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ABSTRACT

Graphene (Gr)/polymeric pyrrole-sodium dodecyl benzene sulfonate (PPy-SDBS) were used to mod-
ify the palladium loaded titanium electrode. The palladium/graphene/polymeric pyrrole-sodium
dodecyl benzene sulfonate/titanium (Pd/Gr/PPy-SDBS/Ti) electrode was successfully prepared
by the simple drop-casting/electrodeposition process. The Pd/Gr/PPy-SDBS/Ti electrode showed
high electrochemical activity in the application of the electrochemically reductive dechlorination of
2,4,6-trichlorophenol (2,4,6-TCP) in aqueous solution. The influence factors of dechlorination includ-
ing dechlorination current and initial pH value were studied and the optimum dechlorination cur-
rent and initial pH value within the investigated range were 5 mA and 2.3, respectively. Under
these conditions, 100 mg L™ 2,4,6-TCP could be removed and dechlorinated completely within 80
min, and the current efficiency could reach 36%. The main final product of 2,4,6-TCP was phenol
and the dechlorination pathways were studied according to the intermediate products detected by
HPLC. The dechlorination reaction of 2,4,6-TCP fitted well to the pseudo-first-order kinetics. The
effect of temperature on 2,4,6-TCP dechlorination and the stability of the prepared electrode were
also investigated.
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1. Introduction

Chlorophenols (CPs), are important industrial organic
compounds and widely used in pesticides, herbicides, fun-
gicides and preservatives. But they are also common water
contaminants, which have been attracted increasing interests
due to their carcinogenic characteristics and persistence in
natural environments [1-3]. The United States Environmen-
tal Protection Agency (USEPA) have listed some of them as
priority pollutants [4,5]. Therefore, it is of vital importance to
take measures to remove CPs from the environment.

*Corresponding author.

In recent decades, many treatment techniques for the
removal of chlorinated organic compounds, such as adsorp-
tion [6,7], advanced oxidation process [8] and biodegrada-
tion [9,10], have been developed. Recently, electrochemically
reductive dechlorination has been developed and consid-
ered to be a kind of promising treatment approach for CPs
dechlorination due to its various advantages including
rapid reaction rate, mild reaction conditions, low facilities
investment and the absence of secondary pollution [11,12].
The mechanism of electrochemically reductive dechlori-
nation can be described as electrocatalytic hydrogenoly-
sis (ECH) [13-15]. It involves several steps of reaction as
described in Egs. (1)-(4).
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2H,0 + 2"+ M — 2(H) , M + 20H- (1)
R-X +M & (R-X) M )
(R-X),, M + 2(H)_ ,M — (R-H)_, M + HX 3)
(R-H) M & R-H+M 4)

where M, (H) , M and (R-X)_, M represent electrode surface,
absorbed hydrogen on electrode surface and the adsorbed
organic substrate on electrode surface, respectively. In this
process, water is electrolyzed and the generated hydro-
gen atoms are adsorbed on the surface of electrode (H_,)
together with the chlorinated organic pollutants. Then the
H_, attack chlorine atoms adsorbed on the electrode sur-
face, which results in the cleavage of carbon-halogen bond
and the addition of hydrogen. Thus, chlorinated organic
pollutants are dechlorinated. During this process, side reac-
tion of hydrogen evolution reaction (HER) will occur inevi-
tably, which is influenced by the reaction conditions and the
electrochemical characteristics of the electrode.

In electrochemically reductive reaction, the electrode
material has a significant influence on dechlorination perfor-
mance [16-18]. Therefore, it is of vital importance to search
for a suitable electrode material. Titanium (Ti) is usually
selected as the substrate material of electrode for its good
stability [19]. Noble metal catalyst palladium (Pd) is an effec-
tive dechlorination catalyst. It has been extensively used in
CPs dechlorination because of the remarkable capacity for
hydrogen storage [20,21]. However, the exorbitant price of
Pd restricts its large-scale application [22]. Enhancing the
specific surface area of Pd catalyst is an effective method
to reduce its consumption. Therefore, many researchers
attempted to support catalyst on different substrate mate-
rials or add middle layers to improve the specific surface
area of the catalyst [23,24]. Graphene (Gr) with a two-di-
mensional (2D) monolayer of sp*>-hybridized carbon atoms
shows outstanding properties [25-28], such as very large
surface area, extraordinary electronic transport properties,
excellent thermal conductivity and superior mechanical
property, which has attracted more and more attentions.

