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KEYWORDS Abstract In this study, the degradation of salicylhydroxamic acid (SHA) in industrial beneficiation
Dielectric barrier discharge; wastewater was investigated using dielectric barrier discharge (DBD) and La-Fe;04-doped activat-
Salicylhydroxamic acid; ed carbon (La-Fe;04/AC). The physical and chemical properties of La-Fe;04/AC were studied us-
La-Fe;04-doped activated ing several characterization techniques including scanning electron microscopy, transmission
carbon; electron microscopy, energy dispersive spectroscopy, X-ray diffraction, and X-ray photoelectron
Wastewater spectroscopy. The response surface methodology was used to optimize three critical experimental

parameters of the catalyst: its dosage and the mass ratios of La and Fe;O4. These parameters con-
tributed to the SHA degradation in the following decreasing order: mass ratio of La > catalyst
dosage > mass ratio of Fe;O4. The SHA degradation efficiency reached 98.6%, and the synergistic
factor was 2.83 at a peak-to-peak discharge voltage of 23 kV. The results showed that the DBD-La-
Fe;04/AC system improved the SHA degradation efficiency and exhibited a significant synergistic
effect. Pb>" and Cu®™ slightly increased the SHA degradation efficiency. Quenching experiments
on activated substances confirmed that *OH and ‘O, were crucial to the degradation of SHA.
The O; and H,0, generated by the DBD-catalyst system were absorbed by the La-Fe;O4/AC cat-
alyst to produce more *OH. Ten main intermediates were detected in the degradation process of the

DBD-catalyst system using HPLC-MS, and three degradation procedures were proposed.
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1. Introduction

Flotation agents play a crucial role in mineral extraction, and with the
depletion of a large number of rich ore resources, the mining and ben-
eficiation of low-grade minerals have become increasingly important
(Xie et al. 2021; Jordens et al. 2013). The efficiency of mineral process-
ing needs to be improved constantly, and the use of new mineral pro-
cessing agents is increasing; consequently, the pollution of water is
becoming increasingly serious, and the requirements for water and liv-
ing environments are becoming more stringent. Salicylichydroxamic
acid (SHA) is a new and efficient collector that is widely used in the
flotation process of rare earths, iron ores, tin ores, and other minerals
(Feng et al. 2017; Tian et al. 2019; Zhao et al. 2020); however, the
residual agent causes serious pollution to the water and soil around
the mine, endangering human health.

SHA is highly soluble in alkali solutions, slightly soluble in water,
stable in nature, biotoxic, and difficult to biodegrade (Qin et al. 2011;
Jonathan et al. 2015). Elizondo-Alvarez et al. (Elizondo-Alvarez et al.
2021) tested the chemical stability and environmental impact of three
typical flotation agents—xanthate, black drug, and hydroxamic
acid—in an aqueous solution. The results showed that in a natural en-
vironment, hydroxamic acid was not easy to hydrolyze or oxidize, ex-
hibiting relatively stable chemical properties and lengthy natural
degradation or almost no degradation. Therefore, an urgent need ex-
ists to use new technologies to treat beneficiation wastewater scientif-
ically and efficiently.

Dielectric barrier discharge (DBD) wastewater treatment is a new
technology that integrates various advanced oxidation techniques,
such as high-energy electron radiation, chemical oxidation, and photo-
chemical oxidation (Raynard Christianson Sanito et al. 2022; Kan
et al. 2020; Wardenier et al. 2019). The reaction system does not need
high temperature, high pressure, external light source, or any other
technical means; therefore, it has a wide range of applications (Duan
et al. 2018; Fang et al. 2023; Ren et al. 2020; Durme et al. 2015). In
addition to the chemical effect of low-temperature plasma, physical ef-
fects occur, such as ultraviolet light radiation, cavitation, and genera-
tion of ultrasonic waves, which enhance the treatment of sewage
(Wardenier et al. 2019; Farzinfar et al. 2022; Wang et al. 2021). At pre-
sent, to reduce the energy consumption in discharge water treatment
and improve the degradation efficiency, the combination of discharge
technology and other advanced oxidation techniques has become a re-
search area of interest (N. Jiang et al. 2021; Shang et al. 2021).

Activated carbon (AC), a common adsorbent, has been studied in
synergy with DBD technology to treat pollutants (Cheng et al. 2021;
Xin et al. 2016; Wu et al. 2018). When the discharge is combined with
the catalyst, the plasma and ultraviolet light generated by the discharge
stimulate the catalytic activity of the catalyst and further improve the
degradation rate of organic pollutants in wastewater (Chen et al.
2022). A preliminary study on the degradation of xanthate in benefici-
ation wastewater using high-voltage discharge was performed (Lou
et al. 2022), and another experiment treated three typical hydroxamic
acid agents wastewater via UVA-B activated H,O, and persulfate
(Pang et al. 2023). However, to date, there has been no related research
using DBD combined with AC-supported noble metal catalysts degra-
dation hydroxamic acid mine wastewater.

