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ABSTRACT

Pyridine is an emerging contaminant in groundwater which can adversely affect human health and
the electrochemical method has been a paramount method to address it. The present study investi-
gated the degradation of pyridine with Ti/RuO, anode and Cu-Zn cathode which were combined
with a wire entanglement in an undivided catalysis cell, and the system was enhanced by an iron net.
First, the enhancement of iron net on electrochemical degradation of pyridine was studied by com-
paring the presence and absence of iron net. Then, the influencing factors of the electro-iron system,
including current density, NaCl dosage and plate distance was studied and Box—Behnken design was
employed to investigate the interaction of the three parameters (current density, plate distance, and
supporting electrolyte dosage) on the removal of pyridine. Moreover, the electrochemical enhanced
pyridine degradation mechanism by iron net was analyzed with cyclic voltammetry (CV) analysis.
The reaction pathway and intermediates of pyridine oxidation were also described. It was found that
the degradation efficiency of pyridine in the electrochemical system could be increased by 11.3% by
adding an iron net. Based on the response surface methodology analysis, the pyridine removal effi-
ciency of 90.2% was achieved under the optimal conditions with a current density of 99.45 mA cm?,
plate distance of 2.99 cm and NaCl dosage of 8.78 g L. The CV curve found that the electrochemical
oxidation of pyridine was accomplished by indirect oxidation. Pyridine reacts with the oxide formed
by CI" to form intermediates of small organic acid, which can be further mineralized to be CO, and
H,O. Adding an iron net can reduce hydrogen by electrochemical corrosion and reduce the carbonyl
group of the intermediate product to hydroxyl group, thereby promoting the degradation of pyri-
dine. This study provides a potentially efficient method for disposing of wastewater pollution caused

by pyridine.
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Response surface methodology (RSM)

1. Introduction including synthetic vitamins, sulphonamides, disinfectant

Pyridine, a typical nitrogen-containing heterocyclic
compound, is commonly used as a raw material or inter-
mediate in the agrochemical and pharmaceutical industries,
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products, dyes, explosives, rubber and paint [1,2]. Discharges
from agricultural and industrial production lead to the pres-
ence of pyridine in groundwater [3]. Pyridine poses a huge
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threat to human health because of its toxicity, and its high
concentration in drinking water can cause teratogenic in
humans and animals [4,5]. In the U.S,, pyridine is classified as
a hazardous substance and has been listed as a priority pol-
lutant by the U.S. Environmental Protection Agency (USEPA)
[6,7]. In China, the annual production of pyridine reaches
114,000 t, which has a serious impact on human health [8].
Therefore, it is essential to investigate the pyridine removal
technology in groundwater.

To date, various types of technologies, such as photo-
synthetic degradation [9,10], biological treatment [11,12],
photoelectrocatalysis [13], microwave process [14], Fenton
reagent [15,16], adsorption [17] and electrochemical oxida-
tion [18], have been used to deal with pyridine pollution.
Among them, electrochemical oxidation has been increas-
ingly recognized as a promising method for remediation of
groundwater contaminated with pyridine due to its mild
reaction condition, high reaction rate and stable oxidation
ability [19,20]. Electrode material plays an important role
in electrochemical oxidation process, it had been reported
that when 200 g L pyridine was electrolyzed by a tin oxide
tubular ceramic membrane electrode under the conditions
of 10 g L™ Na,SO, and 25 mA cm™, the removal efficiency of
pyridine can reach 70.1%, but the electrode had a higher cost
and shorter life [18]. Ti/RuO, has been extensively applied as
a representative electrode material owing to its high electro-
catalytic activity and corrosion resistance in chloride-con-
taining solutions in recent years [21,22]. However, the dis-
advantages of electrochemical oxidation with Ti/RuO,, such
as high energy consumption and low current efficiency,
have great constraints on its practical application [23]. It
has been reported that the addition of iron net was condu-
cive to the degradation of nitrate in wastewater, and higher
nitrate reduction efficiency of 90.1% and lower energy con-
sumption were obtained by introducing three pieces of the
iron net between electrodes [24]. Moreover, a novel electro-
chemical system for the establishment of a boron-doped dia-
mond anode and a carbon felt cathode was constructed to
degrade wastewater containing p-nitrophenol and a built-in
iron electrode between anode and cathode, the degrada-
tion efficiency was significantly enhanced by iron electrode
[25]. However, few investigations are presently available for
iron net enhanced electrochemical degradation of pyridine.
Still, it is not clear that the effects of different factors on the
electrochemical degradation of pyridine enhanced by the
iron net, and the reinforcement mechanism of the iron net
remain unknown.

