 1, it can be seen that the main elements of TiO, @Cu-
MOF are Cu, Ti, and O, and their mass percentages are
27.66%, 43.14%, and 29.2%, and the atomic percentages are
13.92%, 28.98%, and 57.1%. It is proved that Ti element
exists in the catalyst, which is confirmed by XRD results.

According to the classification method of TUPAC adsorption
isotherms, the adsorption isotherms of TiO,@Cu-MOF nano-
composites and Cu-MOF materials are typical type IV iso-
therms, indicating that there are a large number of medium
pores with a pore size of 2-50 nm in these two materials, as
shown in Fig. 4. The specific surface area of the TiO,@Cu-
MOF composite material is 495.55 m>/ gfl, which is an increase
over the Cu-MOF specific surface area of 425 m*/g . It can be
seen that not only new voids are formed in the material but also
the mesoporosity is also increased. Growth and special structure
make the distribution of TiO, on Cu-MOF material more uni-
form. Larger specific surface area and higher mesoporous struc-
ture can increase the catalyst surface adsorption performance
and generate more active sites, which is more conducive to the
occurrence of degradation reactions.

Figure 5 shows the FTIR spectra of Cu-MOF and TiO, @Cu-
MOF.The Cu-MOF spectrum shows that the sample contains

Table 1 Energy-dispersive spectrometry (EDS) analysis of Cu-MOEF/
TiO,

Element Weight percent (%) Atomic percentage (%)
Cu 27.66 13.92

Ti 43.14 28.98

(o) 29.2 57.1

@ Springer
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Fig. 3 Cu-MOF and Cu-MOF/TiO, SEM picture

asymmetric stretching peaks of ~COOH at 1637 cm ',
1444 ¢m™", and 1373 cm !, and the C—H bond bending vibration
peak at 728 cm . The bending vibration peak of the C—H bond
at 938 cm ' and the absorption peak at a wave number of about
3428 cm ! are mainly caused by the adsorption of water in the
test sample. Comparing the two bands, it is found that the
TiO,@Cu-MOF does not show the Ti—~O-Ti bond and Ti-O—
C bond stretching vibration peak in the range of 945-400 cm .
The reason for the above results may be as follows: TiO, is
through adsorption and some chemical bonds were formed on
the surface of the Cu-MOF instead of Cu-MOF.

Batch adsorption studies

Influence of different reaction systems on
decolorization effect

In this experiment, under the optimal conditions of light irra-
diation, pH = 6, initial concentration of RhB solution is 20 mg/
L, reaction temperature is 30 °C, catalyst dosage is 0.3 g/L,
and RhB solution reacts for 120 min, which proves that the
high-efficiency degradation of RhB is produced by the inter-
action of various reaction conditions.

250 1

200 1
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—o— Ti0Q@Cu-MOF
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Adsorption capacity cm3 (gSTP)'1
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Fig. 4 Adsorption-desorption isotherm curve and DFT pore size
distribution curve
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The experimental results are shown in Fig. 6. The decoloriza-
tion rate of TiO, added under visible light is 33.33%; When Cu-
MOF is added and given a certain amount of light, the decolor-
ization rate is 35.23%. This is because the developed pores on the
MOF have a certain adsorption capacity; When the catalyst is
added alone, the decolorization rate is 22.36%, indicating that the
composite has a certain adsorption performance; When the con-
ditions of light and catalyst (Cu:Ti= 1:2/1:4/1:6) are both satis-
fied in the reaction system, the decolorization rates after 120 min
stabilization are 95.89%, 98.03%, and 96.99%. This is because
the photo-generated electrons and holes generated when the
TiO,@Cu-MOF composite is excited by light can be in the con-
duction and valence bands of the two semiconductors. However,
the decolorization rate of rhodamine B does not always increase
with the increase of the amount of TiO,. When the catalyst
(Cu:Ti=1:4), the decolorization rate of RhB can reach 98.03%,
and the decolorization effect is the best. Therefore, the following
tests all use TiO,@Cu-MOF composite material (molar mass
ratio Cu:Ti = 1:4) as the photocatalyst.

