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 i g  h  l  i g  h  t  s

[Fe(CN)6]3− is used  to modify  PbO2 electrode  by  the  electro-deposition  method.
[Fe(CN)6]3− addition  can  enhance  the  stability  of  lead  dioxide  electrodes.
[Fe(CN)6]3− addition  can  enhance  the electrochemical  activity  of  lead dioxide  electrodes.
[Fe(CN)6]3−–10  mM  electrode  shows  the highest  electrochemical  activity.
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a  b  s  t  r  a  c  t

PbO2 electrode  modified  by  [Fe(CN)6]3− (marked  as  FeCN–PbO2) was  prepared  by  electro-deposition
method  and  used  for  the electrochemical  degradation  of  alkali  lignin  (AL).  The  surface  morphology  and
the  structure  of  the  electrodes  were  characterized  by  scanning  electronic  microscopy  (SEM)  and  X-ray
diffraction  (XRD),  respectively.  The  stability  and  electrochemical  activity  of  FeCN–PbO2 electrode  were
characterized  by accelerated  life  test, linear  sweep  voltammetry,  electrochemical  impedance  spectrum
(EIS)  and  AL degradation.  The  results  showed  that [Fe(CN)6]3− increased  the average  grain  size  of PbO2

and  formed  a compact  surface  coating.  The  service  lifetime  of  FeCN–PbO2 electrode  was  287.25  h, which
was  longer  than  that of  the unmodified  PbO2 electrode  (100.5  h).  The  FeCN–PbO2 electrode  showed
Fe(CN)6]3−

lectrochemical characterization
lkali lignin
lectrochemical degradation

higher  active  surface  area  and higher  oxygen  evolution  potential  than  that  of  the  unmodified  PbO2 elec-
trode.  In  electrochemical  degradation  tests,  the  apparent  kinetics  coefficient  of FeCN–PbO2 electrode  was
0.00609 min−1, which  was  higher  than  that  of  unmodified  PbO2 electrode  (0.00419  min−1). The  effects  of
experimental  parameters,  such as  applied  current  density,  initial  AL  concentration,  initial  pH value  and
solution  temperature,  on  electrochemical  degradation  of AL  by  FeCN–PbO2 electrode  were  evaluated.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Electrochemical degradation method has been developed for decades and
eached a promising stage in degrading toxic or bio-refractory organic pollutants

fficiently because of its simplicity, easy control, strong oxidation performance
nd environmental compatibility [1–4]. Electrode material is crucial for the elec-
rochemical degradation process [5]. The degradation efficiency and mineralization
egree are strongly dependent on the properties of the selected electrode. Thus, a lot

∗ Corresponding author. Fax: +86 29 82664731.
∗∗ Corresponding author at: Department of Environmental Science and Engineer-
ng, Xi’an Jiaotong University, Xi’an 710049, China. Fax: +86 29 82664731.

E-mail addresses: fjtes@mail.xjtu.edu.cn (X. Hao), yanwei@mail.xjtu.edu.cn
Y. Wei).

ttp://dx.doi.org/10.1016/j.jhazmat.2014.12.065
304-3894/© 2015 Elsevier B.V. All rights reserved.
of efforts have been paid to exploring the novel electrode materials, especially “non-
active” anodes, which show high potential on oxygen evolution and high activity on
producing hydroxyl radicals (•OH) [6].

Currently, the most typical “non-active” electrodes are dimensionally stable
anodes (DSA) that is widely used due to its easy preparation and high cost-efficiency.
Among these reported DSA electrodes, PbO2 electrode is considered as an excellent
metal oxide electrode for its high chemical stability in corrosive media, relatively
high over-potential in oxygen evolution reaction and low price compared with noble
metal electrodes [7]. Therefore, PbO2 anode material has attracted more and more
attention in the field of electrochemical degradation treatment. For instance, PbO2

anode has been employed to oxidize recalcitrant organic pollutants such as met-

alaxyl [8], methyl red [9], lignin [10,11], triazole fungicides [12] sulfamethoxazole
[13] and p-nitrophenol [14] by •OH produced during water electrolysis.

