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ABSTRACT

Using urea as complexing agent, Zn*-Ni*-Fe**-LDHs were successfully prepared by homogeneous
precipitation method (molar ratio 1:6:2). UV diffuse reflectance spectroscopy results show that the
Zn**-Ni*-Fe*-LDHs have a narrower band gap (2.00 eV) and higher catalytic activity. This work uti-
lizes Zn*-Ni*-Fe*-LDHs for photocatalytic degradation of phenol. The conditions for degrading
phenol were optimized by response surface methodology, and the reaction mechanism of layered
double hydroxides (LDHs) photocatalytic degradation of phenol was obtained. The results showed
that when the concentration of phenol was 12 mg L™, the dosage of Zn*-Ni*-Fe*-LDHs was 0.020 g,
the dosage of NaS,0, was 0.022 g, and the visible light irradiation time was 86 min, the phenol

clearance rate reached 91.18%.
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1. Introduction

The phenolic organic pollutants in industrial wastewa-
ter have complex molecular structures, stable properties
and high toxicity, which are difficult to treat by traditional
methods [1-4]. Photocatalytic technology provides an effec-
tive method to solve the problem of industrial wastewa-
ter treatment, and has become one of the hot spots in the
field of wastewater treatment research [5]. Layered double
hydroxides (LDHs) compounds are layered compounds
composed of positively charged metal hydroxide layers and
interlayer anions. The general formula is [M3* M¥(OH), J**
(A™),, mH,0, where M** and M can convert divalent and
trivalent metal cations on the laminate, and A™ is the layer
inter anion. In general, LDHs materials containing transition
metal cations (Zn*, Cu*, Mg*) in the hydroxide layer are
valuable as photocatalysts with electron transfer ability and
excellent geometric characteristics [6]. However, Zn-LDHs
have been widely used in the photocatalytic degradation
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of water due to their high photocatalytic activity, chemi-
cal stability, and low toxicity. Zn-LDHs have suitable band
structures (band gap, valence band edge, conduction band
edge) [7-10]. Zn-LDHs can be used as photocatalysts to
remove various organic pollutants, which is beneficial to
the advanced oxidation of *OH. Nickel-containing com-
pounds are widely used semiconductor materials. If Ni(II)
and a certain trivalent metal ion can be constructed into a
hydrotalcite-like structure and Ni(II) can be co-catalyzed,
better catalytic performance is expected. Generally, AI** is
selected as the trivalent metal ion of LDHs, mainly because
AP* has amphoteric properties and is close to the precipi-
tation pH value of divalent metal ions, which is conducive
to the formation of LDHs layered structure [11]. However,
Song et al. [12] demonstrated the lower band gap and
higher photocatalytic efficiency of Ni-Fe-LDHs than Ni-Al-
LDHs using density of states first-principles. Han et al. [13]
demonstrated that the formation of magnetic Fe*-LDHs
nanoparticles can be easily separated with the help of an
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external magnetic field, which makes the catalyst easy to
recycle. Therefore, a novel Zn*-Ni*-Fe**-LDHs photocata-
lyst was prepared for the first time. The response surface
methodology was used to optimize the conditions of phe-
nol degradation, and then the reaction mechanism of LDHs
photocatalytic degradation of phenol was obtained [14-16].

2. Experimental
2.1. Materials

Zinc nitrate (Zn(NO,), 6H,O); nickel nitrate (Ni(NO,),
6H,0); ferric chloride (Fe(Cl), 6H,0); urea (CO(NH,),); phe-
nol (C,H,OH); absolute ethanol (CH,CH,OH); potassium
ferricyanide (K [Fe(CN),]); sodium persulfate (Na,S,0,);
ammonia water (NH,OH); ammonium chloride (NH,CI);
4-aminoantipyrine (C, H,,N,O). The above reagents are all
Analytical grade, potassium bromide (KBr) barium sulfate
(BaSO,) is spectrally pure.

