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Abstract: 2,4-dichlorophenoxyacetic acid (2,4-D) is a widely used herbicide for controlling broad-
leaved weeds. The development of an efficient process for treating the refractory 2,4-D wastewater
is necessary. In this study, liquid-phase degradation of 2,4-D induced by radio frequency discharge
(RFD) was studied. Experimental results showed that the degradation was more effective in acidic
than in neutral or alkaline solutions. During the degradation, a large amount of hydrogen peroxide
(H2O2, 1.2 mM/min, almost equal to that without 2,4-D) was simultaneously produced, and catalytic
effects of both ferric (Fe3+) and ferrous (Fe2+) ions on the degradation were examined and compared.
It was found that 2,4-D degraded more rapidly in the case of Fe3+ than the that of Fe2+. Such a
scenario is explained that Fe3+ was successively reduced to Fe2+ by the atomic hydrogen (•H) and
•OH-adducts of 2,4-D resulting from RFD, which in turn catalyzed the H2O2 to form more •OH
radicals through Fenton’s reaction, indicating that Fe3+ not only accelerates the degradation rate
but also increases the amount of •OH available for 2,4-D degradation by suppressing the back
reaction between the •H and •OH. 2,4-dichlorophenol, 4,6-dichlororesorcinol, 2-hydroxy-4-chloro-
and 2-chloro-4-hydroxy- phenoxyacetic acids, hydroxylated 2,4-Ds, and carboxylic acids (glycolic,
formic and oxalic) were identified as the byproducts. Energy yields of RFD have been compared with
those of other nonthermal plasma processes.

Keywords: aqueous solution; radio frequency discharge; 2,4-D; degradation; Fenton

1. Introduction

2,4-dichlorophenoxyacetic acid (2,4-D) is a systemic herbicide extensively used for
broad-leaved weeds control in cereal crops, pastures, and orchards. 2,4-D kills dicots (but
not grasses) by mimicking the growth hormone auxin, causing uncontrolled growth and
eventual death of the susceptible plants [1]. In 2015, the International Agency for Research
on Cancer (IARC) confirmed its 1987 classification of 2,4-D as a Group 2B carcinogen [2,3].
Due to its massive use and high solubility in water, 2,4-D can easily seep into the aquatic
environment during its production and application. 2,4-D is hardly biodegradable at
concentrations higher than 1.0 mg/L [4]. Acid-washed powdered activated carbon (PAC)
can effectively adsorb 2,4-D from aqueous media [5]. However, as PAC adsorption is
just a phase transferring process, the adsorbent becomes a hazardous waste when it is
saturated with pollutants that need to be properly disposed of. In this context, some
energetic methods such as TiO2 photocatalysis [6], electrochemical oxidation [7], gamma
irradiation [8], sonolysis or their combination [9] have been developed. Although showing
some promising, these processes suffer respective deficiencies of either process complexity
or low energy utilization, and the search for efficient and effective 2,4-D decomposition
processes is necessary.

In the past decades, electrical discharges for water purification have been investigated
extensively [10–12]. Pulsed corona discharge (PCD) inside water, glow discharge in contact
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with water and dielectric barrier discharge (DBD) close to water surface etc. were usually
employed for the decomposition of harmful pollutants [12]. Degradation of 2,4-D by
PCD over water surface [13,14] and by DBD in planar falling film reactor [15] have been
evaluated and compared with some typical water treatment technologies. Recently, radio
frequency discharge (RFD) [16,17] is receiving increasing attention as a novel plasma
water treatment process due to its easy formation both in pure water and in solution with
high conductivity [17], low breakdown voltage [18] and experimental simplicity. Several
chemically active radicals (•OH, H•, •O, etc.) derived from H2O molecules were in situ
generated, which can initiate the degradation of organic pollutants such as methylene
blue [16] and Congo Red [18]. Wang et al. investigated the RFD of metronidazole [19]
and found that reducing species played a significant role during the degradation. The
formation of hydrogen peroxide (H2O2) during RFD of pure water was reported, and
some catalytic effects of ferrous sulfate on the dye discoloration were observed. However,
H2O2 quantification with the presence of the dye was not performed. In addition, when
ferrous ion (Fe2+) was added to the solution, it would be rapidly oxidized by H2O2 into
ferric ion (Fe3+) [16]. However, at present, no comparison in catalytic effect between Fe2+

and Fe3+ has been made. In this study, both 2,4-D degradation and H2O2 formation were
investigated. Besides optimizing the experimental conditions, the catalytic mechanism of
iron salts, especially that of the Fe3+ on the degradation was fully explored.

