
Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Perchlorate catalysis reduction by benzalkonium chloride immobilized
biomass carbon supported Re-Pd bimetallic cluster particle electrode

Bibo Xua,b,c, Yunbo Zhaia,b,⁎, Wei Chenc, Bei Wanga,b, Tengfei Wanga,b, Chen Zhanga,b,
Caiting Lia,b, Guangming Zenga,b

a College of Environmental Science and Engineering, Hunan University, Changsha 410082, PR China
b Key Laboratory of Environmental Biology and Pollution Control (Hunan University), Ministry of Education, Changsha 410082, PR China
cHunan Research Institute for Nonferrous Metals, Changsha 410082, PR China

H I G H L I G H T S

• Perchlorate could be effectively re-
duced to chloride by Re-Pd/BC par-
ticle electrode.

• The sorption kinetics of Re-Pd/BC
could be increased by using benzalk-
onium chloride.

• Superfluous oxygen, high pH and co-
existing nitrate were harmful to re-
duction.

• Existing form of Re and Pd, H∗ and
current-density played a critical role
in reduction.
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A B S T R A C T

This work had demonstrated a novel and high-efficiency perchlorate reduction particle electrode using ben-
zalkonium chloride as dynamics strengthener and coupling with rhenium (Re) and palladium (Pd) nanoparticles
(Re-Pd/BC). Perchlorate ions could be rapidly adsorbed in the presence of benzalkonium chloride, facilitating its
subsequent reduction on the Re-Pd/BC particle electrode. On the basis of the characterization results and ki-
netics analysis, a synergistic effect of Re and Pd was observed, perchlorate could be efficiently reduced and
completely converted into chlorine in optimized conditions (pH 3.0, anaerobic and current density 20mA/cm2)
and the reduction rate constant of Re-Pd/BC was 0.9451 L−1 gcat−1. The superfluous oxygen in solution could
lead to Re-Pd/BC deactivation, and increased current density was beneficial of electro-reduction. The increased
pH lead to decrease of reduction efficiency, and the coexisting anion of nitrate could be competed with per-
chlorate for reduction sites which lead to decrease of reduction rate. Based on the experimental results, it was
found that the existing form of Re and Pd on the surface of Re-Pd/BC, the number of atomic H∗ and current
density played an important role in perchlorate electro-reduction process.

1. Introduction

Perchlorate ( −ClO4 ) is a chemically inert but toxic oxyanion. It is

difficult to treated and potentially harmful at very low concentrations
[1,2]. In 2011, the United States Environmental Protection Agency
(USEPA) announced −ClO4 in the Contaminants Candidate List (CCL) and
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recommended a maximum daily intake for −ClO4 of 0.7 µg/kg body
weight per day [3,4]. To meet this limitation, many treatment tech-
nologies have been applied, including chemical reduction, physical
adsorption and biological degradation [5–9]. Among these technolo-
gies, hydrogenation chemical reduction had proven to be an efficient
and clean method to remove perchlorate [8,10]. Liu et al. [11] reported
the hydrogenation chemical reduction of perchlorate using a Re
(hoz)2−Pd/C catalyst. However, hydrogenation chemical reduction of
perchlorate needs an external supplied of hydrogen, while transporta-
tion and using of hydrogen might be dangerous. In order to avoid using
an external supplied of hydrogen, electrochemical production hydrogen
was found to be an appropriate approach due to hydrogen supplement
itself [12]. The metal ion doped on the cathode electrode exhibited high
activities for the hydrogen evolution reaction (HER) by external current
[13–15], but the adsorption performance would be evidently decreased.
Yao et al. [16] reported an effective electrochemical method to reduce
perchlorate to chloride using a two-dimensional electrode reactor with
Pd/Pt supported on N-doped activated carbon fiber. The results showed
that perchlorate could be effectively removed under the acidic condi-
tion, and the perchlorate adsorption capacity would be evidently de-
creased after metal ions were doped on the carbon material. Hence, it
was necessary to improve the adsorption capacity of supporting carbon
material. Rhee et al. [17] studied electrochemical reduction perchlorate
using a two-dimensional electrode reactor with nano iron supported on
porous carbon as electrodes. However, the application of these cathodes
for water treatment would be limited due to the low A/V ratio (ratio of
the electrode area and solution volume) [18]. It was reported that the
treatment efficiency of the target contaminants could be improved by
using three-dimensional electrochemical reactor and granular activated
carbon (GAC) or modified GAC as particle electrodes compared with a
two-dimensional electrode reactor [19,20]. The three-dimensional
particle electrodes had more available reactive sites and electrons
compared to the conventional two-dimensional electrodes [21]. Re-Pd
bimetallic clusters surface of loaded on the carbon material would lead
to the decrease of perchlorate adsorption dynamics and capacity. It was
not beneficial to perchlorate ions transfer to the carbon material and
affect the perchlorate reduction efficiency. The important factor for
improved perchlorate reduction efficiency was how to improve the
adsorption dynamics and capacity of carbon material, and transfer
perchlorate ions to the surface of carbon material rapidly. Although Re-
Pd bimetallic catalysts could effectively reduce perchlorate by hy-
drogen the acidic condition. However, studies on the electro-reduction
of perchlorate by Re-Pd bimetallic particle electrode were still limited.

