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ABSTRACT

In this work, Pd/Pt supported on N-doped activated carbon fiber (Pd/Pt-NACF) was employed as the
electrode for electrocatalytic degradation of perchlorate through adsorption/electroreduction process.
Perchlorate in solution was firstly adsorbed on Pd/Pt-NACF and then reduced to non-toxic chloride by the
catalytic function of Pd/Pt at a constant current (20 mA). Compared with Pd/Pt-ACF, the adsorption capac-
ity and electrocatalytic degradation efficiency of Pd/Pt-NACF for perchlorate increased 161% and 28%,
respectively. Obviously, positively charged N-functional groups on NACF surface enhanced the adsorption
capacity of Pd/Pt-NACF, and the dissociation of hydrogen to atomic H* by the Pd/Pt nanostructures on the
cathode might drastically promote the electrocatalytic reduction of perchlorate. The role of atomic H* in
the electroreduction process was identified by tertiary butanol inhibition test. Meanwhile, the perchlorate
degradation performance was not substantially lower after three successive adsorption/electrocatalytic
degradation experiments, demonstrating the electrochemical reusability and stability of the as-prepared
electrode. These results showed that Pd/Pt-NACF was effective for electrocatalytic degradation of per-
chlorate and had great potential in perchlorate removal from water.
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1. Introduction

Perchlorate (ClO4™), as a strong oxidant, is widely used in rocket
propellants and explosives production [ 1]. Due to its high solubility
in water, low adsorption to natural substance and kinetic inertness,
perchlorate has been detected in ground and surface water, and
soil systems, even in commercial products such as lettuce and milk
[2,3]. It had been validated that high levels of perchlorate could
cause adverse effects to human bodies through interfering with
iodine uptake into the thyroid gland, which synthesizes thyroid
hormones. For human, thyroid hormones are critical for growth,
metabolism, and development of central nervous system, espe-
cially for infants and fetuses [4,5]. The U.S.EPA has established an
official reference dose (RfD) of 0.7 g /kg/day for perchlorate, which
is equivalent to the Drinking Water Equivalent Level (DWEL) of
24.5 pg/L in solution.

Bioremediation and physical adsorption are most commonly
used methods for perchlorate removal [6]. Previous studies had
demonstrated that perchlorate could be completely reduced to
chloride by enzymatic reduction functions of microorganisms in
the presence of electron donor [7,8]. It seemed that biological
technology was a cost-effective method for perchlorate removal,
while the pathogenic microrganisms could also enter into drink-
ing water during biological treatment process and bring the hazard
to human beings. So it is a lower public acceptance manner for
ClO4~ removal. As regards physical adsorption, it presented as an
incomplete decomposition for perchlorate removal [9]. Therefore,
its major bottleneck in practical application is the disposal or regen-
eration of adsorbents after adsorption. Gu et al. [10] reported that
the ion exchange resins saturated with perchlorate could be effec-
tively regenerated in the concentrated FeCl3—HCI solution. The
desorbed perchlorate in regenerant solution was reduced to chlo-
ride by Fe(Il) atabove 443 K[11]. Some researchers also verified that
the adsorbed perchlorate can be decomposed by thermal decompo-
sition orradiolysis [12,13]. However, these disposal or regeneration
methods are difficultly applied in practice due to their severe con-
ditions and heavy cost.

Recently, catalytic reduction technology has been emerged and
implemented as a potential alternative technology to remove the
perchlorate in water [14,15]. Similar to the enzymatic reduction of
perchlorate by microorganisms, perchlorate can be permanently
reduced to non-toxic chloride in presence of noble metal catalysts
(such as platinum [16], rhodium [15]) and reducing agents (includ-
ing organic sulfide [17], hydrogen [18]). However, the catalytic
reduction rate of perchlorate was extremely slow and infeasible
under ambient conditions [19]. Wang et al. [20] investigated the
perchlorate reduction by 78 different catalysts with H, as the
reducing agent, but none of the catalysts showed an appreciable
reaction rate at near-neutral pH. Compared with chemical cataly-
sis, electrocatalysis has been developed in the past years due to
its simple, environmentally friendly and no toxic solvents [21].
Wang et al. [22] developed an electro-dialytically assisted catalytic
reduction (EDACR) system to promote the perchlorate reduction.
The EDACR system incorporates the conventional electrodialysis
and the electrocatalytic reaction, resulting in the rapid perchlo-
rate reduction rate. Kim and co-workers found that 0.1 wt.% Pd
supported on N-doped activated carbon (Pd/N-AC) had the adsorp-
tion/catalysis bifunction and effectively accelerated the complete
decomposition of perchlorate [23]. However, to our knowledge,
there are few reports on the integrated physical adsorption and
electrocatalytic reduction of perchlorate in water. In present work,
a Pd/Pt supported on N-doped activated carbon fiber (Pd/Pt- NACF)
was served as an adsorption/electrocatalysis bifunctional electrode
to remove perchlorate from water.