Herein, the influence of different factors (e.g. current
density, plate distance and supporting electrolyte dosage) on
pyridine removal was investigated by using a laboratory-scale
iron net enhanced electrocatalytic reactor. Box-Behnken
design (BBD) was chosen to investigate the interaction of
three parameters (current density, plate distance, and sup-
porting electrolyte dosage) on the removal of pyridine, and
response surface methodology (RSM) was used to describe
the mathematical relationship between the response function
and these factors. Moreover, the oxidation type and degra-
dation mechanism of electrochemical pyridine enhanced by
iron net were analyzed by using cyclic voltammetry (CV)
analysis. This study offers the optimal conditions for the
removal of pyridine in the iron net enhanced electrochemical

oxidation system and is of great significance to the practical
remediation of pyridine pollution.

2. Experimental setup
2.1. Experimental apparatuses and materials

A 653 mL cylinder acrylic cell was constructed (Fig. 1),
with a working volume of 500 mL. The cathode made of Ti/
RuO, (Shuangyang, Beijing, China) and the anode made of
Cu-Zn (Cu-Zn, 59/41 wt.%) (Shuangyang, Beijing, China)
with a side plate of 51.6 cm? (43 mm x 120 mm x 1 mm)
constituted an electrochemical reaction device. An iron net
(43 mm x 120 mm x 1 mm) was placed in the middle of the
two electrodes to enhance the electrochemical degradation
of pyridine. A continuous magnetic stirrer in the cell bottom
was used to increase the turbulence of the solution. A DC
power supply (KXN-645D, Zhaoxin, China) with a voltage
range of 0-50 V and a current range of 0-5 A were employed
to provide a constant current.

Synthetic wastewater with a target concentration of
100 mg L (pyridine) was prepared with deionized water
and NaCl was added to increase the conductivity of the
electrolyte at initial pH of 7.8. All chemical reagents were of
analytical grade in this study (Sinopharm, China).

2.2. Batch experiment

A 500 mL synthetic wastewater was added to the cylin-
der acrylic cell and the Cu-Zn cathode was burnished with
sandpaper (600 mesh) before electrolysis to remove the
oxide layer. The comparative experiments with and with-
out adding iron net were carried out under the conditions
of pyridine concentration of 100 mg L™, current density of
60 mA cm™?, plate distance of 2 cm, NaCl of 10 g L' and pH of
7.8 to study the enhancement of iron net on the electrochem-
ical degradation of pyridine. The current density was set at
20, 60 and 100 mA cm™ to investigate its effect on pyridine
removal. Since the pyridine is mainly derived from pharma-
ceutical wastewater and some fine chemical industries, the
production wastewater of the manufacturing process tends
to have a high salinity of more than 10 g L in particular
[26], the NaCl dosages was set at 5, 10 and 15 g L™ to inves-
tigate its effect on pyridine removal. For the same purpose,
the plate distance was set at 1.0, 2.0 and 3.0 cm. 4.5 mL sam-
ple was extracted from electrochemical cell for analysis at
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Fig. 1. Schematic diagram of the electrocatalytic reactor system.
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different time intervals. All experiments were conducted at
room temperature (25°C + 2°C).

