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Abstract—Palladized TiO, nanotube array electrode was prepared for the electrocatalytic hydrodehalogenation (HDH)
of 2,4,5-trichlorobiphenyl (2,4,5-PCB). The TiO, nanotube array electrode was successfully fabricated by anodic oxida-
tion method, and Pd was loaded onto the TiO, nanotubes by electrochemical deposition. The morphology and struc-
ture of the nanotube array electrodes with and without Pd catalysts were evaluated by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). The results showed that the diameters
and lengths of the TiO, nanotubes were 30-50 nm and 200-400 nm, respectively. The particle size of the Pd was about
12 nm. Electrocatalytic HDH of 2,4,5-PCB with the Pd/TiO, nanotube array electrode was performed in H-cell reactor.
Under a constant potential of —1.0 V, the HDH efficiency of 2,4,5-PCB was 90% and the biphenyl yield was 83% (15%
current efficiency) within 180 min at the Pd/TiO, nanotube array electrode. Compared with the Pd/Ti electrode, the
Pd/TiO, nanotube array electrode exhibited higher HDH efficiency and stability. Additionally, the effect of the primary

HDH factors was also investigated.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are the most widespread pol-
lutants in the global ecosystem and are considered persistent organic
pollutants (POPs) [1,2]. It has been reported that their toxicity is
related to their chlorine content [3,4]. Therefore, it is highly desir-
able to develop an efficient and safe technology for the dechlorina-
tion of PCBs and to convert them into potentially biodegradable
products [5]. Since 1975, electrochemical dechlorination has been
suggested as a promising method for the dechlorination of poly-
halogenated organic waste [6]. Using this method, halogen atoms
can be removed under mild experimental conditions without using
toxic and reactive reducing agents [7-9].

During electrochemical dechlorination, electrodes play a very
important role for achieving a high dechlorination efficiency and
high current efficiencies. Mercury [10] and lead [11] were early
used as the electrodes in direct electrochemical dechlorination be-
cause of their high hydrogen overvoltage. These electrode materi-
als showed high dechlorination efficiencies, but their toxicity was
not desirable from an environmental viewpoint.

Recently, indirect electrocatalytic hydrodehalogenation (HDH)
has been suggested as a promising method because of its rapid reac-
tion rate, mild reaction conditions, and the use of environmentally
friendly electrodes [12]. Among the factors affecting electrocatalytic
HDH, the catalyst and its supporting materials are very import-
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ant. Noble metals such as Ag, Cu, and Pd with high catalytic activ-
ity are normally used as catalysts [13-16]. However, Pd has been
considered as the most ideal catalyst for HDH for its unique hydro-
gen absorption behavior. Various materials such as titanium [17,18],
nickel [19,20], and carbon materials [21,22] have been used as cath-
ode substrates to support Pd catalysts.

The efficiency of the electrocatalytic HDH of chlorinated com-
pounds is related to the cathode substrates, which was confirmed
by the HDH of pentachlorophenol (PCP) in a 0.05 M Na,SO, solu-
tion using different cathodes. More than 95% conversion of 0.071
mM PCP was achieved on a Pd/Ti mesh cathode. However, Pd/
carbon cloth and Pd/Fe gauze cathodes showed lower conversion
efficiencies of around 80 and 25%, respectively [23]. Our previous
work [24] also reported that the electrocatalytic HDH of PCP was
feasible, using palladized carbon materials as electrodes. Compared
with graphite, palladized multi-walled carbon nanotubes exhib-
ited a higher dechlorination efficiency.

However, the high prices and limited resources of palladium
have hindered the practical application of electrocatalytic HDH for
the dechlorination of chlorinated compounds. Currently; the reports
concerning electrocatalytic HDH have mainly focused on HDH
efficiency, while the stability of the electrode was little reported.
Only a few studies investigated the stability of the palladium catalyst,
and shown that the activity and stability of the palladium deceased
sharply when an electrode of palladium was repeatedly used [24,
25]. Thus, the enhancement of catalyst activity and stability is very
important for the development of electrocatalytic HDH.

