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Abstract: Quinoline is a typical nitrogenous heterocyclic compound, which is carcinogenic, teratogenic, and mutagenic to organisms, and its wastewater is difficult to biodegrade directly. The bipolar
electro-Fenton process was employed to treat quinoline solution. The process/reaction conditions
were optimized through the single factor experiment. The degradation kinetics of chemical oxygen demand (COD) was analyzed. To get the degradation mechanism and pathways of quinoline,
the intermediate products were identified by gas chromatograph–mass spectrometer (GC–MS). By
using sodium chloride as supporting electrolyte in the electro-Fenton reaction system with initial
pH 3.0, conductivity 15,800 µs/cm, H2 O2 concentration 71 mmol/L, current density 30.5 mA/cm2 ,
and applied voltage 26.5 V, 75.56% of COD was decreased by indirect oxidation with electrogeneration of hydroxyl radicals (•OH) and active chloric species in 20 min. The COD decrease of
quinoline solution followed the first order reaction kinetic model. The main products of quinoline
degradation were 2(1H)-quinolinone, 4-chloro-2(1H)-quinolinone, 5-chloro-8-hydroxyquinoline, and
5,7-dichloro-8-hydroxyquinoline. Furthermore, two possible degradation pathways of quinoline were
proposed, supported with Natural charge distribution on quinoline and intermediates calculated at
the theoretical level of MN15L/6-311G(d).
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1. Introduction
With rapid development of economy and industry, water environment pollution has
become increasingly serious. Treatment of hardly-degradable organic wastewater has
attracted a variety of research focuses. Quinoline, as an important chemical raw material,
is often used in the manufacture of drugs, dyes, herbicides, and pesticides, etc. [1]. The
resulting wastewater containing quinoline has become a common organic pollutant in water
and soil environments. Quinoline, a nitrogen-containing heterocyclic aromatic compound,
is carcinogenic, teratogenic, and mutagenic to organisms, and can accumulate in advanced
animals along the food chain, seriously threatening human health [2]. However, due to its
stable structural properties and toxicity, it is difficult to directly and effectively degrade
with conventional physicochemical and biological methods. Therefore, efficient treatment
techniques to remove quinoline in wastewater are definitely needed.
Recently, advanced oxidation processes (AOPs), including wet air oxidation [3], supercritical water oxidation [4], Fenton reagent oxidation [5], photocatalytic oxidation [6],
and electrochemical oxidation [7] have been widely utilized to treat industrial organic
wastewater. Among them, electro-Fenton (E-Fenton) oxidation technology can effectively
remove recalcitrant organic pollutants in wastewater. The E-Fenton process is a new advanced oxidation water treatment technology developed based on the traditional Fenton
method. It generally has four different categories: (1) inert electrodes with high catalytic
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gen peroxide (H2 O2 , 30 wt%) were obtained from Yantai Shuangshuang Chemical Co., Ltd.
hydrogen peroxide
(H2O2, 30 wt%) were obtained from Yantai Shuangshuang Chemical
(Yantai, China). Sodium hydroxide (NaOH, analytical pure grade) and sodium chloride
Co., Ltd. (Yantai, China). Sodium hydroxide (NaOH, analytical pure grade) and sodium
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jin Deen Chemical Reagent Co., Ltd. (Tianjin, China). All the chemicals were used without
further purification and prepared with deionized water.
A high-frequency pulse switching power supply (NHWYM500-50, Jinan Nenghua
Electromechanical Equipment Co., Ltd., Jinan, China), ultra-quiet small air pump (MA-1000,
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high-standard redox potential (E0 = 2.80 V/SHE) [15], which reduces the selectivity to
degrade organic pollutants. •OH can react with the macromolecular refractory organics in wastewater and turn them into readily biodegradable intermediates as shown in
Equation (5), which can even directly oxidize them into carbon dioxide (CO2 ), water, and
inorganic ions [16]. Moreover, Fe2+ ions can be regenerated through the reduction of
Fe3+ ions at the cathode as shown in Equation (6). When NaCl is used as the supporting
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electrolyte, the conductivity of wastewater is improved. Active chloric species can be
generated by reactions (7) and (8) [17], which potentially contribute to the removal of
organic pollutants.
Fe − 2e− → Fe2+
(1)
O2 + 2H+ + 2e− → H2 O2