2.2. Preparation of Zn*-Ni**-Fe*"-LDHs

In the standard experiment, the molar ratio of Zn?*, Ni*,
Fe* is 1:6:2. Accurately weight 0.5948 g (Zn(NO,),-6H,0),
43620 g (Ni(NO,),9H0), 13514 g (Fe(Cl)4H,0) and
3.3784 g (CO(NH,),) with an analytical balance and dissolve
them in 100 mL of ultrapure water. The prepared solution
was sonicated in an ultrasonic apparatus for 5 min. After
the solution was uniform, the solution was immediately
transferred to a high-pressure reactor, and the tempera-
ture was set to 150°C in the homogeneous reactor for 48 h
of continuous reaction. Finally, the solution was suction
filtered. During the suction filtration process, first wash
with ultrapure water 2-3 times, and then wash with abso-
lute ethanol 2-3 times. The samples were naturally dried at
room temperature and then ground into powder to obtain
Zn*-Nij*-Fe*-LDHs samples.

2.3. Testing and characterization

Measure 1, 2, 4, 6, and 8 mL of 50 mg L™ phenol solution
and put them into 50 mL colorimetric tubes respectively. The
color was developed by 4-aminoantipyrine method, and then
the absorbance of phenol at different concentrations were
measured by UV-Vis analytical spectrometer. The standard
curve for phenol is shown in Fig. 1.

Measure 20 mL of 12 mg L™ phenol solution with a
pipette into a colorimetric tube, add a certain amount of
Zn*-Ni*-Fe**-LDHs to it, control a certain temperature and
time, and then filter. The absorbance of the filtrate was mea-
sured at a wavelength of 510 nm in a UV-Vis spectropho-
tometer and the absorbance of distilled water was used as a
reference. The calculation method of phenol removal rate is
as follows:

A -A
R= = 100% 1)

0

where A represents the absorbance of the phenol solution
before treatment, A, represents the absorbance of the phenol

solution after treatment, and R represents the removal rate
of phenol (%).

3. Results and discussion
3.1. Analysis with scanning electron microscopy

Fig. 2 is the scanning electron microscopy (SEM) image
of the Zn*-Ni*-Fe*-LDHs sample. It can be seen from the
graphs of different scales that the prepared exhibit a uni-
form layered structure [17]. It is further confirmed that
the prepared product conforms to the special structure of
hydrotalcite-like compounds.

3.2. Analysis with EDS

Fig. 3 and Table 1 show that zinc, nickel and iron are
present in the samples. It shows that Zn*-Ni*-Fe*-LDHs
was successfully prepared.

3.3. Analysis with Fourier transform infrared spectroscopy

In Fig. S1, 3,438 cm™ represents the stretching vibration
of the O-H bond between the plates and the O-H bond in the
water molecule. The characteristic peak around 1,378 cm™
is the asymmetric stretching vibration peak of O-C-O,
which can prove the existence of CO? between the hydro-
talcite layers [18]. It shows that the intercalation of carbon-
ate is successful. At 674 cm™, it is the characteristic peak of
vibration correlation between metal and oxygen, which
belongs to the landmark peak of LDHs.

3.4. Study on BET specific surface area and pore-size distribution

Fig. 4 shows the nitrogen adsorption and desorption iso-
therms of Zn*-Ni*-Fe*-LDHs samples have small plateaus
and hysteresis loops, indicating that the obtained products
have the characteristics of mesoporous materials [19]. The
BET specific surface area is 137.187 m? g7, indicating that
the product has many interlayer pores and large pore size,
so it has a good adsorption effect on phenol.
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Fig. 1. Standard curve for phenol.
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Fig. 2. SEM micrographs of samples.

Fig. 3. Elemental analysis diagrams of samples.

Fig. 5 shows the pore-size distribution of the Zn*-Ni*-
Fe*-LDHs sample. It can be seen from the figure that the
sample has a certain distribution at 40-170 nm, and a higher
peak appears at 80 nm, indicating that most of the pore
diameters in the sample are 80 nm.