In order to maximize SHA degradation efficiency, a classical opti-
mization method, namely, the Box-Behnken design (BBD) model, was
used to optimize the experimental conditions and minimize the cost of
experimental materials and the optimization time (Jawad et al. 2020;
Abdulhameed et al.2021). In this regard, this article presents the first
investigation of the degradation of SHA in industrial beneficiation
wastewater using DBD combined with La-Fe;O4-doped activated car-
bon (La-Fe30,4/AC).

2. Experimental materials and methods

2.1. Experimental materials

All agents used in this study—salicylic hydroxamic acid, titani-
um sulfate, AC, lanthanum nitrate, ferric tetroxide, lead ni-
trate, and copper nitrate—were provided by Shanghai
Maclin Company. When salicylic hydroxide is used for mineral
flotation, it is generally adjusted to be alkaline; therefore, in
this experiment, the pH of the simulated salicylic hydroxide-
treated wastewater was adjusted to 8. Referring to the actual
SHA-wastewater situation, the concentration of SHA in the
simulated wastewater was 80 mg/L (Feng et al. 2017).

2.2. Preparation of the catalyst

Ferric tetroxide (Fe;O4) and lanthanum nitrate (La(NOsz);)
were mixed and dissolved in deionized water, followed by the
addition of AC and stirring for 60 min to obtain a uniform
mixed suspension. The suspension was added to a 150 ml poly-
tetrafluoroethylene high pressure reactor and reacted at 180 °C
for 12 h to obtain the La-Fe304/AC catalyst, which was dis-
persed by ultrasound and separated by centrifugation, fol-
lowed by oven drying at 60 °C. The composite catalyst was
prepared in different proportions, xLa-yFe;O04/AC (x = 0.8,
1.2, and 1.6 wt%; y = 8, 12, and 16 wt%).

2.3. DBD system

The DBD system in this study was divided into three main
components: reactor, power supply and monitoring system,
as shown in Fig. 1(a). The DBD reactor consisted mainly of
a water tank, quartz medium tube, and rebar steel rod. De-
tailed data can be found in our previous report (Dong et al.
2022).

2.4. Analytical methods

The SHA degradation () and energy efficiency (E) were calcu-
lated using Eqgs. (1)—(3) (Dong et al. 2022):

SHA deg radation efficiency n = (1 — %) x 100% (1)
0

HA fti E= 2

SHA energy efficiency T00PT (2)

Pzﬂ%fUﬂ@:ﬂ%S (3)

where Cy and C, are the initial and residual concentrations of
the SHA (mg/L), respectively.

The kinetic expression for SHA degradation can be written
as follows:

m(%):m )
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Fig. 1 (a) Schematic diagram of the DBD-catalyst system and (b) photograph of plasma discharge during treatment.
Table 1 Codes and ranges of independent variables at their respective levels (after 18 min of a peak-to-peak voltage of 23 kV).
Codes Variables Level 1 (-1) Level 2 (0) Level 3 (+1)
A Catalyst dose/g 1 1.5 2
B Mass ratios of La/% 0.8 1.2 1.6
C Mass ratios of Fe304/% 8 12 16
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To evaluate the synergetic effect between La-Fe;04/AC and
the DBD plasma, the synergetic factor (SF) is defined as fol-
lows (Guo et al. 2019), and the calculated SF values are listed
in Table 1:

K, a—Fe
gF — _KpBDiLa-Fes0./4C (5)
Kppp + Kru—re;0,/4c

2.5. Measurement methods

The surface morphology was examined using scanning electron
microscopy (SEM; ZEISS Gemini 300, Germany) and trans-
mission electron microscopy (TEM; FEI TF20, Netherlands).
The acceleration voltage during topography shooting was
3 kV. X-ray photoelectron spectroscopy (XPS) was performed
using a Thermo Scientific K-Alpha instrument, USA. The
crystal phases of the catalyst were examined by conducting
X-ray diffraction (XRD; Rigaku Ultimate IV, Japan).

The main SHA intermediates were determined by high-
performance liquid chromatography (HPLC, 1260 Infinity
Agilent, USA). The absorption wavelength was set to
298 nm. The concentration test of O3 and H»O, is described
in our previous report (Dong et al. 2022).