Effect of the solution pH on adsorption of RhB

Figure 7 shows the relationship between solution pH and de-
colorization rate. According to the results, it can be seen that

3428

— Cu-MOF 1337
— TiO) @Cu-MOF

3500 3000 2500 2000 1500 1000 500
Wave numberm

Fig. 5 FTIR spectra of Cu-MOF and Cu-MOF/TiO,
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Fig. 6 Effects of different reaction systems on the decolorization rate of
RhB solution

there is an increase in solution pH from 2.4 to 10, and the
decolorization first increases and then decreases. When the
pH is 6, the decolorization rate of RhB solution reaches the
maximum of 98.03%. The reason may be that TiO,@Cu-
MOF composites have different acid-base balances at differ-
ent pH values, and the change in pH of the solution will affect
the efficiency of photocatalytic degradation of dyes.

Effect of initial dye concentration on adsorption of
RhB

As the initial concentration of the RhB solution increases, the
degradation effect becomes difficult, degradation of high con-
centration RhB solution is one of the main purposes of our
experimental exploration. This experiment performed degra-
dation experiments on RhB solutions of different concentra-
tions, mainly from 20 mg/L, 40 mg/L, 60 mg/L, and 80 mg/L
(Fig. S1). With the increase of the initial concentration of RhB
solution, the degradation effect is getting lower and lower.
The degradation rate and decolorization rate of the experiment
decreased significantly from the initial 98.03% after 120-min
degradation was stable. The reason may be that under the
same conditions of the catalyst amount, the amount of
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Fig. 7 Effect of initial solutions with different PH values on
decolorization rate of RhB solution

hydroxyl radicals generated in a certain period of time is con-
stant, and the increase in the initial concentration of RhB so-
lution makes the relative yield of hydroxyl radicals insuffi-
cient, which reduces decolorization rate of RhB. In addition,
the larger the initial concentration of RhB, the darker the so-
lution color and the smaller the light transmittance, making the
reaction system unable to fully absorb and utilize the light
source. This will reduce the photocatalytic efficiency and the
dye decolorization rate.

Effect of catalyst dosage on adsorption of RhB

The amount of catalyst is also the main factor that affects the
degradation effect of RhB. In this experiment, 0.1 g/L, 0.2 g/
L, 0.25 g/L, 0.3 g/L, and 0.4 g/L were used as the catalyst
addition amounts. The results are shown in Fig. 9. It can be
seen from Fig. S2 that the decolorization rate of 120 min is
69.89%, 79.22%, 91.25%, 98.03%, and 96.95% respectively,
and the decolorization rate increases with the increase of cat-
alyst dosage. Therefore, the optimal mass concentration of the
composite photocatalyst should be 0.3 g/L. This may be due to
the increase of the photocatalyst mass concentration and the
increase of reactive sites, which is conducive to the catalyst’s
adsorption of dye molecules and absorption of light quantum,
which increases the decolorization rate of RhB, but the reac-
tion solution becomes cloudy with the increase of the amount
of catalyst, The light transmittance is not enough to continu-
ously improve the decolorization rate of RhB. Therefore,
choosing a suitable photocatalyst mass concentration can save
the amount and obtain a good catalytic effect.

Kinetic adsorption

In order to investigating the adsorption mechanism, in this
paper, the adsorption kinetics of RhB dye onto TiO,@Cu-
MOF was studied by pseudo-first-order kinetic models
(Lopes et al. 2003). The parameters for pseudo-first order
were calculated by Eq. (2) respectively.

First-order kinetic equation fitting during reaction:

A0
Ln=— =Kl1 (2)
At

where Ao (mg/L) denote the initial dye concentration; A, (mg/
L) represents the residual dye concentration at time #; K
(min ") represents the reaction rate; ¢ (min) represents the
degradation time.

