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HIGHLIGHTS

e Thermally activated

persulfate (TAP) could effectively degrade 2,4-D compared with Fe?*/PS.

o TAP had higher TOC removal, longer radical duration time and wider pH applicability than Fe?*/PS.
o A possible degradation pathway for 2,4-D was proposed.
o TAP was a promising method for removal of herbicide.
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1. Introduction

INFO

ABSTRACT

The chlorinated phenoxy herbicide of 2,4-dichlorophenoxyacetic acid (2,4-D) was oxidized by thermally
activated persulfate (TAP). This herbicide was studied for different persulfate dosages (0.97—7.29 g L™1),
for varying initial pH levels (3—12) and temperatures (25—70°C). Compared with Fe?*/PS, TAP could
achieve a higher total organic carbon (TOC) removal under wider pH ranges of 3—12. Increasing the mole
ratio of PS to 2,4-D favored for the decay of 2,4-D and the best performance was achieved at the ratio of
50. The 2,4-D degradation rate constant highly depended on the initial pH and temperature, in accor-
dance with the Arrhenius model, with an apparent activation energy of 135.24 kj mol~. The study of
scavenging radicals and the EPR confirmed the presence of both SO; and "OH. However, SO3 was the
predominant oxidation radical for 2,4-D decay. The presence of both CI~ and COj5™ inhibited the
degradation of 2,4-D, whereas the effect of NO3 could be negligible. Verified by GC/MS, HPLC and ion
chromatography, a possible degradation mechanism was proposed.

phenoxy herbicides, has been widely used for controlling the weeds
(Jaafarzadeh et al., 2017b; Jia et al., 2017). The presence of 2,4-D

Nowadays, owing to the growing population and high demand
for grain, there has been an increase in pesticide use in order to
increase food production. These pesticides induce the contamina-
tion of both water and soil due to their refractory and toxic char-
acteristics. In some agricultural wastewater the concentration of
pesticides may be up to 500mgL~" (Huy et al., 2017; Jaafarzadeh
et al, 2017a; Li et al, 2017a). In particular, 2,4-
dichlorophenoxyacetic acid (2,4-D), one of the chlorinated
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leads to the contamination of water that could result in causing
cancer to humans and damaging to the environment. Therefore, the
treatment of 2,4-D has received considerable interest for research,
in order to reduce its menace to human health and the environ-
ment (Huy et al.,, 2017; Singh et al., 2017).

Recently, various advanced oxidation processes (AOPs) have
been attempted to degrade 2,4-D, such as electrochemical (Zhu
et al,, 2012; Souza et al., 2016), electro-Fenton (Brillas et al., 2004;
Casado et al., 2006), photocatalysis (Nie et al., 2015b; Mkhalid,
2016; Qiu et al, 2016), Fenton (Chen et al, 2015), ozonation
(Rodriguez et al., 2017). Notably, in the late 1990s, in situ chemical
oxidation (ISCO), which is based on strong oxidants such as ozone,



potassium permanganate and hydrogen peroxide, has received
much attention due to its effective mineralization of recalcitrant
organic compounds (Devi et al., 2016; Pan et al., 2016). In particular,
persulfate (S,047), a promising alternative oxidant, has been
extensively studied due to the following advantages: a high redox
potential (E®=2.01V/SHE) (Deng et al., 2013; Li et al., 2017b;
Matzek and Carter, 2016), activation to sulfate radical with a greater
redox potential (E® = 2.6 V/SHE) and a longer lifetime (1000 fold)
than ‘OH radicals (Devi et al., 2016).

The approaches for persulfate activation include: heat energy
(Nie et al., 2014; You et al., 2015; Peng et al., 2016b; Wang et al,,
2016), alkaline pH (Liang and Guo, 2012), transition metals (Zhao
et al., 2016; Ding et al., 2017), and ultrasound ( Wang et al., 2015 ;
Ye et al., 2016) through the Eqgs. (1)—(3).

$,03" + heat/UV — 2 S04 (1)
S04 + OH™ — SOF + ‘OH (2)
S,0% + Me™ — S07~ + S04 + Me(™+1)+ (3)

Among these methods, transition metal like Fe?* is the most
common due to the relative nontoxicity, low cost and effectiveness.
However, it is mostly used in acidic environments (pH 2—4) and is
not effective for neutral and alkaline conditions. In addition, an
excess of Fe’" may jeopardize the degradation due to SOj
quenching through Eq.(4) (Liang et al., 2013; Gu et al., 2017).
Comparably, for TAP systems an increase in temperature could
result in a faster generation of SO; . Moreover, TAP is promising and
highly effective for the degradation of hazardous contaminants
(Liang et al., 2013; Ghauch et al., 2015; Yang et al., 2017). For the
degradation of 2,4-D, though there are several researches on the
abatement of 2,4-D using the method of TAP, for example,
Kusmierek and co-workers compared the various active method to
decay 2,4-D, whereas only the effect of pH and PS concentration
was studied (Kusmierek et al., 2015). Liang and co-workers also
observed the different activated ways to decay 2,4-D, while mainly
focus on the Fe?*/PS system (Liang et al., 2013). Therefore, there still
have many unknown parameters that could further discuss.

Fe?t 1+ SOy — Fe’' + S03~ (4)

Therefore, sulfate radicals, induced by TAP to treat 2,4-D was
used. The objectives of this study were 1) to compare TAP with
Fe?*|PS to verify the feasibility and advantages of one or the other;
2) to investigate the important factors including PS dosage, tem-
perature of the solution and initial pH; 3) to observe the predom-
inant oxidation radicals in the TAP system under different
conditions. 4) to explore the influence of some common anions
involving Cl-, CO3~ and NO3; 5) to propose a possible degradation
pathway for 2,4-D.