Herein, the main objectives of this study were (1) to investi-
gate the adsorption capacity of Pd/Pt-NACF for perchlorate; (2)

to evaluate the electrocatalytic reduction property of Pd/Pt-NACF
electrode; (3) to explain the possible mechanisms involving in
the adsorption/electrocatalytic reduction process; (4) to assess the
reusability and stability of Pd/Pt-NACF electrode for perchlorate
adsorption/electrocatalytic degradation.

2. Experimental methods
2.1. Chemical

Activated carbon fiber (ACF) was purchased from Sutong Co. Ltd.
(Jiangsu, China). The experimental Ti anode was produced from
a commercially pure Ti rod (HuaTai Company, China). All chemi-
cals used were of A.R. grade and obtained from Shanghai Chemical
Reagent Co. Ltd., China. Stock solutions of perchlorate and sodium
sulfate were prepared by dissolving solid NaClO4 and Na,SO4 in
ultrapure water, respectively.

2.2. Preparation of cathode electrode

The ACF was pretreated with 5 M HNO3 at 50 °C for 2 h to remove
the impurities, then rinsed with deionized water until the pH value
of the washing solution reached about 7, and finally dried under
vacuum condition. Thermal ammonia treatment was carried out in
a tube furnace. The furnace temperature was ramped at 5°C/min
to 300°Cin N, and maintained this temperature for 30 min. Simul-
taneously, N, was switched to pure NH3. The temperature was
heated to 700 °C, then held this temperature for 60 min, and finally
cooled to ambient temperature under pure NH3 atmosphere. In this
procedure, the N, and the NH3 flow rates were set at 30 mL/min.
Modified samples were thoroughly washed with deionized water
until the effluent solution was neutral and dried under vacuum.
These samples were labeled as NACF.

Next, Pd clusters were respectively supported on the ACF and
NACF using the conventional wet impregnation method with PdCl,
as the impregnating solution according to the literature [24]. The
impregnated samples were thoroughly washed by deionized water,
reduced by ethanol and dried under vacuum, which were labeled
as Pd-ACF and Pd-NACF, respectively.

Finally, Pd-ACF and Pd-NACF was soaked in 50 mL solution con-
taining H,PtClg and polyvinyl pyrrolidone (PVP) for 15 min. The
molar ratio of Pt to PVP in solution was 1:60. Then 50 mL ethanol
was added into this solution and refluxed for 3 h to support the
Pt on the samples. The samples were collected, thoroughly washed
with deionized water and dried under vacuum, which were marked
as Pd/Pt-ACF and Pd/Pt-NACF, respectively.

2.3. Adsorption of perchlorate

The perchlorate adsorption properties of ACF, Pd/Pt-ACF, NACF,
Pd/Pt-NACF were studied in a batch adsorption experiments. Two
types of 10 mg/L perchlorate solution, pure solution and mixed
solution were used in this study. The pure solution and mixed solu-
tion was prepared by diluting the stock solutions of perchlorate
using deionized water and 5 mM Na;SO4 solution, respectively, in
which the goal of mixed solution was to investigate the perchlo-
rate adsorption and reduction in enhanced electrical conductivity
condition [25]. To avoid extremely slow adsorption kinetics of per-
chlorate led by the direct use of dried samples, the dried samples
were immersed in deionized water for 24 h at room temperature
prior to adsorption experiments.