Much effort has been paid on the modification of PbO2 electrode for further
improvement of its performance in the electrochemical degradation of organic pol-
lutants in water. A frequently-used method is to modify the PbO2 layer with some

dx.doi.org/10.1016/j.jhazmat.2014.12.065
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2014.12.065&domain=pdf
mailto:fjtes@mail.xjtu.edu.cn
mailto:yanwei@mail.xjtu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2014.12.065
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lements [4,7], such as Bi [15,16], Fe [14,17], Ce [13,18–21], Zr [22–26], Cu [5], Pr
27], La [20,28], and F [25,29–33]. The results showed that these modifications could
bviously accelerate the electrochemical oxidation process and enhance the elec-
rode stability in corrosive solutions. To the best of our knowledge, F− was  the only
nion studied in the reports for PbO2 electrode modification. [Fe(CN)6]3− anion is an
xcellent electrochemical redox ion. In the electrochemical cell, it will migrate to the
nodic area due to the electrostatic attraction. If [Fe(CN)6]3− anion is added into the
bO2 electro-deposition solution, it may  dope into the PbO2 matrix due to the migra-
ion, which would fabricate a novel doped PbO2 electrode. The as-prepared electrode

ay  show different performance compared with the native PbO2 electrode.
Lignin is a tridimensional polymer consisting of 9-carbon phenol propane units,

on-uniformly linked together by different types of bonds (alkyl–aryl, alkyl–alkyl
nd  aryl–aryl ether bonds) [34]. It accounts for approximately 20–30% of wood,
nd is the major by-product in pulp and paper industrial wastewater [10]. Lignin
nd  its derivatives are the principal contaminants in the effluent of the pulp and
aper industry, causing high COD value and colorful effluent [11]. Besides, water

s  unrecyclable in pulp and paper mills because the accumulation of lignin and its
erivatives in the recycled water could cause decline in paper quality [10]. Thus,
here is a great interest in lignin degradation to meet effluent discharge standards
nd water recycles requirements. However, the degradation of lignin and its deriva-
ives  in industrial effluent is relatively complex due to its relatively high resistance
oward conventional chemical and biochemical degradation methods [35]. There-
ore, an effective lignin removal approach with low cost and no secondary pollution
s  significant.

As mentioned above, electrochemical degradation method has been described
s  an effective alternative in wastewater treatment for its numerous advantages. Our
roup [10,36] and other scientists [11,34,37] confirmed the feasibility of degrading
ignin by electrochemical degradation process. However, there is no report using
he [Fe(CN)6]3− modified PbO2 electrode as the anode to treat lignin. Therefore, in
he present work, for the sake of studying the effect of [Fe(CN)6]3− modification,
itanium-based �-PbO2 electrodes were fabricated by electrochemical deposition.
he morphology, crystalline structure, stability, and electrochemical performance
f the as-prepared electrode were characterized. In order to evaluate its electro-
atalytic activity, alkali lignin (AL) was employed as a toxic biorefractory model
rganic pollutant for electrochemical degradation. Finally, the effects of applied cur-
ent density, initial AL concentration, and initial pH value on the decay kinetics were
ystematically studied.

. Materials and experiments

.1. Materials

All chemicals used in the experiments were analytical reagent
rade or higher and used without further purification. Titanium (Ti)
late (purity: 99.6%, BaoTi Co., Ltd., China) with 0.5 mm-thickness
as used in this study. Deionized water prepared from an EPET-

0TF system (EPET Co., Ltd., Nanjing, China) was used for aqueous
olution preparation and Ti plate washing.

.2. Electrode preparation

Ti plates with a dimension of 2 cm × 4.5 cm × 0.5 mm were used
s the electrode substrate. Prior to the electrode preparation pro-
ess, Ti plates were mechanically polished with 1000-grid abrasive
apers, and then rinsed with deionized water. The plates were sub-
equently pretreated ultrasonically in the solution composed of
cetone and 1 mol  L−1 NaOH (1:1 v/v) for 30 min  to remove organic
esidues from the surface. Then the plates were etched in 10 wt%
xalic acid at 98 ◦C for 120 min. The plates were then rinsed thor-
ughly with deionized water and dried for use.