In the present work, aiming at making full use of Pd
catalyst to improve the electrocatalytic performance of the
electrode, graphene/polymeric pyrrole-sodium dodecyl
benzene sulfonate (Gr/PPy-SDBS) were introduced to mod-
ify the electrode and Pd particles were electrodeposited on
the electrode surface. The prepared palladium/graphene/
polymeric pyrrole-sodium dodecyl benzene sulfonate/tita-
nium (Pd/Gr/PPy-SDBS/Ti) electrode had high electrocat-
alytic activity. The characterizations of the electrode were
investigated. 2,4,6-trichlorophenol (2,4,6-TCP) was selected
as model compound to test the electrocatalytic performance
of Pd/Gr/PPy-SDBS/Ti electrode. Electrochemically reduc-
tive dechlorination with the electrode was investigated.

2. Experimental
2.1. Chemicals and materials

Experimental chemicals including hydrochloric acid
(HCI), sulfuricacid (H,SO,, 98%), sodium sulphate (Na,SO,),

sodium carbonate (Na,CQO,), oxalic acid (H,C,0,), isopropa-
nol and palladium chloride (PdCL) powder were analyt-
ical reagent, and they were supplied by Beijing Chemical
Works. Sodium dodecyl benzene sulfonate (SDBS) was
guaranteed reagent and was supplied by Beijing Chemi-
cal Works. Pyrrole (Py) was chemical pure and was from
Sinopharm Chemical Reagent Co., Ltd.. Gr was supplied
by Chengdu Organic Chemicals Co., Ltd. 2,4,6-TCP was
from AccuStandard Inc., USA. Cation-exchange membrane
Nafion-324 was supplied by Sigma-Aldrich Chemical Co.
Meshed Ti with aperture density of 150 PPI and line diam-
eter of 0.10 mm was supplied by Anping Wire Screen Mesh
Plant, China. All water used in the experiment was pre-
treated with Millipore-Q.

2.2. Electrode preparation

The meshed Ti plate substrate was pretreated by
immersing in 0.3 mol L™ Na,CO, solution at the tempera-
ture of 363 K for 30 min, successively immersing in 0.1 mol
L™ oxalic acid of 373 K for 30 min to remove the surface
grease and oxides. The PPy-SDBS film was electro-polym-
erized on the meshed Ti plate (the anode was the pretreated
meshed Ti plate and the cathode was platinum foil) in the
solution containing 0.1 mol L distilled Py, 1 g L' SDBS and
0.3 mol L sulfuric acid, with depositing current of 5 mA for
5 min [29]. Then, the Gr was added into isopropyl alcohol
and dispersed under ultrasonic condition for 30 min. And
the Gr/PPy-SDBS/Ti electrode was prepared by drop-cast-
ing Gr dispersion evenly on the surface of the pretreated
PPy-SDBS/Ti substrate and dried horizontally in the air.
Finally, by using platinum foil and Gr/PPy-SDBS/Ti elec-
trode as anode and cathode, respectively, Pd catalyst was
electrodeposited on the cathode to prepare the Pd/Gr/PPy-
SDBS/Ti electrode with 22.5 mmol L™ PdCl, solution.

2.3. Dechlorination of 2,4,6-TCP

Dechlorination experiments were operated using a
two-compartment cell. The cathode was Pd/Gr/PPy-
SDBS/Ti electrode and the anode was platinum foil in the
dechlorination process of 2,4,6-TCP. The cell was separated
with a cation-exchange membrane to avoid the dechlorina-
tion products being re-chlorinated and prevent the chloride
atoms generated on the prepared electrode from transport-
ing to the anode to form Cl, [30]. The anolyte was 30 mL
Na,SO, solution and the catholyte was 30 mL Na,SO, solu-
tion containing 100 mg L™ 2,4,6-TCP with stirring, and the
concentration of Na,SO, solution was 0.05 mol L™. H SO,
was used to adjust the catholyte pH. The dechlorination
current ranged from 4 mA to 7 mA and the pH value ranged
from 2.1 to 2.7. The electrocatalytic reduction experiments
were operated under the condition of constant current.

