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ABSTRACT

The Pd/Ti working electrode was prepared by the electrochemical deposition on the Ti
plate and its structure and morphology were analyzed by an X-ray diffraction (XRD) and a
transmission electron microscopy. The results showed that Palladium (Pd) crystals were
coated uniformly on Titanium (Ti) base material with the average size of 8.69 nm. The cyclic
voltammetry was employed to study the electrochemical reduction characteristics of 2,4,5-
tripolychlorinated biphenyl (PCB29) in an electrocatalytic system. The results showed that
the PCB29 dechlorination was a two-electron transfer reduction controlled by adsorption
and conformed to the characteristics of the first-order reaction. The efficiencies of PCB29
degradation in the electrocatalytic system were more than 95% after 5h at its concentration
(mg/L) of 60, 80, and 100. The dechlorinations of PCB29 obeyed the pseudo-first-order reac-
tion kinetic behavior. The reaction rate constant was approximately 0.011 min~'. The reac-
tion rate increased slightly as the temperature rose. The 2,5-PCB was first mainly generated
by PCB29 para-position dechlorination, 2-PCB by meta-position dechlorination, and then
diphenyl by the subsequent ortho-position dechlorination. Diphenyl could be further hydro-
genated to phenyl cyclohexane. The chlorine substitution position on PCB29 mainly affected
the order of PCB29 electrocatalytic dechlorination.

Keywords: Pd/Ti electrode preparation; 2,4,5-tripolychlorinated biphenyl (PCB29); Electrocat-
alytic dechlorination; Degradation mechanism

1. Introduction

Polychlorinated biphenyls (PCBs) are the chemicals
formed by attaching one or more chlorine atoms to a
pair of connected benzene rings. Depending on the
number and position of chlorine atoms attached to the
biphenyl ring, 209 different PCB congeners can be
formed. PCBs are widely used as raw chemical
materials for the production of lubricants and flame
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retardants. The chemical and toxicological properties
of PCBs vary from one congener to another. PCBs are
persistent organic pollutants and difficult to be
degraded. The wastewater containing PCBs are refrac-
tory, teratogenic, carcinogenic, and mutagenic [1]. The
traditional methods for removing PCBs, such as bio-
logical method, chemical method, and adsorption pro-
cess, are slow and incomplete in degrading PCBs and
expensive in use [2—4]. In recent years, the electrocata-
lytic reduction is widely used for dechlorination of
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chlorinated organic pollutants [4]. The hydrogen
donors (electrons) are provided by an applied electric
field to achieve the PCBs dechlorination and to reduce
the PCBs toxicity [5]. In the electrocatalytic reaction,
the material of cathode electrode has great influence
on PCBs dechlorination efficiency [6]. The good capa-
bility of Palladium (Pd) storing and slowly releasing
electrons has drawn more and more attention. Tita-
nium was commonly used as an electrode substrate
because of its good conductivity, stability, and surface
mass transfer performance [7]. Some researchers pre-
pared Pd/Ti electrodes by the electrochemical deposi-
tion for the dechlorination of chlorinated organic
compounds [7,8]. And some scholars used other sub-
strate materials, such as foam-nickel and glassy carbon
modified by Pd [9-12]. In addition, to gain smaller Pd
particle sizes and higher particle dispersion, Perini
et al treated the glassy carbon as a substrate material
[12]. Pd/Ti working electrode, Ti plate modified by
Pd element, only works as a catalyst without any loss
[13] and provides the catalytic reaction interface.
Because of the good capability of Palladium (Pd) stor-
ing electrons, that the electron donors sustainably pro-
vided by the Pd/Ti cathode could ensure the effective
dechlorination of electrocatalytic reduction [7]. In this
paper, the preparation and characterization of Pd/Ti
electrode were reported, and PCBs electrochemical
dechlorination performance on Pd/Ti electrode was
studied using 2,4,5-polychlorinated biphenyl (PCB29)
with three chlorine substituents in meta, ortho, and
para positions as the target pollutant. Our studies
could further promote the development of new elec-
trode preparation and electrocatalytic process and
open up a new way for efficient degradation of refrac-
tory organic matters.