2. Experimental

The experimental apparatus, consisting of a radio frequency power supply (RSG-300,
Reshige Electronics Inc., Changzhou, China), a vacuum matching box, a quartz reactor and
a coaxial electrode system, is shown in Figure 1.

Figure 1. Experimental apparatus for 2,4-D degradation.

The reactor was a quartz cylinder with 60 mm of inner diameter and 150 mm in height.
The coaxial electrode system consists of an inner electrode (pointed Pt wire, Φ = 1.0 mm),
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a quartz tube (i. d. = 1.0 mm, o. d. = 2.0 mm), and an outer electrode (copper tube,
i. d. = 2.2 mm, o. d. = 3.0 mm). Discharge is generated at the tip of the inner electrode in
contact with the liquid. In such an electrode system, the discharge can be stably sustained
without the shielding box needed in conventional RFD [18,19]. 2,4-D was dissolved in
distilled water and a 250 mL portion was poured into the reactor for treatment. Na2SO4
was used to adjust the solution conductivity. The pH of the solution was adjusted with
dilute H2SO4 or NaOH to the expected value. During the reaction, the plasma heats the
water in the reaction cell [16]. The reaction vessel was coated by a water jacket, where the
temperature of the solution was kept at 298 ± 2K by running with cooling water.

During the discharge, the solution in the reactor was constantly agitated by a magnetic
stirrer and the aliquots were periodically taken out for analysis. 2,4-D and the phenolic
byproducts were analyzed by a reversed-phase HPLC (SHIMADZU LC-20A) coupled with
a diode array UV detector. A C18 (4.6 × 25 mm) column was used for the separation. The
eluent was composed of 40% acetonitrile and 59.9% H2O and 0.1% H3PO4. The flow rate
was 1.0 mL/min. The detection wavelength was usually set at 283 nm. Removal of 2,4-D
(η2,4-D) was calculated according to Equation (1).

η2,4-D(%) =
(C0 − Ct)

C0
× 100 (1)

where Ct (mM) was the concentration of 2,4-D at discharge time t and C0 (mM) was
the initial concentration of 2,4-D. Energy yields for 2,4-D removal (J2,4-D) is calculated as
Equation (2) [11,14].

J2,4−D =
C0Vol
2Pt1/2

(2)

where Vol represents the solution volume (L), P the input power (W) and t1/2, the discharge
time required for 50% removal of 2,4-D (s).

The phenolic byproducts were identified by comparison of their retention times and
UV spectra with those of the authentic standard samples or with the help of LC-MS [20].
Determination of organic acids and chloride ions (Cl−) was performed by ion chromatogra-
phy (IC, DIONEX ICS-1100) equipped with an Ion Pac AG-23 column. 0.01 mol/L KOH
solution was used as the eluent with a flow rate of 1.0 mL/min. H2O2 was determined
by a colorimetric method where the yellow color pertitanic acid formed by mixing the
treated solution with titanium sulfate was determined by absorption at 410 nm [21]. The
concentration of Fe2+ was determined colorimetrically where 1,10-phenanthroline was
used as the color reagent [22]. It is noted that some catalase should be immediately added
to the solution to decompose the residue H2O2 as it interferes with the determination
of the Fe2+. Total organic carbon (TOC) was measured by a TOC analyzer. The gaseous
hydrogen evolved from the solution was determined by gas chromatography (GC-2014C,
SHIMADZU). Each determination was performed three times and the average value was
adopted, with a standard deviation of less than 4.5%.

3. Results and discussion
3.1. 2,4-D Degradation and Chloride Formation

2,4-D undergoes efficient degradation when subjected to RFD. Figure 2 shows the
decays of 2,4-D and TOC and the formation of Cl− during the RFD treatment.