In the kinetic study of perchlorate adsorption, 0.05 g ACF, 0.02 g
NACF, 0.05 g Pd/Pt-ACF, and 0.02 g Pd/Pt-NACF samples were added
to 20 mL of pure and mixed solutions. The initial pH was adjusted to
5.0 using 0.1 M H,SO4 or 0.1 M NaOH. The adsorption experiments
were carried out at magnetic stirring 400 rpm until the adsorption
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Table 1
Physical characteristics of ACF, NACF, Pd/Pt-ACF, and Pd/Pt-NACF.

Samples BET surface area (m?2/g)

Micropore volume (cm3/g) Surface area of pores (m?/g)

ACF 1359.3513
NACF 1516.9940
Pd/Pt-ACF 1164.7541
Pd/Pt-NACF 1375.5692

0.6119
0.7252
0.5376
0.6248

75.330
137.196
71.143
128.683
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Fig. 1. N 15 XPS spectra of NACF (a) and Pd/Pt-NACF (b), and CI (2p) XPS spectra of
Pd/Pt-NACF after reaction (c).
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Fig. 2. Zeta potential of ACF, NACF, Pd/Pt-ACF, and Pd/Pt-NACF according to zeta
potential analysis.

equilibrium. At predetermined time intervals (1, 3, 5, 10, 20, 40, 60,
and 120 min), samples were taken for perchlorate analysis and the
adsorption kinetics was determined. The adsorption isotherm was
studied with initial perchlorate concentration varying between 2
and 20 mgL-! at ambient temperature for 12 h.

The amount of adsorbed perchlorate, q (mg/g), at the specified
time was calculated as follows equation

(G -GV
9="—0 (1)
where Cy is the initial concentration of perchlorate (mg/L), while C¢
refers to the concentration of perchlorate after adsorption (mg/L), V
is the volume of solution (mL), and m is the mass of dried adsorbent

().
2.4. Adsorption/electrocatalytic degradation of perchlorate

The experiments of integrated adsorption/electrocatalytic
degradation of perchlorate were carried out in a double-chamber
electrochemical reactor with an effective volume of 300 mL. The
cathode cell (200 mL) and the anode cell (100 mL) were separated
by a cation-exchange membrane (Nafion117, Dupont), which was
located at 10 mm distance from both electrodes. The geometric
surface area of cathode was 600 mm? (20 mm x 30 mm) and the
anode was Ti rod. Prior to the experiments, 200 mL mixed solution
(pH=5.0+0.2) was added in the cathode cell compartment, which
was fully mixed by a magnetic stirrer. In order to keep stable pH
in the cathode cell, a little diluted H,SO4 solution was added in the
anode cell intermittently [26]. All experiments were conducted at
an applied steady current of 20 mA. 3 mL of solution was taken reg-
ularly from the reactor cell for the analysis of perchlorate, chlorate,
chlorite, and chloride.

2.5. Characterization of electrode

The specific surface area and pore volume distribution of sam-
ples were measured by ASAP 2020 Accelerated Surface Area and
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Fig. 3. SEM images of (a) Pd/Pt-ACF cathode, (b) Pd/Pt-NACF cathode, and (c, d) TEM images of Pd/Pt-NACF cathode. The inset in (c) shows a histogram of particle size

distribution (drgm) for Pd/Pt-NACF cathode.

Porosimetry System (Micromeritics Instrument Corporation, USA).
The X-ray photoelectron spectroscopy (XPS) was carried out in a
Thermo ESCALAB 250XI spectrometer with Al Ka source. The com-
position of Pd/Pt was analyzed by inductively coupled plasma mass
spectrometry. The surface property of all samples was examined by
SEM (JSM-6700 field scanning electron microscope). X-ray pow-
der diffraction (XRD) analysis of before and after (three cycles)
the adsorption/electrocatalytic degradation experiment was car-
ried out an X-ray powder diffractometer (Rigaka D/max 2500 v/pc
X-ray) with Cu Ko radiation at 40 kV and 40 mA.