TiO, electrode is a perfect material with high electrocatalytic
activity, low resistance, and high stability [26,27]. Therefore, the Pd
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catalyst-loaded TiO, support was used in the catalytic hydrogena-
tion of p-nitrophenol, and exhibited higher catalytic activity and
stability [28]. However, to our knowledge, no study has been pub-
lished on the electrocatalytic HDH of polychlorinated biphenyls
using TiO, nanotube array electrode.

In this study, TiO, nanotube array substrate was fabricated by
anodic oxidation on titanium (Ti) foil. Pd was loaded onto the TiO,
nanotube array electrode by electrochemical deposition. The Pd/
TiO, nanotube array electrode showed high activity and stability
for the electrocatalytic HDH of 2,4,5-trichlorobiphenyl (2,4,5-PCB)
in an aqueous solution.

MATERIALS AND METHODS

1. Preparation of TiO, Nanotube Array Electrode

The TiO, nanotube array on a Ti substrate was fabricated by direct
anodic oxidation [29]. First, a 'Ti plate was polished with abrasive
paper and rinsed with deionized water in an ultrasonic bath for
10 min. It was then chemically etched by immersion in a mixture
solution of HF and HNO;. Finally, it was rinsed with deionized
water and dried at room temperature.

Anodization was carried out in a 0.5wt% NH,F and 1M (NH,),
SO, aqueous solution with the Ti plate as the anode and a Pt plate
as the cathode. The pH of the electrolyte was adjusted to 6. Anod-
ization with a voltage of 20 V was performed at room temperature
for 2 h. Then, the sample was rinsed and dried at room temperature.
2. Electrodeposition of Pd

The palladized Ti and TiO, nanotube array electrode was pre-
pared by galvanostatic electrodeposition in an aqueous solution
containing 1 mM Pd(NO;), and 0.02 M H,SO,. Palladium was elec-
trodeposited at a constant current of 1 mA/cm’ with stirring at 30 °C.
The Pd amount on the electrodes was calculated on the basis of
the concentration of residual Pd jons in the solution. And the resid-
ual amount was controlled by the electro-deposition time.

3. Electrocatalytic HDH of 2,4,5-PCB

The electrocatalytic HDH of 2,4,5-PCB was carried out in a glass-
made H-cell (the volume of electrolyte in each compartment was
50 mL) and the two compartments were separated by a cation ex-
change membrane (Nafion N324; DuPont Company, USA) (Fig. 1).
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Fig. 1. Schematic diagram of the electrolytic cell. (a) Pt counter elec-
trode; (b) cation exchange membrane; (c) Pd/TiO, working
electrode; (d) magnetic bar; () reference electrode; (f) poten-
tiostat.
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The working electrode was a 6 cm’ palladized TiO, nanotube
array electrode, the counter electrode was a 6 cm” Pt plate, and the
reference electrode was a saturated calomel electrode (SCE). To im-
prove the solubility of PCBs and the conductivity of the solution,
the catholyte solution consisted of a 40% methanol aqueous solu-
tion with 0.1 M hexadecyltrimethylammonium bromide (CTAB)
and 0.1 M NaAc. To continuously provide H ions for the HDH reac-
tion, the anodic compartment was filled with 0.2 M H,SO, as the
support electrolyte. Potentiostatic measurements were performed
using a DJS-292 potentiostat (Shanghai Rex Instrument Co., China).
All experiments were at room temperature (25+0.5 °C), and all poten-
tials were reported relative to the SCE.

4. Analytical Method

The concentrations of chlorinated biphenyls and biphenyl (BP) were
determined by high-performance liquid chromatography (HPLC)
(PU-1580, UV-1575; Jasco, Japan) using an ultraviolet absorbance
detector equipped with a Kromasil ODS column (250 mmx4.6
mmx5 um). HPLC analyses were at room temperature at a detec-
tor wavelength of 254 nm. The mobile phase was a mixed solution
containing acetonitrile : water=9:1 (v : v) at a flow rate of 1 mL/min.