2.4. Analysis methods

The prepared electrodes were electrochemically character-
ized by cyclic voltammetry (CV) using CHI 960e electrochem-
ical workstation. The counter electrode was platinum foil and
the reference electrode was an Hg/Hg SO,-saturated K,SO, in
three-electrode system. Scanning electron microscopy (SEM,
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Hitachi SU8020, Japan) was used to characterize the surface
morphology of electrode. X-ray diffraction (XRD, D8 Advance,
Bruker, Germany) was used to analyze the crystal structure of
depositing Pd particles by using Cu-K radiation. Inductively
coupled plasma-atomic emission spectrometry (ICP-AES, RIS
Intrepid ER/S, Thermo Elemental, USA) was used to analyze
the loading amount of Pd catalyst. X-ray photoelectron spec-
troscopy with Al-K radiation (XPS, ThermoFisher Scientific,
ESCALAB 250, USA) was used to identify the binding energy.
High performance liquid chromatography (HPLC, Waters,
USA) was used to detect the concentrations of 2,4,6-TCP, inter-
mediates and products. HPLC was consisted of Waters 1525
binary HPLC pump and 2489 UV /visible detector equipped
with a Kromasil C18 reverse-phase column. The mobile phase
was the mixture of 30% water and 70% methanol and the
detection wavelength was 280 nm. High performance ion
chromatography (HPIC, Metrohm, 883 Basic IC plus) was
used to detect the concentration of CI.

2.5. Calculation of removal efficiency and current efficiency

The removal efficiency (n) was calculated with Eq. (5):
n(%)=(C,—-C,)/ G, x100 ®)

where C is the initial concentration of 2,4,6-TCP (mg L),
C,is 2,4,6-TCP concentration at different electrolysis time ¢
(mg L.

The current efficiency (¢) was expressed as the percent-
age of electrons which were used to convert 2,4,6-TCP to
2,6-dichlorophenol(2,6-DCP), 2,4-dichlorophenol(2,4-DCP),
2-chlorophenol(2-CP) and phenol, and it could be calcu-
lated with Eq. (6):

0(%) = [(m, x 1, = Y (m, xn,))x F1/ (I x£)x 100 (6)

where m, is the quantity of the conversed 2,4,6-TCP (mol),
n, is the number of electrons to convert 2,4,6-TCP to phe-
nol (n, = 6), m, is the quantity of the residual 2,6-DCP,
2,4-DCP and 2-CP (mol), 1, is the number of electrons to
convert 2,6-DCP, 2,4-DCP and 2-CP to phenol (n= 4, 4, 2,
respectively), F is the Faraday constant (96,500 C mol™),
I and t are dechlorination current (A) and dechlorination
time (s), respectively.

3. Results and discussion
3.1. Optimization of electrode preparation
3.1.1. Effect of Gr mass concentration

With depositing current of 20 mA and depositing time
of 45 min, the effect of Gr mass concentration (0.02%, 0.04%,
0.06%, 0.08% and 0.1%, respectively) was investigated. Fig. 1
shows the CV curves of Pd/Gr/PPy-SDBS/Ti electrodes
prepared under different Gr concentrations. It showed
that with the increasing of Gr concentration, the hydrogen
adsorption peak current increased when the Gr concen-
tration was lower than 0.04%, whereas it decreased when
the Gr concentration was higher than 0.04%. The maximal
value was obtained at the Gr concentration of 0.04%. The

reason was that, the loading of Gr was insufficient under
low Gr concentration, which could not provide the large
surface area for the deposition of Pd catalyst. When the Gr
concentration was too high, the Gr adhering to the surface
of the electrode stacked together or even shed from the sur-
face. It also could not provide enough surface area for the
deposition of Pd catalyst, which reduced the effective area
of catalytic reaction. Therefore, it showed the low hydrogen
adsorption peak current value and the low catalytic activity.

Therefore, the optimum Gr mass concentration was
0.04% for the preparation of Pd/Gr/PPy-SDBS/Ti electrode
within the investigated range of research.

3.1.2. Effect of depositing current

With Gr concentration of 0.04% and electrodepositing
time of 45 min, the effect of depositing current (15 mA, 20
mA, 25 mA, 30 mA and 35 mA, respectively) was investi-
gated. Fig. 2 shows the CV curves of Pd/Gr/PPy-SDBS/
Ti electrodes prepared under different depositing currents.
With the increase of depositing current, the hydrogen
adsorption peak current increased when the current was
lower than 25 mA, whereas it decreased when the current
was higher than 25 mA. The maximal value was obtained
at the depositing current of 25 mA. The reason was that, the
loading of Pd catalyst on the electrode was low under the
low depositing current, which resulted in the low hydrogen
adsorption peak current value, whereas Pd catalyst depos-
ited on the electrode was too dense under the high deposit-
ing current and the electrode surface area decreased or Pd
catalyst even shed from the surface, which also resulted in
the degradation of catalytic performance.

Therefore, the optimum Pd depositing current was 25
mA for the preparation of Pd/Gr/PPy-SDBS/Ti electrode
within the investigated range of research.