The experimental results are shown in Fig. 8. The rate
constant of TiO, added under visible light is 0.0015 min
When Cu-MOF is added and given a certain amount of light,
the rate constant is 0.0016 min '; When the catalyst is added
alone, the rate constant is 0.0009 min_l; ‘When the conditions

of light and catalyst (Cu:Ti= 1:2/1:4/1:6) are both satisfied in

@ Springer
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Fig. 8 Effects of different reaction systems on the kinetics of degradation
of RhB solution

the reaction system, the rate constants after 120 min stabiliza-
tion are the rate constants 0.0125 min ', 0.0144 min !, and
0.0139 min"". However, the rate constant increases as the
decolorization rate increases. Therefore, in the TiO,@Cu-
MOF composite material (molar mass ratio Cu:Ti = 1:4), the
decolorization rate as a photocatalyst is as high as 98.03%.
The first-order kinetic equation was fitted to the reaction pro-
cess. and R* = 0.98 under the optimal condition, which indi-
cated that the reaction process obeys the first-order kinetic
equation.

Cyclic stable performance

Disposal of waste adsorbents may cause environmental pollu-
tion and significant increase in economic costs. Therefore, it is
crucial to treat the used adsorbent and re-use it to reduce its
disposal and at same time reduce economic costs which could
in turn increase its sustainability.

Compared with other catalysts, the catalyst in this experi-
ment is easier to recycle and reuse. After the TiO, @Cu-MOF
catalyst is degraded for 120 min, it was centrifuged at 5000t/
min and then dried in a 90 °C drying box for 3 h. The decol-
orization rate reached 85.03% after 4 cycles (Fig. 9). This
shows that the catalyst has good cycle performance. In addi-
tion, we can compare the infrared spectrum images of catalyst
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Fig. 9 Effect of catalyst reuse on decolorization
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Fig. 10 Infrared spectrum before and after the catalyst reaction

before and after use (Fig. 10), which shows that the catalyst
has good stability. It was also proved that the degradation of
RhB by the catalyst prepared in this experiment was mainly
chemical decomposition, not physical adsorption.

The above analysis shows that the TiO,@Cu-MOF nano-
composite catalyst prepared in this study has the ability to
improve the photocatalytic performance of TiO,. The com-
posite catalyst prepared in this paper is simple in operation,
cheap in materials, green and environmentally friendly, and
has very stable recyclability, which also shows that the cata-
lyst has good stability. The optimal ratio of TiO,@Cu-MOF
nanocomposite prepared in this research has certain advan-
tages in the photocatalytic degradation of RhB.

Conclusion

1. This article uses copper nitrate trihydrate as the copper
source to synthesize TiO,@Cu-MOF nanocomposites
by one-step crystallization. The results of photocatalytic
RhB showed that it had a good ability to degrade RhB
after 120-min reaction under mild conditions. Because the
catalyst provides more active sites and electron holes; the
deethylation reaction and the ring-opening oxidation re-
action of the benzene ring occur simultaneously during
the degradation process. Effectively removed the color
and organic pollutant content of RhB.

2. TiO,@Cu-MOF nanocomposite catalyst is a typical
mesoporous material with a specific surface area of
495.55 m*/g "', and the pore size is mainly distributed
between 2 and 10 nm. The crystal form is uniformly dis-
persed on the surface of Cu-MOF. Ti0, @ Cu-MOF nano-
composite has excellent photocatalytic degradation per-
formance, and its degradation rate of rhodamine B can
reach 98.03% under 120-min visible light, and R>=098
under the optimal condition,which indicated that the re-
action process obeys the first-order kinetic equation.
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3. The TiO,@Cu-MOF nanocomposite catalyst prepared in
this paper has the characteristics of simple operation,
cheap materials, and environmental protection during
the preparation process, and it can also be used in a stable
cycle after being centrifuged and dried. This catalyst has
good stability.

This study focuses on the preparation of an innovative
TiO,/Cu catalyst to degrade RhB under light and reports this
surface properties and the degradation kinetics of this dye.
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