The electrode surface morphology was characterized by scan-
ning electron microscopy (SEM; Philips, Netherlands), X-ray dif-
fraction (XRD; LabxXRD-6000; Shimadzu, Japan), and X-ray pho-
toelectron spectroscopy (XPS; PHI-5000, USA). Pd was analyzed
by ICP-AES (Advantage; IRIS, USA).

5. Determination of the Current Efficiency

The HDH current efficiency was calculated as the part of the cur-
rent (average current at constant voltage) that was used to convert the
24,5-PCBs (CLC,,H;) reactant to the intermediates and the product:

Intermediate formation: Cl,C,H,+2e +H'—CLC,Hg+CI" (1)
CLCLH,+4e +2H >CIC,H42C  (2)

Product formation: CLC,H,+6e +3H"—>C,,H,,+3Cl" 3)

Therefore, the current efficiency (¢) for the production of CLC,Hs,
CIC,,H,,and C,H,, from CL,C,H,, is defined as [8]:

P=Prt Pyt 4

where ¢, @, and @; are the current efficiencies for the forma-
tion of CL,C,,Hs, CIC,,Hy, and C,H,, respectively. These interme-
diates and product were calculated using quantitative HPLC data
and the charge that passed.

RESULTS AND DISCUSSION

1. Characterization of Electrodes

The SEM images of the electrodes are shown in Fig. 2. Fig. 2(a)
and (b) show the SEM images for Ti and the TiO, nanotube array
electrode. Fig. 2(b) shows that the TiO, nanotubes are well aligned
and organized into regular uniform arrays. The diameters of the
tubes are about 30-50 nm and their lengths are about 200-400 nm.
SEM images of the Pd/Ti and Pd/TiO, nanotube array electrodes
with the same amount of Pd (1.8 mg/cm®) are shown in Fig. 2(c)
and Fig. 2(d), respectively. The results show that the Pd particles on
the TiO, nanotube array electrode are more uniformly dispersed
than those on the Ti electrode with a small particle size. This is prob-
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Fig. 2. SEM images of (a) Ti; (b) the TiO, nanotube array; (c) Pd/Ti; and (d) the Pd/TiO, nanotube array electrodes.

ably because of the effect of the three-dimensional structure of the
TiO, nanotube array on Pd deposition.

XRD patterns of the TiO, and Pd/TiO, nanotube array electrode
are shown in Fig. 3. The dispersion peak at 15-25° corresponds to
the amorphous alloy TiO, and the peaks at 38.3, 40.1, 53.2, 70.3,
and 76.7° correspond to Ti metal (Fig. 3(a)). The peaks at 39.8, 46.2,
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Fig. 3. XRD patterns of (a) TiO,; and (b) the Pd/TiO, nanotube array
electrodes.

68.1, and 82.02° correspond to the (111), (220), (200), and (311)
phase of Pd, respectively (Fig. 3(b)). The average crystallite size of
the Pd particles on TiO, was calculated using the Scherrer formula
[30]. The results show that the particle size of the Pd is about 12 nm.

The oxidation state of the Pd/TiO, interface was investigated by
XPS (Fig. 4). The Ti(2p3/2) spectrum shown in Fig. 4(a) is sharp
and the obtained binding energy of 458.2 eV is typical for Ti**. The
Pd(3d;,) spectrum is shown in Fig. 4(b), and 336.12 €V is the bind-
ing energy obtained for Pd(3d;,,) in Pd** [31]. This is because of the
higher Pd oxidation state on the surface. These higher oxidation
states of Pd on the surface may be include PdOx.

2. HDH of 2, 4, 5-PCB at Pd/Ti and Pd/TiO, Nanotube Array
Electrodes

Fig. 5 shows the HDH of 2,4,5-PCB at Pd/Ti and Pd/TiO, nano-
tube array electrodes under a constant potential of —1.0 V. They
contained the same amount of Pd (1.8 mg/cm’). The results indi-
cate that the HDH of 2,4,5-PCB at Pd/TiO, was better than that at
the Pd/Ti electrode. As shown in Fig. 5, within 180 min, 90% of
the 2,4,5-PCB degraded and the yield of BP was 83% (current effi-
ciency was 15%) over the Pd/TiO, nanotube array electrode. In con-
trast, only 68% of the 2,4,5-PCB degraded and the yield of BP was
59% at the Pd/Ti electrode.