As depicted in Figure 2, both 2,4-D and TOC declined exponentially while the yield of
Cl− increased gradually with increasing discharge time. The TOC decreased less rapidly
than 2,4-D, indicating that intermediate byproducts were formed during the discharge. At
the initial stage (<60 min), the yield of Cl− is less than that expected from the decomposition
of the parent compound. With 60 min of discharge treatment, 61% of 2,4-D was degraded
and 0.32 mM of Cl− was generated, meaning that only 26% of the organic chlorine of the
transformed 2,4-D was mineralized into Cl−. After 140 min of discharge, the concentration
of 2,4-D was below the detection limit and 1.63 mM of Cl− was generated, where the yield
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of Cl− reached 82%. After 210 min, the Cl− reached its stoichiometric point (2.0 mM), and
after 300 min. (not shown in the figure), the concentration of TOC reached zero, indicating
that 2,4-D was totally transformed into inorganic carbon and Cl− under the action of RFD.
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Figure 2. Decays of 2,4-D and TOC and formation of Cl− during RFD treatment. ([2,4-D]0, 1.0 mM;
input power, 200 W; pH0, 6.51).

3.2. Effects of Initial pH on 2,4-D Degradation

pH is an important parameter affecting the degradation process. In order to better
elucidate the effects of pH on 2,4-D degradation, pH variations during the RFD in the
presence and absence of 2,4-D are illustrated in Figure 3.

Figure 3. Variations of pH in the presence and absence of 2,4-D during RFD treatment (input power,
200 W; [2,4-D]0, 1.0 mM; initial pH, 6.51).
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As shown in Figure 3, without 2,4-D, the solution pH varied little during the discharge.
However, in the presence of 2,4-D, the pH dropped dramatically. The decrease of pH in
presence of 2,4-D can be explained by the formation of HCl and organic acids (c.f. 3.4).
In order to better examine the effect and mechanism of pH on 2,4-D degradation, the
experiments were performed both in buffered and unbuffered solutions. Here, phosphates
were chosen as the buffering agents as the rate constants for the reactions of phosphates
with •OH (e.g., Equations (3) and (4)) [23] are much smaller than that for the reaction of
SO4

2− (Equation (5)) [14].

H2PO4
− + •OH→ H2PO4• + OH− k3 = 2.0×104 M−1·s−1 (3)

HPO4
2−+ •OH→ HPO4

−• + OH− k4 = 1.5×105 M−1·s−1 (4)

SO4
2− + •OH→ SO4

−• + OH− k5 = 1.5×106 M−1·s−1 (5)

Figure 4 shows the 2,4-D removal under different initial pH (pH0) values with 10 min
of RFD treatment in unbuffered and phosphate buffered (prepared with 2.0 mM NaH2PO4,
no data from pH0 3.0 to 6.0 as it has little buffering in the range) solutions.

Figure 4. 2,4-D removal under different initial pH values in buffered and unbuffered solutions (input
power, 200 W; [2,4-D]0, 1.0 mM; discharge time, 10 min).

It can be observed from Figure 4 that the 2,4-D removal decreases with increasing
pH0, both in the cases of the buffered and the unbuffered solutions. The removal of 2.4-D
declined from 37% at pH 2.0 to almost half (18%) at pH0 9.0 and from 33% at pH 2.0 to
13% at pH0 8.0, meaning that the decrease is more pronounced in the buffered solution.
Such phenomena can be explained that the degradation of 2.4-D in RFD is mainly an •OH
radical process (degradation rate decreased in the presence of ·OH scavenger, not shown in
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the figure), [20] it is more advantageous to the decomposition under acidic conditions as
the alkoxyl group is more easily to be released from the C1 ·OH adducts in the presence of
H+ [24,25] (Scheme 1):

Scheme 1. H+ catalyzed cleavage of C1 ·OH adducts.

Figure 4 shows that the difference in 2,4-D degradation between pH 4.0 and 9.0 was
less noticeable in the case of unbuffered solution than in buffered ones, possibly due to the
formation of acids which reduced the pH gap in the unbuffered system.

