
catalysts

Article

Strong Pyro-Electro-Chemical Coupling of Elbaite/H2O2 System
for Pyrocatalysis Dye Wastewater

Fei Chen 1 , Jiesen Guo 1, Dezhong Meng 1,2,*, Yuetong Wu 1, Ruijin Sun 1 and Changchun Zhao 1,*

����������
�������

Citation: Chen, F.; Guo, J.; Meng, D.;

Wu, Y.; Sun, R.; Zhao, C. Strong Pyro-

Electro-Chemical Coupling of

Elbaite/H2O2 System for

Pyrocatalysis Dye Wastewater.

Catalysts 2021, 11, 1370. https://

doi.org/10.3390/catal11111370

Academic Editor: Li Meng

Received: 28 October 2021

Accepted: 11 November 2021

Published: 13 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Science, China University of Geosciences (Beijing), Beijing 100083, China;
cf15612189105@163.com (F.C.); Jason950616@163.com (J.G.); wuyuetong2020@outlook.com (Y.W.);
sunruijin@cugb.edu.cn (R.S.)

2 Zhengzhou Institute, China University of Geosciences (Beijing), Zhengzhou 451283, China
* Correspondence: meng@cugb.edu.cn (D.M.); 2011010020@cugb.edu.cn (C.Z.); Tel.: +86-10-8232-1062 (D.M.);

+86-10-8232-3426 (C.Z.)

Abstract: Elbaite is a natural silicate mineral with a spontaneous electric field. In the current study,
it was selected as a pyroelectric catalyst to promote hydrogen peroxide (H2O2) for dye decomposition
due to its pyro-electro-chemical coupling. The behaviors and efficiency of the elbaite/H2O2 system
in rhodamine B (RhB) degradation were systematically investigated. The results indicate that the
optimal effective degradability of RhB reaches 100.0% at 4.0 g/L elbaite, 7.0 mL/L H2O2, and pH = 2.0
in the elbaite/H2O2 system. The elbaite/H2O2 system exhibits high recyclability and stability after
recycling three times, reaching 94.5% of the degradation rate. The mechanisms of RhB degradation
clarified that the hydroxyl radical (·OH) is the main active specie involved in catalytic degradation in
the elbaite/H2O2 system. Moreover, not only does elbaite act as a pyroelectric catalyst to activate
H2O2 in order to generate the primary ·OH for subsequent advanced oxidation reactions, but it also
has the role of a dye sorbent. The elbaite/H2O2 system shows excellent application potential for the
degradation of RhB.

Keywords: tourmaline; elbaite/H2O2 system; pyroelectric catalyst; dye wastewater; RhB degradation