(2)

Fe2+ + H2 O2 → Fe3+ + OH− + •OH
3+

Fe

2+

+ H2 O2 → Fe

+ HO2 • + H

+

(3)
(4)

RH+•OH → •R + H2 O

(5)

Fe3+ + e− → Fe2+

(6)

+

−

Cl2 + H2 O → H + Cl + HClO
+

HClO ↔ H + ClO

−

(7)
(8)

At room temperature, 3 L quinoline solution was transferred to a container. NaCl was
added into the quinoline solution as the supporting electrolyte to improve the conductivity.
Then H2 O2 was added and agitation was done with the magnetic stirrer. Under optimum
conditions, the amount of NaCl added was 3 g/L, and initial pH value was adjusted to
3.0 with 9 mL 5 M H2 SO4 (the concentration of H2 SO4 was 15 mmol/L in the resulting
solution). The resulting solution was poured into the E-Fenton reactor. Air was bubbled
from the bottom of the reactor to provide oxygen and generate stirring. Subsequently the
reaction was triggered by switching on the DC current. After a specific reaction time, the
solution was taken out and the pH was adjusted to 8–9 using the 5 M NaOH. Next, 2 wt%
polyacrylamide was added as the flocculant, the solution was stirred for 10 min and left
standing for 30 min. The supernatant was withdrawn followed by filtered with a 0.45 µm
filter paper to analyze the water quality.
The E-Fenton process was carried out to investigate the effect of operating parameters
on COD decrease. The specific experimental conditions were as follows: reaction time,
5–30 min; initial pH value, 2.5–5.1; concentration of H2 O2, 17.5–106.5 mmol/L; conductivity,
5570–29,300 µs/cm; applied voltage, 12.9–6.2 V, current density, and 12.2–42.7 mA/cm2 .
Under the previous optimized process parameters, we sequentially changed each of the
conditions in turn, and kept the other optimal conditions the same.
2.4. Analytical Test Methods
The pH value and conductivity of solution were measured by PHSJ-4F pH meter and
DDS-307A conductivity meter, respectively. The COD was measured with the digestion
instrument and the multi-parameter water quality analyzer. The •OH was monitored
by means of terephthalic acid fluorescent probe method on Agilent Technolgies Cary
Eclipse fluorescence spectrometer (excitation wavelength 315 nm, and emission wavelength
425 nm) [18–20]. For intermediate identification, samples were extracted with CH2 Cl2
and concentrated using the rotary evaporator, then determined with an Agilent 7890B gas
chromatograph (GC) interfaced with a 5977A mass selective detector (MS) equipped with
an Agilent 7683B auto sampler and HP-5MS capillary column. Helium was used as the
carrier gas with a flow rate of 1 mL min−1 .
The COD decrease rate of solution could be calculated according to Equation (9):
η=

Ci − Ct
× 100%
Ci

(9)

where η is the COD decrease rate (%), and Ci and Ct denote the concentration of COD in
the feed solution and in the E-Fenton treated solution, respectively (mg/L).
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The linear forms of the first-order and second-order kinetic models are shown in
Equations (10) and (11):
C0
ln
= k1 t
(10)
Ct
1
1
−
= k2 t
Ct
C0