3.3. H2O2 Formation and Effects of Iron Salts on 2,4-D Degradation

Previous studies showed that the major molecular product formed in the liquid phase
is H2O2. [16,17] However, the formation of H2O2 in the presence of organic pollutants has
rarely been reported. [16] In this investigation, H2O2 generated both in the presence and
absence of 2,4-D is presented in Figure 5.

Figure 5. H2O2 generation in the presence and absence of 2,4-D in RFD (input power, 200 W; [2,4-D]0,
1.0 mM; pH0, 5.6).
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It can be seen in Figure 5 that less H2O2 was generated in 2,4-D solution than in
solution without it, meaning that •OH radicals are the primary precursors of H2O2 and
are the active species for 2,4-D degradation. However, the discrepancy is little in the early
stage (<15 min), and the gap between the two concentrations of H2O2 was less than 10%,
meaning that the concentration of •OH radicals near the plasma is so high that only a small
part of them was consumed by 2,4-D and the rest dimerized to form H2O2.

The concentration of H2O2 in the presence of 2,4-D traces the curve for experiments
in its absence, indicating that H2O2 alone cannot lead to rapid degradation of 2,4-D. It
is desirable to convert H2O2 into reactive •OH radicals for pollutant degradation. It is
desirable to add iron ions to enhance the •OH radical formation and increase the 2,4-D
decomposition through Fenton’s reaction (Reactions (6) and (7)) [26].

Fe2+ + H2O2 → Fe3+ + •OH + OH− k6 = 40-80 M−1·s−1 (6)

Fe3+ + H2O2 → Fe2+ + HO2• + H+ k7 = 0.001-0.01 M−1·s−1 (7)

The 2,4-D degradation in the presence of 0.5 mM iron ions is shown in Figure 6.
It can be observed from Figure 6 that both Fe2+ and Fe3+ showed remarkable catalytic

effects on 2,4-D degradation. With 5 min of discharge, 2,4-D removal in the presence of Fe3+

(38%) was a little higher than that of Fe2+ (36%), where it was only 20% without a catalyzer.
However, the catalytic effect of Fe3+ was more obvious than that of Fe2+ with increasing
discharge time. At 10 min. the 2,4-D was totally removed in Fe3+ while only 70% was
achieved for Fe2+. Such a phenomenon is abnormal in conventional Fenton reactions, as the
reaction (7) is several orders of magnitude slower than the reaction (6). The reason may be
that Fe3+ has been reduced by the ·OH-adducts formed by addition to the ring at positions
unoccupied by the substituted groups (hydroxycyclohexadienyl radicals), producing the
corresponding hydroxylated 2,4-Ds and Fe2+ [25,27] (Scheme 2):

Figure 6. Effect of iron ions on 2,4-D removal in RFD treatment. (Conductivity 1.5 mS/cm, pH0 2.0,
input power 200 W).
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Scheme 2. Fe3+ reduction by •OH-adducts formed by addition to the ring at positions unoccupied
by the substituted groups (hydroxycyclohexadienyl radicals).

On the other hand, in the present pH range, much of Fe3+ is present in the form
of FeOH2+, which can be efficiently reduced by the ·H atoms generated by the RFD to
Fe2+ [28]:

·H + FeOH2+ → Fe2+ + H2O (8)

Fe2+ ion resulting from the reactions above reacts with H2O2 (reaction (6)) to convert
the H2O2 back to ·OH radicals, ultimately leading to the decrease in H2O2 formation
(Figure 5) and the increase in 2,4-D degradation (Figure 6) [13].

In order to prove the above assumptions, formations of Fe2+ and molecular hydrogen
(H2) during RFD were investigated, and the results were shown in Figure 7a and b, respectively.