The zeta potential of all samples was determined by Zetasier
Nano ZS (Malvern Instruments Ltd, UK). Firstly, 50 mL NaCl solution
(0.1 M) was adjusted to different pH values between 5 and 9 by
0.1 M NaOH or HCI solution. Then 0.01 g of ACF, NACF, Pd/Pt-ACF,
and Pd/Pt-NACF, ground less than 38 pm (400 mesh), were added
to the solution respectively and stirred for 24 h. Approximate 2 mL
of sorbent suspension was injected into the electrophoretic cell to
analyze the zeta potential.

2.6. Analytical methods

The samples were centrifuged for 10 min at 5000 rpm and
the supernatant was filtered with a 0.22mm membrane fil-
ter (LC+PVDF membrane, ANPEL Laboratory Technologies Inc.,
Shanghai, China). The concentration of perchlorate was analyzed
using Dionex ion-exchange chromatography systems (ICS-900),
equipped with a 500 wL sample loop, a set of 4 x 250 mm AS16
analytical column and AG16 precolumn. The eluent (flow rate
1.0mL/min) was set to 35mM KOH. The intermediate and final
products were measured by ion chromatography (Dionex 1CS-900,
USA) equipped with an IonPac AS23 analytical column and an
IonPac AG23 precolumn. 9.4 mM sodium carbonate (Na,CO3) and

1.8 mM sodium bicarbonate (NaHCO3) was used as the effluent at
a flow rate of 1.0 mL/min.

2.7. Statistical analysis

All measurements were conducted in triplicate and results were

\2
E;’Zl (xfx)

expressed as mean =+ standard deviation | o = e

3. Results and discussion
3.1. Electrode characterization

As shown in Table 1, NACF had greater BET surface area of
1516.9940 m?/g and micropore volume of 0.7252 cm3/g than ACF
(1359.3513 m?/g and 0.6119 cm3/g). It could be explained that NH3
was decomposed to free radicals such as NH,, NH, and H under
high temperature and these radicals attacked the carbon leading
to its gasification [27]. Taken the before and after supporting Pd/Pt
clusters samples into comparison, the BET surface area and microp-
ore volume of ACF and NACF slightly decreased, indicating that the
impregnation of a trace of Pd and Pt caused no significant change
on the physical characteristics of ACF and NACF.

Typical XPS survey spectra of the NACF before and after sup-
porting Pd/Pt clusters are presented in Fig. 1. The N 1 s spectrum of
NACF exhibited three peaks, i.e., at 399.4eV, 401.3 eV and 406.7 eV,
which should be ascribed to pyridinic nitrogen (N1), pyrrolic nitro-
gen (N2),and pyridinic oxide (N3) [28]. The similar nitrogen species
were also detected in Pd/Pt-NACF. The N1 (pyridinic nitrogen)
was the most dominant specie for both samples (NACF and Pd/Pt-
NACF). The results suggested that supporting Pd/Pt clusters did not
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Fig. 4. XRD spectra of Pd/Pt-NACF before and after (three cycles) the adsorp-
tion/electrocatalytic degradation experiment.

substantially change the chemical nature of surface N-functional
groups of NACF.

The variation of zeta potential of a particle often was used to
indicate the changes of surface charge [23,29]. The zeta potential of
ACF, NACF, Pd/Pt-ACF, and Pd/Pt-NACF were determined and pre-
sented in Fig. 2. The ACF and Pd/Pt-ACF displayed more negative
zeta potentials than NACF and Pd/Pt-NACF over the entire experi-
mental range of pH, which indicated that they had more negative
surface charge densities. It proved the similar conclusion of previ-
ous literature that ammonia tailoring could increase the positive
charge on the surface of carbon due to the incorporation of pos-
itively charged N-functional groups [29]. The zeta potentials for
NACF and Pd/Pt-NACF decreased with increasing pH, suggesting
that the doping N-functional groups were only weakly basic [23].
Meanwhile, Pd/Pt-ACF and Pd/Pt-NACF showed more negative zeta
potentials than ACF and NACF, respectively. This revealed that sup-
porting Pd/Pt clusters led slight decrease of the surface charge.