2. Materials and methods
2.1. Experimental setup and simulated wastewater

PCB29 (analytical grade, 299%) and PdCl, (analyti-
cal grade, 299.5%), were obtained from Kewei Com-
pany of Tianjin University (China). About 60, 80, and
100 mg/L of PCB29 were prepared in phosphate buffer
solution (PBS, 10 mmol/L and pH 7.0) using pure
water, respectively. The overall size of all the
experimental reactors made of plexiglass, was 100
(length) x 60 (width) x 100 mm (height). The size of
Ti electrode plate, which was bought from Beijing
Hengtai Company (China), was 50 (width) x 80 mm
(height) and the parallel-plate distance of the anode
and cathode was 70 mm.
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2.2. Analytical equipments and methods

The composition, the chemical state, and the elec-
tronic state of the elements on the Pd/Ti electrode sur-
face were analyzed by an X-ray photoelectron
spectrometer (Kratos AXIS Ultra DLD, Japan) employ-
ing a monochromated aluminium Ko X-ray source (hv
=1486.6 eV). The analysis conditions were a voltage of
15kV and a current of 10 mA. The data were corrected
using C 1s (284.45eV) in the sample as the internal
standard and processed by XPSPEAK software.

The X-ray diffraction (XRD) was examined by an
X-ray diffractometer (Rigaku D/max 2500 v/pc,
Japan). The conditions were a ray source of Cu Ka, a
wave length (1) of 0.154 nm, a tube voltage of 40kV,
a tube current of 100 mA, a scan rate of 8°/min, and a
26 scan range of 10-90".

The electrochemical characteristics were monitored
by CHI 660C electrochemical workstation (Shanghai
Chenhua Instrument Company, China) employing a
three-electrode system with a saturated calomel refer-
ence electrode (SCE), a Pd/Ti plate as the working
electrode, and a Ti plate as the auxiliary electrode. A
Luggin capillary connected the reference electrode
with the simulated wastewater and the tip of the Lug-
gin capillary near the working electrode was open to
the test solution for sensing the solution potential.

Surface morphology of Pd/Ti electrode was ana-
lyzed by a field-emission scanning electron micros-
copy (SEM, HITACHI 5-4700, Japan).

PCB29 was monitored quantitatively by high-per-
formance liquid chromatography (HPLC, Shimadzu
LC-10A, Japan) equipped with a reverse column (Di-
amonsil ODS, 150 x4.6 mm, 5um) and an SPD-10AV
UV-vis detector. The ratio of acetonitrile and water
was 90:10 (v/v) in the mobile phase, with a flow rate
1.0mL/min, a column temperature 30°C, and a UV
wave length 254 nm.

The intermediate products of PCB29 degradation
were monitored by GC 6890-MS 5973N (Agilent Tech-
nologies, USA) equipped with a HP-5 chromato-
graphic column (30mx0.25mm x0.25pum). The
temperature programming was elevated from an ini-
tial temperature of 60°C up to 140°C at a rate of 20°C/
min, ramped to 220°C at a rate of 4°C/min, increased
to 260°C at a rate of 10°C/min, and then held for 10
min at 260°C. The other analysis conditions were inlet
temperature of 260°C, electron ionization mode, ion
source temperature of 230°C, and carrier gas flow rate
of 1.0mL/min. The chloride ion content was deter-
mined by an ion chromatography (ICS-1500, Dionex
Corp., USA) equipped with an IC-A3 column
(4.6mm x15cm) and a non-suppressed conductivity
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detector. The analysis conditions were a flow rate of
1mL/min and a sample volume of 50 pL.

2.3. Preparation of Pd|Ti working electrode

The electrochemical deposition is an effective
method for the material modified by functional metal.
The Pd/Ti working electrode, Ti plate modified by Pd
element, was prepared by electrochemical deposition.
Ti plate was first polished with abrasive paper pro-
gressively, put into 0.1 mol/L of sulfuric acid solution
for 1min, rinsed with distilled water, and then placed
into the deposition solution which contained (per L)
PdCl, of 0.16 mol and HCl of 0.1 mol. The electro-
deposition of Pd element on Ti plate was carried out
by constant potential method, while the platinum
plate was used as the counter electrode and a SCE as
the reference electrode. The effect of deposition time
on the electrode performance was determined under
the constant potential of —0.25 V.