3. Results and discussion

3.1. Optimization of the doping ratio of La-Fe;0, and catalyst
dosage

By designing a reasonable finite number of experiments, the re-
sponse surface methodology establishes a mathematical model
including the primary term, the square term of each significant
factor, and the first-order interaction term between any two
factors; accurately studies the relationship between each factor
and the response value; and quickly and effectively determines
the optimal conditions of the multi-factor system (Jawad et al.
2020; Abdulhameed et al. 2021). This method has the advan-
tages of a short test time, short cycle, and high precision, mak-
ing it effective for optimizing the basic test conditions
(Reghioua et al. 2021).

The mutual effects of the three parameters—the catalyst
dosage (A) and mass ratios of La (B) and Fe;04 (C)) (refer
to Table 1)—on the SHA degradation efficiency in the La-
Fe;04/AC-DBD system were studied using the 3D response
surface (Ren et al. 2020). The data in Table 1 were obtained
after 18 min of a peak-to-peak voltage of 23 kV.

An analysis of variance (ANOVA) was conducted to verify
the SHA degradation experimental data obtained from BBD,
and the results are presented in Table 3. The ANOVA test
show with model p-values < 0.0001 and an F-value of
103.81. The accuracy and effectiveness of the proposed model
were verified by a lack-of-fit F-value of 1.52. The R* and RZ;
values were 0.99 and 0.98, respectively. These data showed a
good fit between the predicted and experimental values.
(Jawad et al. 2020; Abdulhameed et al.2021).

Through the fitting of the 17 groups of experimental data in
Table 2, the final coding equation of the SHA degradation ef-
ficiency predictor factor was obtained as follows:

Degradation efficiency = 98.60 + 2.29A
+0.74B — —0.15C + 0.025AB + 0.050AC+
0.15BC — —5.54A% — —2.09B> — —0.51C>.

As shown in Figure S1(a,d), the catalyst dosage has a signif-
icant impact on the SHA degradation efficiency, which first in-
creases and then slightly decreases as the amount of catalyst
increases from 1 to 2 g. The reason is that with increasing cat-
alyst dosage, the contact area with pollutants and SHA degra-
dation efficiency increase. However, when the amount of
catalyst is too large, more catalysts will cover each other and
precipitate at the bottom of the treatment solution (Cheng
et al. 2020). As shown in Figure S1(b,e), the mass ratio of
La also has a significant effect on the SHA degradation effi-
ciency. An appropriate amount of lanthanum on AC can in-
crease the number of active sites and the specific surface area
of the catalyst, but too much lanthanum clogs the pore struc-
ture of the catalyst and generates too many oxygen vacancies,
resulting in the recombination of holes and electrons (C. Wang
et al. 2012).

As shown in Figure S1(c,f), the SHA degradation efficiency
increases with the mass ratio of FesO4 from 8 wt% to 12 wt%,

Table 2 Three-variable BBD matrix and experimental data for SHA degradation (after 18 min of a peak-to-peak voltage of 23 kV).

Run A: Catalyst dose B: Mass ratio of La C: Mass ratio of Fe;0y4 SHA degradation
1 1 1.6 12 89.5
2 1 1.2 16 90.3
3 1 1.2 8 89.9
4 1.5 1.2 12 98.6
5 2 1.2 8 94.7
6 1.5 1.2 12 98.6
7 2 1.6 12 93.8
8 1.5 1.2 12 98.6
9 2 0.8 12 92.4
10 2 1.2 16 95.3
11 1.5 0.8 16 94.5
12 1.5 1.2 12 98.6
13 1.5 0.8 8 95.9
14 1.5 1.6 16 96.4
15 1.5 1.6 8 97.2
16 1 0.8 12 88.2
17 1.5 1.2 12 98.6
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Table 3 ANOVA results for SHA degradation (after 18 min of a peak-to-peak voltage of 23 kV).

Source Sum of squares Df Mean square F-value p-value
Model 203.21 9 22.58 103.81 <0.0001
A- Catalyst dose 41.86 1 41.86 192.47 <0.0001
B- Mass ratios of La 4.35 1 4.35 20.01 0.0029
C-Mass ratios of Fe;Oy4 0.18 1 0.18 0.83 0.3932
AB 0.0025 1 0.0025 0.011 0.9176
AC 0.01 1 0.01 0.046 0.8363
BC 0.09 1 0.09 0.41 0.5405
A? 129.11 1 129.11 593.61 <0.0001
B> 18.35 1 18.35 84.36 <0.0001
C? 1.11 1 1.11 5.08 0.0588
Residual 1.52 7 0.22