The inner Sb–SnO2 layer was prepared by dip-coating plus ther-
al  deposition method. The precursor solution for the inter metal

xide layer was prepared by dissolving 10 wt% SnCl4·6H2O and
 wt% SbCl3 in a solution consisting of 10 mL  n-butanol, 10 mL  iso-
ropanol, 10 mL  ethanol and 2 mL  hydrochloric acid (37%). The
recursor solution was brushed onto the titanium plates, and then
alcined in a muffle oven (KLS-1100X, Hefei Kejing Co., Ltd., China)
t 450 ◦C for 15 min. This procedure was repeated 10 times. The

lectrode was then annealed at 450 ◦C for 1 h. The average oxide
oading amount of the dip coating method was 1.1 mg  cm−2.

The electro-deposition of �-PbO2 layer was carried out to
repare an interlayer between the inner Sb–SnO2 layer and the
aterials 286 (2015) 509–516

surface �-PbO2 layer. The deposition solution was composed of
0.11 mol  L−1 PbO and 3.5 mol  L−1 NaOH. The prepared Ti/Sb–SnO2
electrode was  used as the anode, and the copper plate with the
same surface area was used as the counter cathode. The depo-
sition process was carried out in an undivided cylindrical vessel
with a current density of 10 mA cm−1 for 30 min. The solution was
maintained at 40 ◦C with water bath and stirred by a magnetic stir-
ring bar in the deposition process. The electrochemical deposition
system was  powered by a DC power source. After the deposi-
tion process, the as-prepared Ti/Sb–SnO2/�-PbO2 electrodes were
rinsed thoroughly with deionized water. The average amount of
�-PbO2 oxide on the electrode surface was  23 mg  cm−2.

The surface �-PbO2 layer was  coated on the Ti/Sb–SnO2/�-PbO2
electrode via electrochemical deposition process. The deposition
solution was  composed of 0.5 mol  L−1 Pb(NO3)2 and proper amount
of dopant. The solution pH was adjusted to 2.0 with concen-
trated HNO3. The deposition processes were carried out at 65 ◦C for
120 min, and the current density was  controlled at 10 mA  cm−1. The
copper plate with the same size was used as the counter cathode.
K3[Fe(CN)6] was added into the deposition solution as the dopant.
The fabricated electrodes were marked as PbO2 and FeCN–PbO2
for undoped electrode and [Fe(CN)6]3−-doped electrode, respec-
tively. The dopant concentration was 5.0, 7.5, 10.0, 15.0 and
20.0 mmol  L−1, respectively. The average amount of FeCN–PbO2
oxide on the electrode surface is 88.8 mg  cm−2 which is higher than
that of PbO2 electrode (58.8 mg  cm−2).

2.3. Characterization

The morphology of samples was characterized by scanning elec-
tron microscopy (SEM, JEOL, JSM-6390A). X-ray diffraction (XRD,
D/MAX-2400X, Rigaku) analysis was  performed using a diffrac-
tometer with Cu-K� radiation, with an accelerating voltage of 40 kV
and the electron probe current of 40 mA.

All electrochemical measurements were carried out on the elec-
trochemical workstation (CHI 660D, Shanghai Chenhua, China)
with a three-electrode cell at room temperature. The PbO2 and
FeCN–PbO2 electrodes were served as the working electrodes,
respectively. Copper sheet was served as the counter electrode and
Ag/AgCl electrode was served as the reference electrode. Linear
sweep voltammetry was performed to obtain their oxygen evo-
lution potential in 0.5 mol  L−1 H2SO4 solution with a scan rate
of 20 mV  s−1. Cycle voltammetry curves were recorded in the
range of 0–2 V in 0.5 mol  L−1 H2SO4 solution. The voltammetric
charge quantities of different electrodes were calculated by the
cycle voltammetry results. EIS measurements were carried out at a
measurement potential of 1.8 V in 0.5 mol  L−1 H2SO4 solution, the
frequencies swept from 105 Hz to 0.01 Hz with an applied sine wave
of 5 mV  amplitude.

Anti-corrosion performance of the electrodes was  deter-
mined using accelerated lifetime test with a current density of
500 mA  cm−2 in 3 mol  L−1 H2SO4 solution at room temperature. The
temperature of the H2SO4 solution was  kept at 45 ± 2 ◦C due to the
ohmic heating. During the accelerated lifetime test, the cell volt-
age was measured automatically by the CHI 660D electrochemical
workstation, and the test was considered to be completed when
the cell voltage was  higher than 10 V.