Elemental analysis using ICP-MS showed that 0.7 and 0.7 wt.%
Pt, and 0.9 and 1.0 wt.% Pd were supported on Pd/Pt-ACF and Pd/Pt-
NACF, respectively. SEM images of Pd/Pt-ACF and Pd/Pt-NACF are
displayed in Fig. 3. The micrograph clearly revealed that the Pd/Pt
catalytic particles uniformly distributed on the surface of Pd/Pt-
ACF and Pd/Pt-NACF. The diameter distribution results (inset of
Fig. 3c) showed that the average diameter of Pd/Pt clusters was
about 13.5 nm (dtgym ). In order to achieve more quantitative infor-
mation on the morphology of catalytically active Pd/Pt surfaces,
the crystallinity of catalyst was also analyzed by XRD (Fig. 4). The
diffraction peaks at 39.4°, 46.2°, 67.7°, and 81.1° were indexed as
(111), (200), (220), and (311) planes, respectively, revealing that
Pd/Pt formed unique face-centered cubic nanocrystals.

3.2. Adsorption of perchlorate

The perchlorate adsorption kinetics on ACF, NACF, Pd/Pt-ACF,
and Pd/Pt-NACF were investigated in pure and mixed solutions
and the results are presented in Fig. 5. Within 40 min, perchlorate
adsorption reached 95% of the pseudo-equilibrium concentration.
In particular, the most perchlorate adsorption taken place dur-
ing the first 10 min for NACF and Pd/Pt-NACF samples. Similar
phenomenon also was found in perchlorate adsorption onto Pd/N-
doped activated carbon (Pd/N-AC) [23]. The fast achievement to
the pseudo-equilibrium should be attributed to the small ionic
radius of perchlorate (0.34nm) and the presence of large micro-

1.0 )\(a) —m— ACF
—&— Pd/Pt-ACF
NACF
084), ——Pd/Pt-NACF
2|
o o
&“ 0.6 et El
J
0.4 1
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Fig. 5. Kinetics of perchlorate adsorption on ACF, NACF, Pd/Pt-ACF, and Pd/Pt-NACF
in pure solution (a) and mixed solution (b).

Table 2
Langmuir isotherm parameters for perchlorate adsorption on ACF, NACF, Pd/Pt-AC,
and Pd/Pt-NACF in pure and mixed solution.

Samples q max*(mg/g) K>(L/mg) R?

ACF(pure) 3.65 + 0.83 015 + 0.07 0.94
NACE(pure) 7.03 £ 035 051 +0.10 0.98
Pd/Pt-ACF(pure) 244 1 0.11 0.15 + 0.01 0.99
Pd/Pt-NACF(pure) 5.08 + 0.11 030 + 0.02 0.99
ACF(mixed) 2.00 + 0.29 0.15 + 0.05 0.97
NACF(mixed) 5.50 £ 042 0.16 £+ 0.02 0.99
Pd/Pt-ACF(mixed) 154+ 024 0.15 £ 0.05 0.96
Pd/Pt-NACF(mixed) 4,03 + 0.87 0.16 + 0.07 0.95

pore (Table 1), which provides a fast transport pathway for ClO4~
adsorption [30].

Perchlorate adsorption isotherms on ACF, NACF, Pd/Pt-ACF, and
Pd/Pt-NACF in pure and mixed solutions are displayed in Fig. 6. The
classical Langmuir model (Eq. (2)) was used to fit the experimental
data and the fitting results are summarized in Table 2.

qe = dmaxKCe
¢ 1+KCe

where e is the amount of perchlorate adsorbed (mg/g), Ce is the
equilibrium concentration (mg/L), qmax is the maximum adsorp-
tion capacity (mg/g), and K is the Langmuir coefficient related to
adsorption strength (L/mg).

According to the results in Table 2, the maximum adsorption
capacities of NACF were 1.9 and 2.7 times that of ACF in pure solu-
tion and mixed solution, respectively. Compared with Pd/Pt-ACF,

(2)
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Fig. 6. Langmuir adsorption isotherms of perchlorate on ACF, NACF, Pd/Pt-ACF, and
Pd/Pt-NACF in pure solution (a) and mixed solution (b).

Table 3
Correlation (R?) between physical-chemical features listed and the maximum
adsorption capacity of ACF, NACF, Pd/Pt-ACF, and Pd/Pt-NACF.

Physical-chemical features R?