2.3. Analytical methods

The surface morphology of the Ti/RuO, electrode was
characterized with a scanning electron microscopy (SEM,
JEOL JSM-6480LV, Japan). The CV curve of the Ti/RuQ,
electrode was measured by the electrochemical workstation
(CHI660D, Chenhua, China). The Ti/RuO, electrode was
employed as the working electrode, meanwhile the Cu-Zn
electrode was used as the counter electrode, and the Ag/
AgCl/0.3 M KCl was served as the reference electrode. pH
value was determined by using a pH/ORP meter (AS-211,
Twin, Japan).

The concentration of pyridine was determined by the
high-performance liquid chromatography (HPLC) (1260
infinity, Agilent, USA), which was equipped with a XDB-C18
column (4.6 mm x 250 mm, 5 um) [27]. The mobile phase con-
sisted of methanol (70%, volume percent) was adjusted to pH
2.5 with dilute phosphoric acid (30%, volume percent). The
injection volume of the sample was set to 20 uL with the flow
rate of 1.0 mL min™, and the room temperature was regarded
as the column temperature (25°C + 0.2°C). These chromato-
graphic conditions were employed to test pyridine at detec-
tion wavelength 540 nm.

2.4. Experimental design and statistical analysis

Experimental design, mathematical modeling, and opti-
mization were performed using the design-expert 8.06 soft-
ware. BBD is recognized as a more effective and ideal method
to central composite design because BBD requires fewer
experiments, less time and lower cost to build the model
equation [28]. Through experimental design and data analy-
sis, BBD allows to calculate the intermediate level of response
function and estimate experimental performance at experi-
mental points within the scope of the study [29].

In the present study, BBD was selected to investigate
the influences of the three independent variables on electro-
chemical oxidation of pyridine and to determine the optimal
conditions for maximizing the removal efficiency of pyri-
dine. The three independent variables were current density
(X)), plate distance (X,), and NaCl dosage (X,) and the corre-
sponding levels were designed as -1, 0, and +1, as shown in
Table 1. The objective function was the ratio of pyridine con-
centration at time ¢ and initial (C/C,). To investigate the elec-
trolysis reaction rate, the pseudo-first-order kinetic model
was used to interpret the experimental data.

3. Results and discussion
3.1. Iron net enhanced electrochemical degradation of pyridine

The Ti/RuO, electrode was used as the anode, and the
removal efficiency of pyridine was compared with and with-
out the addition of iron net. Fig. 2 shows that the removal
efficiency of pyridine reached 56.6% after 240 min of electrol-
ysis without iron net, and the removal efficiency of pyridine
was significantly improved to reach 67.9% after adding the
iron net. The results showed that the removal of pyridine by
the electrochemical system was improved by 11.3% with the

Table 1
Independent factors and coded levels

Factors Range and levels
Coded levels -1 0 1
Current density, I (mA cm™) 20 60 100
Plate distances, S (cm) 1 2 3
NaCl dosage, W (g L) 5 10 15
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Fig. 2. Effect of iron net on the removal of pyridine.

addition of iron net. It can be seen that the addition of iron
net can improve the removal efficiency of pyridine for the
forming of a galvanic cell in the system.

When iron net acted as an anode, a corrosion reaction
occurred:

Fe’ —2e” — Fe™ 1)

When iron net acted as a cathode, a reduction reaction
occurred:

2Fe* -RX > H" - 2Fe* +RH + X~ )

In addition, H,O, and Fe?* can form Fenton reagent, and
the reactions were:

Fe* +H,0, - Fe’* + OH™ +-OH ®3)

Fe” +H,0, » Fe’* + OH, - +H" 4)

The addition of iron net enhanced the oxidation and
reduction capacity of the electrochemical system, which was
mainly based on the oxidation-reduction potential difference
between zero valence iron and cathode to form the galvanic
cell and generate the transfer of charged ions. There were
at least two simultaneous reactions on the surface of iron,
including a dissolution oxidation reaction as an anode and a
reduction reaction as an oxidant [30].
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3.2. Influence of current density