2.4. Electrochemical oxidation

The bulk electrochemical oxidation tests were conducted in
batch using an undivided electrolytic cell under galvanostatic

condition supplied by a WYK-303B potentiostat/galvanostat. The
prepared electrodes served as the anodes, and the cathode was
copper sheet (2 cm × 4.5 cm), with a distance of 2.0 cm between
the two  electrodes. 0.1 mol  L−1 Na2SO4 was used as the supporting
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lectrolyte. The experiments were carried out with a magnetic
tirrer for 120 min. During the experiments, liquid samples were
ithdrawn from the electrolytic cell every 20 min  for the UV–vis

nalysis (Agilent 8453). The UV–vis absorption at 280 nm is
roportional to the concentration of AL, and the decrease of the
bsorbance over time is confirmation of the lignin oxidation
rocess. The UV280 removal efficiency of AL in electrochemical
xidation can be calculated as follows:

V280removal efficiency=
A0 − At
A0

× 100% (1)

here A0 is the absorbance value in 280 nm of initial wastewater
ample and At is the absorbance value in 280 nm of the wastewater
amples at the given time t, respectively.

The chemical oxygen demand (COD) was measured by a
ommercial COD detector (Multi Direct, Lovibond). The energy con-
umption (ECCOD, kW h gCOD−1) was calculated as follows:

CCOD = 50
3

× Ucell × I × t

V × �COD
(2)

here Ucell is the average cell voltage (V), I is the current during the
eaction (A), t is the electrolysis time (min), and V is the volume of
he treated solution (mL), �COD is the removal COD value during
he electrochemical degradation process (mg  L−1).

. Results and discussion

.1. Electrode characterization

.1.1. Effect of dopant concentration
In order to find out an appropriate dopant concentration for the
bO2 modification, different amount of K3[Fe(CN)6] were added
nto the electro-deposition solution. As shown in Fig. 1, when the
opant concentration was 10.0 mmol  L−1, the UV280 removal effi-
iency reached the highest value.

Fig. 2. SEM photographs and EDS result of Pb
Fig. 1. The effect of the dopant concentration on UV280 removal efficiency and
kinetics coefficient of AL electrochemical degradation (initial pH: 7; applied current
density: 20 mA cm−2; AL concentration: 200 mg L−1; solution temperature: 20 ◦C).

The curves of the normalized absorbance value at 280 nm with
degradation time are shown in the semilogarithmic plots in Fig. S1.
According to the good linear correlation between the logarithms
values of the normalized absorbance value and treatment time,
the oxidation reaction fits pseudo first-order kinetics, and the rate
equation for the degradation of alkali lignin can be expressed as
follows:

At = A0 × e−kappt (3)
where kapp is the apparent kinetics coefficient. One can see in
Fig. 1 that the highest kapp value was achieved under the dopant
concentration of 10.0 mmol  L−1. These results indicated that the
appropriate dopant concentration for the PbO2 modification was

O2 electrodes (a, c), FeCN–PbO2 (b, d).
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Fig. 3. XRD patterns of PbO2 and FeCN–PbO2 electrodes.

0.0 mmol  L−1. The following FeCN–PbO2 electrode was fabricated
ith the dopant concentration of 10.0 mmol  L−1.

.1.2. Surface morphology of PbO2 electrodes
Fig. 2 shows the SEM micrographs and EDS results of PbO2 and

eCN–PbO2. Fig. 2a displays the morphology of the surface layer of
he PbO2 electrode which is coarse, uneven with pyramidal shape.
here are some cracks on the PbO2 electrode surface layer. The
DS result shown in Fig. 2c indicates that the electrode was com-
osed of lead and oxygen. When [Fe(CN)6]3− was added into the
eposition solution as a dopant, some change was  observed on
eCN–PbO2 electrode surface. From Fig. 2b, one can see that the
urface of FeCN–PbO2 electrode was uneven. Some of the crystals
ere of typical pyramidal shape, and others were of no definite

hape. However, there were seldom cracks on the FeCN–PbO2 elec-
rode surface. As shown in Fig. 2d, it can be found that there were
ead, oxygen, iron and nitrogen element on the electrode surface.
his indicates that the [Fe(CN)6]3− anion embedded into the PbO2
atrix, and a modified electrode was fabricated.