1. Introduction

The development of synthetic dyes has displayed notable progression since the late
19th century [1]. Dyes without proper treatment are the main source of water pollution,
which contains large amounts of polyphenylene ring substituents, showing biotoxicity
and chromaticity [2–4]. Moreover, polluted water is gradually developing a resistance to
photolysis, antioxidants, and biology [5,6]. Hence, it is an urgent problem for scientists
to improve the removal technology of these harmful dyes from wastewater [4]. In order
to solve this problem, traditional and modern techniques are raised as common methods
to treat dye wastewater. These technologies mainly include coagulation [7], air strip-
ping [8], incineration [9,10], filtration through a membrane [11], adsorption on stimulated
carbon [12], electrochemical oxidation [13], wet oxidation [14], biological oxidation [15],
and chemical oxidation techniques [16,17]. Among these technologies, chemical oxidation
techniques are the most widely used due to the degradation of dye molecules. As one
kind of chemical oxidation technique, advanced oxidation process (AOPs) has drawn
an increasing amount of attention in the degradation of dyes, specifically, photocatalytic
degradation [18–23], Fenton oxidation [24], Fenton-like oxidation [25], and activation of
persulfate/peroxymonosulfate (PS/PMS) [26,27]. The reactive species in AOPs are usually
the hydroxyl radical (·OH) [28] and hydrated electron (eaq−) [29]. However, there might
still be some problems with the application of these technologies. For instance, the possibil-
ity of releasing residual-free radical oxidants such as ·OH and producing toxic degradation
products [28]. Therefore, it is necessary to develop an efficient and environmentally friendly
catalytic treatment technology for dye wastewater. It is well accepted that pyroelectric
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materials can generate polarized charges under external thermal excitation. Furthermore,
the polarized charge can promote the emergence of powerful oxidant active substances
such as ·OH. As a result, heat energy and electrical energy can be used for the degrada-
tion of dye wastewater due to the pyro-electric-chemical coupling effect [30,31]. To date,
pyroelectric material, Ba0.7Sr0.3TiO3@Ag nanoparticles [32], NaNbO3 nanoparticles [33],
BaTiO3 nanofibers [34], ZnO nanorods [35], and Pb (Zr0.52Ti0.48)O3 polarized ceramic [36]
were found to be effective for the degradation of dyes. Tourmaline is one of the typical
natural pyroelectric materials [37]. There are currently several studies on the degradation of
dyes by tourmaline [38–42]. Schorl, as an iron-rich tourmaline, can be used as an effective
catalyst to enhance the efficiency of reactive free radicals and has been shown to assist in the
removal of many organic pollutants, such as fosfomycin and tetracycline in schorl/H2O2
systems [39,40]. The heterogeneous Fenton reaction formed by the schorl/H2O2 system
mainly uses the presence of iron in schorl, but the iron content in schorl is generally not
higher than 10%, which has certain limitations in practical application [41,42]. Furthermore,
it is reported that tourmaline can be regarded as an excellent adsorbent candidate [38].
The adsorption of tourmaline results from the diffusion of dye molecules into the pores of
tourmaline. Although drawbacks remain, it is considered that not only can tourmaline be
regarded as a candidate for physical adsorption, but it also has the potential as a catalyst
for advanced oxidation technologies.

Elbaite is a typical representative of the tourmaline family. Meanwhile, it is also one
of the most promising pyroelectric materials, and its high pyroelectric coefficient can be up
to 0.46 nC/cm2/K [43]. In this study, a new method was proposed in which elbaite was
selected to catalyze H2O2 for the decomposition of rhodamine B (RhB). The pyro-electro-
chemical coupling effect is found in the elbaite/H2O2 system, and the decomposition
mechanism is well understood. The elbaite/H2O2 system has proved to be a potential
candidate to deal with dyes.

2. Results and Discussion
2.1. Characterization of Elbaite

The XRD patterns of elbaite are shown in Figure 1a. In these patterns, all reflection
peaks can be indexed to previous studies (JCPDS card number PDF#71–716, space group:
R3m). No characteristic peaks of other impurities are detected in the pattern. Figure 1b
demonstrates the morphology of elbaite with micron-sized particles, generally less than
10 µm. In addition, the EDX spectrums in Figure 1c,d demonstrate the existence of O, Si,
Al, Na, F, Ca, and C elements in the sample. Here, C comes from the sample carrier during
the SEM sample preparation process. Furthermore, based on the analysis of chemical
composition in Table 1, the elbaite applied to this study mainly contains the elements O,
Si, Al, S, Mn, Ca, K, Lu, Li, Pb, and Fe, which are virtually consistent with the chemical
composition of Figure 1c,d. Since the content of Fe in elbaite is very rare, the effect of the
Fenton reaction between elbaite and H2O2 can be excluded.

Table 1. Chemical composition analyses of elbaite.