3. Results and discussion

3.1. Effect of deposition time on the Pd deposition of Ti
plate

The composition, the chemical, and electronic state
of the elements on the Pd/Ti electrode surface were
analyzed and the two XPS spectra at the deposition
times of 100 and 250 s are shown (Fig. 1). XPS spectra of
Pd-3d could be divided into two peaks, Pd (0) and Pd
(I. The Pd (0) and Pd (II) binding energies were 335.42
and 340.70 eV at 100 s, respectively. Accordingly, the Pd
(0) and Pd (II) binding energies were 335.30 and 340.65
eV at 250s, respectively. With the deposition time
extension, the binding energies of Pd element on Pd/Ti
electrode decreased a little, showing that Pd (II) was
gradually reduced to Pd (0). With the deposition time
extension, the Pd loading amount rose, the mutual
effect of electrons between Pd atoms and Ti atoms
increased, and the electrocatalytic activity and stability
of Pd on the Pd/Ti electrode could be improved [14].
The electrons shifted from Ti atoms to Pd atoms and
the peak value of Pd 3d binding energy with catalytic
activity on the electrode surface was closer to that of
pure Pd. The atomic ratio of Pd and Ti was calculated
to be approximately 2:1 by the area integration of the
Pd 3d and Ti after subtracting the background from the
spectra at the deposition time of 100s and the atomic
ratio of Pd and Ti approximately 4:1 at the deposition
time of 250 s. When the deposition time was longer than
250's, the XPS spectra changed little, showing that the
electro-deposition process had been finished. The Pd
layer was tightly deposited on the surface of Ti plate

J. Zhang et al. | Desalination and Water Treatment 54 (2015) 2692-2699

(a) 18000
17000

16000 |
15000 |-
14000 |
13000 |-

Intensity (CPS)

12000

11000

. 1 . ] . ] n ]
348 344 340 336 332

Binding energy / eV

18000

G

17000

16000 i
15000 [
14000 |
13000 |
12000 E

Intensity (CPS)

11000
348 344 340 336 332
Binding energy / eV

Fig. 1.3d XPS spectrum of Pd in deposition solution
(per L) with PdCl, of 0.16 mol and HCI of 0.1 mol under
the constant potential of —0.25V (a) deposition time of 100
s and (b) deposition time of 250s.

and was not easy to break off. According to the spec-
trum, the two XPS characteristic peaks (Fig. 1(b)) corre-
sponded to Pd (0) and Pd (II), and the amount of Pd (0)
accounted for 64% and that of Pd (II) for 36% in accor-
dance with their area ratio. Therefore, Pd/Ti plate at
the deposition time of 250 s was used as the catalytic
electrode, and its characterization and catalytic degra-
dation were studied in this experiment.

3.2. Structure and characterization of the Pd[Ti electrode

The XRD spectrum and the SEM spectrum of the
Pd/Ti plate are seen in Figs. 2 and 3, respectively.
Fig. 2 showed that the Pd/Ti electrode prepared in
this experiment had obvious diffraction peaks at 26
diffraction angles of 40.519°, 46.728°, 68.377°, 82.332°,
and 87.014°, corresponding to the Pd crystal face of
(111, 200), (220), (222), and (311), respectively.
This indicated that the Pd metal on Ti plate existed in
a face-centered cubic crystal structure [15]. According
to Scherrer equation:
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Fig. 2. XRD patterns of Pd/Ti electrode in deposition solu-
tion (per L) with PdCl, of 0.16 mol and HCIl of 0.1 mol
under constant potential of —0.25V and deposition time of
250s.

15.0kV 11.4mm x10.0k

Fig. 3. SEM images of Pd/Ti electrode in deposition solu-
tion (per L) with PdCl, of 0.16 mol and HCl of 0.1 mol
under constant potential of —0.25V and deposition time of
250s (the image at the upper right corner with greater
magnification).

where d (nm) is the mean particle size, K is a dimen-
sionless shape factor and its typical value is 0.9, 4 is
the X-ray wavelength (0.154 nm), § (radian) is the half
peak width at the maximum intensity after subtracting
the instrumental line, and 6 (radian) is the Bragg angle
to which the crystal plane of the strongest diffraction
peak corresponds. According to Pd(111), the crystal
face 26 was 39.8° and 2§ was 1.94°, the average size of
Pd crystals in the catalyst was calculated to be 8.69
nm, which indicated that Pd(0) had been successfully
deposited on the electrode surface.

The treated surface of Ti plate was conducive to
the deposition and dispersal of Pd metal element. The
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black crystals (Fig. 3) were uniformly distributed on
the surface of Ti plate and had obvious spatial exten-
sion. This distribution helps to increase the number of
the catalytic active sites and to improve the utilization
rate of Pd catalyst [16]. The average crystal size was
9.6 nm (Fig. 3) and the value was close to the result of
the above calculation using the Scherrer equation.

3.3. Electrochemical performance of the Pd/Ti electrode

Fig. 4 showed the cyclic voltammograms (CV) of
the Pd/Ti electrode in the phosphate buffered solution
(pH 7.0) without PCB29 and with PCB29 of 80mg/L
at the various scan rates (every scan rate for five
cycles). When the potential ranged from 0 to —=1.5V
(vs. SCE), there were two oxidation-reduction peaks at
—0.72 and —-0.84V (vs. SCE) in the solution with
PCB29 of 80mg/L and the peak potential difference
(AEp) was 0.12V, which showed the good electron
transfer performance and the reversibility of the elec-
trode surface. When the scan rate ranged from 50 to
250mV/s, the peak current rose with the increase of
the scan rate (Fig. 5).