.1.3. Structure of PbO2 electrodes
The XRD patterns of these PbO2 electrodes are shown in Fig. 3.

he diffraction peaks observed at 2� = 25.4◦, 32.0◦, 36.2◦, 49.1◦,
2.2◦, 59.0◦, 62.5◦ and 66.9◦ are assigned to the (1 1 0), (1 0 1), (2 0 0),
2 1 1), (2 2 0), (3 1 0), (3 0 1) and (2 0 2) plane of �-PbO2. It can be
bserved that there is a slight difference between the two  XRD
atterns. All diffraction peaks were strong and sharp, indicating
hat the obtained PbO2 electrodes were well crystallized. How-
ver, the intensity of the diffraction peak of FeCN–PbO2 electrode
as stronger than that of PbO2 electrode and the half-peak width

f the reflection peak was diametrical. The average grains sizes of
bO2 crystals of these two  electrodes are shown in Table 1, which
ere estimated from the half-peak width of the strongest diffrac-

ion peak using the Debye–Scherrer equation [5]. The average grain
ize of FeCN–PbO2 was 25.1 nm,  which was larger than that of PbO2
20.4 nm). The results suggest that the modification of [Fe(CN)6]3−

an increase the PbO2 crystal size. This may  explain the reason that
he average surface loading amount of �-PbO2 layer on FeCN–PbO2
lectrode was higher than that on PbO2 electrode.
.1.4. Accelerated life test
Fig. 4 shows the time course of cell potential in the acceler-

ted life test for PbO2 and FeCN–PbO2 electrodes under 3 mol  L−1

2SO4 solution with a current density of 500 mA  cm−2. According
Fig. 4. Accelerated life test of PbO2 electrode and FeCN–PbO2 electrode in 3 mol L−1

H2SO4 solution at current density of 500 mA  cm−2.

to Fig. 4, one can find that the modification of [Fe(CN)6]3− anion
can obviously extend the lifetime of PbO2 electrodes. The acceler-
ated lifetime of FeCN–PbO2 electrode is 287.25 h, which is 1.8 times
longer than that of PbO2 electrode (100.5 h). There are two factors
affecting the stability of PbO2 electrodes. One is the reduction of
inner stress in the PbO2 matrix [21,23]. The EDS result confirmed
that the [Fe(CN)6]3− anion embed into the PbO2 matrix, which
could reduce its inner stress. The other is the electrode average
loading amount. The average loading amount was  58.8 and 88.8
mg  cm2 for PbO2 and FeCN–PbO2 electrode. The deactivation of
PbO2 electrode is dissolution, detachment and passivation of coat-
ing [38]. No detachment was observed during the accelerated life
test. Thus the electrode deactivation was attributed to dissolution
and passivation. From the point of dissolution, a higher loading
amount of oxide led to a longer accelerated lifetime. These resulted
in the modified PbO2 electrode showing a better electrochemical
stability.

3.1.5. Electrochemical characterization
The electrochemical activity was positively related to real

surface area and the number of active sites accessible to the
electrolyte [39]. The voltammetric charge quantity (q*), which is
positively related to real surface area and the number of active
sites, can reflect the electrochemical activity of an electrode. For
the same electrode material, larger q* indicates higher electrode
activity. We employed the method reported in literature [5,39,40]
to calculated q* for estimating the electrode activity. Fig. 5 shows
the relationship of q* against the reciprocal of square root of scan
rate for PbO2 electrode and FeCN–PbO2 electrode. The q* was
obtained by integration of the cycle voltammetric curves over
the whole potential range from 0 to 2 V. The results indicated
that the FeCN–PbO2 electrode showed a higher voltammetric
charge quantity q* than the PbO2 electrode. This indicated that
the FeCN–PbO2 electrode had a higher active surface area, which
would enhance its electrochemical oxidation ability.