3.1.3. Effect of electrodepositing time

The effect of electrodepositing time was further inves-
tigated with Gr concentration of 0.04% and depositing
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Fig. 1. CV curves of Pd/Gr/PPy-SDBS/Ti electrodes prepared
under different Gr concentrations.
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Fig. 2. CV curves of Pd/Gr/PPy-SDBS/Ti electrodes prepared
under different depositing currents.
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Fig. 3. CV curves of Pd/Gr/PPy-SDBS/Ti electrodes prepared
under different depositing time.

current of 25 mA. Fig. 3 shows the CV curves of Pd/Gr/
PPy-SDBS/Ti electrodes prepared under different depos-
iting time (35 min, 40 min, 45 min, 50 min and 55 min,
respectively). It showed that, the maximal hydrogen
adsorption peak current was obtained at the depositing
time of 45 min within the investigated time range. As men-
tioned earlier, the deposition amount of Pd catalyst and
catalytic activity were both low under the short depositing
time, whereas Pd catalyst deposited densely on the elec-
trode or even shed under long depositing time and the
electrode surface area decreased, which also resulted in
the low catalytic activity.

Therefore, the optimum Pd electrodepositing time was
45 min for the preparation of Pd/Gr/PPy-SDBS/Ti elec-
trode within the investigated range of research.

To sum up, the optimum depositing current, depositing
time and Gr concentration were 25 mA, 45 min and 0.04%,
respectively. Within the investigated range, the maximal
hydrogen adsorption peak current of the prepared elec-
trode was obtained under these optimized conditions.

3.2. Electrode characterization
3.2.1. The electrochemical characteristics of the electrodes

CV measurement of the electrodes was carried out in
0.5 mol L™ H,SO, solution, and the scan rate was 50 mV
s7!. Fig. 4 exhibits the CV curves of the Pd/Gr/PPy-SDBS/
Ti electrode. As comparison, the Pd/Ti electrode and the
Pd/PPy-SDBS/Ti electrode prepared under the same con-
ditions were also studied in the research. The curves show
that the hydrogen adsorption current value of the Pd/
PPy-SDBS/Ti electrode was higher than that of the Pd/Ti
electrode, whereas the hydrogen adsorption current value
of the Pd/Gr/PPy-SDBS/Ti electrode was much higher
than that of the Pd/Ti electrode and the Pd/PPy-SDBS/
Ti electrode. High hydrogen adsorption current meant the
excellent electrocatalytic activity [31,32]. It indicated that
the introduction of PPy-SDBS improved the catalytic per-
formance of the electrode to some extent besides adhering
to Gr effectively. To be more important, the modification of
Gr increased the specific surface area of Pd catalyst, which
would be more effective for electrochemically reductive
dechlorination. Therefore, Pd/Gr/PPy-SDBS/Ti electrode,
with higher hydrogen adsorption current value, had better
potential for CPs degradation.

3.2.2. The loading amount of Pd catalyst

ICP-AES was used to analyze the loading amount of Pd
catalyst. The analysis results showed that the Pd catalyst
loaded on the electrode was 2.58 mg cm™? under the selected
conditions.

3.2.3. The crystalline feature of Pd particles

XRD (shown in Fig. 5) was used to examine the crys-
tal structure of Pd particles. It showed that five diffraction
peaks appeared at 2 theta (20) values of 40.2, 46.7, 68.2, 82.1
and 86.7, which corresponded to the (111), (200), (220),
(311), and (222) planes of Pd (JCPDS 5-681), respectively
[33]. The XRD results indicated that the catalyst particles
with the face-centered cubic (FCC) crystal structure were
successfully deposited on the electrode surface. The crys-
tallite size of Pd particles was 16.7 nm calculated by Scher-
rer equation.

3.2.4. The morphology characterization of the electrodes

The surface morphologies of electrodes were studied
by SEM. Fig. 6 shows the SEM images of the PPy-SDBS/Ti
electrode (Fig. 6a), the Gr/PPy-SDBS/Ti electrode (Fig. 6b)
and the Pd/Gr/PPy-SDBS/Ti electrode (Fig. 6¢).