With the increase of the scan rate, the peak poten-
tials on the anode showed a small offset in positive
direction and the peak potentials on the cathode also
showed a small offset in negative direction. Therefore
the AEp value increased. There was a positive linear
relationship between the peak value of the oxidation
current and the scan rate, while there was a negative
linear relationship between the peak value of the
reduction current and the scan rate. The ratio of
the two values was close to 1 at the same scan rate.

40
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Fig. 4. CV of the Pd/Ti electrode at various scan rates v
(mV/s) in the phosphate buffered solution (pH 7.0) with
PCB29 of 80mg/L or without PCB29 under the potential
range from 0 to —1.5V (vs. SCE).
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Fig. 5. Linear relationship of the peak currents and scan
rate in the phosphate-buffered solution (pH 7.0) with
PCB29 of 80mg/L under the potential range from 0 to
—1.5V (vs. SCE).

The PCB29 diffusion in the solution was not the con-
trol step for the electrocatalytic reaction of PCB29
dechlorination. The reduction was carried out due to
the reaction of PCB29 with active hydrogen stored on
the electrode surface. The process was a direct electro-
chemical reduction [17-19], which could be explained
by further electrode reaction controlled by adsorption
process within the scan rate range [20,21]. Laviron
equation [22] is used for the quantitative relationship
of the reaction which is not controlled by diffusion in
the solution. Laviron equation is,

I — nFQu

P = ART @)

where I, (A) is the reduction current peak, n (mol) is
the number of electrons per reaction mol, F is Fara-
day’s constant, Q (Coulomb, C) is the quantity of elec-
tric charge which is calculated by the reduction peak
integration, v (mV/s) is the scan rate, R is the molar
gas constant, and T (K) is the absolute thermodynamic
temperature. By calculating Eq. (2) n was 2.054 in the
electrocatalytic system, which showed that the PCB29
dechlorination was a two-electron transfer reaction.
PCB29 accepted an electron and simultaneously lost
one chloride ion.

3.4. Degradation kinetics of PCB29 electrocatalytic
reduction

The dynamic characteristics of the PCB29 electro-
catalytic degradation were compared at various initial
concentrations (Fig. 6). The experimental conditions
were at a temperature of 20°C and an applied poten-
tial of —0.84V (vs. SCE). The PCB29 concentrations
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Fig. 6. Characteristic diagram of PCB29 electrical catalytic
degradation at different concentrations under a tempera-
ture of 20°C and an applied potential of —0.84 V.

were 60, 80, and 100 mg/L, respectively. The PCB29
degradation efficiency is calculated as,

=S =S 100% 3)
Co

where 7 is the degradation efficiency, Cy (mg/L) is the
initial concentration, and C; (mg/L) is the concentra-
tion at time f.

The efficiencies of PCB29 degradation in the elec-
trocatalytic system were more than 95% after 5h.
When the initial content of PCB29 increased from 60
to 100mg/L, the degradation rate was faster. It was
speculated that more Pd activation sites of the Pd/Ti
electrode were involved in reductive degradation with
the increase of the PCB29 content. The Pd/Ti electrode
has good hydrogen-storage properties [23] and can
utilize hydrogens to dechlorinate the pollutant better.
The adsorption capacity of the electrode surface and
the potential activation of the reaction interface are
favorable for the dehalogenation [24], and thus the
high efficient degradation is easily achieved.

The dynamics equations of PCB29 degradation
were gained by fitting the experimental data (Fig. 7).
Dechlorination reactions at three concentrations of
PCB29, which obeyed the pseudo-first-order reaction
kinetic behavior. The reaction rate constant was
approximately 0.011min~"' and changed a little. The
correlation coefficient R was greater than 0.98.