BET surface area 0.58
Micropore volume 0.68
Average diameter 0.59
Zeta potential 0.96

the maximum adsorption capacities of Pd/Pt-NACF were 2.08 and
2.61 times in pure solution and mixed solution, respectively. These
results suggested that the presence of N-functional groups could
significantly enhance the perchlorate adsorption capacity. How-
ever, the K values of all samples except for ACF and Pd/Pt-ACF
decreased in various degrees in mixed solutions, which indicated
that adsorption of perchlorate on as-prepared samples were more
easily influenced by the high concentration competing anion (sul-
fate).

In addition, statistical analysis indicated that there were obvi-
ous correlation between the maximum adsorption capacity (qmax)
and zeta potential (R2=0.96, pH=5.0+0.2) for each samples as
summarized in Table 3. Chen et al. [31] found that increased per-
chlorate adsorption on ammonia-tailoring of GAC corresponded to
increased positive surface charges with R%=0.95. But the correla-
tions between the maximum adsorption capacity and BET surface
area, micropore volume, and average pore diameter were lower,
with below 0.70 of R2. Based on the above discussion, it could
be perceived that charge-based phenomenon led to the improved

100

Hl CIO4 removal

[~
(=]
1

B CI yield

(=)
(=}
1

=
=
1

Clo, removal and CI yield (%)

[
(=}
1

ACF NACF

Pd/Pt-ACF  Pd/Pt-NACF
Cathode

Fig. 7. Perchlorate removal and chloride yield by different cathode (Reaction condi-
tions: initial Cl04~ 10 mg/L, Na,S04 5 mM, pH 5.0, constant current 20 mA, reaction
times 8 h).

adsorption capacity of NACF and Pd/Pt-NACF rather than by other
physical interactions between adsorbent and adsorbate [31] and
the interpretations could be supported by the XPS analysis (Fig. 1)
and the zeta potential measurement (Fig. 2).

3.3. Adsorption/electrocatalytic degradation of perchlorate

In the present work, the electrocatalytic degradation of per-
chlorate with different cathodes, i.e., ACF, NACF, Pd/Pt-ACF, and
Pd/Pt-NACF, was performed to investigate the role of the Pd/Pt
nanostructures, the positively charged N-functional groups, and the
synergistic effects of adsorption/electrocatalysis in the perchlorate
degradation process.

The perchlorate removal efficiency with different cathodes is
presented in Fig. 7. Among the as-prepared cathodes, Pd/Pt-NACF
exhibited the highest removal efficiency for perchlorate (81%) after
reaction 8 h, while it was 9%, 19% and 53% for ACF, NACF and
Pd/Pt-ACF, respectively. On the one hand, the presence of Pd/Pt
nanostructures could activate H,, forming atomic H*, which is
crucial for the electrocatalytic reduction perchlorate in the elec-
trochemical removal system. On the other hand, the differences of
perchlorate removal between Pd/Pt-ACF and Pd/Pt-NACF could be
ascribed to the presence of positively charged N-functional groups
on the surface of Pd/Pt-NACF cathode, which enhanced the adsorp-
tion sites for perchlorate adsorption. Fig. 7 showed that chloride
yield was calculated to be less than 5% and 8% below the corre-
sponding value of perchlorate removal throughout the experiments
for Pd/Pt-ACF and Pd/Pt-NACF, respectively. This negligible differ-
ence revealed that perchlorate was effectively reduced to chloride.
Therefore, the improved perchlorate degradation efficiency should
be attributed to the synergistic effects of the enhanced adsorp-
tion led by N-functional groups and the electrocatalytic reduction
induced by Pd/Pt nanostructures.

The pseudo-first-order kinetic model was used to fit the per-
chlorate degradation with the reaction time. The model was given
by Eq. (3).

Cu/cy = exp (—kt) (3)

where C; and Cg are the perchlorate concentrations (mg/L) at times
of t=t and t=0, respectively, k is the rate constant (h~1), and t
is the reaction time (h). High correlation coefficient (R?) showed
that pseudo-first-order kinetic model could simulate the electro-
chemical perchlorate removal well (Fig. 8). The rate constant k of
Pd/Pt-NACF electrode for perchlorate removal was double than that
of Pd/Pt-ACF electrode.
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tions: initial Cl04~ 10 mg/L, Na,S04 5 mM, pH 5.0, constant current 20 mA, reaction
times 8 h).
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Fig. 9. Effect of C4H100 concentrations on the electrocatalytic reduction of perchlo-
rate (cathode: Pd/Pt-NACF, anode: Ti rod, initial ClO4~ 10 mg/L, Na;SO4 5 mM, pH
5.0, constant current 20 mA).