Component SiO2 Al2O3 SO3 MnO CaO K2O Lu2O3 Li PbO Fe Total

wt% 51.80 40.50 3.16 1.83 1.68 0.31 0.25 0.23 0.10 0.07 99.93

Note: Li and Fe elements are detected by ICP-MS. Other elements are detected by XRF and expressed in oxide.
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Figure 1. Characterization of elbaite: (a) the XRD pattern; (b) the SEM image; (c) the EDX analysis; 
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tion of RhB dye. Figure 2a shows the change in concentration of RhB solution without any 
catalyst under acidic conditions of pH = 2.0. The results indicate that no change in RhB 
dye solution occurs during the temperature change. The RhB degradation performances 
of the elbaite-alone, H2O2-alone and elbaite/H2O2 systems were compared. Figure 2b indi-
cates that 16.9% RhB is removed in the elbaite-alone system after 10 min of heating. As a 
consequence, it can be concluded that elbaite alone also affected the RhB dye solution. 
When the temperature increased, a polarized electric field was generated on the surface 
of the elbaite. The dye molecules in the solution are adsorbed by tourmaline elbaite, and 
this reduces the concentration of the dye solution. Figure 2c shows the N2 adsorption–
desorption isotherm of elbaite powder. According to the adsorption isotherm, the calcu-
lated values of specific surface area, pore volume, and pore width are 2.48 m2/g, 2.2 × 10−2 
cm3/g, and 3.847 nm, respectively. The N2 adsorption–desorption isotherms indicate that 
elbaite has a good adsorption capacity compared to other adsorbents [38]. Moreover, there 
is an obvious red adsorbate on the surface of elbaite after the reaction shown in the inset 
of Figure 2c. It is reported that the major surface functional group ·OH in tourmaline is 
responsible for the adsorption of the dye molecule [38]. The increase in the concentration 
of the RhB solution at 20 and 30 min of heating may come from the slightly evaporated 

Figure 1. Characterization of elbaite: (a) the XRD pattern; (b) the SEM image; (c) the EDX analysis;
and (d) the elements content.

2.2. Degradation Factors for Contaminant RhB

The elbaite’s pyroelectrically driven activity is determined based on the decomposi-
tion of RhB dye. Figure 2a shows the change in concentration of RhB solution without any
catalyst under acidic conditions of pH = 2.0. The results indicate that no change in RhB dye
solution occurs during the temperature change. The RhB degradation performances of the
elbaite-alone, H2O2-alone and elbaite/H2O2 systems were compared. Figure 2b indicates
that 16.9% RhB is removed in the elbaite-alone system after 10 min of heating. As a conse-
quence, it can be concluded that elbaite alone also affected the RhB dye solution. When the
temperature increased, a polarized electric field was generated on the surface of the elbaite.
The dye molecules in the solution are adsorbed by tourmaline elbaite, and this reduces the
concentration of the dye solution. Figure 2c shows the N2 adsorption–desorption isotherm
of elbaite powder. According to the adsorption isotherm, the calculated values of specific
surface area, pore volume, and pore width are 2.48 m2/g, 2.2 × 10−2 cm3/g, and 3.847 nm,
respectively. The N2 adsorption–desorption isotherms indicate that elbaite has a good
adsorption capacity compared to other adsorbents [38]. Moreover, there is an obvious red
adsorbate on the surface of elbaite after the reaction shown in the inset of Figure 2c. It is
reported that the major surface functional group ·OH in tourmaline is responsible for the
adsorption of the dye molecule [38]. The increase in the concentration of the RhB solution
at 20 and 30 min of heating may come from the slightly evaporated water as the reaction
is carried out. Compared with the elbaite alone system, the degradation rate of RhB is
24.8% in the H2O2 only system, indicating that RhB can directly react with H2O2 without
the catalyst. However, the degradation rate of RhB in the elbaite/H2O2 system is much
higher than in the other two systems. The RhB degradation percentage is 100% at 30 min
of heating, with a clear and transparent solution. To investigate the best conditions of the
reaction, the impact of different elbaite and H2O2 doses on the reaction was investigated.
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Figure 2. (a) Pyrocatalytic UV absorption spectrum of RhB without catalyst. (b) RhB removal rates in
three different systems. (c) N2 adsorption–desorption isotherm of elbaite powder and the picture
of elbaite powder after adsorption reaction. (d) Effect of elbaite dose on RhB degradation in the
elbaite/H2O2 system, and the degradation rate of different elbaite doses. (e) Effect of H2O2 dose
on RhB degradation in the elbaite/H2O2 system, and the degradation rate of different H2O2 doses.
(f) Effect of initial pH on the degradation of RhB in the elbaite/H2O2 system, and the degradation
rate at different pH. Experimental conditions: RhB = 100 mg/L, elbaite dose = 1.0–10.0 g/L, H2O2

dose = 1.0–10.0 mL/L, initial pH = 2.0, initial pH = 2.0, 3.0, 5.0, 7.0, 9.0, T = 30 ◦C–80 ◦C, time = 30 min.