3.5. Analysis with UV

UV diffuse reflectance spectroscopy can further verify
the photocatalytic performance of the material. It can be
seen from Fig. 6 that the absorption wavelength of Zn*-Ni*-
Fe**-LDHs is 619 nm. According to E = hc/A (E = 1,240/A).
It can be seen that the forbidden band widths of Zn%-Ni*-
Fe**-LDHs are 2.00 eV. According to the solid band theory

and photocatalytic mechanism, the smaller the forbidden
band width, the easier the valence electrons on the catalyst
are excited, resulting in the generation of photo-generated
holes and photo-generated electrons with high activity,
and the higher the catalytic activity [20].

3.6. Response surface analysis

The degradation conditions of phenol by Zn?-Ni*-
Fe*-LDHs were optimized by single factor experiment.
The effects of catalyst dosage, oxidant dosage, time and
light condition on the photocatalytic degradation of phe-
nol were studied. (1) Measure 20 mL of 12 mg L™ phenol
standard solution and place them in 6 colorimetric tubes,



X. Song et al. / Desalination and Water Treatment 266 (2022) 154-162

Table 1
Spectral analysis of samples and their element content
Element Zn* Ni** Fe¥*
Line type L L L
Weight percentage 2.71 19.03 5.29
Atomic percentage 1.56 10.78 3.58
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Fig. 4. The adsorption and desorption isotherms of the samples.
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Fig. 5. Pore-size distribution of the samples.

add 0.025 g of NaS,0,, and respectively add 0.005, 0.010,
0.015, 0.020, 0.025 and 0.030 g of Zn*-Ni*-Fe*-LDHs were
adsorbed under dark light for 30 min at room temperature
and degraded under visible light for 100 min. (2) Measure
20 mL of 12 mg L™ phenol standard solution and place them
in 5 colorimetric tubes, add 0.025 g of Zn?-Ni*-Fe*-LDHs,
and respectively add 0.010, 0.015, 0.020, 0.025 and 0.030 g of
NaS,O, were adsorbed under dark light for 30 min at room
temperature and degraded under visible light for 100 min.

157

50
401

30

201 \
\
10 \

Absorbance (%)

\\n619 nm
O 1 1 1 1 I“‘h“l 1 1
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 6. UV diffuse reflectance spectra of samples.

(3) Measure 20 mL of 12 mg L phenol solution into a colori-
metric tube, add 0.025 g of Zn*-Ni*-Fe*-LDHs and 0.025 g
NaS,O, respectively, adsorb under dark light for 30 min,
then degrade under visible light, every interval 20 min
sampling. (4) Measure 20 mL of 12 mg L' phenol solution
and add it to 3 colorimetric tubes, and then add the same
amount of 0.025 g of Zn*-Ni*-Fe*-LDHs and NaS,O,. They
were placed under ultraviolet light, visible light, and dark
light and stirred for 100 min. Calculate the clearance rate
of phenol according to Eq. (1). Fig. 7 shows that the clear-
ance rate increases with the increase of the added amount
of catalyst when the amount of catalyst added is small,
and the degradation effect is the best when the amount of
catalyst is 0.025 g. However, when the amount of catalyst
added is too high, the degradation rate decreases. When
the dosage of NaS,0, was 0.010-0.025 g, the photodegrada-
tion rate of phenol increased with the increase of the dos-
age of NaS,0,. Because the dosage of the oxidant NaS,0,
increases, more free radicals will be generated in the system,
and the free radicals will react with them to make the phe-
nol degraded better [21]. If the dosage of NaS,O, is greater
than 0.025 g, excess free radicals will be generated, resulting
in the reaction between free radicals, and the degradation
rate of phenol will decrease. The clearance rate of phenol
also increased with the prolongation of illumination time.
When the time increased to 100 min, the degradation rate
of phenol decreased, because the adsorption and photocat-
alytic oxidation effects existed in a short time, which made
LDHs achieve a higher degradation effect in a short time.
The scavenging rates under UV light and visible light are
similar, and in terms of economic benefits, it is more suitable
to degrade phenol under visible light. Therefore, Zn*-Nij?*-
Fe*-LDHsis 0.025 g, NaS,0,is 0.025 g, and the clearance rate
of phenol is relatively high under visible light irradiation
for 100 min.