PPy is a kind of conductive polymer with the advan-
tages of environmental stability and good conductivity
[34,35]. Fig. 6a shows that the PPy-SDBS film covered
the Ti substrate uniformly with the shape of spherical
apophysis, which increased the specific surface area of
the electrode in some extent. And what’s more, meshed
Ti with smooth surface could not support Gr directly due
to its poor adhesive force and Gr would peel off the elec-
trode. However, Gr could adhere to the surface of elec-
trode effectively due to the introduction of the PPy-SDBS
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Fig. 4. CV curves of Pd/Ti electrode, Pd/PPy-SDBS/Ti electrode
and Pd/Gr/PPy-SDBS/Ti electrode prepared under the selected
conditions.
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Fig. 5. XRD patterns of Pd/Gr/PPy-SDBS/Ti electrode.

film. As is shown in Fig. 6b, Gr adhered to the surface
of electrode with flake-like morphology and exhibited
good spatial extensibility. The structure could provide the
large area for the eletrodeposition of Pd microparticles.
Fig. 6¢c shows that Pd microparticles dispersed uniformly
with cauliflower-like morphology. High resolution SEM
image shows that Pd microparticles presented flake-like
morphology, signifying the high specific surface area and
more catalytic sites of the electrode, which was favorable
to reductive dechlorination.

In conclusion, PPy-SDBS film prepared by the elec-
tro-polymerization method had good stability, adhesion
and favorable morphology. The addition of Gr optimized
the surface structure of the electrode and improved the
deposition morphology of Pd catalyst, which increased the
specific surface area of Pd catalyst and supplied more reac-
tion sites. This structure was favorable to electrochemically
reductive dechlorination.

SU8020 10.0kV 9.4mm x10.0k SE(U)

Fig. 6. SEM images of PPy-SDBS/Ti electrode (a), Gr/PPy-SDBS/
Ti electrode (b) and Pd/Gr/PPy-SDBS/Ti electrode (c).

3.2.5. The composition and chemical valences of catalyst

The composition and chemical valences of catalyst at
the electrode were investigated by XPS. As shown in Fig. 7,
the strong peaks appeared at the binding energies of 335.6
eV and 340.8 eV can be attributed to the major spin-orbit
split doublet Pd3d, 1 and Pd3d, 1 of metallic Pd° [36-38],
respectively. In addition, two weak peaks appeared at 338.5
eV and 343.8 eV correspond to Pd3d, /2 and Pd3d, 1 of Pd*,
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Fig. 7. XPS spectra of Pd3d of Pd/Gr/PPy-SDBS/Ti electrode.

respectively. The significantly stronger peak intensities of
Pd° than those of Pd** indicated that PACL, was reduced suc-
cessfully and Pd’ is the dominant component.

3.3. Electrochemically reductive dechlorination of 2,4,6-TCP

3.3.1. Effect of electrolysis current on 2,4,6-TCP
dechlorination

The effects of dechlorination current on the removal
efficiency and current efficiency of 2,4,6-TCP dechlorination
were investigated at initial pH value of 2.5 and temperature
of 298 K under different dechlorination currents (4 mA, 5
mA, 6 mA and 7 mA, respectively).

Fig. 8 shows the removal efficiencies of 2,4,6-TCP on Pd/
Gr/PPy-SDBS/Ti electrode under different dechlorination
currents. Dechlorination current has a significant influence
on the conversion efficiency of 2,4,6-TCP on Pd/Gr/PPy-
SDBS/Ti electrode in aqueous solution. When the dechlori-
nation current was 4 mA, the conversion efficiency was low
(82%) at the dechlorination time of 80 min, which was prob-
ably because the low current could not offer enough H_,_for
the ECH. Moreover, low current corresponded to the low
potential, which led to the insufficient reaction power. The
conversion efficiency at current of 5 mA, 6 mA and 7 mA
reached 94%, 96% and 99% within 80 min, respectively. It
showed that the removal efficiency of 2,4,6-TCP improved
with the increase of dechlorination current within the inves-
tigated range of research. And what’s more, the conversion
efficiency increased obviously when the dechlorinaton cur-
rent rised from 4 mA to 5 mA, but slightly from 5 mA to 6
mA and 7 mA. It could be inferred that the side reaction
of hydrogen evolution reaction (HER) on the electrode was
intensified under the higher current, which restricted the
reaction of dechlorination. Additionally, under the same
dechlorination current, the removal efficiency of 2,4,6-TCP
improved with the increasing of the dechlorination time.

Fig. 9 shows the current efficiencies of the dechlorina-
tion reaction under different dechlorination currents. Gen-
erally, the current efficiencies increased in the initial stage
and then decreased in the later stage. The current efficiency
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Fig. 8. Removal efficiencies of 2,4,6-TCP under different dechlo-
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Fig. 9. Current efficiencies of the dechlorination reaction under dif-

ferent dechlorination currents. C, , (oo = 100 mg L™, pH = 2.5.

at current of 4 mA, 5 mA, 6 mA and 7 mA reached 36%,
34%, 30% and 25% within 80 min, respectively. On the basis
of the mechanism of ECH, side reaction of hydrogen evo-
lution reaction (HER) will occur inevitably. With the reac-
tion going on, a greater proportion of H_,_ took part in the
reaction for H, generation, which led to the decrease of the
current efficiency. And the effect of the side reaction was
more significant at high current.