In this study, the Re-Pd bimetallic carbon material strengthened by
benzalkonium chloride was synthesized for the first time and evaluated
based on its perchlorate reduction efficiency. The main objectives of
this study were (1) to characterize the structure characteristics of Re-
Pd/BC bimetallic three-dimensional particle electrode; (2) to improve
the perchlorate adsorption dynamics of Re-Pd/BC by benzalkonium
chloride strengthened; (3) to discuss the different influencing factors of
Re-Pd/BC particle electrode for electro-reduction by endogenous hy-
drogen production; (4) to explain the possible mechanisms involved in
the electro-reduction process.

2. Experiment section

2.1. Material preparation

The biomass carbon material was synthesized according to previous
literature [22], which was labeled as CAC crushed and sieved to a
particle size fraction of 180–250 µm before it was further treated. Then
1.0 g of CAC was added into the benzalkonium chloride suspension
(0.1 wt%) and mixed under stirring for 12 h at 150 rpm. The black solid
precipitate (BC) was filtered and washed with deionized water for three
times and finally dried at 100 °C for 12 h. The Re-Pd/BC bimetallic
catalyst was prepared by a conventional impregnation method. 1.0 g of

BC was immersed in Pd(NO )·2H O3 2 solution containing 50mg of Pd and
the oscillation at 150 rpm for 10 h. After standing for 2 h, the powders
were dried at 110 °C and heated to 250 °C for 1 h under flowing hy-
drogen before cooled to room temperature (Pd/BC). 1.0 g of Pd/BC was
added to NH4ReO4 solution containing 100mg of Re; the catalyst sus-
pension was continuously sparged with hydrogen at a rate of 200mL/
min, and HCl was used in pH adjusting (pH3.0). The reaction was
carried out for 8 h and ensured complete reductive immobilization of
Re onto the Pd/BC material (Re-Pd/BC). The catalyst suspension was
then transferred into an anaerobic glovebox chamber (97% N2, 3% H2)
and dried at 105 °C (heated sand bath).

2.2. Characterizations

The surface area and pore volume distribution of the samples were
determined via Brunauer–Emmett–Teller equation, and N2 ad-
sorption–desorption isotherms were measured at −196 °C on
Micromeritics ASAP2020 surface area. The morphology images were
obtained by using a JEOL JSM-6700F field emission scanning electron
microscope operated at 10 kV. X-ray diffraction (XRD) patterns were
measured using a powder X-ray diffractometer equipped with JEOLD/
ruax2550PC by Cu K radiation (-1.5406 Å) at 40 kV operation voltage
and 30mA current. Raman spectrum was recorded on a Jobin Yvon
Laran-010 micro-Raman system Raman spectrometer using a near in-
frared laser operating at 785 nm with a CCD detector in the range
3000–300 cm−1. The samples surface composition and chemical state
of elements analyzes were proposed by the X-ray photoelectron spec-
troscopy (XPS) measurements carried out by the model of ESCALAB
250Xi. Spectra were recorded at constant pass energy of 20 eV and
energy step size of 0.1 eV, with Al Kα X-ray as source. XPS PEAK 4.1
software was used for fitting the XPS peaks. The zeta potential of the
samples was determined by Zetasier Nano ZS (Malvern Instruments Ltd,
UK).