(11)

where C0 and Ct represent the concentration of COD at 0 min and time t, respectively
(mg/L), k1 is the first-order rate constant (min−1 ), and k2 is the second-order rate constant
(mg−1 ·L−2 ·min−1 ).
3. Results and Discussion
3.1. E-Fenton Single-Factor Experimental Results
3.1.1. The Effect of Reaction Time on COD Decrease
Figure 3a shows that the COD decrease efficiency was improved with the reaction
time. The highest decline of COD occurred at 20 min with a COD decrease rate of 75.56%.
After that, COD decrease efficiency remained stable over time. The rapid COD reduction
during the first 20 min was attributed to oxidation of quinoline. The degradation rate
increased slowly after 20 min, likely due to the formation of hard-to-degrade by-products.
When hydrogen peroxide was consumed completely, organic compounds could not be
decomposed even with increasing time. Therefore, the optimal reaction time of the E-Fenton
process in this study was 20 min.
3.1.2. The Effect of Initial pH on COD Decrease
The pH value is well known to play an important role in the E-Fenton process since
it can affect iron solubility, complexation, and redox cycling between Fe2+ and Fe3+ [21].
Initial pH strongly affects the degradation performance of the E-Fenton process. The pH
value 3 has been widely used as the optimum condition for wastewater treatment [22]. The
effect of initial pH on COD decrease efficiency is shown in Figure 3b. In agreement with the
previous report, the COD decrease efficiency was highest at initial pH 3.0, then declined
from 72.94% to 33.19% with pH values from 3.0 to 5.1. The lower COD decrease efficiency
at higher pH could be attributed to the instability of the ferrous ions and the formation of
hydroxides. Iron ions would form precipitates with the increasing pH value, resulting in
fewer free Fe2+ ions to react with H2 O2 , and consequently causing a reduction in the •OH
generation rate [23]. However, when the pH decreased from 3.0 to 2.5, the COD decrease
rate decreased to 57.73%. At low pH, the excess H+ could react with •OH and terminate
the reaction as shown in Equation (12) [24], diminishing the COD decrease rate.
H+ + •OH + e− → H2 O

(12)

3.1.3. The Effect of Conductivity on COD Decrease
In this study, NaCl was used as the supporting electrolyte to improve COD decrease
efficiency of wastewater (Figure S1). As shown in Figure 3c, the COD decrease rose from
30.65% to 73.03% when the conductivity increased from 5570 µs/cm to 15,800 µs/cm. However, as the conductivity increased further to 29,300 µs/cm, the COD decrease was slightly
decreased to 65.25%. When the NaCl was added into the electrolyzer, active chloric species
like hypochlorite, chlorine dioxide, and chlorine could be generated electrochemically,
leading to indirect oxidation in favor of the COD decrease [25]. Moreover, the conductivity
of the solution was increased to facilitate the electron transfer in the E-Fenton reaction [26].
However, the current was shared by the reaction intermediates and supporting electrolytes.
When the concentration of electrolytes exceeded a certain amount, the proportion of the
reaction to be carried out by the degradation products was reduced, thus the COD decrease
rate decreased. In wastewater treatment, excessive supporting electrolyte does not efficiently increase the COD decrease efficiency. Here, the conductivity was optimized to be
15,800 µs/cm for the COD decrease.
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the highly reactive •OH species (Equation (13)) [27]. Therefore, high H2 O2 concentration
conversely lessened the COD decrease efficiency.

•OH + H2 O2 → HO2 • + H2 O

(13)

3.1.5. The Effect of Current Density on COD Decrease
Current density is an important parameter and strongly affects the degradation performance of the E-Fenton process. As shown in Figure 3e, the COD decrease efficiency
obviously increased from 22.97% to 68.93% with current density from 12.2 mA/cm2 to
30.5 mA/cm2 . Subsequently the COD decrease efficiency slightly decreased as the current
density increased further. In the E-Fenton process, a high enough concentration of Fe2+
ions, produced from the sacrificed anode, was crucial. Increasing the current density
generated more ferrous ions, and more hydroxyl radicals were produced by the Fenton
reaction, leading to the high COD decrease efficiency. However, with further increase of
current density, side reactions occurred as shown in Equations (14) and (15), reducing H2 O2
amount/concentration, which was unfavorable to COD decrease [28,29].
H2 O2 → HO2 • + H+ + e−