To have an integrative consideration of removal effi-
ciency and current efficiency, the optimum dechlorination
current was 5 mA at the initial pH value of 2.5 within the
investigated range of research. At the selected current of
5 mA, the removal efficiency of 2,4,6-TCP on the Pd/Gr/
PPy-SDBS/Ti electrode within 80 min reached 94%, and the
current efficiency reached 34%.

3.3.2. Effect of initial pH value on 2,4,6-TCP dechlorination

The effect of initial pH value on the electrocatalytic
dechlorination activity was investigated at constant current



134

of 5 mA within 80 min at the temperature of 298 K under
different initial pH values (2.1, 2.3, 2.5 and 2.7).

Fig. 10 shows the removal efficiencies on the Pd/Gr/
PPy-SDBS/Ti electrode under different initial pH values.
It can be seen that the removal efficiencies increased with
the increasing of the dechlorination time under the same
pH value (2.1-2.7). When the initial pH value was 2.3, the
complete removal was obtained within dechlorination time
of 80 min. At the initial pH value of 2.1, the removal effi-
ciency was 97% after 80 min, probably because abundant
H* in the solution promoted the side reaction of hydrogen
evolution reaction, which affected dechlorination reaction.
The removal efficiency with the initial pH value of 2.5 and
2.7 were 94% and 83%, respectively. It could be attributed
to the insufficiency of active hydrogen atoms for efficient
dechlorination of 2,4,6-TCP.

Fig. 11 shows the current efficiencies of the dechlorina-
tion reaction under different initial pH values. Similarly,
the current efficiencies increased at initial stage and then
decreased with the reaction going on, revealing the same
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Fig. 10. Removal efficiencies of 2,4,6-TCP under different initial
pH values. C =100mg L7, [=5mA.
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Fig. 11. Current efficiencies of the dechlorination reaction under
different initial pH values. C =100mg L, I=5mA.
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tendency with removal efficiency at the dechlorination time
of 80 min under different initial pH values. The current effi-
ciency of 36% could be obtained at dechlorination time of 80
min with the initial pH value of 2.3, which was the highest
one among the investigated dechlorination pH value.

The dechlorination efficiency at constant current of 5
mA within 80 min at the initial pH value of 2.3 was also
investigated, as shown in Fig. 12. Obviously, the dechlo-
rination efficiency increased with the reaction going on,
and the dechlorination efficiency of 100% was obtained
after dechlorination time of 80 min when the 2,4,6-TCP
was removed completely. It indicated that the organochlo-
rines of 2,4,6-TCP were converted into inorganic chlorines
completely, without generating other toxic chlorinated
by-products.

To have an integrative consideration of removal effi-
ciency, current efficiency and dechlorination efficiency, the
initial pH value of 2.3 was selected for 2,4,6-TCP dechlo-
rination on Pd/Gr/PPy-SDBS/Ti electrode. With the pH
value of 2.3 and current of 5 mA, 2,4,6-TCP was removed
and dechlorinated completely after dechlorination time of
80 min, and current efficiency reached 36%.

3.3.3. Effect of initial concentration of 2,4,6-TCP on
dechlorination

The effects of initial concentration of 2,4,6-TCP on
removal efficiency and removal amount were investigated
at initial pH value of 2.3 and current of 5 mA. Figs. 13 and
14 show the removal efficiency and removal amount under
different initial concentrations of 2,4,6-TCP (60 mg L7,
100 mg L7, 140 mg L™ and 180 mg L), respectively. The
results showed that, the 2,4,6-TCP under four initial con-
centrations could be removed completely within 60 min, 80
min, 100 min and 130 min, respectively. Within the same
reaction time, the higher the initial concentration, the lower
the removal efficiency. However, it does not mean the low
removal amount under the high initial concentration. Fig.
14 shows that the differences of the removal amount among
four initial concentrations were not great at initial stage,
whereas the removal amount at the same reaction time

100 n

80 |-
60 - /
S

/ —m— Dechlorination efficiency

of -/.