Lack of fit 1.52 3 0.51

Cor total 204.74 1

because the doped Fe;O4 induces the Fenton effect with H,O,,
promoting the formation of more -OH, as shown in Eq. (5).
However, when the mass ratio of Fe;O4 exceeds 12 wt%, the
agglomeration of the catalyst particles results in a reduction
in the surface area and degradation of the catalytic activity,
and Eq. (6) is given by (Xu et al. 2020; Sang et al. 2019)

Fe*™ + H,0, — F&t +-OH+ OH™ (6)
Fe*™ + H,O + hv — -OH + Fe*" + H* (7)
Fe* +-OH — F&" + OH~ (8)
Fe** + Hy0, — FeOOH*" + H' 9)

The contributions of the three parameters to the SHA
degradation efficiency are shown in Table 2. According to
the Box-Behnken model, the three influencing factors have di-
minishing effects on the SHA degradation efficiency in the
order: mass ratio of La (B) > catalyst dosage (A) > mass ra-
tio of Fe304 (C). The optimal optimization conditions of the
model were A = 1.5g, B = 1.2wt%, and C = 12 wt%, and
the La-Fe;04/AC-DBD system improved the SHA degrada-
tion efficiency (98.6%).

3.2. Characterization of La-Fe;0,/AC

3.2.1. SEM analysis

To visualize the catalyst morphology, SEM, TEM, and energy
dispersive spectroscopy (EDS) were used to analyze and char-
acterize the prepared AC, AC-supported catalyst, and post-
discharge AC-supported catalyst (a, b, and c, respectively).
In Fig. 2(a), it can be seen that the AC has small pores and ir-
regular small corrugated folds, which is consistent with the re-
sults of previous studies (Zhou et al. 2016). However, Fig. 2(b,
c¢) exhibits a large number of typical irregular spherical struc-
tures distributed on the corrugated folds of the AC, indicating
that the material was successfully doped into the AC. In addi-
tion, the number of active surface sites and the specific surface
area were increased by the spherical catalyst loaded on the AC,
which was conducive to improving the contact probability be-
tween the treated pollutants and active substances. Fig. 3(a-c)
shows the TEM images of the AC, AC-supported catalyst, and
post-discharge AC-supported catalyst. The experimental re-

sults demonstrate that the AC has a regular hexagonal honey-
comb structure, whereas Fig. 3(b,c) shows a honeycomb
regular hexagonal and trans spinel structures. The difference
is not significant, and the catalyst is relatively stable (N.
Jiang et al. 2019). In addition, Fig. 4(a-c) presents EDS map-
ping images that reveal elements La, Fe, and O, evenly dis-
tributed on the La-Fe;04/AC composite catalyst. Therefore,
it could be inferred that the La-Fe;04/AC composite catalyst
was successfully prepared and relatively stable.

3.2.2. XPS analysis

XPS was used to analyze the surface element composition and
chemical bond structure of La-Fe;04/AC and post-discharge
La-Fe;04/AC. Fig. 5(a) shows the full scanning XPS map,
and Fig. 5(b-d) presents the fine scanning maps of Fe, La,
and O. Before treatment, the binding energies of Fe are
711.07 and 723.87 eV, corresponding to 2p3/2 and 2pl/2 of
Fe?", respectively, and account for 39.4%. The binding en-
ergies of 713.02 and 726.3 eV correspond to 2p3/2 and 2p3/2
of Fe* ", respectively, and account for 60.6%. The binding en-
ergies of La are 836.7 and 853.3 eV, corresponding to 3d5/2
and 3d3/2 of La®*, respectively, and account for 54.0%. The
binding energies of 840.4 and 857.0 eV correspond to 3d5/2
and 3d3/2 of La*", respectively, and account for 46.0%. The
binding energy of O is 530.51¢V, corresponding to the
metal-O bond and accounting for 9.4%. After the discharge
treatment, the binding energies of Fe are 710.77 and
723.98 eV, corresponding to 2p3/2 and 2p1/2 of Fe>", respec-
tively, and account for 40.8%. The binding energies of 713.82
and 726.86 eV correspond to 2p3/2 and 2p3/2 of Fe**, respec-
tively, and account for 59.2%. The binding energies of La are
836.48 and 852.8 eV, corresponding to 3d5/2 and 3d3/2 of
La®", respectively, and account for 62.4%. The binding en-
ergies of 839.94 and 856.22 ¢V correspond to 3d5/2 and
3d3/2 of La*™", respectively, and account for 37.6%. The elec-
tron binding energy of O is 530.8 eV, corresponding to the
metal-O bond and accounting for 10.7%.

The typical peaks corresponding to Fe and La prove their
existence in the sample, and the formation of the metal-O bond
shows that La-Fe;O4 and AC are not only simply bound
through physical interaction (H. Guo et al. 2021), but also
through tight chemical bonds, forming a real complex. The
XPS profile of the La-Fe;04/AC sample changed slightly after
discharge, indicating that La-Fe;O4/AC was stable.
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Fig. 2 SEM images of (a) AC, (b) La-Fe;04-doped AC (La-
Fe304/AC), and (c) post-treatment La-Fe;O4/AC.