It can be observed from Figure 7a that, in the case of Fe3+, a lot of Fe2+ was formed
during the RFD in the presence of 2,4-D and little Fe2+ was detected in the absence of 2,4-D,
indicating the UV radiation from RFD is too weak to effectively induce the photoFenton
activation (FeOH2+ + UV→ Fe2+ +·OH) [29]. Figure 7b shows that the amount of H2 in the
gas phase decreased in the presence of Fe3+. At 10 min. about 0.3 mmol H2 was evolved
from the solution in the absence of Fe3+. However, only 0.19 mmol H2 was detected when
0.5 mM Fe3+ was added to the solution, which means that at least 0.22 mmol Fe3+ was
reduced to Fe2+ by the ·H atoms. As the reaction between ·H and ·OH is suppressed due
to the scavenging effect of Fe3+ [30], which in turn increases the amount of ·OH radicals
available for 2,4-D degradation.

H +·OH→ H2O (9)

However, as shown in Figure 7b, the amount of H2 formed with the case of Fe2+ is
higher than that without it. This can be explained that the •OH produced by RFD can
rapidly oxidize the Fe2+ to Fe3+, which suppressed the Reaction (9) and increase the amount
of ·H and ultimately the amount of H2 via dimerization [30].

OH + Fe2+ → Fe3+ + OH− (10)

H + H→ H2 (11)

Fenton reagent (Fe2+ + H2O2) oxidation is an effective method for degradation of
the refractory organic pollutants. However, the reaction has to be undertaken in acidic
conditions (pH: 2–4). In addition, as the Fenton reaction proceeds, the Fe2+ rapidly oxidizew
to Fe3+ and the reaction becomes a Fenton-like one, which leads to a substantial decrease
in the reaction rate. In order to accelerate the reaction, ultraviolet light (UV) was usually
employed (UV/Fenton). However, UV/Fenton was only effective in solutions with high
UV transmittance. In RFD of 2,4-D, Fe3+ showed an extraordinary catalytic effect due to its
successive reduction to the Fe2+, meaning that RFD may be used to promote the Fenton-like
reactions, especially in liquids with poor UV transmittance, which is of interest because
most real wastewater is UV opaque. In addition, the pH of the solution can spontaneously
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drop to the Fenton’s operation range, indicating that Fe3+/RFD is a promising process for
2,4-D degradation. In order to further clarify the potential application of RFD in accelerating
the Fenton-like process, concentrated 2,4-D degradation by Fe3+/H2O2 in the presence and
absence of RFD was performed, and the results were shown in Figure 8.

Figure 7. Formations of Fe2+ (a) and H2 (b) during RFD (input power, 200 W; pH0, 2.0).
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Figure 8. Accelerating effect of RFD for Fenton-like process (input power, 200 W; pH0, 2.0).

It can be observed from Figure 8 that without RFD, little 2,4-D degradation proceeded.
When RFD was applied in the Fenton-like process, the 2,4-D degradation was significantly
enhanced where it could be removed completely in 25 min. of RFD, indicating that RFD
was a useful tool for accelerating the Fenton-like process.

3.4. Intermediate Products Formation and Possible Decomposition Pathway

In order to gain insight into the 2,4-D decomposition mechanism, HPLC and IC
were utilized to help identify the intermediate products. Figure 9 shows the HPLC chro-
matograms of the solution within 40 min of RFD treatment monitored at 283 nm.

Figure 9. HPLC chromatograms during the RFD treatment (input power, 200 W; [2,4-D]0, 1.0 mM;
pH0, 2.0).
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As shown in Figure 9, several byproducts were observed. The peaks at retention
times 12.8 min and 23.5 min are 4,6-dichlororesorcinol (4,6-DCR) and 2,4-Dichlorophenol
(2,4-DCP), respectively. Three isomers of hydroxylation products of 2,4-D, i.e., 3-, 5- and
6-hydroxy-2,4-D (C8H6Cl2O4) and two chlorohydroxyl isomers (2-hydroxy-4-chloro- and
2-chloro-4-hydroxyphenoxyacetic acid: C8H7ClO4) were roughly identified by the LC-
MS [20]. As no standards are available for these products, their precise identification
and quantification cannot be performed. As 2,4-DCP is found as a common intermediate
byproduct in other methods, [6–9] the concentration variation of 2,4-DCP as a function of
discharge time is given in Figure 10.

Figure 10. Appearance and decay profile of 2,4-DCP during RFD (input power, 200 W; [2,4-D]0,
1.0 mM; pH0, 2.0).