0 10 20 30 40 50 60 70 80 90
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20
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Fig. 12. Dechlorination efficiency of 2,4,6-TCP. C
mg L7, [=5mA, pH, =2.3.
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Table 1
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Linear equations of 2,4,6-TCP dechlorination at different

temperatures

Temperature Linear equations

Coefficient of

determination(R?)
288 K In(C,/C,) =0.0371 t - 0.5084 0.9661
298 K In(C,/C) =0.0504 t - 0.6615 0.9529
308 K In(C,/C)=0.0698 t —0.9514 09713
318K In(C,/C)=10.0781¢-11179 0.9439
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Fig. 13. Removal efficiencies of 2,4,6-TCP under different initial
concentrations. I =5 mA, pH = 2.3.
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Fig. 14. Removal amounts of 2,4,6-TCP under different initial
concentrations. I =5 mA, pH =2.3.

increased with the initial concentration in the later stage.
Especially when the initial concentrations were above 100
mg L, more than 100 mg L™ of 2,4,6-TCP could be removed
within 80 min. It indicated that the Pd/Gr/PPy-SDBS/Ti
electrode had better potential for CPs degradation, and it
was not limited to the removal capacity of 100 mg L™ within
80 min.

3.3.4. The kinetics and activation energy analysis of
2,4,6-TCP dechlorination

The kinetics of 2,4,6-TCP dechlorination on the pre-
pared Pd/Gr/PPy-SDBS/Ti electrode was investigated
at the temperatures of 288 K, 298 K, 308 K and 318 K. The
selected experimental conditions were as follows: electroly-
sis current: 5 mA, initial pH value: 2.3, initial concentration
of 2,4,6-TCP: 100 mg L.

Table 1 shows the variation of 2,4,6-TCP concentra-
tion with time at the four temperatures, where C is the
initial concentration of 2,4,6-TCP, C, is the real-time con-

centration of 2,4,6-TCP at a certain time. Good linear fit-
ting results were obtained between In(C,/C,) and time,
indicating the dechlorination reaction fitted well to the
pseudo-first-order kinetics. The slopes of the fitting lines
correspond to the reaction rates, and the fitting equations
showed that the apparent reaction rate constant k was
equal to 0.0371, 0.0504, 0.0698 and 0.0781 min™, respec-
tively. Experimental results also showed that 2,4,6-TCP
were not removed completely within 90 min at the tem-
perature of 288 K, but removed completely within 70 min
at the temperature of 318 K, which was consist with the
former analysis. The removal of 2,4,6-TCP increased with
the rise of temperature, indicating that the dechlorina-
tion of 2,4,6-TCP on the Pd/Gr/PPy-SDBS/Ti electrode
was endothermic reaction.

In this experiment, the Arrhenius theorem equation
(k = A exp(-Ea/RT)) could be used to express the effect of
temperature. According to the former analysis, the effect of
temperature could be formulated as In(k) = —2353.471 x T~
+4.904 (R? = 0.96), as the fitting line shown in Fig. 15, where
the slope of In(k) versus T-! equals to —Ea/R. Furthermore,
the calculation result showed that the apparent activation
energy was 19.6 k] mol™, which indicated the dechlorina-
tion reaction was dominated by interfacial chemical reac-
tion as well as diffusion [29].

3.3.5. Product analysis

The dechlorination products of 100 mg L™ 2,4,6-TCP
were analyzed under the dechlorination conditions of cur-
rent of 5 mA within 80 min at initial pH value of 2.3.

Fig. 16 indicates that 2,4,6-TCP was degraded gradually
in the entire process and removed completely at 80 min. The
intermediate products of 2,4,6-TCP dechlorination included
2-CP, 2,6-DCP, 2,4-DCP and phenol. The quantities of the
generated CPs (2-CP, 2,6-DCP and 2,4-DCP) increased at ini-
tial stage, and then decreased to 0. It was because the gen-
eration rate of the intermediate products was higher than
the degradation rate at initial stage. With the concentration
of 2,4,6-TCP decreasing, the generation rate decreased and
was lower than the degradation rate of CPs. The maximum
concentration of 2-CP reached 1.83 mg L after the dechlo-
rination reaction of 40 min, whereas the 4-CP was barely
detected in the experiment, which indicates that the reactiv-
ity of para-chlorione is higher than that of ortho-chlorione due
to the steric hindrance resulting from the hydroxyl group. In
addition, the concentration of 2,4-DCP was lower than that
of 2,6-DCP in the dechlorination process, which also means
para-chlorione could be replaced easier than ortho-chlorione.
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Fig. 15. Arrhenius plot of In(k) and T of 2,4,6-TCP dechlorina-
tion on Pd/Gr/PPy-SDBS/Ti electrode.
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Furthermore, the concentration of phenol increased during
the whole dechlorination process, and the dechlorination
product of 2,4,6-TCP detected by HPLC after reaction time
of 80 min was phenol. However, it was calculated that the
molar ratio of phenol to 2,4,6-TCP at the end of electrolysis
was 81%. Thus, it implied that some phenol could be further
reduced to other dechlorination products with time extend-
ing, though there were no other new peaks detected under
selected chromatographic condition. The main substance
generated from phenol reduction was cyclohexanone [22].
It should be pointed out that no intermediate products
were detected in the first 10 min when the concentration of
2,4,6-TCP decreased slightly, and it was probably because
the amount of intermediate products generated at initial
stage was small and they were absorbed on the electrode
surface without diffusing into the solution. Moreover, it
was attributed to the adsorption of 2,4,6-TCP on the elec-
trode surface from the solution without being degraded
yet. We conducted the control experiment under the same
conditions but without electrical current to assess the con-
tribution of adsorption. The result showed that the adsorp-