3.2.3. XRD analysis

Fig. 6 shows the XRD patterns of the AC, La-Fe;04/AC, and
post-discharge La-Fe;O4/AC. Both La-Fe;O4/AC and post-
discharge La-Fe;04/AC exhibit the characteristic peaks of

Fig. 3 TEM images of (a) AC, (b) La-Fe;04/AC, and (c) post-
treatment La-Fe;O04/AC.
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Fe;0,4 and La, corresponding to the crystal surfaces of Fe3Oy
at 35.2° (JPCD, No.03-0863) and La at 30.1° (P. Feng et al.
2015). Moreover, the X-ray diffraction peak of the catalyst
doped with La became wider. The XRD results show that
the La-Fe;04/AC catalyst was successfully prepared and ex-
hibited good stability after the discharge treatment, which cor-
responds to the characterization results described above.

3.3. Evaluation of the degradation performance for SHA

3.3.1. Degradation performance and synergetic factors

The catalytic performance of the catalysts with different pro-
portions of La-Fe;04/AC in the DBD system was investigated,
and the results are presented in Fig. 7(a). In the chart, the pro-
portions of La-Fe;04/AC-1, La-Fe;04/AC —2, and La-Fe;04/
AC —3 are respectively as follows: 1.2 wt% La-12 wt% Fe;0y,,
0.8 wt% La-8 wt% Fe304, and 1.6 wt% La-16 wt% Fe30y;
1.5 g of each catalyst was used. As can be seen from Fig. 6
(a), only the La-Fe;04/AC catalyst has a relatively low SHA
degradation efficiency, and the SHA degradation efficiency is
only 21.3% after 18 min of treatment. Compared to the
DBD alone, the addition of catalyst materials promotes the
SHA degradation efficiency. The DBD-La-Fe;04/AC-1 system
exhibits the best degradation performance, and the SHA
degradation efficiency reaches 98.6% after 18 min of treatmen-
t, which is 28.9% and 77.3% higher than those of DBD and
La-Fe;04/AC, respectively. Further, the catalytic performance
of DBD-La-Fe;04/AC is better than that of DBD-La-Fe;O0y,
indicating that the combined system has a significant synergis-
tic effect on the SHA degradation performance.

Fig. 7(b) shows the first-order kinetic constants correspond-
ing to each group in Fig. 7(a). The degradation kinetic con-
stants of SHA in descending order are DBD-La-Fe;04/AC-
1 > DBD-La-Fe;04/AC-3 > DBD-La-Fe;04/AC-3 > DBD-
La-Fe;04-1 > DBD > La-Fe;04/AC-1. When the catalyst ra-
tio is 1.2 wt% La-12 wt%Fe;04, the maximum Kkinetic con-
stant of DBD-1.2 wt% La-12 wt%Fe3;04 is 0.227, which is
342 and 1.72 times those of the DBD-only system and
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Fig. 7 (a) Degradation of SHA and (b) first-order kinetic
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DBD-La-Fe;04-1 system, respectively. Moreover, when the
mass ratio of La to Fe;Oy, is further increased, the kinetic con-
stant of the system does not increase, but rather decreases.
This tendency occurs because excessive La and Fe;O4 lead to
their aggregation on the AC pores, increasing the mass transfer
resistance and reducing the specific surface area of the catalyst,
which is mutually supported by previous detection and SEM
results.

To illustrate the synergistic effect between DBD and the
La-Fe;04/AC catalyst further, the synergistic factor SF be-
tween DBD and the La-Fe;O4/AC catalyst was calculated,
and the results are shown in Table 4. The R? values in the table
are all greater than 0.98, indicating that all systems conform to
the first-order kinetic model, which corresponds to the conclu-
sion of the quasi-first-order kinetic equation. After the addi-
tion of the La-Fe;O4/AC catalyst, all the synergistic factors
are greater than 1, indicating that a synergistic effect can be
formed between the DBD and La-Fe;04/AC catalyst. In addi-
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Table 4 Kinetic constants and synergistic factors for different
systems.