Applying current density is a key parameter for electro-
chemical processes, because it can affect the electrochemical
oxidation process by regulating the hydroxyl radical gen-
eration capacity on the electrode surface [31]. To evaluate
the effect of current density, a series of experiments with
different current densities ranged from 20 to 100 mA cm™
with initial pyridine concentration of 100 mg L, pH of 7.8
and NaCl dosage of 10 g L™ were conducted. It can be seen
that the increase of current density had a significant effect
on the electrochemical degradation of pyridine in Fig. 3.
With the increase of current density from 20 to 100 mA cm™?,
the removal efficiency of pyridine increased from 39.4% to
90.2%. This phenomenon was attributed to the high transfer
rate of electron and the increased formation rate of strong
oxidation materials (e.g. ‘OH, H,0O,) between pyridine
and electrodes at higher current densities [32]. However,
the decrease of pyridine did not change linearly with the
increase of current density, due to the large power consump-
tion by the side reaction of oxygen evolution [33], which was
shown in Eq. (5) [34]:

2H,0 > O, +4H" +4e” 5)

Fig. 3 shows the non-linear regression of pyridine con-
centration with electrochemical oxidation time and con-
firmed a pseudo-first-order kinetic model. Table 2 lists the
k and #* values for each group of experiment. The apparent
rate constant (k) of pyridine removal increased as the cur-
rent density increased from 0.00208 min at 20 mA cm?,
0.00431 min™ at 60 mA cm™ to 0.00682 min" at 100 mA cm??,
respectively. However, it has been confirmed in previous
studies that large applicated currents can reduce the current
efficiency of electrochemical oxidation process and result
in high operating costs [35,36]. Therefore, a larger current
density can achieve better results considering the removal
efficiency of pyridine, but it is not suitable for practical use
in terms of cost analysis.

3.3. Influence of NaCl dosage

In this work, NaCl was chosen as a supporting electro-
lyte to enhance the solution conductivity, because it is more
easily available at the production site [37]. Fig. 4 shows the
influence of different NaCl dosages on pyridine removal in
electrochemical system with a pH of 7.8 and a current den-
sity of 60 mA cm™. After 240 min of electrolysis, it can be
found that the pyridine concentration decreased from 100
to 54.92, 50.35 and 45.13 mg L™ at the NaCl dosages of 5,
10 and 15 g L™, respectively. Increasing the concentration of
supporting electrolyte had a positive influence on the pyri-
dine removal efficiency with the NaCl addition in the range
of 5-10 g L. These explanations can be given by the evo-
lutionary reaction of chlorine [38]. The existing of chloride
ions not only enhanced the conductivity of the solution, but
also generated a series of active intermediates during the
electrochemical oxidation process (Egs. (6)—(9)). In fact, the
formation process of available chlorine can be considered
as two processes. Firstly, chloride ion was converted into
chlorine gas on the surface of Ti/RuO, anode. Secondly, the
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Fig. 3. Removal ratio of pyridine changes as a function of elec-
trolysis time at different current densities, 10 g L of NaCl, 3 cm
plate of distance.

Table 2

Influence of current density, NaCl dosage, initial pH and plate
distance on pseudo-first-order k and r* values for electrochemical
degradation pyridine

Influence of current density

Current density (mA cm™) k (x10 min™) r?
20 0.208 0.9890
60 0.431 0.9906
100 0.682 0.9664
Influence of NaCl
Concentration of NaCl (g L) k (10 min™) r
5 0.256 0.9868
10 0.276 0.9878
15 0.326 0.9907

Influence of plate distance

Plate distance (cm) k (x102 min™) r?

1 0.180 0.9864
2 0.337 0.9965
3 0.472 0.9949

generated chlorine gas was immediately reacted with water
and promoted the formation of hypochlorous acid/hypo-
chlorite [39]. Based on the previous studies [40,41], some
other reactions of chloride on the surface of anode are given
in Egs. (10) and (11) [42,43]. A consistent conclusion was also
reached in the electrochemical reduction of nitrate [24].