It can be observed from Figure 10 that the 2,4-DCP forms immediately after the dis-
charge takes place. Its concentration increases gradually with discharge time trough to
90 min and then progressively diminishes. Such a gradual increasing and then decreasing
trend is always observed in other treatment processes. The maximum concentration of
2,4-DCP formed is 0.11 mM in RFD of 1.0 mM 2,4-D. In comparison, more than 0.5 mM
2,4-DCP was formed in TiO2 photocatalysis of 1.0 mM 2,4-D [6], 0.04 mM in γ radiolysis
of 0.5 mM 2,4-D [8] and 0.02 mM in sonolysis of 0.22 mM of 2,4-D [9], respectively, in-
dicating that the 2,4-DCP buildup/decomposition pattern in RFD is similar to those in
γ radiolysis and sonolysis (the maximum concentration of 2,4-DCP is about 10% of the
parent compound).

Aliphatic acids with a retention time of less than 3 min are difficult to quantify as
HPLC cannot separate them well. Therefore, IC was employed to determine the organic
acids, and results are shown in Figures 11 and 12, respectively.
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Figure 11. IC chromatogram of the RFD of 1.0 mM 2,4-D in pure water (input power, 200 W; discharge
time, 40 min).

Figure 12. Carboxylic acids determined by IC during RFD (input power, 200 W; [2,4-D]0, 1.0 mM;
pH0, 2.0).

As shown in Figure 11, glycolic acid, formic acid and oxalic acid were produced. The
yields of formic acids and glycolic acid increased to the maximums within 120 min and
then diminished gradually. On the other hand, the yield of oxalic acid increased smoothly
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within 180 min and then declined. At 120 min, they are present with: glycolic acid at
0.31 mM, formic acid at 0.20 mM, and oxalic acid at 0.13 mM (Figure 12).

Figure 12 shows that the amount of glycolic acid accounts for almost half of the de-
graded 2,4-D, indicating that its formation results from the primary reaction step. Glycolic
acid was formed by cleavage of ipso-•OH-adducts on position 1 of 2,4-D [25] (Scheme 3):

Scheme 3. Glycolic acid formation by cleavage of ipso-•OH-adducts on position 1 of 2,4-D.

Formic and oxalic acids are common ring opening byproducts of aromatic compounds
in advanced oxidation processes [12]. However, it should be noted that acetic acid observed
in the ionizing radiation of 2,4-D [20] was not detected in the present investigation. This
may be because the retention time of acetic acid is very close to that of glycolic acid in IC.

The formation of chloride ion (Cl−) was attributed to the addition of •OH on the
position of 2 or 4, followed by the fast elimination of HCl [20] (Scheme 4):

Scheme 4. Formation of chloride ion (Cl−) due to the addition of •OH on the position of 2 or 4,
followed by the fast elimination of HCl.

•OH radicals addition to the unsubstituted position of 2,4-D and then oxidized by
phenoxyl radical to produce the hydroxylated 2,4-Ds and 2,4-dichlorophenol or chlorohy-
droxyphenoxyacetic acid [31] (Scheme 5):
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Scheme 5. Mechanism for formation of hydroxylated 2,4-Ds, 2,4-dichlorophenol and chlorohydrox-
yphenoxyacetic acid.

Further hydroxylating of 2,4-DCP or ydroxyl-2,4-D leads to the formation of 4,6-
DCR [32] (Scheme 6):

Scheme 6. Mechanism for the formation of 4,6-DCR.

It is noted that typical phenolic byproducts such as 4-chlorocatechol, 2-chlorohydroquinone
and 1, 2, 4-trihydroxybenzene commonly found in other radical processes were not ob-
served in the present investigation, possibly because of their unstable nature [7].

Based on the above observations, the probable reaction mechanism for 2,4-D decom-
position by RFD is proposed in Scheme 7.
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Scheme 7. Proposed decomposition pathway for 2,4-D decomposition in RFD.