System First-order kinetic constants SF
K (min~") R?
DBD 0.066 0.999 -
DBD-La-Fe;04-1 0.132 0.989 1.639
DBD-La-Fe;04/AC-1 0.227 0.997 2.826
DBD-La-Fe;0,4/AC-2 0.162 0.998 2.014
DBD-La-Fe;04/AC-3 0.176 0.998 2.189
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Fig. 8 (a) SHA degradation with different discharge voltages
and (b) SHA energy efficiency with different discharge voltages.

tion, the synergistic factors of the DBD-La-Fe;04/AC system
are all greater than those of DBD-La-Fe;04/AC (1.639), which
proves that the synergistic effect between DBD and La-Fe;0,/
AC is more obvious, and the highest synergistic factor of
DBD- La-Fe;04/AC-1 is 2.826.
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Fig. 9 Effects of Ci’" and Pb*" on SHA degradation after
18 min of a peak-to-peak discharge voltage of 20 kV.

3.3.2. Effect of the discharge voltage and energy yield

The discharge voltage directly affects the electric field intensity
and electron energy between the discharge areas of the DBD
reactor and determines the input energy and discharge mode
of the DBD discharge system. The SHA degradation efficiency
of the DBD and DBD + La-Fe;O4 systems at peak-to-peak
voltages of 20, 23 and 26 kV, as determined above. It is clear
from Fig. 8(a) that a higher peak-to-peak voltage corresponds
to a higher SHA degradation efficiency because a higher elec-
tric field intensity stimulates the reactor to produce more active
substances (T. Wang et al. 2016), resulting in accelerated SHA
degradation. In addition, when the peak-to-peak value is
26 kV, the degradation efficiency of SHA is 83.6% after
18 min of DBD alone; however, the degradation efficiency of
SHA is greatly increased to 99.8% after the addition of the
La-Fe;0, catalyst, where SHA is almost completely degraded.
Therefore, the experimental results demonstrate that addition
of the La-Fe;04 catalyst to the discharge system significantly
improves the degradation efficiency of SHA, which increases
by 44.67%, 28.58%, and 16.2% at 20, 23, and 26 kV,
respectively.

The higher the discharge voltage, the greater the input en-
ergy of the DBD reaction system (Wang et al. 2016). Simply
increasing the peak-peak voltage to improve the efficiency of
SHA degradation is unreasonable. Therefore, Fig. 8(b) shows
the calculated energy efficiency of SHA degradation at differ-
ent peak-to-peak voltages, which were selected to calculate the
energy efficiency of each system after 15 and 18 min of dis-
charge reactor treatment. The data in Fig. 8(b) demonstrate
that when the degradation efficiency of SHA reaches 99.8%,
the energy efficiency is only 2.05 g/kWh, which is not the best
choice for SHA degradation. It can be concluded that the ad-
dition of the La-Fe;0, catalyst greatly improves the energy ef-
ficiency of the DBD reaction system. After maintaining the
peak-to-peak discharge voltage at 20 kV for 15 min, the energy
efficiency of the collaborative treatment of the DBD system
with the La-Fe;0,4 catalyst reached 3.5 g/kWh, and the SHA
degradation efficiency reached 93.4%.
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Fig. 10  Concentrations of (a) O; and (b) H,O, after 18 min of a
peak-to-peak discharge voltage of 20 kV.

3.3.3. Effects of Pb°" and Cu’™*

The composition of mineral processing wastewater is complex,
and one of its remarkable characteristics is that it contains ex-
cessive metal ions (Xie et al. 2021). To improve the flotation
ability of SHA, mining enterprises typically use Pb’>" and
Cu’" as activators (Feng et al. 2017). Fig. 9 shows the effects
of adding Pb?>* and Cu®?" on the degradation efficiency of
SHA at a peak-to-peak discharge voltage of 20 kV. The addi-
tion of Pb>* and Cu®" slightly improves the degradation effi-
ciency of SHA. After 18 min of treatment, the degradation
efficiency of the SHA is 96.5%. However, after adding 2 m-
mol/L Pb?>* and Cu®?", the degradation efficiency of the
SHA slightly increases to 99.9% and 98.7%, respectively.
The addition of Pb>" and Cu?™ forms chelates with SHA,
which improves the SHA degradation efficiency and further
activates the catalyst to produce active substances for the
degradation of SHA, which is consistent with the conclusions
of Lou et al. (Lou et al. 2022). In addition, the discharge area

Time (min)
(b)

Fig. 11 (a) Effects of TAB and BQ capture reagents on SHA
degradation and (b) effects of phosphate capture reagents on SHA

degradation after 18 min of a peak-to-peak discharge voltage of
20 kV.

of the SHA reactor was in the air. Although the addition of
Pb>* and Cu®’” increased the conductivity of the SHA solu-
tion, it did not affect the electric field intensity in the discharge
area; therefore, it did not reduce the degradation efficiency of
SHA (G. Han et al. 2021):

Pb*" + SHA — SHA — Pb (10)

Cu** + SHA — SHA — Cu (11)