As shown in Figure 2d, the dose of H2O2 is 7.0 mL/L, and the degradation efficiency
of RhB increases significantly when the elbaite dose changes from 1.0 g/L to 4.0 g/L,
reaching 99.4% at 4.0 g/L. With a further increase in the dose of elbaite, the degradation
efficiency sinks slightly and then increases gradually to 100% at 7.0 g/L. This is due to the
excessive addition of elbaite. On the one hand, the collision frequency between the elbaite
particles may enhance the contact between positive and negative charges on the surface
of the elbaite. On the other hand, the excessive addition of elbaite leads to a decrease
in the dose of charge that can produce the active species. That is, excess elbaite does
not lead to higher degradation efficiency. However, as the dose of elbaite continues to
increase, the amount of charge generated increases, eliminating these effects. Therefore,
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the optimum dose of elbaite was found to be 4.0 g/L. Based on the above results, the dose
of elbaite was designated at 4.0 g/L for further study.

The effect of H2O2 dose was examined in the elbaite/H2O2 system (given in Figure 2e).
Firstly, the dose of elbaite was designated as 4.0 g/L. Then, with the increase in H2O2 dose
from 1.0 mL/L to 7.0 mL/L, the degradation rate increased from 79.1% to 99.1%. After that,
when the H2O2 dose was increased to 10.0 mL/L, the degradation rate decreased slightly,
reaching 92.9%. The results also proved that the degradation rate changed significantly
with the dose of H2O2. Hence, ·OH is the predicted active substance in the solution, and the
direction of change can be explained as follows. With the increase in H2O2 dose, H2O2 will
constantly generate ·OH to attack the RhB structure. However, H2O2 is also a scavenger of
·OH. Excess H2O2 consumes ·OH before these can react with organic pollutants, which can
be explained by reaction Equations (1) and (2) [44,45]. As a result, the optimal efficiency
for H2O2 is 7.0 mL/L. Thus, 7.0 mL/L H2O2 was chosen for further study.

H2O2 +·OH→ H2O +·HO2 (1)

HO2 +·OH→ H2O + O2 (2)

In order to study the influence of pH on RhB degradation performance, the influence of
the initial pH of the RhB solution on the degradation rate under acidic, neutral, and alkaline
conditions was studied in the elbaite/H2O2 system, and the results are illustrated in
Figure 2f. It can be seen that the highest degradation rate is up to 99.4% at pH = 2.0,
while the degradation rate is detected to be only 3.5% at pH = 5.0, 5.0% at pH = 7.0,
and 11.4% at pH = 9.0. Clearly, the elbaite/H2O2 system shows an excellent degradation
rate under a strong acid environment (pH = 2.0) compared to the neutral and alkaline
conditions. It is speculated that the pyroelectricity of elbaite in acidic conditions is stronger
than that in neutral and alkaline conditions, which leads to higher efficiency. Furthermore,
it was found that the amount of hydroxyl decreased first and then increased with the
increase in pH. The result is shown in Figure S1. Therefore, the elbaite/H2O2 system is pH
dependent for the degradation of RhB solution and shows high removal efficiency in low
pH conditions.

2.3. Detection of Hydroxyl Radicals

To further determine into the mechanism of the elbaite/H2O2 system, the surface
radical-trapping experiments proceeded. As shown in Figure 3a, the addition of TBA
(a quencher of ·OH) [46] significantly inhibited the decomposition of RhB in the elbaite/H2O2
system, and the inhibition degree increased with an increase in TBA content. Without the
addition of the scavenger, the degradation rate of RhB dye was 89.1% after 10 min of reaction,
where the temperature was 46.7 ◦C. However, the degradation rate was only 13% after the
addition of 50 mM TBA. Therefore, it is presumed that ·OH is the dominant radical in the
elbaite/H2O2 system, because the scavenger TBA can greatly inhibit the degradation of
RhB dye.