2C1" > Cl, +2e” (6)
Cl, +H,0->HOCI+Cl" +H" )

HOCI < OCl™ +H* (8)
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Fig. 4. Removal ratio of pyridine changes as a function of elec-
trolysis time at different NaCl dosages, 60 mA cm™ of current
density, 2 cm of plate distance.

R+0Cl RO - Cl" +CO, +H,0 )

Cl" + MO, (OH) - MO, (HOCI) +e" (10)

Cl" +MO, (HOCl) » RO -»MO, +Cl" +H' +CO, +H,0 (11)

However, it can be seen from the experimental results
that the NaCl dosage had little effect on the removal of
pyridine. Moreover, it also indicated that the pyridine deg-
radation at different NaCl dosages was consistent with
the pseudo-first-order equation. The k and r* values of the
experiment in each group are depicted in Table 2, in which
it can be inferred that k value was very close when the
NaCl dosage was 5, 10 and 15 g L™, respectively. This can
be due to the fact that the excessive salinity might lead to
a greater amount of CI- adsorbed on the anode surface and
a minimizing number of active sites on the electrode [18].
In fact, previous study had confirmed that the chloroform
was the main by-product during electrochemical treatment
process of organic matter with the presence of chloride ions
[44]. In practical application, the integration of different pro-
cesses was necessary for harmless treatment of this wastewa-
ter. Fortunately, it had been proved that the organochlorine
by-products such as chloroform can be efficient adsorbed
by activated carbon, which provided a feasible alternative
for the separation of organochlorine from solution [45].
Therefore, the integration of electrochemical oxidation pro-
cess and activated carbon adsorption process provided a
feasible method for the efficient and harmless treatment of
pyridine as well as its by-products. In addition, considering
the problem of high concentration of NaCl, in fact, pyridine
wastewater was mainly produced from pharmaceutical
wastewater and some fine chemical industries. Due to the
high toxicity of pyridine, electrochemical oxidation process
was often used as a pretreatment process before the sewage
enters the aerobic biological reactor. At present, the salinity

can be separated after electrolysis using desalination process
(such as MVR process and high-efficiency evaporation pro-
cess [46]).

3.4. Influence of plate distance

The effect of plate distance between two electrodes on
the removal behavior of pyridine was investigated at dif-
ferent plate distance of 1, 2 and 3 cm at current density
of 60 mA cm™, NaCl dosage of 10 g L and pH of 7.8. The
removal efficiency of pyridine was 34.7%, 53.9% and 69.7%
at plate distance of 1, 2 and 3 cm, respectively (Fig. 5). Fig. 5
also shows that the concentration variation of pyridine with
time fitted the pseudo-first-order kinetic model, and the k
and r? values were listed in Table 2. As shown in Table 2,
the highest k value (0.00472 min™) was obtained at 3 cm of
plate distance, and the k value of 0.00180 and 0.00337 min™
was obtained at 1 and 2 cm of plate distance, respectively.
It was worth noting that when the plate distance was 3 cm,
the removal efficiency of pyridine was 69.7%, which was a
twice time higher than that at plate distance of 1 cm. There
might be two possible reasons: (1) the mass transfer pro-
cess would become a limiting factor for the overall reaction
kinetics when the applied current density exceeded the lim-
iting current density of electrochemical oxidation [47,48],
the contaminants need to migrate to the middle of two
poles first and then the oxidation reaction was realized by
the contacting of anode surface in direct oxidation process,
therefore the decreasing plate distance resulted in reducing
the effective mass transfer volume between the plates [49];
(2) a small plate distance was conducive to corrosion oxida-
tion of the electrode, which will consume the current and
cause the electrode passivation [50]. Although the anode
potential was lowered when the plate distance was reduced
under the same conditions and thereby reducing the energy
consumption, smaller plate distance still cannot be applied
in practical engineering considering the effects of the mass
transfer process.
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Fig. 5. Removal ratio of pyridine changes as a function of elec-
trolysis time at different plate distance, 60 mA cm™ of current
density, 10 g L™ of NaCl
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3.5. BBD optimization

According to the BBD design, 17 groups of experiments
were implemented, and the data are listed in Table 3. The
BBD has a processing combination at the midpoint of the
edge of the test space and does not contain an embedding
factor or partial factorial design [29].