Fig. 6 shows the linear sweep voltammograms of PbO2 elec-
trode and FeCN–PbO2 electrode in 0.5 mol L−1 H2SO4 solution at
a scan rate of 20 mV s−1. The oxygen evolution overpotential was
1.858 V and 1.917 V for PbO2 electrode and FeCN–PbO2 electrode,
respectively. This indicated that the oxygen evolution overpoten-

tial of FeCN–PbO2 electrode was  59 mV higher than that of PbO2
electrode. The high oxygen evolution overpotential is desired since
oxygen evolution is a competitive reaction in the process of anodic
oxidation of pollutants [41]. The higher overpotential for oxygen
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Fig. 5. Relationship of voltammetric charge quantity (q*) vs. the reciprocal of square
root of scan rate in 0.5 mol  L−1 H2SO4 solution.
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ig. 6. Linear sweep voltammograms curves of PbO2 electrode and FeCN–PbO2 elec-
rode in 0.5 mol  L−1 H2SO4 solution, scan rate: 20 mV s−1.

volution of FeCN–PbO2 electrode suggests the higher performance
f this electrode than that of PbO2 electrode on organics degrada-
ion.

The effect of [Fe(CN)6]3− modification on the electrode
mpedance was analyzed by EIS. The Nyquist plots of freshly
repared PbO2 and FeCN–PbO2 are shown in Fig. 7. Qualitatively,
he arc diameter for FeCN–PbO2 is smaller than that for PbO2, which
ndicates that the [Fe(CN)6]3− modification decreased electrode
mpedance and favors electron transfer. The equivalent circuit

hich best fits the experimental EIS data is a R (R Q) combination,
s f
s shown in Fig. 7 (the inset image). Rs, Rf, and Q correspond to solu-
ion resistance, electrode film resistance and the constant phase
lement (CPE), respectively [36]. The calculated value of Rs, Rf, and

able 1
esults of different parameters for PbO2 and FeCN–PbO2 electrode.

Crystal size
(nm)

Rs

(� cm2)
Rf

(� cm2)
Q
(�−1 sn cm−2)

PbO2 20.4 1.13 89.8 0.0181 

FeCN–PbO2 25.1 1.45 36.4 0.0222 

a Correlation coefficient.
Fig. 7. Nyquist diagrams of PbO2 and FeCN–PbO2 electrodes and equivalent circuit
used in the analysis of experimental EIS data (the inset image).

Q are shown in Table 1. The Rf value of FeCN–PbO2 is 36.38 � cm2,
which is less than that of PbO2 (89.8 � cm2). Since the other com-
ponents are the same, such difference in electrode film resistance
could be attributed to the improvement of the surface PbO2 coat-
ing. This indicated that the [Fe(CN)6]3− modification can reduce the
electrode film resistance and reduce the energy consumption.

3.1.6. Electrochemical degradation
To compare the electrochemical degradation activity of the two

electrodes, these PbO2 electrodes were used as the anode in the
treatment of aqueous AL solution. The UV280 removal efficiency
data are shown in Fig. 8a. It can be found in Fig. 8a that the
removal efficiency of lignin showed by UV280 using FeCN–PbO2
electrode was  52.25%, which was higher than that of PbO2 elec-
trode (37.16%). The curves of the normalized absorbance value at
280 nm with degradation time for these two electrodes are shown
in the semilogarithmic plots in Fig. 8b. According to the good lin-
ear correlation between the logarithm values of the normalized
concentration and treatment time, pseudo first-order kinetics can
be considered in all cases. As listed in Table 1, the kapp value of
FeCN–PbO2 electrode was  0.00609 min−1, which was higher than
that of PbO2 electrode (0.00419 min−1). The FeCN–PbO2 electrode
showed a higher COD removal efficiency and lower energy con-
sumption than that of the PbO2 electrode. FeCN–PbO2 electrode
exhibited a better degradation performance than the PbO2 elec-
trode for the degradation of AL as shown in Fig. 8 and Table 1. The
higher removal rate for FeCN–PbO2 electrode can be ascribed to the
higher active surface area. FeCN–PbO2 electrode with larger surface
area can provide more active sites centers in the gel layer of the
coating to generated more •OH radicals. At the same time, a large

surface area of FeCN–PbO2 electrode increased the adsorption abil-
ity of reagent and •OH radicals, which resulted in an improvement
on degradation ability of FeCN–PbO2 electrode [5].

n kapp

(min−1)
R2a �COD

(%)
ECOD

(kW h gCOD−1)