The reason for the better activity of the Pd/TiO, nanotube array
electrode compared with Pd/Ti is that a more uniform Pd particle
size was dispersed on TiO, nanotube array electrode, and the size
of Pd particles was smaller than that of Ti, as shown in the SEM in
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Fig. 4. XPS spectra showing (a) Ti 2p and (b) the Pd 3d binding energy region for the Pd/TiO, nanotube array electrodes.
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Fig. 5. HDH of 2,4,5-PCB at Pd/Ti and Pd/TiO, nanotube array elec-
trodes (constant potential 1.0 V; Pd amount 1.8 mg/cm’;
catholyte 0.1 M CTAB with 40% MeOH; anolyte 0.2M H,SO,).

Fig. 2. A smaller particle size results in a higher specific surface area
of catalyst particles under the same amount of Pd, and thus the
active sites are increased.
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Fig. 6. Effect of cathode potential on the electrocatalytic HDH of

2,4,5-PCB (Pd amount 1.8 mg/cmz; catholyte 0.1 M CTAB
with 40% MeOH; anolyte 0.2 M H,SO,).
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3. Influence of Cathode Potential

The cathode potential plays an important role in kinetic pro-
cesses. As shown in Fig. 6, the HDH efficiency of 2,4,5-PCB increases
significantly with an increase in potential from —0.6V to —1.0V,
but a further increase in potential to —1.1 V the HDH of 2,4,5-PCB
reduced. Under cathode potentials of —1.0 V and —1.1 'V, the HDH
efficiency of 2,4,5-PCB was 95% and 92%, respectively, and the cur-
rent efficiency reached 13.3% and 10.9%, respectively.

These results are probably because due to the effect of cathode
potential on the electrocatalytic HDH of 2,4,5-PCB. The increase
the cathode potential increases the production of hydrogen atoms,
which is advantageous in the electrocatalytic HDH. However, with
an increase in the cathode potential, a number of side reactions
such as hydrogen evolution occur, which is not favorable for the
contact between 2,4,5-PCB and the electrode. This results in a de-
crease in the HDH of 2,4,5-PCB and the current efficiency. Simi-
lar results have been reported for the electrocatalytic HDH of PCB
over a Pd/Ni electrode [32].

4. Influence of Catalyst Loading

Fig. 7 shows the concentration decay of 2,4,5-PCB vs. the reac-
tion time when using a Pd/TiO, nanotube array electrode with dif-
ferent Pd loadings. Pd loading significantly affects the HDH. The
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Fig. 7. Effect of Pd loading on the electrochemical HDH of 2,4,5-
PCB (constant potential —1.0 V; catholyte 0.1 M CTAB with
40% MeOHj anolyte 0.2 M H,SO,).
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Fig. 8. Concentrations of the reactant and the products as a func-
tion of time during the HDH (constant potential —1.0 V; Pd
amount 1.8 mg/cm’; catholyte 0.1 M CTAB with 40% MeOH;
anolyte 0.2 M H,SO,).

HDH activity of the Pd/TiO, nanotube array electrode increased
sharply with an increase in Pd loading from 0.5 to 1.5 mg/cm” and
it remained nearly constant with a further increase in Pd loading
from 1.5 to 1.8 mg/cm’. A further increase in catalyst loading resulted
in a lower HDH.

These results prove that Pd provides catalytically active sites dur-
ing the HDH of 2,4,5-PCB. Therefore, 2,4,5-PCB and active hydro-
gen can form a high concentration reaction phase on the surface
of the Pd. An increase in Pd loading provides more catalytically
active sites, which can accelerate the HDH of 2,4,5-PCB. However,
with a high catalyst content, a reduction in catalyst dispersion leads
to a reduced HDH reaction [24].