(14)

2H2 O + 2e− → H2 + 2OH−

(15)

The optimal current density was 30.5 mA/cm2 for 3 g/L quinoline, where the E-Fenton
process provided the highest COD decrease efficiency.
3.1.6. The Effect of Voltage on COD Decrease
Figure 3f reveals the effect of applied voltage on COD decrease. The COD decrease
gradually rose from 22.97% to 66.64% as the applied voltage increased from 12.9 V to 26.5 V.
The COD decrease was greatest with the voltage 26.5 V. Further growth of the applied
voltage did not amplify COD decrease efficiency along with high power consumption. In
this study, the optimal voltage was 26.5 V.
3.2. Kinetics Analysis of COD Degradation
The establishment of a kinetic model can provide support for the scale-up and industry.
We investigated the COD degradation kinetics with quinoline in the E-Fenton system.
Based on the above optimum parameters, we investigated the kinetics of COD decrease in
the following experimental conditions: initial pH 3.0, conductivity 15,800 µs/cm, H2 O2
concentration 71 mmol/L, current density 30.5 mA/cm2 , voltage 26.5 V, and reaction time
20 min. The relationship between the COD of quinoline solution and reaction time is shown
in Table S1. The kinetic rate constants were obtained by adopting the linearized forms of
first-order and second-order kinetic models (Equations (10) and (11)). The linear plots are
depicted in the Figure 4 and the results are shown in Table S2.
COD degradation of quinoline solution in E-Fenton system was checked for linear
fitting based on two different reaction orders (first and second orders). Figure 4a is the COD
degradation curve of the batch that had the highest efficiency among the considered runs
of quinoline degradation in the study. The linear regression testing for first-order reaction
and second-order reaction are shown in Figure 4b,c, respectively. The results showed
that the R-squares were 0.9946 and 0.9813 in the two reaction orders and the first-order
reaction had the higher R-square value. Thus, the COD degradation of quinoline solution
by the E-Fenton process matched the first-order kinetics. The apparent rate constant was
determined to be 0.0707 min−1 .
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The •OH radicals are well known as the dominative active species responsible for the
COD degradation curve of the batch that had the highest efficiency among the considered
E-Fenton oxidative reactions [30,31]. To explore the reaction mechanism of the E-Fenton
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time, as shown in Figure 4d. This indicated that •OH radicals progressively increased with
electrolysis time in 20 min.
3.4. Degradation Pathways of Quinoline
To explore the oxidation degradation pathways, GC–MS was employed to identify
intermediate compounds produced during the catalytic oxidation degradation process
of quinoline. Figure 5a showed the GC–MS chromatogram of quinoline solution after
being treated with the E-Fenton process for 20 min. A series of peak spectra were obtained and the highest peak in the spectrum was assigned to quinoline, the amount of
other intermediates was relatively low. The products of other intermediates have been
mineralized by electrolysis, and therefore the lower peaks were presented. Mass spectra
of the main intermediate products are illustrated in Figure 5b–f. The main intermediates
during quinoline degradation are listed in Table S3. Four main intermediates, including 2(1H)-quinolinone, 4-chloro-2(1H)-quinolinone, 5-chloro-8-hydroxyquinoline, and
5,7-dichloro-8-hydroxyquinoline, were identified, and the reliability was above 85%.
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Quinoline is a type of nitrogen heterocyclic compound and it lacks a π electron. The
lone-pair electrons at the nitrogen atom does not conjugate with the heterocyclic ring,
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strong electronegativity and electron affinity [36]. The calculated gap between the highest
occupied molecular orbital (HOMO) of quinoline and the lowest unoccupied molecular
orbital (LUMO) of •OH is 10.7 eV, while the gap between the LUMO of quinoline and
HOMO of •OH is −11.3 eV. Consequently, the electron could transfer from the HOMO
of •OH to the LUMO of quinoline. The Natural charges were −0.18 on carbon 3 and