0.89 0.00419 0.992 17.8 0.156
0.96 0.00609 0.993 30.3 0.0885



514 X. Hao et al. / Journal of Hazardous Materials 286 (2015) 509–516

1 alka

3

3

f
s
a
t
c
6
l
c
w
e
1
i
i
c
o
i
s
t
s
c

T
P
t

T

Fig. 8. UV280 removal efficiency as a function of degradation time for 200 mg L−

.2. Electrochemical oxidation of AL

.2.1. Applied current density
The degradation of AL on FeCN–PbO2 electrode may  originate

rom the oxidation by hydroxyl radical formed on the electrode
urface. The hydroxyl radical generation capability depends on the
pplied current density. The effect of applied current density on
he electrochemical degradation of AL was investigated. AL con-
entration was 200 mg  L−1, and the degradation process time was
0 min. Fig. S2 presents the plots of UV280 removal efficiency and

n (A0/At) vs. time under different current density. In Fig. S2a, one
an see that the UV280 removal efficiency significantly increased
ith the increase of applied current density. The UV280 removal

fficiency achieved 12.5%, 26.2%, 53.3% and 77.3% at 10, 20, 50 and
00 mA  cm−2, respectively, in 60 min  electrolysis. A sharp increase

n UV280 removal efficiency is observed when the current density
s lower than 50 mA  cm−2. Then a slow increase occurs when the
urrent density was higher than 50 mA  cm−2. The semi-log graph
f applied current density vs. time is shown in Fig. S2b. The results

ndicated that the AL degradation at different applied current den-

ity ranging from 10 to 100 mA  cm−2 is in good agreement with
he pseudo-first-order model. The parameters of the kinetics are
hown in Table 2, and the kapp was increased with the increase of
urrent density.

able 2
arameters during electrochemical degradation of alkali lignin over FeCN–PbO2 electrod
he  initial alkali lignin concentration: 200 mg  L−1, the initial pH 7, the solution temperatu

Applied current density (mA  cm−2)a

10 20 50 100 

UV280 removal efficiency (%) 12.5 26.2 53.3 77.3 

kapp × 103 (min−1) 2.5 5.1 12.9 26.5 

R2c 0.987 0.998 0.997 0.995 

COD  removal efficiency (%) 7.63 12.4 19.5 21.2 

ECCOD (kW h gCOD−1) 0.131 0.184 0.332 0.749 

Initial pH valueb Solu

3 7 10 

UV280 removal efficiency (%) 83.7 52.3 43.5 UV2

kapp × 103 (min−1) 14.3 6.09 4.65 kapp

R2c 0.991 0.993 0.993 R2c

COD  removal efficiency (%) 40.5 30.3 24.3 COD
ECCOD (kW h gCOD−1) 0.0638 0.0885 0.111 ECCO

he electrochemical degradation process time: a–60 min; b–120 min.
c Correlation coefficient.
li lignin under 20 mA  cm−2 in 0.5 mol L−1 Na2SO4 (a) and kinetic coefficient (b).

It can be seen in Table 2 that the COD removal efficiency
increases with the increase of applied current density. The COD
removal efficiency was 7.63%, 12.4%, 19.5% and 21.2% at 10, 20,
50 and 100 mA cm−2, respectively. It is worth pointing out that
the COD removal efficiencies were all lower than UV280 removal
efficiency on different applied current density, indicating that the
mineralization of AL was  incomplete, and some intermediates were
produced.

With the increase of current density, the formation rate of
hydroxyl radical increases, which resulted in the increase of the
UV280 removal efficiency and COD removal efficiency. However,
the competitive electrode reaction such as the oxygen evolution is
obvious at higher current density. As a result, the ECCOD increases
from 0.131 kW h gCOD−1 of 10 mA cm−2 to 0.749 kW h gCOD−1 of
100 mA  cm−2.

3.2.2. Initial AL concentration
The effect of initial AL concentration on the UV280 removal

efficiency and ln (A0/At) vs. time under different initial concentra-
tion is shown in Fig. S3. It can be observed in Fig. S3a that the

UV280 removal efficiency decreased with the increase of initial AL
concentration. After 120 min  electrolysis, the UV280 removal effi-
ciency was  72.1%, 64.7%, 52.3% and 16.7% at initial concentration
of 50, 100, 200, 300 mg  L−1, respectively. Fig. S3b indicated that

e at different experimental parameters (the applied current density: 20 mA  cm−2,
re: 20 ◦C).