Table 2 shows the Box-Behnken experimental design
and results display. Table 3 shows the significance test of the
regression equation coefficients. It can be seen from the table
that when P < 0.0100, the indicator is extremely significant;
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Fig. 7. Single factor experiments under different conditions.

Table 2

Box-Behnken experimental design and results display
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Table 3
Significance test of regression equation coefficient

Catalyst Oxidant Time Clearance Sumof Degreeof Mean F p
No. dosage (g) dosage (g) (min) rate (%) square freedom  square
1 0.025 0.010 40 70.3 Model 531.72 9 59.08 181.23  <0.0001
2 0.025 0.025 100 86.7 A-Catalyst 4.49 1 4.49 13.76 0.0076
3 0.015 0.010 100 78.0 dosage
4 0.015 0.025 120 78.8 B-Oxidant  7.44 1 7.44 22.82 0.0020
5 0.025 0.025 100 86.7 dosage
6 0.015 0.035 100 80.2 C-Time 16239 1 162.39  498.16  <0.0001
7 0.030 0.025 40 724 AB 0.060 1 0.060 0.18 0.0418
8 0.025 0.025 100 86.7 AC 2.44 1 2.44 7.49 0.0290
9 0.025 0.035 40 72.1 BC 0.093 1 0.093 0.29 0.0095
10 0.030 0.025 120 83.2 A? 36.05 1 36.05 110.59  <0.0001
11 0.015 0.025 40 71.6 B? 44.50 1 44.50 136.51  <0.0001
12 0.030 0.035 100 81.6 c 73.69 1 73.69 22605 <0.0001
13 0.025 0.025 100 86.7 Residual ~ 2.28 7 0.33
14 0.025 0.010 120 80.1 Sum 534.00 16
15 0.025 0.025 100 86.7 R? 0.9957
16 0.030 0.010 100 79.3
17 0.025 0.035 120 82.6

when P <0.0500, the indicator is significant; when P > 0.0500,
the indicator is insignificant. The quadratic equation model
P < 0.0100 indicates that the model is extremely signifi-
cant, so it is the real point that the regression equation can

be used to simulate the equation test. The correlation coef-
ficient of the regression model is R?* = 0.9957, which indi-
cates that 99.57% of the corresponding data points can be
explained by the linear relationship of this equation. It can
be seen from the table that the P-values of A, B, C, A% B?
C% AB, AC, BC are less than 0.0500, indicating a significant
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factor. The P-value of the interaction item < 0.0500 was con-
sidered significant, while the P-values of AC, BC and AB of
the interaction item were all less than 0.05, which was con-
sidered significant or extremely significant. From the value
of F, it can be compared that the order of factors affecting
the scavenging effect of Zn*-Ni*-Fe*-LDHs on phenol
is: light time > dosage of sodium persulfate > dosage of
hydrotalcites.

Fig. 8 shows the contour and three-dimensional response
surface plots of the interaction term to explore the effect of
the interaction term on the phenol clearance rate by taking
the AB interaction term as an example. The curved surface
figure is convex, which can indicate that there is a maxi-
mum value within the test range of the experimental model
[22]. It can be seen from the figure that with the increase
of the amount of A (catalyst) and B (oxidant), the scaveng-
ing rate gradually increases. When the catalyst reaches
0.020 g and the oxidant reaches 0.022 g, the scavenging rate
of phenol reaches the maximum. Interaction to get a suit-
able reaction time. Through the optimization and analysis
of the experimental model, the optimal conditions were
obtained: when the catalyst dosage was 0.020 g, the oxidant
dosage was 0.022 g, and the time was 86 min, the phenol
removal rate could reach 91.18%.