The application of RSM offers an empirical relationship
between function and the independent variables [38]. A qua-
dratic polynomial equation was given, which can be approxi-
mated to describe the mathematical relationship between the
response function (Y) and the independent variables (X) as
the following Eq. (12):

Y =0.5-0.24X, -0.14X, - 0.023X, - 0.033X, X, +0.010X, X, +

F-value of 1796.61, R?> = 0.9996 and coefficient of variation
(C.V. =1.25%), p < 0.0001, signifying that the model was sig-
nificant and the experiment was highly accurate and reliable
(Table 4).

Fig. 6 shows a response surface plot of the relationship
of current density, plate distance and NaCl dosage on the
removal of pyridine. Design-expert software was chosen
to find the optimal conditions for pyridine removal. The
main purpose of this study was to maximize the removal
efficiency of pyridine by using the desirability functions
to calculate all responsibility factors. The duplicate con-
firmatory experiment was implemented by using the

Table 3

0.010X,X, +0.035X? - 0.012X2 - 0.018X? [12]  Results of the observed value of C/C,
Based on the coefficient in Eq. (8), it can be observed that Run  Current density Plate distances NaCl =~ Actual value
the degradation rate of pyridine concentration at t and ini- (mA cm?) (cm) (gL (C/C)
tial t (C/C,) decreased with current density (X1), plate dis- 1 60.00 3.00 500 035
tance (Xz) anc{[ N?Clldqsagle (tXS).l;fhe .cufrent densifty pl'a(li){ed 5 60.00 200 10.00 050
a more important role in electrochemical process of pyridine
compared with the plate distance (X, and NaCl dosage (X). 1200 200 20027
The analysis of variance (ANOVA) test (Table 4) showed : ) : :
good conformity, and the predictions of the response func- 5 60.00 3.00 15.00  0.31
tion were in good agreement with the experimental data 6 100.00 1.00 10.00 046
(the relative error was 0.001). The coefficient of Eq. (11) 7 100.00 3.00 10.00 0.10
was determined by applying t-test and p-value. The p-value 8 20.00 3.00 10.00 0.68
reflects the conformity of the coefficient, which implies that 9 60.00 1.00 15.00 057
it. is significant if p < 0.05 [51]. The linear’ influences of coeffi- 15 ¢1 00 200 10.00 050
c1'ents X, X, and X, that is current density (p <0.0001), plzflte 1 20,00 200 5.00 0.81
distance (p < 0.0001) and NaCl dosage (p < 0.0001) were sig-
nificant. Similarly, the interactive effects of current density 122000 1.00 1000 085
and plate distance (p <0.0001), current density and NaCl dos- 13 60.00 2.00 10.00 050
age (p < 0.0001), plate distance and NaCl dosage (p < 0.0153) 14 100.00 2.00 15.00 0.29
were also significant. The p-values of the quadratic terms 15  20.00 2.00 15.00 0.70
that are current density (X) (p < 0.0001), plate distance (X) 16 60.00 2.00 10.00 0.50
(p < 0.0046) and NaCl dosage (X) (p < 0.0007) were more sig- 17 60.00 200 1000 050
nificant. ANOVA for response surface quadratic model gave
Table 4
ANOVA test for response function Y
Source Sum of squares daf Mean square F-Value p-value Prob > F
Model 0.64 9 0.071 1,796.51 <0.0001 Significant
A - Current density 0.46 1 0.46 11,729.45 <0.0001
B - Plate distance 0.15 1 0.15 3,780.32 <0.0001
C-NaCl 5.513E-003 1 5.513E-003 140.32 <0.0001
AB 9.025E-003 1 9.025E-003 229.73 <0.0001
AC 4.225E-003 1 4.225E-003 107.55 <0.0001
BC 4.000E-004 1 4.000E-004 10.18 0.0153
A? 5.158E-003 1 5.158E-003 131.29 <0.0001
B? 6.579E-004 1 6.579E-004 16.75 0.0046
c? 1.289E-003 1 1.289E-003 32.82 0.0007
Residual 2.750E-004 7 2.750E-004
Lack of fit 2.750E-004 3 2.750E-004 3.48 0.1202 Not significant
Pure error 2.21 4 0.57
Cor. total 0.64 16
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Fig. 6. Three-dimensional response surface plot for (a) influence of current density and plate distance and (b) effect of current density