3.5. Effect of reaction temperature on the PCB29
dechlorination

The temperature generally affects the electrode
reaction and the chemical process. S. Arrhenius
equation was employed to analyze the effect of
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Fig. 7. Effect of temperature on PCB29 electrical catalytic
degradation with the initial PCB29 concentration of 80
mg/L.

temperature on the electrocatalytic reduction of PCB29
at the Pd/Ti electrode and this equation is,

Ea 1
Ink——f-TJrlnA——a-anb @

where k (1/h) is the overall reaction rate constant,
A is the pre-exponential factor, Ea (J/mol) is the
activation energy, R (8.314]/molK) is the gas con-
stant, and T (K) is the absolute temperature. The
rate of the PCB29 dechlorination was positively
associated with the increase of the reaction tempera-
ture when the initial concentration was 80mg/L
(Fig. 8). The natural (base e) logarithm of the PCB29
reductive dechlorination rate constants showed a
negative linear relationship (R*=0.988) with the reci-
procal of the absolute temperature. The activation
energy for PCB29 dechlorination was calculated to
be 37.9k]/mol by Eq. (4) in the electrocatalytic sys-
tem and the surface reduction of PCB29 dechlorina-
tion involved the transfer of two electrons. The
typical values of activation energy (Ea) for transport-
controlled reactions range from 8 to 25kJ/mol [25].
The activation energy of the PCB29 dechlorination
on the Pd/Ti electrode was 37.9kJ/mol, so the
dechlorination was not limited by the mass transfer
process but mainly by the surface adsorption.
Because the activation energy is much lower than
that of most chemical reactions (60-250kJ/mol), the
dechlorination = reaction happened easily. The
activation energy was small and positive, showing
that the reaction rate increased slightly as the tem-
perature rose, but was not sensitive to the tempera-
ture. The reaction controlled by the adsorption is
not as sensitive as that controlled by the chemical
process.
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Fig. 8. Liquid chromatography spectrogram of initial PCB29
sample with PCB29 of 80mg/L and electrocatalytic
reduction at 60 min.

3.6. Analysis of electrocatalytic degradation of PCB29

The HPLC spectrogram at the reaction time of 60
min was compared with that of the initial concentra-
tion of 80 mg/L (Fig. 8). There were only the solvent
peak and the PCB29 peak at the beginning. There
appeared series of new product peaks at the reaction
time of 60min and the PCB29 peak area decreased
obviously. The GC-MS analysis of these products is
seen in Fig. 9. Comparison with the retention times of
the standard spectra, monochlorobiphenyl, dichlorobi-
phenyl, and phenylbenzene were determined to be the
intermediate products in the PCB29 degradation

The concentrations of PCB29 and its intermediate
products were quantitatively detected using HPLC at
the various reaction times in the electrocatalytic sys-
tem (Fig. 10).

The first intermediate of PCB29 dechlorination was
mainly 2,5-PCB, its concentration increased to the
maximum value of 21 mg/L at the reaction time of 90
min, and then reduced slowly. The 2,5-PCB was barely
detectable after 300 min. The chlorine at para-position
on the benzene ring is unstable due to p—= conjugation
of benzene ring [26,27], while the dechlorination of
chlorine substituent at ortho-position is blocked
because of the electric field induction and the steri-
cally hindered effect of benzene ring. The first product
of PCB29 dechlorination was mainly 2,5-PCB and the
subsequent was 2-PCB. The change trend of 2-PCB
concentration was the same as 2,5-PCB. With the
hydrogenation and dechlorination, a small amount of
biphenyl could be further hydrogenated to phenyl
cyclohexane, and it was concluded that the benzene
ring could be opened in the electrocatalytic system.
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Fig. 10. Concentration variation of substances in PCB29
electrocatalytic reduction with the initial PCB29 concentra-
tion of 80 mg/L.

The above results showed that the chloride substitu-
tion position of PCB29 molecule played the major role
for the difficulty of PCB29 dechlorination. The chlo-
ride ion concentration increased with the decrease of
PCB29 initial content in the solution. Through the
material balance calculation, the amount of chloride
ion produced by the PCB29 dechlorination was equal
to its increment in the reactor.

4. Conclusions

(1) The Pd nanocrystals were uniformly distributed
on Ti plate surface by the electrodeposition
method and Pd/Ti working electrode showed the
strong reductive ability for PCB29 dechlorination
with the degradation efficiency of more than 95%.
The electron transfer process was controlled by
the adsorption process in the electrocatalytic
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system and the PCB29 dechlorination was a two-
electron transfer reaction.

(2) The efficiencies of PCB29 degradation in the elec-
trocatalytic system were more than 95% after 5 h.
The dechlorination reactions of PCB29 obeyed the
pseudo-first-order reaction kinetic behavior. The
reaction rate constant was approximately 0.011
min~' and changed a little. The reaction rate
increased slightly as the temperature rose, but
was not sensitive to the temperature.

(3) The main pathway of PCB29 degradation in the
electrocatalytic system probably was PCB29—
2,5-PCB—2-PCB—biphenyl and phenylbenzene
was further hydrogenated to phenyl cyclohexane.
The chloride substitution position of PCB29 mole-
cule played the major role for the difficulty of
PCB29 dechlorination.
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