OH
Cl Cl

cl\©/c1 -
2, 6-DCP OH
[:i:T/cl c1
2-cp

2,4-DCP

OH

phenol

Fig. 17. The electrocatalytic degradation pathways of 2,4,6-TCP.

tion capacity in the first 10 min was about 2% of the total
amount of 2,4,6-TCP.

3.3.6. Electrocatalytic degradation pathways of 2,4,6-TCP

By the analysis of intermediates and products, the elec-
trocatalytic degradation pathways of 2,4,6-TCP are as fol-
lowing: as the intermediate products were not detected in
the first 10 min, but detected at 20 min, it could be inferred
that one or two chlorines were replaced by the active hydro-
gen to generate 2,4-DCP, 2,6-DCP and 2-CP. In addition,
2,4-DCP, 2,6-DCP and 2-CP were not detected except phe-
nol at dechlorination time of 80 min when 2,4,6-TCP was
removed completely. It indicated that three chlorines could
be replaced simultaneously to generate phenol directly.
According to the relevant literature [39,40], there were
two pathways of 2,4-DCP degradation, para-chlorione was
replaced first by the active hydrogen to generate 2-CP and
then 2-CP was dechlorinated to phenol, or ortho-chlorione
and para-chlorione were replaced simultaneously to gener-
ate phenol directly. Similarly, there were two pathways of
2,6-DCP degradation, one ortho-chlorione was replaced to
generate 2-CP and then 2-CP was dechlorinated to phenol,
or two ortho-chloriones were replaced simultaneously to
generate phenol directly.

In summary, according to the former analysis, the elec-
trocatalytic degradation pathways of 2,4,6-TCP are illus-
trated in Fig. 17.

3.3.7. Stability of Pd/Gr/PPy-SDBS/Ti electrode

The stability of the electrode was tested by repeating
the experiment for 10 times with the same electrode. The
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experiment showed that, after 10 times of dechlorination,
the removal efficiency of 2,4,6-TCP could still reach 98%,
which indicated that the Pd/Gr/PPy-SDBS/Ti electrode
had the good stability.

4. Conclusions

After the PPy-SDBS film was polymerized on the surface
of meshed Ti plate, Pd/Gr/PPy-SDBS/Ti electrode was suc-
cessfully prepared by the simple drop-casting/electrodepo-
sition process. The introduction of Gr optimized the surface
structure of the electrode and improved the catalytic activ-
ity. Within the investigated range, the maximal hydrogen
adsorption peak current of the electrode prepared under the
selected conditions was obtained, which was much higher
than that of Pd/Ti electrode prepared without modification.
The dechlorination property of the prepared Pd/Gr/PPy-
SDBS/Ti electrode was investigated with the dechlorination
experiment of 2,4,6-TCP. To have an integrative consider-
ation of removal efficiency, current efficiency and dechlori-
nation efficiency, the optimum dechlorination current and
initial pH value within the investigated range were 5 mA
and 2.3, respectively. Under the selected conditions, 100 mg
L7 2,4,6-TCP in aqueous solution could be removed and
dechlorinated completely within 80 min, and the current effi-
ciency reached 36%. Dechlorination experiments under the
high initial concentrations indicated that the removal capac-
ity within 80 min was more than 100 mg L. The interme-
diate products included phenol, 2-CP, 2,6-DCP and 2,4-DCP,
and the main final product was phenol. The reaction fitted
well to the pseudo-first-order kinetics. The apparent activa-
tion energy of 2,4,6-TCP dechlorination on the electrode was
19.6 k] mol™. The prepared Pd/Gr/PPy-SDBS/Ti electrode
with high electrocatalytic activity may provide a promising
approach for electrocatalytic degradation of CPs.
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