5. Intermediates and Products of 2,4,5-PCB

Fig. 8 shows the change in concentration of 2,4,5-PCB and the
products formed during the HDH. As shown, the concentration
of 2,4,5-PCB decreases rapidly from 1.5 mM to a concentration of
less than 0.1 mM within 210 min of electrolysis. The HDH of 2,4,5-
PCB gives biphenyl as the main product with a small amount of
2,5-DCB and 2-CB as transient partially dechlorinated intermedi-
ates. It is interesting that no 2,4-DCB, 34-PCB, 3-PCB, or 4-PCB
was detected in the electrolyte solution. Therefore, the HDH of 2,4,5-
PCB was selectively performed on the Pd/TiO, nanotube array elec-
trode in this work. The results suggest that the reactivity of the chlo-
rine at the 2-position in 2,4,5-PCB seems to be the lowest because
of steric hindrance from the neighboring phenyl. Additionally; 2,5-
DCB was found to be the major dechlorinated intermediate. This
result indicates that the chlorine in the 4-position was more facile
and thus more vulnerable to hydrogen attack than that in the 3-
position. Additionally; the completely dechlorinated product (BP)
was the main product from the early stage of the HDH of 2,4,5-
PCB. These results imply that during the HDH of 2,4,5-PCB three
chlorine atoms of 2,4,5-PCB were removed at the same stage before
the desorption of the partially dechlorinated products into reac-
tion solution. Therefore, the dechlorination pathways of 2,4,5-PCB
at Pd/TiO, nanotube array electrode can be represented as Fig. 9.

Fig. 9. Electrocatalytic HDH pathways of 2,4,5-PCB at Pd/TiO, nano-

tube array electrodes.
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Fig. 10. Effect of electrode reuse on the HDH efficiency for 2,4,5-
PCB at Pd/Ti and Pd/TiO, nanotube array electrodes (con-
stant potential —1.0 V; Pd amount 1.8 mg/cm’; catholyte
0.1 M CTAB with 40% MeOH, anolyte 0.2 M H,SO,; elec-
trolysis 210 min).

6. Stability of the Electrode

The stability of the Pd/TiO, nanotube array electrode was com-
pared to that of the Pd/Ti electrode. The correlation between the
relative degree of HDH efficiency and the number of HDH reaction
cycles is shown in Fig. 10. During each continuous HDH cycle, both
the Pd/Ti and the Pd/TiO, nanotube array electrodes were deacti-
vated. However, the results of six repeat experiments for the electro-
catalytic HDH of 2,4,5-PCB over Pd/TiO, showed that the HDH
efficiencies were high with a HDH efficiency of 84% (Fig. 10). In con-
trast, the HDH of 2,4,5-PCB decreased from 74% to 32% over Pd/Ti.

The loss of Pd should contribute to this marked decline in HDH
efficiency. From the ICP-AES analysis, 5.5% of the initial amount
of Pd leached from the Pd/TiO,, and 20.6% leached from the Pd/
T, respectively. These results imply that the Pd/TiO, nanotube array
electrode has acceptable stability, which might be due to the com-
pact interaction between the Pd particles and the TiO, nanotubes.

CONCLUSIONS
We report on the electrocatalytic HDH of PCB over palladized,
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TiO, nanotube array electrode in an aqueous electrolyte. Well-aligned
TiO, nanotube array structures were successfully fabricated by anod-
ization on a Ti sheet, and Pd was loaded onto TiO, nanotubes by
electrochemical deposition. The results show that the TiO, nano-
tube array electrode exhibits excellent properties, including a small
particle size and good dispersion of the deposited Pd together with
high chemical stability. These properties benefit the electrocatalytic
HDH of PCB. Therefore, the Pd/TiO, nanotube array electrode
exhibits better activity and stability toward the electrocatalytic HDH
of PCB compared with the Pd/Ti electrode. Therefore, the TiO, nano-
tube array may be an acceptable candidate as an electrocatalyst
support, because it possesses high electrocatalytic activity and ac-
ceptable chemical stability. This process has potential in the elec-
trocatalytic HDH industry such as the detoxification of polychlo-
roorganics in contaminated water.
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