To monitor the intermediate products of the pyrocatalysis process, we further demon-
strated the generation of ·OH radicals in the elbaite/H2O2 system by using TA as a probe
molecule. TA reacts with the ·OH to produce 2-hydroxyterephthalic acid (·OH capture),
a substance with strong fluorescent properties. It emits a unique fluorescence signal under
a PL excitation wavelength of 315 nm with a peak around 425 nm [47]. In turn, the intensity
of the fluorescence signal of 2-hydroxyterephthalic acid is proportional to the number of
·OH produced in water [48]. As shown in Figure 3b, with the increase in pyrocatalysis time,
the fluorescence intensity of 2-Hydroxyterephthalic acid at 425 nm increased, indicating
the presence of ·OH.
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Figure 3. (a) The effect of different doses of TBA on the degradation of RhB solution by the elbaite/
H2O2 system. (b) The ·OH capture spectra of suspension containing elbaite and TA were studied at a
315 nm photoluminescence excitation wavelength. Experimental conditions: RhB = 100 mg/L, elbaite
dose = 4.0 g/L, H2O2 dose = 7.0 mL/L, initial pH = 2.0, T = 30 ◦C–80 ◦C, time = 10 min, 30 min.

2.4. Degradation Factors for Contaminant RhB

Reusability and stability are significant and necessary for the practical application of
the elbaite/H2O2 system. Thus, the recycling utilization of elbaite catalysts was investi-
gated. As shown in Figure 4a, the degradation rate reduced from 100% to 94.5% as the
number of cycles increased to three. After three repeated experiments, the degradation
rate decreased slightly due to the small loss of elbaite powder during centrifugal filtration.
The degradation rate of the third cycle was more than 90% of that of the first cycle, indicat-
ing that elbaite has good recycling performance. The FTIR spectra of bare elbaite particles
and the elbaite particles after reaction with RhB are shown in Figure 4b. The structure of
elbaite in the elbaite/H2O2 system is essentially the same before and after the reaction.
The bands at 781 cm−1 and 1100 cm−1 are caused by the stretching vibration of the Si-O-Si
bond. The O-Si-O bond and the B-O bond cause stretching vibration at 969 cm−1 and
1290 cm−1, respectively. Furthermore, the bonds at 3590 cm−1 and 1356 cm−1 are the
results of the stretching vibration of the O-H bond [49]. It is shown that the reaction process
of the elbaite/H2O2 system does not cause any change to elbaite, further demonstrat-
ing its structural stability. Thus, the excellent recycling performance of elbaite is proved
once again.
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Figure 4. (a) Recycling utilization tests with elbaite. (b) FTIR spectra of powdered elbaite before
reaction and after reaction of the elbaite/H2O2 system. Experimental conditions: RhB = 100 mg/L,
elbaite dose = 4.0 g/L, H2O2 dose = 7.0 mL/L, initial pH = 2.0, T = 30 ◦C–80 ◦C, time = 30 min.

2.5. Degradation Factors for Contaminant RhB

The pyroelectricity of elbaite played a major role in the elbaite/H2O2 system. The in-
tensity of polarization formed in pyroelectric materials changes as the temperature (T)
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changes and, therefore, is defined as the pyroelectric coefficient [50], and the reaction
equation is expressed as Equation (3) as follows:

P =
∂Ps

∂T
(3)

where ∂PS is the vector of polarization intensity change in the crystal, and ∂T is the
small temperature change that occurs uniformly throughout the crystal. The P value
represents the strength of the pyro-driven catalytic performance, and the higher the P value,
the better the pyro-driven catalytic performance. The polarization intensity (Ps) and
pyroelectric coefficient (P) of the selected elbaite at different temperatures were measured
by a ferroelectric analyzer. As shown in Figure 5a, the polarization intensity of elbaite
changed from 1.30 nC/cm2 at 30 ◦C to 7.79 nC/cm2 at 80 ◦C. Furthermore, the pyroelectric
coefficient of elbaite can reach around 0.20 nC/cm2/K at 80 ◦C, according to Figure 5b.
The results indicate that the selected elbaite has a relatively high pyroelectric coefficient.
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Figure 6 shows the schematic diagram of pyrocatalysis in the elbaite/H2O2 system.
Elbaite contain a high pyroelectric coefficient P of 0.2 nC/cm2/K. In the case of a thermody-
namic equilibrium state (∆T = 0 ◦C), the surface of elbaite does not have a polarized charge.
When the elbaite particles are heated, the temperature of elbaite particles changes, the total
electric dipole moment vector sum decreases, and the polarization density decreases, caus-
ing a large amount of polarized charge to accumulate on the surface of elbaite particles,
which can be expressed as Equation (4). At the same time, the negative charges react with
H2O2 to produce ·OH- and ·OH, as shown in Equation (5). Not only that, but the positive
charge (h+) accumulated on the positive charge side of elbaite also reacts with ·OH− to
produce ·OH, as shown in Equation (6). Furthermore, ·OH in the solution causes the dye to
decompose through redox reaction so as to achieve the purpose of degradation, as shown
in Equation (7) [51,52]. As a result, the pyro-electro-chemical coupling of the elbaite/H2O2
system contributes to the decomposition of RhB.