3.7. Photocatalytic reaction pollution assessment

In order to verify that the degradation of phenol by
Zn*-Ni*-Fe*-LDHs will not cause secondary pollution, the
wastewater solution before and after degradation was mea-
sured by Fourier transform infrared spectroscopy (FTIR).
It can be seen from Fig. S2 that the solution before degra-
dation has a hydroxyl absorption peak near 3,235 cm™,
and a benzene ring absorption peak at 1,600~1,500 cm™
[23-26]. In the solution after degradation, the absorption
peaks of hydroxyl and benzene ring disappeared, and the
stretching vibration peak of CO}™ appeared in the range of
1,300~872 c¢cm™. This shows that Zn?*-Ni*-Fe*-LDHs com-
pletely catalyzes the oxidation of phenol to CO, and H,0O
without causing secondary pollution.
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3.8. Prediction of photocatalytic reaction mechanism

Fig. 9 shows the catalytic oxidation process of phenol
by Zn?-Ni*-Fe*-LDHs catalyst. Through the experimental
results and previous research work, we predicted a mecha-
nism. First, when the Zn?*-Ni*-Fe*-LDHs molecule absorbs
the energy of light, an electron hole (h*) and photogenerated
electron (e) are generated. At the same time, SO, produced
by sodium persulfate reacts with water to form *OH [27-32].
Therefore, phenol can be efficiently catalytically oxidized
to carbon dioxide and water.

Fig. 9. Catalytic oxidation process of phenol on Zn*-Ni*-Fe*-
LDHs.
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Fig. 8. Contour and surface plots of interaction terms affecting clearance rate.
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n2* —Ni?* —Fe** —-LDHs + hv — (e) + (h)
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3.9. Determination of hydroxyl radicals

Fig. S3 is to verify the presence of *OH. Ce* can pro-
duce characteristic fluorescence in dilute sulfuric acid
medium, and its maximum excitation wavelength and
emission wavelength are 280 and 360 nm, respectively [33].
When Ce™ is oxidized by *OH to non-fluorescent Ce*, the
characteristic fluorescence disappears and the fluorescence
peak at 360 nm changes. This indicates that *OH was pro-
duced during the reaction. Its measurement principle can be
expressed as: Ce*" + *OH = H'Ce*" + H,0.

4. Conclusion

Zn*-Ni*-Fe*-LDHs were synthesized by a simple, eco-
nomical and environment friendly method. The crystal
structure, elemental composition and material properties
of the samples were characterized by Fourier transform
infrared spectroscopy, SEM, energy dispersive analysis,
UV-visible photometer and X-ray diffraction. Clearance rate
of phenol was obtained by the 4-aminoantipyrine method.
The results show: (1) Zn*-Ni*-Fe*-LDHs have larger spe-
cific surface area and pore size, so this sample has higher
adsorption performance for phenol. (2) The characterization
of UV diffuse reflection and the prediction of the photocat-
alytic mechanism show that the forbidden band width of
Zn*-Ni*-Fe*-LDHs is smaller, and when hv energy enters,
it will generate highly active hole-electron pairs. After the
reaction a large amount of *OH is produced, which can oxi-
dize phenol to carbon dioxide and water. (3) The magnetic
properties of Zn?'-Ni*"-Fe*-LDHs facilitate recycling. (4) The
conditions for the best performance of LDHs were obtained
by changing different factors and conducting response
surface optimization experiments. The results showed
that when the concentration of phenol was 12 mg L7, the
dosage of Zn*-Ni*-Fe*-LDHs was 0.020 g, the dosage of
NaS,0, was 0.022 g and the visible light irradiation time
was 86 min, the removal rate of phenol reached 91.18%.
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