and NaCl dosage on the pyridine removal.

optimized parameters. It was found that the optimal con-
dition of current density, plate distance, and NaCl dosage
was 99.45 mA cm=, 2.99 cm and 8.78 g L™, respectively, with
a predicted value of 0.9858 (C/C,) compared to the actual
value of 0.9844 (C/C)). The results were closely in agree-
ment with the predicted value obtained from the model. In
fact, the effects of the three factors optimized in this study
on the reaction efficiency can be summarized as follows:
(1) the anodization efficiency was controlled by the applied
current [47]; (2) the increasing available chlorine concen-
tration was increased with the increasing amount of NaCl
dosage [35]; (3) the increase of plate distance was equiva-
lent to the increasing anode potential under the same cur-
rent density [52]. Therefore, considering the reasons above,
the changing of the three conditions was difficult to obtain
an extreme value of the pyridine removal efficiency in the
response surface. This behavior was consistent with the
result obtained from the similar studies reported in the past
[53]. Even so, it can reflect the interaction of current den-
sity, NaCl dosage and plate distance on pyridine removal
to some extent.

3.6. Degradation mechanism of electrochemical pyridine
enhanced by iron net

The mechanism of electrochemical oxidation contains
direct electrochemical oxidation, which occurs on the sur-
face of an electrode, and indirect electrochemical oxidation,
which takes place in the electrolyte solution with strong oxi-
dants produced by electrode [54,55]. The CV curves were
recorded to explore the oxidation type and degradation
mechanism of the electrochemical oxidation of pyridine.
Fig. 7 shows the CV curve obtained for the electrochemical
oxidation of pyridine using Ti/RuQ, as a working electrode
and Cu-Zn as the counter electrode, which was measured
in 8.78 g L™ of NaCl solution with 100 mg L™ of pyridine
at a scan rate of 20 mV s. As it can be observed that no
additional oxidation peaks were found when pyridine was
added to the electrolyte, indicating that no direct electro-
chemical oxidation occurred. It also can be inferred that the
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Fig. 7. Cyclic voltammetry obtained in 8.78 g L' of NaCl solution
with and without adding 100 mg L~ of pyridine.

electrochemical oxidation of pyridine must be accomplished
by an indirect oxidation process.

The morphology characteristics of the Ti/RuO, elec-
trode surface coatings were obtained by SEM. Fig. 8 shows
the SEM microstructures of the original Ti/RuO, electrode
(Fig. 8a) and the used electrode that sampled from the mid-
dle part of the electrode after the experiment (Fig. 8b). It can
be observed that the surface of Ti substrate was produced
by the pyrolysis oxidation electrode, which usually had a
“crack” surface topography. In addition, there was no sig-
nificant change for Ti electrode surface coatings after the
experiment, which indicated that it may have good electro-
chemical stability.