Initial alkali lignin concentration (mg L−1)b

50 100 200 300

UV280 removal efficiency (%) 72.1 64.7 52.3 16.7
kapp × 103 (min−1) 11.5 8.19 6.09 1.39
R2c 0.989 0.986 0.993 0.943
COD removal efficiency (%) 39.7 32.1 30.3 23.2
ECCOD (kW h gCOD−1) 0.180 0.143 0.0885 0.0769

tion temperature (◦C)b

5 10 20 40

80 removal efficiency (%) 40.4 47.1 52.3 44.6
× 103 (min−1) 4.52 5.38 6.09 5.03

0.978 0.998 0.993 0.998
 removal efficiency (%) 16.0 30.0 30.3 39.6
D (kW h gCOD−1) 0.239 0.119 0.0885 0.0618
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he AL degradation at different initial concentrations ranging from
0 to 300 mg  L−1 is in good agreement with the pseudo-first-order
odel. The parameters of the kinetics are shown in Table 2. The rate

onstant (kapp) decreased with the increase of AL concentration.
As shown in Table 2, the COD removal efficiency decreases with

he increase of initial AL concentration. Although the COD removal
fficiency decreases, actual COD removal amount increases with
he increase of initial AL concentration. It is also observed that the
CCOD for higher initial AL concentration are lower compared with
hose for lower initial AL concentration. This may  be due to the side
eaction of oxygen evolution; the radicals could react rapidly with
he organic matters before the oxygen evolution in the solution at
igh initial organic concentration. Because there was no need to
ineralize AL into CO2 in view of cost-effectiveness, electrochem-

cal degradation on FeCN–PbO2 electrode should be preferable to
erve as a pretreated method of the target toxic pollutant for sub-
equent treatment.

.2.3. Initial pH
The effect of initial pH values on AL degradation is presented in

ig. S4 and Table 2. The results show that UV280 removal efficiency,
app and COD removal efficiency decrease with the increase of initial
H value. The UV280 removal efficiency was 83.7%, 52.3% and 43.5%
fter 120 min, respectively. The COD removal efficiency was  40.5%,
0.3% and 24.3% after 120 min, respectively. From the results, it can
e concluded that low pH is beneficial to the degradation of AL.

.2.4. Solution temperature
The effect of solution temperature on the electrochemical oxi-

ation of AL is presented in Table 2. The UV280 removal efficiency
ncreased with temperature from 40.4% at 5 ◦C to 52.3% at 20 ◦C.

hen the temperature increased to 40 ◦C, the UV280 removal
fficiency decreased to 44.6%. This may  be due to the higher
ater evaporation rate at higher solution temperature. The COD

emoval efficiency increased with the increase of temperature from
6.0% at 5 ◦C to 39.6% at 40 ◦C, and the ECCOD decreased with
he increase of temperature from 0.239 kW h gCOD−1 at 5 ◦C to
.0618 kW h gCOD−1 at 40 ◦C. These results indicated that higher
emperatures could enhance the oxidation of organic matters.

. Conclusion

PbO2 electrode modified by [Fe(CN)6]3− anion (marked as
eCN–PbO2) was prepared by electro-deposition method and
sed for the electrochemical degradation of alkali lignin (AL).
Fe(CN)6]3− anion increased the average grain size of lead diox-
de and formed a compact surface coating. The service lifetime of
eCN–PbO2 electrode was 287.25 h, which was  longer than that
f the unmodified electrode. The electrochemical characterization
hows that FeCN–PbO2 electrode has higher active surface area and
xygen evolution potential than the unmodified electrode, which
ould benefit its electrochemical oxidation ability. The results of
L electrochemical degradation show that higher applied current
ensity, lower initial AL concentration, lower pH value and higher
olution temperature were favorable for the enhancement of UV280
emoval efficiency and COD removal efficiency of the electrochem-
cal degradation of AL. On the contrary, the results show that a
ower ECCOD needed lower applied current density, higher initial
L concentration, lower pH value and lower solution temperature.
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