2.3. Adsorption dynamic experiment

Adsorption dynamic experiment was performed in 150mL glass
conical flasks at room temperature at 150 rpm, and the pH values of
solutions were adjusted with 0.1 M NaOH and HCl. 0.1 g of sample was
added into 50mL of NaClO4 solution for different time interval. After
the experiment, the suspension was filtered with a 0.45 µm filter
membrane and the residue −ClO4 concentration in suspension was ana-
lyzed using Dionex ion chromatograph (IC) systems, equipped with a
25 µL sample loop, a set of 4× 250mm AS16 and AG16 columns, a
4mm ASRS Ultra II suppressor, and an electrical conductivity detector.
The suppressor current was 100mA. The eluent was set to 35mM KOH.

Fig. 1. The three-dimensional electrochemical reactor.
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All batch experiments were carried out in triplicates and the averages
results were recorded.

The adsorption dynamic of −ClO4 was calculated by Eq. (1).

=

−q C C V
m

( )
t

i t
(1)

where qt (mg/g) was the adsorption amounts of −ClO4 at equilibrium and
at time t, Ci was the initial concentration (mg/L) of −ClO4 in solution, Ct

was the residual −ClO4 concentration at time t (min), V was the volume
of solution (L), and m was the dry mass of adsorbent used (g).

2.4. Electrochemical catalysis reduction experiments

The three-dimensional electrochemical reactor was shown in Fig. 1.
A three-dimensional electrochemical reactor was used for electro-
chemical reduction experiment. All electrochemical experiments were
carried out in a double-chamber electrochemical reactor, and the anode
cell (100mL) and cathode cell (200mL) were separated by a proton
exchange membrane (Nafion117, Dupont). The titanium strip electrode
served as the cathode and carbon rod electrode served as the anode. The
Re-Pd/BC particles were used as three-dimensional electrode and the

Fig. 2. SEM image of (a) Pd/BC and (b) Re-Pd/BC; EDX spectra of Pd/BC and Re-Pd/BC.

Fig. 3. XRD patterns of Pd/BC and Re-Pd/BC.

Table 1
Surface area, pore volume and elemental composition of CAC, BC, Pd/BC and Re-Pd/BC.

Sample SBET (m2/g) Pore volume (cm3/g) C
(at.%)

N
(at.%)

O
(at.%)

Cl
(at.%)

Pd
(at.%)

Re
(at.%)

Total Micropore Mesopore

CAC 1110.35 0.605 0.133 0.472 86.5 2.9 10.6 – – –
BC 794.62 0.443 0.054 0.389 88.5 2.4 7.7 1.4 – –
Pd/BC 575.06 0.331 0.023 0.308 82.2 2.6 12.0 1.3 1.9 –
Re-Pd/BC 379.82 0.221 0.002 0.219 82.1 2.6 11.3 1.4 1.9 0.7
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Fig. 4. C 1s high-resolution XPS spectra of CAC, BC, Pd/BC and Re-Pd/BC; Pd 3d high-resolution XPS spectra of Pd/BC and Re-Pd/BC; Re 4f high-resolution XPS
spectra of Re-Pd/BC.
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cathode cell was filled with 100mL of perchlorate solution using
Na2SO4 as the supporting electrolyte. The perchlorate solution was fully
mixed by a magnetic stirrer, and the pH value of the solution was
measured by a pH meter, 0.1M H2SO4 solution was added inter-
mittently in order to maintain stability pH in the cathode cell. All ex-
periments were conducted at an applied steady current.