Elbaite ∆T→ Elbaite + h+ + q− (4)

H2O2 + q− → OH− + ∆OH (5)

h+ + OH− → ∆OH (6)

OH + Dye→ Dye decomposition (7)
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3. Materials and Methods

RhB, TA, and tert-butyl alcohol (TBA) were purchased from Aladdin. Deionized water
was used for the preparation of RhB solution. The sodium hydroxide (NaOH) and sulfuric
acid (H2SO4) that were used in the experiment were purchased from Sinopharm Chemical
Reagent Co. H2O2 (30%, v/v) was obtained from Nanjing Chemical Reagent Co., Ltd.
Elbaite was purchased from Brazil with high purity, and it was ground into micron-sized
particles using an intelligent high-throughput tissue grinder. Then, it was washed five
times with deionized water, dried at about 80 ◦C, and stored in a dry container before use.
The reagents used in this study are all analytical grade reagents and can be used directly
without further purification.

The phases of elbaite were characterized by PANalytical X’pert PRO powder X-ray
diffractometer (Cu Kα radiation, λ = 1.5406 Å) with 2θ ranging from 10◦ to 80◦ at step
width of 0.01◦. The morphology of the elbaite powder sample was characterized by using
a scanning electron microscope (SEM, The Netherlands). The chemical composition of
the elbaite samples was analyzed by energy-dispersive X-ray spectroscopy (EDS, Japan),
iCAP Q inductively coupled plasma mass spectrometry (ICP-MS, USA), and EDX-7000
X-ray fluorescence spectrometry (XRF, Japan). The N2 adsorption isotherm was measured
at 77.3 K to determine the specific surface area (SBET) via the Brunauer–Emmett–Teller
(BET, autosorb iQ, USA) method, while the total pore volumes (Vtotal) and pore width
were directly obtained from the isotherm at P/P0 = 0.99. The pyroelectricity of the sam-
ple was measured using a Ferro-electric Analyzer (TF-3000E, aix-ACCT, Germany) at
different temperature ranges, where the elbaite sample was cut into small slices (perpen-
dicular to c-axis) and polished. Furthermore, the size of each slice was approximately
6 mm × 6 mm × 1.0 mm. The upper and lower surfaces of each piece were coated with
silver glue. A Fourier transform infrared spectroscopy (FTIR, spectrometer Nicolet Avatar
370DTGS, Thermo, USA) covering a wave number between 500 cm−1 and 4000 cm−1 was
used to identify the functional groups on the bare elbaite particles and the elbaite particles
after reaction with RhB.

The pyrocatalytic activities of the elbaite/H2O2 system were diagnosed through the
degradation situation of RhB aqueous solution (100 mg/L). The degradation experiments
were implemented in a thermostatic water bath. In the degradation experiments, el-
baite was immersed in 100 mL of RhB aqueous solution and stirred for ∼1 h to establish
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an adsorption–desorption equilibrium between the elbaite and the RhB solution. Then,
the H2O2 aqueous solution was added into the mixture solution, where the pH was ad-
justed to 2 by using H2SO4 and NaOH. The solution was heated from 30 ◦C to 80 ◦C at
a constant rate in a water bath within 30 min to make full use of pyroelectric properties.
Then, 5 mL of RhB aqueous solution was taken out and centrifuged at 11,000 rpm for 2 min
in a TG20-WS table top high-speed centrifuge (China) to remove impurities. Accordingly,
the concentration of RhB aqueous solution was measured using a UV–Vis spectrophotome-
ter (T6, Beijing Puxi General Instrument Co. Ltd.). For comparison, adsorption capacity of
elbaite was determined by an adsorption experiment. Elbaite was added to RhB aqueous
solution and stirred for ∼1 h without H2O2, and the experiment conditions were the same
as for the elbaite/H2O2 system. In addition, H2O2 was added to RhB aqueous solution
without elbaite to determine its effect on the solution, and the experiment conditions were
the same as those used for the elbaite/H2O2 system. RhB concentration was detected dur-
ing the reaction, and the change in RhB concentration can reflect the adsorption capacity of
elbaite. Here, the degradation rate (DR) was calculated using the following equation:

DR (%) = 1 − Ct/C0 × 100% (8)

where C0 and Ct denote the premier and residual RhB concentration at t min, respectively,
and DR is the final degradation rate. Subsequently, the influence of various factors on RhB
degradation efficiency was investigated. Firstly, the optimum dose of elbaite (1.0–10.0 g/L)
was researched during the reaction progress. Secondly, we explored the optimum dose
of H2O2 (1.0–10.0 mL/L). Afterwards, the initial pH of RhB solution was designed to 2.0,
3.0, 5.0, 7.0, and 9.0 with 0.5 mol/L H2SO4 or NaOH aqueous solution to reveal the pH
dependence of the elbaite/H2O2 system. Finally, the recyclability of the elbaite/H2O2
system was tested. During the recycling experiment, the elbaite particles were collected
by centrifugation and washed by deionized water and ethanol five times. Afterwards,
the collected elbaite was dried to a constant weight in an oven at 80 ◦C. The experiment
was repeated for the second and third cycles.

In order to verify the active substances produced in the pyrocatalysis process, the TBA
trapping experiment was performed [46]. During the pyrocatalysis process, TBA was
added into the optimal elbaite/H2O2 system with the content ranging from 10–50 mM.
RhB aqueous solution concentration changes with time, thus confirming the role of ·OH in
the pyrocatalysis process. In order to further determine the presence of ·OH, the photolu-
minescence (PL) technique of terephthalic acid (TA) as probe molecule was used to achieve
more accurate detection of ·OH radical induced pyroelectrically [48]. TA reacts with ·OH
to produce 2-hydroxyl terephthalic acid, which presents a highly fluorescent state with
a peak center at 425 nm, and its PL intensity is positively correlated with the amount of
·OH produced in water [47,53]. Definitively, 2 mM NaOH and 0.5 mM TA were mixed into
the 100mL aqueous solution, and then the solution was transferred to the RhB aqueous
solution. Thereafter, elbaite was added to RhB aqueous solution and stirred for 1 h to
establish the adsorption–desorption equilibrium between elbaite and solution. The result
is shown in Figure S2. Finally, 0.7 mL H2O2 was added, and the solution was transferred to
the same experimental procedure. At the excitation wavelength of 315 nm, the PL intensity
of the solution was measured at different reaction times.

4. Conclusions

An elbaite/H2O2 pyro-electro-chemical coupling catalytic system was developed and
successfully applied to the degradation of RhB aqueous solution. Extensive degradation
experiments showed that the optimized degradation efficiency of RhB reached 100.0%
at 4.0 g/L elbaite, 7.0 mL/L H2O2, and pH = 2.0 in the elbaite/H2O2 system. Recycling
utilization showed that the third removal rate was 94.5%, which demonstrates the economic
usefulness of the silicate mineral elbaite. Furthermore, it is shown that ·OH was the main
active specie involved in catalytic degradation in the elbaite/H2O2 pyro-electro-chemical
coupling catalytic system. Elbaite plays the role of a dye sorbent and a pyroelectric catalyst
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to activate H2O2 in order to generate the primary ·OH for subsequent advanced redox
reactions. Therefore, the effective application of the elbaite/H2O2 pyroelectric catalytic
system has a high potential for the purification of dye wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111370/s1, Figure S1. The ·OH capture (TA) spectra of suspension at different pH.
Figure S2. Pyrocatalytic UV absorption spectrum of RhB after adsorption-desorption.
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