3.4. Identification of the active species for the SHA degradation

3.4.1. Variation of Oz and H>0,

03 and H»0, play important roles in the degradation of SHA,
and their concentration changes can be used to evaluate the
changing trend of the active substances during DBD (Ren



Degradation of salicylhydroxamic acid in mineral beneficiation wastewater 11

et al. 2019). To study the contributions of O3 and H,O, to
SHA degradation in one step, we tested the changes in the con-
centrations of O3 and H,0, in the DBD + La-Fe;04/AC and
DBD-only systems. The results are depicted in Fig. 10(a,b) (the
discharge peak-to-peak voltage is 20 kV). The concentrations
of O3 and H,O, clearly increase with increasing discharge
treatment time in both the DBD-only and DBD-La-Fe;0,/
AC systems. After 18 min of treatment, the concentrations of
O3 and H,0; in the single DBD system are 1.64 mg/L and
12.39 umol/L, respectively, whereas the concentrations of O3
and H,O, in the synergistic system are only 1.17 mg/L and
5.29 umol/L, respectively, which are significantly lower than
those in the DBD-only system. Combined with the previous
SHA degradation efficiency changes, the experimental results
indirectly indicate that the addition of the La-Fe;04/AC cata-
lyst promotes the conversion of O; and H,O, to ¢OH in the
collaborative system, and the conversion formula is given by
Eqgs. (7)-(13) (K.H.H. Aziz et al. 2017). Therefore, the degra-
dation efficiency of the SHA in the DBD collaborative La-
Fe;04/AC system is higher than that of the DBD-only system.

3.4.2. Effect of various radical scavengers

To explore the roles of "OH and "O5 in SHA degradation, tert
butyl alcohol (TBA) and benzoquinone (BQ) were selected as
trapping agents for the free radical capture experiment (with
a peak-to-peak discharge voltage of 20 kV) (Lou et al. 2022;
Ren et al. 2021). The experimental results are shown in
Fig. 11(a). After 18 min of treatment, the SHA degradation ef-
ficiency is 96.53% with no trapping agent added, whereas the
addition of TBA and BQ reduces the SHA degradation effi-
ciency. When 3 mmol/L BQ and TBA are added, the degrada-
tion efficiency of SHA decreases significantly to 60.16% and
19.33%, respectively. Both trapping agents significantly inhibit
the degradation of SHA, indicating that "OH and "O; are im-
portant active substances in the DBD—catalyst synergistic sys-
tem. In contrast, the SHA degradation efficiency decreases by
36.37%, whereas the SHA degradation efficiency decreases by
77.2%, which is 2.12 times the decrease in 3 mmol/L BQ.
Therefore, «OH is a more important strongly oxidizing active

40

Il psD -
35 |l DBD+La-Fe,0, b
. [ IDBD+La-Fe,0,/AC

N
(8]

TOC removal (%)
s 8

10

System

Fig. 12 Variation of TOC for SHA wastewater after 18 min of a
peak-to-peak discharge voltage of 20 kV.

species than eQO,, especially in the DBD + La-Fe;04/AC
system.

Zhang et al. found that hydration electrons are important
activating substances when dealing with microcystin-LR (H.
Zhang et al. 2012). Fig. 11(b) presents the results, demonstrat-
ing that the addition of HPO3- does not affect the degradation
of SHA in the DBD—catalyst collaborative system, indicating
that hydrated electrons are not important for SHA degrada-
tion. This was because in the previous research by the authors
(B. Dong et al. 2022), the discharge plasma was formed in an
air atmosphere and then diffused into the liquid phase to set
off a series of reactions, so that hydrated electrons could hard-
ly be generated:

¥~ +0;—2-0+e (12)

Table 5
process.

Intermediates of SHA degradation during the plasma

Serial number Byproducts m/z Structural formula

(0]
/()H
SHA C,H,NO; 154.14 N
OH
(0]
OH
1 C,H;NO, 138.05 Di/
(o]
2 C;H;NO, 138.05 dNH
OH
o)
3 C,H40, 123.04 O/N\OH
OH
4 CsHsOH 95.04 ©/
0]
5 C;H05 139.03 @5‘\%
‘OH
OH
6 CeHqO> 112.03 Oi
OH
(0]
7 C;H;NO 122.06 @J\NH‘
OH
8 C¢HeO, 112.03 /©/
HO
OH
9 C,H505 77.02 HO\/K .
OH
10 C,H,0 69.07 O/\%\
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Fig. 13  Degradation on possible pathways of SHA.
0+ 0, — 03 (13) 3.5. Possible degradation pathway for SHA
-0+ H,O0 —2-0OH 14 . . . . .
TR0 - (14) Combined with the obtained high-resolution data, the struc-
2. 0H — H,O (15) tures of SHA the intermediate products during the degradation
2z process were determined (Table 5). The degradation path was
0s +3H,0 — 3H,0, (16) determined to be mainly through the following three reaction
’ channels, as shown in Fig. 13.
\OH + O3 — -HO> + — - 0, (17) For the degradation target SHA (positive ion peak [M
+ H] + m/z 154), the main degradation sites occur in the
\HO, + H,0 — -OH + H,0,. (18) molecular structure of hydroxyl amino groups and aromatic