Scheme 7 shows that degradation of 2,4-D in RFD proceeds as follows: initiation of the
reaction, ring destruction and oxidation of the organic acids. At the beginning stage, •OH
radicals resulting from the RFD reacting with 2,4-D, forming the hydroxycyclohexadienyl
radicals (•OH adducts). The •OH adducts formed on ipso positions subsequently undergo
HCl and glycolic elimination, forming the corresponding phenoxyl radicals. The resulting
phenoxyl radicals are unstable and rapidly oxidize the •OH adducts of the unsubstituted
positions to form the corresponding phenols (2,4-DCP, 2-hydroxy-4-chloro- and 2-chloro-
4-hydroxy- phenoxyacetic acids) and hydroxylated 2,4-Ds. Further hydroxylating of the
aromatic ring leads to the ring cleavage to form the organic acids. The organic acids
are eventually oxidized by •OH radicals into CO2 and H2O. As indicated in Figure 6,
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the solution would be acidic at the end of the discharge if the 2,4-D decomposition was
conducted in neutral pH. Therefore, the final product in the solution would be HCl.

3.5. Energy Yields Evaluation

Energy yields (J2,4-D) is a significant factor in evaluating the feasibility of practical
application. J2,4-D is calculated according to Equation (2). J2,4-D and reaction rate constant
(k, min−1) [11] of RFD, other nonthermal plasma systems and some competitive methods
are summarized in Table 1.

Table 1. Energy yields for 2,4-D removal of RFD and other methods.

C0 (mM) Method
k J2,4-D

References
min−1 g/kWh

1.0 RFD 200 W, pH0 2.0 0.018 0.35 This work
1.0 RFD 200 W, pH0 2.0, 0.5 mM Fe3+ 0.078 1.51 This work
1.0 RFD 200 W, pH0 2.0, 0.5 mM Fe2+ 0.063 1.22 This work

10.0 RFD 200 W, pH0 2.0, 20 mM H2O2
2,4-D, 0.5 mM Fe3+ 0.047 9.06 This work

0.0045 PCD over water surface, air as
discharge gas (PCD/Air) 1.50 [19]

0.25 TiO2 photocatalysis, 125 W, 2.0g/L
TiO2, pH0 3.3 0.76 [6]

0.22 Sonolysis, 50 W, O2 sparging 1.75 [9]
0.45 DBD/Ar-Fenton 8.83 [15]
0.45 DBD/Ar 3.85 [15]
0.45 DBD/Air, 200 W 0.25 [15]

Table 1 shows that the J2,4-D of RFD is comparable to that of sonolysis and is higher than
that of TiO2 photocatalysis. Among the nonthermal plasma systems, J2,4-D follows the order
of DBD/Ar-Fenton ≈ RFD-Fenton like > DBD/Ar > PCD/Air ≈ RFD/Fe3+ > DBD/Air. It
is shown that the J2,4-D of RFD/H2O2/Fe3+ is comparable to that of DBD/Ar-Fenton, the
most efficient nonthermal plasma process reported. However, DBD/Ar-Fenton has to be
operated in a pure noble argon atmosphere, instead of air, which would greatly increase
the experimental complexity and the operation cost, indicating that RFD is not only a
competitive process for 2,4-D degradation itself but also a useful tool to accelerate the
Fenton-like process.

4. Conclusions

2,4-D can be efficiently degraded and dechlorinated under the action of RFD. The
successive attack of •OH radicals on the benzene ring was the key step. Decreasing
solution pH was favorable for the degradation. During the discharge, pH gradually
decreases as HCl and organic acids are formed, and significant quantities of hydrogen
peroxide are produced. Both Fe3+ and Fe2+ displayed marked catalytic effects. However,
due to the reducing actions of the •OH-adducts and the hydrogen atoms, Fe3+ performed
better than Fe2+, which indicates that RFD may also be used to promote the Fenton-like
reactions. Major intermediate byproducts are 2,4-dichlorophenol, 4,6-dichlororesorcinol,
hydroxylated 2,4-Ds, 2-hydroxy-4-chloro- and 2-chloro-4-hydroxyphenoxyacetic acids,
glycolic acid, formic acid, oxalic acid and chloride ion. RFD has comparable energy yields
with those of pulsed corona discharge over a water surface and sonolysis and is higher than
that of TiO2 photocatalysis, indicating that RFD is a useful process for 2,4-D decomposition.
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