In order to clarify the pathway of pyridine degrada-
tion, HPLC was used to monitor the intermediates during
the electrochemical oxidation, and the results are shown in
Figs. 9 and 10. It can be found from Fig. 9 that fumaric acid,
formic acid, malonic acid and maleic acid were detected by
matching with certified reference materials. Furthermore, it
also can be seen from Fig. 10 that NO; and NO; were also
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Fig. 9. HPLC maps for matching intermediates for pyridine deg-
radation with certified reference material.

detected in the electrolysis, indicating that the ring-open-
ing reaction of pyridine occurred. Moreover, the almost
constant NOj concentration and gradually increasing NO;
concentration indicated that the occurrence of further oxi-
dation reactions such as NO; was oxidized to NO;. The
electrochemical degradation products of pyridine were
more easily treated by more traditional biological treat-
ment processes than pyridine. Although NaCl had a nega-
tive effect on microorganisms, Zhang et al. [56] found that
microorganisms can still function at a NaCl concentration of
40 g L7, and the residual NaCl concentration in our experi-
ment was much lower than 40 g L.

Based on the detected intermediates in the degradation
of pyridine, a major electrochemical oxidation pathway
was proposed, as shown in Fig. 11. The Ti/RuQO, electrode
can produce a large number of hydroxyl radicals, and the
Fenton reaction can produce H,0, and CI, then continue
to generate HCIO, which may attack the pyridine. First, an
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Fig. 10. Concentration variations of NO; and NO;.

addition reaction occurs on the pyridine ring to produce
pyridin-3-ol. Subsequently, pyridin-3-ol respectively gener-
ate pyridin-3,5-diol, pyridin-2,5-diol and pyridin-2,3-diol,
After the dehydrogenation reaction, pyridine-2,5-dione,
pyridine-3,5(2H,4H) -dione and pyridine-2,3—-dione are
generated, respectively. Then pyridine-3,5(2H,4H) —dione
continues to generated oxalic acid. The pyridine ring under-
goes a ring-opening reaction to form formic acid, fumaric
acid, maleic acid, malonic acid, NO; and NO;. These major
by-products were further hydroxylated and the pyridine was
finally mineralized into CO, and H,O. The NO; was further
reduced to N, at the cathode.

According to the action mechanism of iron and the detec-
tion results of intermediate products mentioned above, the
reaction of iron in the system may be caused by the following
ways:

* Iron net lost electrons during electrochemical corrosion,
and the cathode underwent hydrogen evolution reaction
to generate hydrogen with strong reducibility.
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Fig. 11. Proposed pathway for electrochemical degradation of pyridine by Ti/RuO, anode and Cu-Zn cathode.

Fe’ —2e” — Fe?* (13)

2H" +2e” »2H (14)
® Then the reductive hydrogen was reduced on the car-
bonyl group of the intermediate product to form a
hydroxyl group.
C,H,NO, +2H —» C_.H,NO, (15)
Therefore, the reduction capacity of the system was
enhanced in this process.

4. Conclusions

An electro-iron system for electrochemical oxidation of
pyridine removal from contaminated water was constructed
and investigated. The influence of different factors on the
degradation of pyridine was also evaluated, and numerical
optimization of the RSM was chosen to reveal their relation-
ship. The conclusions are drawn as follows:

Iron net enhanced electrochemical treatment was a more
efficient method for pyridine removal than the unre-
inforced treatment, and the removal efficiency can be
improved by 11.3%. The optimal experimental conditions
in the present study for maximization removal of pyri-
dine can be obtained by the BBD model. The optimal con-
dition of current density, plate distance, and NaCl dosage
was 99.45 mA cm?, 2.99 cm and 8.78 g L, respectively,
at which the pyridine removal efficiency can achieve
98.58%.

The possible degradation pathway of pyridine was the
mineralization process with a small amount of of *OH
adsorbed on the surface of the plate. Meanwhile, the
pyridine in solution will react with the oxidized Cl,
HCIO and CIO; formed by CI~ to produce small mole-
cule organic acids (i.e., maleic acid, fumaric acid, formic
acid, and malonic acid). In this process, the pyridinium
nitrogen formed NO,/NO; and was reduced to N, by the
action of metallic iron, and the intermediates were fur-
ther mineralized into CO, and H,O. The reduced hydro-
gen produced by the electrochemical corrosion of iron
net facilitated the reduction of carbonyl group of the
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intermediate product to form a hydroxyl group, thereby
promoting the degradation of pyridine.
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