3. Results and discussion

3.1. Characterizations of material

The microphotographs of Pd/BC and Re-Pd/BC were shown in
Fig. 2(a) and (b). It could be observed that many spherical granules
were adhered to the surface of Pd/BC in Fig. 2(a), and the similar mi-
crograph of palladium particles immobilized on carbon material were
reported by previous works [23,24]. In addition to spherical granules,
the surface of Re-Pd/BC was found with many strip shape granules on
the microphotographs (Fig. 2b). The presence of Pd on the surface of
Pd/BC and Re on the surface of Re-Pd/BC was demonstrated by the EDX
measurements respectively (Fig. 2). The XRD patterns of Pd/BC and Re-
Pd/BC were shown in Fig. 3. The broad peaks locating at around 24.5°
in all XRD patterns were attributable to graphene [25]. The strange Pd
(1 1 1) peaks at around 40° could be seen for Pd/BC and Re-Pd/BC, and

two other Pd weak peaks located at 46° and 68°, it showed that the Pd
content was low. The Re introduced to Pd/BC and did not cause strong
change of Pd peaks, which could be explained by the fact that Pd and Re
had similar covalent radii (0.128 nm) [26]. Furthermore, due to the
dispersion of the Re component on the support or −ReO4 formation from
the interaction of Re and the support, some of the Re might interact
with the Pd, and an alloy or bimetallic cluster might be formed [27].

In Table 1, the surface area of BC was 794.62m2/g, the micropore
volume was 0.054 cm3/g and the mesopore volume was 0.389 cm3/g of
BC. When BC was modified by Re and Pd atomic, the surface area, the
micropore and mesopore volume were observably decreased. The result
demonstrated that BAC, Re and Pd could have a massive impact on
porous structure of carbon material. The elemental compositions of the
materials were investigated by XPS measurements. The results showed
that Pd and Re were successfully loaded on the surface of Re-Pd/BC; the
content of Pd was 1.9 at.% and the content of Re was 0.7 at.%. The
high-resolutions of surface elementals were analyzed by the Gaus-
siantting program, and the results were shown in Fig. 4. According to
the XPS spectrum of the C1s, it could be divided into four obvious peaks
centering at 284.5, 285.1, 286.2 and 289.2 eV, respectively. The peak at
284.5 eV was related to sp2 carbon, the peak at 285.1 eV could be at-
tributed to combination of sp3 carbon, the peak at 286.2 eV was cor-
responding to C-O- bonds and the peak at 289.2 eV was assignable to
O]C–O– bonds [28–31]. The Pd XPS spectra of Pd/BC and Re-Pd/BC
presented a doublet corresponding to Pd 3d5/2 and 3d3/2. The Pd 3d5/2
peak at 335.9 eV was attributed to Pd0 (metallic palladium), the peak at
337.4 eV could be attributed to Pd2+ (palladium oxide) [32,33]. XPS
results indicated that Re-Pd/BC catalyst had two Re 4f peaks which
appeared at 43.2 and 41.4 eV, respectively. The peak at 43.2 eV could
be attributed to ReV, and the peak at 41.4 eV could be attributed to ReI

[10,34]. It was found that the O]C–O groups were disappeared on the
Pd/BC and Re-Pd/BC after impregnation with 5 wt% Pd followed by
pyrolysis at 523 K under H2. This could be explained that Pd exhibited
the high affinity for the carboxyl group on the surface of Pd/BC [35].
Moreover, Pd could be effectively catalyzed oxygen-containing group
transformed by hydrogenation at pyrolysis under H2 [36,37].

3.2. Perchlorate adsorption dynamic

The adsorption kinetics of perchlorate onto four kinds of material
were shown in Fig. 5. Within the first 60min, the perchlorate adsorp-
tion capacity reached 87.7%, 99.3%, 54.9% and 89.8 for CAC, BC, Re-
Pd/CAC and Re-Pd/BC, respectively. The CAC modified by benzalk-
onium chloride could effectively improve perchlorate adsorption dy-
namics [3], due to quaternary ammonium groups doped on surface of

Fig. 5. Adsorption kinetics of perchlorate on adsorption materials.