3.4.3. Mineralization of SHA

To explore the degree of SHA mineralization, the TOC re-
moval rates in the DBD-only, DBD-LA-Fe;04, and DBD-
LA-Fe;04/AC systems were compared experimentally. As
shown in Fig. 12, after the discharge voltage was treated at
20 kV for 18 min, the TOC removal rate in the single DBD sys-
tem was only 22.36%, that of the DBD co-catalyst LA-Fe;O,4
slightly increased to 27.78%, and that of the last group of
DBD-LA-Fe;04/AC was significantly increased to 36.16%.
The results showed that AC can significantly improve the
TOC of SHA and that the removal rate of TOC is much lower
than the degradation efficiency of SHA, indicating that the
degradation process of SHA is accompanied by the formation
of intermediate products.

rings. In pathway 1, the benzene ring of SHA was oxidation
of to obtain C;H;NO, (m/z 138). Then, C;H,0, (m/z 123)
was degraded and oxidized to decarboxylate and hydroxy-
late phenol and C¢HsOH (m/z 95). In pathway 2, the hy-
droxylamine group of SHA was the degradation of to
C;HgO3 (m/z 139); then, it underwent oxidation of the de-
carboxylate group and oxidative hydroxylation to obtain
CsHgO, (m/z 112). In pathway 3, the hydroxylamine group
of SHA was degradation of to C;H;NO, (m/z 138) and
C;HgO, (m/z 122), and hydroquinone and CgHgO, (m/z
112) were obtained. Pathways 2 and 3 are commonly re-
versed to prepare SHA. Similar degradation paths were also
inferred by Pang et al (Pang et al. 2019) and Liping et al.
(Zhang et al. 2019) when advanced oxidation techniques
were used for degradation.
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Further degradation of the above products is manifested as
oxidation, small molecules of acid degradation, and finally
degradation to H,O, CO3", NH/ , etc.

Various advanced oxidation techniques for the treatment of
SHA wastewater are summarized, and the results are presented
in Table S1. The results show that DBD collaboration with La-
Fe;04/AC is a promising method of SHA wastewater
treatment.

4. Conclusion

In this study, the degradation of SHA in mineral processing wastewa-
ter by the DBD-La-Fe;0,4/AC collaborative system was investigated.
Three catalyst parameters (the catalyst dose and mass fractions of
La and Fe;0,) affecting the SHA degradation efficiency were opti-
mized using the response surface method. The optimal combination
was 1.2 wt%La-12 wt%Fe;04/AC in 1.5 g, and the SHA degradation
efficiency was 98.6%. The catalyst was characterized by SEM, TEM,
EDS, XRD, and XPS. The results showed that AC was successfully
loaded with La-Fe;O4 and that the synthesized catalyst had a high sta-
bility and crystallization state. After the peak-to-peak discharge volt-
age was maintained at 20 kV for 15 min, the energy efficiency of the
collaborative treatment of the DBD- La-Fe;0, system reached the
highest value of 3.5 g/kWh, and the SHA degradation efficiency
reached 93.4%, which were increased by 46.6% and 1.8 times com-
pared with those of the DBD-only system, respectively. The first-
order kinetic constant of the DBD-La-Fe;0,4 system was 0.23, the syn-
ergistic factor was 2.83, and the synergistic effect was significant. Metal
ions Pb?>" and Cu®" can slightly improve the degradation efficiency of
SHA in mineral processing of wastewater. The concentrations of O
and H,0, in the DBD-La-Fe;04/AC system were significantly lower
than those of the single DBD, indicating that the addition of the La-
Fe;04/AC catalyst promoted the conversion of O; and H,0, to "OH
in the collaborative system. Moreover, the addition of quenching
agents significantly reduced the degradation efficiency of SHA, indicat-
ing that "OH and "O,, two strong oxidant active substances, are crucial
for the SHA degradation. Ten main degradation intermediates were
identified using HPLC-MS, and three possible degradation pathways
were deduced. This article provides a promising method for the treat-
ment of organic flotation agents in mineral processing wastewater resi-
dues using rare-earth catalyst materials in collaboration with DBD.
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