−0.17 on carbon 6, respectively. The electrophilic addition of •OH was excited to attack
the benzene ring of quinoline, leading to formation of hydroxylated derivatives, such
as 8-hydroxyquinoline. The Natural charge on position 6 in 8-hydroxyquinoline was
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−0.22, lower than other positions on benzene ring. The oxidation of active chloric species
produced 5-chloro-8-hydroxyquinoline and further 5,7-dichloro-8-hydroxyquinoline. The
derivatives were further attacked by •OH radicals and active chloric species, leading to
cleavage of the benzene ring and yielding nitrogen-containing intermediate compounds,
such as 2-picolinic acid. These nitrogen-containing intermediates then formed small
molecules and mineralized to form CO2 and H2 O. The Fukui function indices for all
intermediates except for N-phenylformamide (free radical) were also calculated for the
intermediates in Tables S4–S12, which indicated similar results to the above discussion for
the degradation process.
Based on the identification of intermediates, another possible degradation pathway
of quinoline by the E-Fenton process has been proposed. First, the pyridine ring was
attacked by hydroxyl radicals to form 2-hydroxyquinoline, with is rapidly oxidized into
2(1H)-quinolinone. The Natural charges on atoms 3 and 8 turn positive because of the
large electrophilicity of oxygen atom. The calculated energy of 8-hydroquionline is slightly
higher than that of 2-hydroquionline by 5.4 kcal mol−1 . The introduction of an oxygen
group at position 8 in pyridine ring led to the increase of charge density on carbon atom
10, which was prone to electrophilic reaction. The 2(1H)-quinolinone was oxidized by
active chloric species into 4-chloro-2(1H)-quinolinone. Upon the further attack of hydroxyl
radicals and active chloric species, the pyridine ring fragmented into N-phenylformamide.
The N-phenylformamide is in turn oxidized into aniline and benzene. Finally, the benzene
ring fragmented into small molecules, which were mineralized to CO2 and H2 O.
When nitrogenous heterocyclic compounds were oxidized and degraded, oxidants
with strong electronegativity would attack carbon atoms with high electron cloud density
and broke aromatic rings upon effective collision. As •OH radicals and active chlorines attacked aromatic rings, hydroxylation and chlorination first took place. Next, hydroxylated
derivatives and chlorinated derivatives fragmented into intermediates containing aromatic rings, which were further oxidized to produce organic acids or other small molecule
substances. In the end, the small molecule substances were mineralized into CO2 and H2 O.
3.5. Mass Balance and Cost Calculations
The results of mass balance and cost calculations in the E-Fenton process under the
optimal process conditions are shown in Table S13. At full-scale operation, the treatment
cost per ton of wastewater is about 2.05 dollars.
4. Conclusions
We found that the bipolar E-Fenton process could effectively degrade quinoline in
wastewater. The optimal conditions for quinoline degradation by the E-Fenton process
were determined. With the optimal conditions, the COD decrease efficiency of quinoline
solution could reach 75.56%. The current density had a great influence on the COD
decrease efficiency of quinoline. Kinetics analysis showed that the COD degradation of
quinoline solution by the E-Fenton process followed the first-order kinetics. The addition
of NaCl was confirmed to have a synergistic effect in the E-Fenton system. By using NaCl
as electrolyte, hydroxyl radicals and active chloric species were the dominant oxidants.
Upon the attack of •OH radicals and active chloric species derived from the oxidation of
chloride ions, two possible degradation pathways of quinoline were proposed. Quinoline
molecules were firstly attacked to produce hydroxylated derivatives and chlorinated
derivatives. The derivatives further fragmented into small molecules. In the end, the small
molecule substances were mineralized into CO2 and H2 O. The present work demonstrated
the potential of the E-Fenton process using iron electrodes to mineralize quinoline and
provided a foundation for the degradation of quinoline substances in wastewater by the
E-Fenton process in practical applications.
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