The energy consumption E (kWh/g) of perchlorate removal in
this system could be calculated according to [32].

E =10"3Ultm™! (4)

where U is cell potential (V), I is applied current (A), t is reaction
time (h), and m is mass of the removed perchlorate (mg). As listed
in Table 4, the energy consumption for Pd/Pt-NACF cathode was
lower than that of Pd/Pt-ACF cathode.

These results fully indicated that the double-chamber electro-
chemical reactor with the Pd/Pt-NACF cathode was superior to the
Pd/Pt-ACF cathode for perchlorate removal due to relatively high
degradation efficiency, quick reduction rate, and low energy con-
sumption.

Previous research demonstrated that t-BuOH (tertiary butanol)
could capture the atomic H™ and then converted them into rela-
tively inert 2-methyl-2propanol radicals [33]. Hence, in order to
identify the role of atomic H™ for perchlorate reduction in the
electrocatalytic degradation process, batch experiments were per-
formed with the different stoichiometric concentrations of t-BuOH.
As presented in Fig. 9, the reduction of perchlorate were signif-
icantly hampered with the increasing of t-BuOH concentration,
which suggested that the electrocatalytic degradation of perchlo-

K d Physical
; adsorption

Electrostatic £ N
ndsurplion/

Ti anode

Scheme 1. Schematic representation of the synergistic integration process of (a)
adsorption of perchlorate on N-doped activated carbon fiber (NACF) and (b) elec-
trocatalytic reduction of the adsorbed perchlorate to chloride by Pd/Pt supported
on N-doped activated carbon fiber (Pd/Pt-NACF) electrode.

rate mainly was via the indirect reduction induced by atomic H" in
the reaction system.

3.4. Possible mechanisms

Based on the above experimental results, the theoretical
mechanism of perchlorate degradation on Pt/Pd-NACF cathode is
illustrated in Scheme 1.

Firstly, the perchlorate and water molecule were adsorbed on
the surface of Pd/Pt-NACF electrode. Both reactions were fast and
reached the equilibrium within the shorter time (10 min).The cor-
responding process could be listed as followings:

Pd/Pt — NACF + CIO, (sol)rightarrowPd/Pt — NACF
—ClO, (ads)(Adsorption) (5)

Pd/Pt — NACF + H,0 (sol) — Pd/Pt — NACF
—H,0 (ads) (Adsorption) (6)

where sol stands for the perchlorate (water molecule) in
the solution and ads refers to the adsorbed perchlorate (water
molecule). The enhanced perchlorate adsorption capacity on Pd/Pt-
NACF led by the presence of positively charged N-functional groups
on the surface of ACF [23].

With the application of a constant current on the electrode
(20 mA), the adsorbed water molecule was reduced to atomic H'
(Eq. (7)), a strong reducing agent, which could react with a series
of species of oxoanion including nitrate, bromate, and perchlorate
[32,34]. In addition, vigorous gas (H,) was observed on the cath-
ode (Eq. (8)), which could be bound and activated by the Pd/Pt
nanostructures, forming atomic H' [35,36].

Pd/Pt + H0 + e~ — Pd/Pt — H* + OH™ (Volmerdischarge) (7)
2Pd/Pt — H* < 2Pd /Pt + H; (Tafelreaction) (8)

The reaction between perchlorate and H" is a multiple step pro-
cess. When direct reaction between H" and perchlorate took place,
various intermediate chloro-oxyanions and end-product chloride
were produced according to the following equations.
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Table 4

Comparison of energy consumption in electrocatalytic reactor with different cathodes.