Fig. 6. (a) Electrochemical reduction for perchlorate (b) variation of chloridion concentration.
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carbon material. After modified by Re and Pd ions the carbon materials
adsorption kinetics effectively decreased. The Re and Pd ions adhered
to porosity structure and surface of carbon materials, leading to a
markedly decreased in perchlorate transport transport pathway and
adsorption sites [16]. The Re-Pd/BC had better adsorption kinetics
compared with Re-Pd/CAC, it could facilitated −ClO4 adsorption and its
subsequent reduction.

3.3. Efficient electrochemical catalysis reduction of perchlorate by Re-Pd/
BC

The −ClO4 electrochemical reduction reaction of the cathode reactor,
the solution concentration of −ClO4 was 50mg/L; the solution pH was

3.0; the current density was 20mA/cm2, the reaction time was 8 h;
nitrogen inlet was kept anaerobic environment; the Pd/BC, Re-Pd/BC
and Re-Pd/CAC were used as the particle electrode. Comparison with
the efficiency of −ClO4 electrochemical reduction by the Pd/BC, Re-Pd/
BC and Re-Pd/CAC particle electrode and the result was presented in
Fig. 6(a). In the first two hours, the concentration of −ClO4 was sig-
nificantly decreased with the injection of continuous current sustained
current injected. Subsequently, the concentration of −ClO4 gradually
stabilized and the concentration of −Cl was remarkably increased, in-
dicating that the −ClO4 could be effectively reduced by Re-Pd/BC and
Re-Pd/CAC. However, the Pd/BC did not work for perchlorate reduc-
tion under the same conditions. Fig. 6(b) the loss of the corresponding
value of 5–6% chloride with −ClO4 removal in the experiments of Re-Pd/
BC and Re-Pd/CAC was due to the adsorption of some of −ClO4 and −Cl
adsorbed by carbon materials. Perchlorate electrochemical reduction
could be performed by using pseudo-first-order kinetic model to fit and
the model equation was as follows:

= −

d
d

Kxx

t (2)

where t was the reaction time (h), x= x(t) was the −ClO4 concentrations
(mg/L) at time of t, d

d
x
t
was the reaction rate, K was the reaction rate

constant, K > 0 minus indicating the content of reactant was de-
creased. It could be noticed that the pseudo-first-order kinetic model
was more appropriate for experiment data with higher correlation
coefficients (R2 > 0.97). The reaction rate constant K of Re-Pd/BC was
0.9415 L−1 gcat−1, it was double than that of Re-Pd/CAC particles
electrode (0.4452 L−1 gcat−1). Compared with the reduction efficiency
of pollutant, using particle electrode under the action of electro-
chemistry with the previous research (shown in Table 2), the perfor-
mance of electrochemical reduction efficiency was better than many
other particle electrode reported in the literature.

Table 2
The electrochemical reduction efficiency of various particle electrode for pollutant.

Particle electrode Pollutant C0 Conditions REa (%) References

Pd-In/Al2O3 BrO3
− 100 µg/L 2mM Na2SO4, pH=7.0, CDb=0.9 mA/cm2 96.4 [19]

Pd/GAC Haloacetic acid 120 µg/L 200mg/L Na2SO4, pH=7.0, CD=0.6mA/cm2 91 [38]
Pd/AC 4-chlorophenol 300mg/L 5 g/L Na2SO4, pH=7.0, CD=0.8A 100 [39]
Fe-Pd/AC 2-Chlorobiphenyl 2mg/L pH=6.5 90 [40]
Re-Pd/BC ClO4

− 50mg/L 0.1 M Na2SO4, pH=3.0, CD=20mA/cm2 100 This study

REa=Reduction efficiency.
CDb=Current density.

Fig. 7. Effect of aerobic on perchlorate electrochemical catalysis reduction.

Fig. 8. Effect of current density on perchlorate electrochemical reduction.

Fig. 9. Effect of solution pH on perchlorate electrochemical reduction.

B. Xu et al. Chemical Engineering Journal 348 (2018) 765–774

770



3.4. Effect of oxygen on perchlorate reduction

The effect of aerobic and anaerobic environment on perchlorate
electrochemical reduction for Re-Pd/BC was showed in Fig. 7. The Re-
Pd/BC particles electrode had no effect on perchlorate electrochemical
reduction, and there was no nitrogen inlet. This result was due to
massive oxygen entering the solution of cathode reactor under the ac-
tion of the magnetic stirrer, which could lead to ReV oxidized to ReVII.
Although the cathode could generate hydrogen through current and the
ReVII could be reduced to ReV under the combined action of Pd0, the
reduction process was more complex than the oxidation process. At the
same time, ReV oxidation rate was significantly higher than ReVII re-
duction rate, leading to the existence of Re in the form of ReVII on the
surface of Re-Pd/BC. The entire perchlorate reduction cycle would be
interrupted and lead to Re-Pd/BC particle electrode passivation.

3.5. Effect of current density on perchlorate catalysis reduction

The influence of surface electrode current density on the Re-Pd/BC
was examined from 5 to 30mA/cm2. As shown in Fig. 8, the reduction
rate markedly increased with current density (5–20mA/cm2) and then
remained constant at higher current of 30mA/cm2. Higher current

density would generate more available hydrogen and electrons [19],
leading to higher perchlorate reduction efficiency. The similar reduc-
tion rate of Re-Pd/BC at 20 and 30mA/cm2 should be attributed to the
limitation of active sites in the particle electrode, interfering with the
electron transfer to perchlorate.

3.6. Effect of pH on perchlorate catalysis reduction

The Fig. 9 explored the influence of solution pH on the electro-re-
duction performance of Re-Pd/BC. Solution pH was the main factor
affecting Re-Pd/BC in removing the perchlorate of the solution by
electro-reduction at pH 3.0–9.0, and reduction rate markedly decreased
with solution pH rising. The acidic environment significantly favored
the generation of atomic H∗ [41] and Re-Pd bimetallic clusters could be
partly dissociated in neutral and alkaline environment, which leaded to
a significant decrease in the reduction rate.

3.7. Effect of coexisting ion on perchlorate catalysis reduction

The correlation research showed that common coexisting ions such
as sulfate and chloride ion had little effect on perchlorate reduction, but
nitrate ion had a significant effect [10,12,16]. Therefore, the influence
of nitrate ion on the reduction of perchlorate by Re-Pd/BC was studied
and the concentration of nitrate was 50mg/L. The results, shown in
Fig. 10, indicate that the nitrate concentration was about 20% of the
initial concentration after 8 h reaction, and the perchlorate reduction
rate constant decreased from 0.9451 to 0.3608 L−1 gcat−1, because the
nitrate ion could be reduced to nitrogen or ammonium under Re-Pd
bimetallic catalyzed [10]. Therefore, the presence of high concentration
nitrate could be intensively competed with perchlorate available Pd-H∗

strong reducing agents, leading to a remarkably decreased in reduction
rate.

3.8. Effect of atomic H∗ on perchlorate reduction

The research demonstrated that C4H10O could effectively capture
the H∗ atoms in the solution to form a 2-methyl-2propanol molecule
[42]. In order to determine that H∗ played an important role in the
perchlorate electrochemical reduction, batch experiments performed
with the different stoichiometric concentrations of C4H10O were per-
formed. As presented in Fig. 11, the perchlorate reduction rate was
remarkably decreased with the increasing of C4H10O concentration,
which indicated that H∗ played an important role in the whole

Fig. 10. Effect of coexistence anion on perchlorate electrochemical reduction.

Fig. 11. Effect of C4H10O concentrations on the electro-reduction of per-
chlorate.
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perchlorate electrochemical reduction system.