Cathodes Cell potential (V) Applied current (mA) Removed perchlorate (mg) Energy consumption (kWh/g perchlorate)
Pd/Pt-ACF 11.8 20 1.0 1.8
Pd/Pt-NACF 11.2 20 1.7 1.0
e _ 100
2Pd/Pt — H* + ClO, — 2Pd/Pt B CI0, removal
+ClO5 + H,O (Hydrodeoxygenation) 9) .
- Cl yield
2Pd/Pt — H* 4 ClO; — 2Pd/Pt g ! " L
5
+ClO; + H,0 (Hydrodeoxygenation) (10) 2 604
=]
4Pd /Pt — H* 4 ClO; — 4Pd/Pt + CI~ 2
+2H,0 (Hydrodeoxygenation) (11) 3 407
g
The step of Eq. (9) was recognized as the rate-limiting step in _?_;r 201
the electrochemical reduction perchlorate process [37]. In the inte-
grated adsorption and electrocatalytic degradation process, if the
04

elelctrocatalytic degradation occured only on the Pd/Pt surface, the
presence of positively charged N-functional groups would not sig-
nificantly affect the removal efficiency of perchlorate. According to
previous literature, these results could be explained that positively
charged N-functional groups not only served to increase the num-
ber of adsorption sites for perchlorate, but also might cooperate
with the adsorbed water synergistically to drastically reduce the
activation barrier for perchlorate reduction [23].

The balance of chlorine during the electrochemical experiment
process (Fig. 8) also revealed that most of perchlorate is fully
reduced. Fig. 1c showed the XPS spectra of Cl(2p) for the Pd/Pt-
NACF after reaction. There were two binding energy of Cl(2p) at
197.9eV (perchlorate) and 199.8 eV (chloride), which confirmed
the presence of chlorine in the Pd/Pt-NACF. Thus, small loss of
total chlorine in solution could be explained as the adsorption on
the electrode surface. It is noteworthy that no other intermediate
chloro-oxyanions (e.g., chlorite and chlorate) were detected in the
reaction system. This suggested that the kinetic stability of chlo-
rite and chlorate are much less than perchlorate and they would be
completely reduced to chloride once formed (Egs. (9)-(11)) [38].

3.5. Cyclic experiments

The aforementioned experiments clearly showed that Pd/Pt-
NACF has obvious advantages in both adsorption and elec-
trocatalytic degradation of perchlorate. However, whether the
perchlorate adsorption/electrocatalytic degradation using Pd/Pt-
NACF cathode could be repeated without loss of perchlorate
degradation efficiency? To illustrate it, Pt/Pt-NACF cathode was
repeatedly used three successive cycles under the identical exper-
imental condition. After each cycle, the electrode was taken out,
washed and dried for next cycle.

Asdepictedin Fig. 10, the perchlorate degradation efficiency was
no significant decrease after three successive cycles. Moreover, the
XRD patterns of Pd/Pt-NACF after three cycles showed that the used
Pd/Pt-NACF maintained the similar crystal structure to the mate-
rials before adsorption/electrocatalysis experiment (Fig. 4). These
results indicated that the as-prepared electrode could be re-used.

4. Conclusions

The present study demonstrated that perchlorate could
be effectively electroreduced to chloride using the adsorp-
tion/electrocatalysis bifunctional material Pd/Pt-NACF as the

1st 2nd 3rd

Number of cycle

Fig. 10. Perchlorate removal efficiency during three successive adsorp-
tion/electrocatalytic degradation cycles (cathode: Pd/Pt-NACF, anode: Ti rod,
initial ClO4~ 10 mg/L, NaS04 5 mM, pH 5.0, constant current 20 mA, reaction times
8h).

electrode. The positively charged N-functional groups on the sur-
face of N-doped activated carbon fiber (NACF) enhanced the surface
charge and increased the active sites for perchlorate adsorption.
Subsequently, the perchlorate adsorbed on Pd/Pt-NACF surface
could be reduced to non-toxic chloride through the catalysis
of supported Pd/Pt clusters in a double-chamber electrochemi-
cal reactor. The reduction efficiency might be governed by the
atomic H" and the adsorbed perchlorate. The perchlorate removal
efficiency was not obvious loss after three successive adsorp-
tion/electrocatalytic cycle experiments, suggesting its application
potential in perchlorate-containing wastewater treatment.
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