3.9. Possible mechanisms

Firstly, the perchlorate was rapidly adsorbed to the surface of Re-
Pd/BC particle electrode. With the application of a constant current on
the titanium cathode (20mA), the adhered water molecule was reduced
to H2. The Pd on the surface of Re-Pd/BC could effectively activate
hydrogen to form H∗ atoms and bound H∗ atoms to form Pd-H∗ strong
reducing agent [11]. As the Eqs. (3) and (4) shown Ti+H2O+e−→
Ti-H∗+OH− (3); 2Ti−H∗→ 2Ti+H2 (4), the concentration of hy-
droxide ion in the solution increased under titanium cathode action. In
order to maintain the pH of the solution, hydrogen ions needed to be
added from time to time. The perchlorate was adsorbed to the surface of
particle electrode, and the same time two electrons were transferred to

−ClO4 from ReV and formed −ClO3 and ReVII. Moreover, ReVII was re-re-
duced to ReV by Pd-H∗ strong reducing agent, through repetition of the
oxygen atom transfer cycle reaction (OAT) −ClO3 was rapidly trans-
formed to −Cl [3]. In Fig. 6, in the first two hours of perchlorate electro-
reduction, the concentration of −ClO4 was significantly decreased with
injection of continuous current; subsequently the concentration of −ClO4

Fig. 12. The Re4f XPS spectral of (a) aerobic and (b) anaerobic after electrochemical reduction reaction, the concentration of (c) Pd and (d) Re at different pH.

Fig. 13. Proposed electro-reduction mechanism of perchlorate by Re-Pd/BC.
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was gradually stabilized and the concentration of −Cl was remarkably
increased, indicating that the −ClO4 could be effectively reduced. The
valence state of Re would had an important effect on perchlorate
electrochemical reduction. As shown in Fig. 12 (a) when air was inlet,
the valence state of Re as ReVII existed on the surface of Re-Pd/BC
particle. Although there were production Pd-H∗ strong reducing agent
by electrochemical reaction, reduction process of ReVII was more
complex than oxidation process of ReV. And the valence state of Re as
ReVII existed on the surface of Re-Pd/BC particle, the whole oxygen
atom transfer cycle reaction (OAT) was interrupted to cause the pas-
sivation of the Re-Pd/BC. In Fig. 12 (b), it was found the Re as ReI and
ReV existed on the surface of Re-Pd/BC when nitrogen was inlet into
solution after electrochemical reduction. When nitrogen was inlet the
solution could effectively inhibit Re-Pd/BC passivation. The bimetallic
cluster was the main reaction place for −ClO4 reduction, and the Re
metal atoms could be effectively dissolved in alkaline solution, with the
increase of pH, the Re-Pd bimetallic clusters were generally dissociated,
leading to Re and Pd ions into solution [43,44]. In Fig. 12(c) and (d),
the concentration of Re and Pd in solution was observably increased
with the increase of pH. So the reduction rate constant obviously de-
creased with the increase of the solution pH. No other intermediate
chloro-oxyanions (e.g., chlorite and chlorate) was detected in the whole
electrochemical reduction process. The study showed that chlorite and
chlorate kinetics were much lower than perchlorate, and the formation
of chlorite and chlorate would be quickly reduced to chloride ion. The
electrochemical reduction of perchlorate in the three-dimensional
electrochemical reactor was shown in Fig. 13.

4. Conclusions

The research demonstrated that perchlorate could be effectively
reduced to chloride using Re-Pd/BC as the particles electrode in the
three-dimensional electrochemical reactor. Perchlorate ions could be
rapidly adsorbed in the presence of benzalkonium chloride, facilitating
its subsequent reduction on the Re-Pd/BC particle electrode.
Superfluous oxygen in solution could lead to Re-Pd/BC deactivation;
the reduction rate increased from 0.3311 to 0.9212 L−1 gcat−1; when
the current density was from 5 to 30mA/cm2, the reduction rate de-
creased to 0.2577 L−1 gcat−1 when the solution pH was 9.0, the re-
duction rate decreased to 0.3608 L−1 gcat−1 in the presence of nitrate
(50mg/L). The perchlorate reduction rate constant reached to
0.9451 L−1 gcat−1 in optimization condition (pH 3.0, anerobic and
current density 20mA/cm2). It was found that the existing form of Re
and Pd on the surface of Re-Pd/BC, the number of atomic H∗ and cur-
rent density played an important role in perchlorate electro-reduction
process.
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