2. Experimental
2.1. Chemicals

2,4-D (Beijing, Lideshi chemical technology Co., Ltd, > 97%) was
used as the target organic pollutant. Potassium persulfate (>99.5%)
and NaCl (>99.8%) were purchased from Tianjin Guangfu technol-
ogy development Co., Ltd. Sulfuric acid (H2SO4), sodium hydroxide
(NaOH) (96%) and methanol (MeOH) (99.9%) were purchased from
Tianjin Kemiou Chemical Reagent Co., Ltd. Phosphoric acid (85%)
was obtained from Tianjin Wind Boat chemical reagents Technol-
ogy Co., Ltd. Tert-butyl alcohol (TBA) (>99.5%) was purchased from
the Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China).

NaNOs3, Na;CO3 (>99.8%) and FeSO4 (>99%) were purchased from
Tianjin Yongda chemical reagents development center. 5,5-
Dimethyl -1- pyridine N-oxide (DMPO) (Shanghai Aladdi biolog-
ical technology Co., Ltd) was used to scavenge SOz and "OH to test
electron paramagnetic resonance (EPR).

2.2. 2, 4-D degradation

The degradation experiments were carried out in a beaker with
thermostatic equipment (DF-101S) to control the working tem-
perature of 20—70°C. 100 mL of 2,4-D (100 mg L~!) was added into
the reactor then it was placed into the thermostatic equipment and
stirred. PS powder ranging from 0.096 g—0.72 g (3.6 mM- 27 mM)
was added into the reactor when the temperature reached the
desired one. In some experiments, initial pH (3—12) was adjusted
with NaOH (0.1 molL™!) and H;SO4 (0.1molL™"). In order to
investigate the effects of inorganic ions, the solution was pre-added
with the CI~, CO3~ and NO3. Methanol and TBA were employed as
radical scavengers, and the mole ratios between MeOH and PS, and
between TBA and ps were 400:1. DMPO was selected as the trap-
ping agent due to the fact that it could react with radical in-
termediates (SO; and "OH) to form stable radical adducts that can
be detected by EPR technology. For this, 80 pL. DMPO (100 mM) was
firstly stored in a centrifuge tube, then 40 pL samples were added to
the existing tubes, and tested immediately. In the Fe?*/PS system,
persulfate powder was firstly fully mixed with 2,4-D solution, then
Fe?* was added to the solution. Regularly, approximately 1.5 mL
solution was sampled and filtered through a 0.22 pm membrane
filter to be analyzed.

2.3. Analysis methods

The concentration of 2,4-D was determined by High Perfor-
mance Liquid Chromatography (FL2200-2) with a Beckman ODS
C18 column (5 pm, ¢4.6 x 250 mm) at a flow rate of 1.0 mL min~!
coupled with a UV detector at a wavelength of 280 nm. The mobile
phase consisted of 60:40 v/v methanol/0.2% phosphoric acid. A gas
chromatography (Agilent 7890A, California, USA)/mass spectrom-
etry (Agilent 5975C) (GC/MS) system was equipped with a HP-5MS
column (30 m, ¢0.25 mm x 0.25 um) and the carrier gas was heli-
um with a flow rate of 1.0 mL min~. The original temperature was
35°C, which was held for 1min. Then the temperature was
increased to 300 °C at a rate of 10 °C/min and held for 1 min. The
injection volume was 1 pL. Both the injector and detector temper-
atures were 280 °C. Chloride (Cl17) and small molecule acids were
measured through an ion chromatograph (IC) (Dionex ICS-900,
USA) coupling an lonPac AS11-HC (¢4 x 250 mm) column and
DS5 conductivity detector. Total organic carbon (TOC) was
measured with an TOC-V¢sy instrument (Shimadzu). EPR mea-
surements of radicals were carried out on a MiniScope MS400
(Freiberg Instruments, Germany), the center field was 320 mT with
a range of 10 mT. The degradation efficiency (n/%) of 2,4-D was
calculated according to Eq. (5),
n:CO*Cfx 100% (5)

Co

Where, Co and C; are the initial concentrations of 2,4-D (mg L™ !)

and concentration at reaction time t.

3. Results and discussion
3.1. Degradation of 2,4-D by Fe’*/PS system

In the Fe?*/PS system, the effect of mole ratio between Fe?" and



PS (18 mM) ([Fe?*]o/[PS] o = 1:18 to 6:18) was investigated and the
decay of 2,4-D was very fast in the first minute then much slower in
1h (Fig. S1). The increase Fe?* concentration from 1 mM to 2 mM
led to an increasing removal from 60.7 to 76.8% during the first
minute. After that, the removal of 2,4-D was delayed due to the
consumption of Fe?*, stopping the PS activation (Nie et al., 2015a).
When the concentration of Fe** was increased to 3mM, the
removal efficiency of 2,4-D was 90.5% in 1 min. However, when the
concentration of Fe?* was 4—6 mM, the increase in 2,4-D removal
was much slower. This may be due to the excessive Fe?t working as
a scavenger of SO (Oh et al,, 2009). Therefore, 3 mM of Fe?* was
selected for further comparison with TAP.

3.2. Comparison between Fe?*/PS and TAP

As shown in Fig. 13, only 2% of 2,4-D was degraded with PS alone
at 25°Cin 1.5 h. When heated at 60 °C without PS, only 1% of 2,4-D
was degraded. When heated at 60°C with PS, 97% of 2,4-D was
removed within 1.5 h. For Fe?*/PS, even though 2,4-D was quickly
degraded, less TOC was removed (8.7%) than TAP (45%) in 60 min.

To explore the possible reasons for this, EPR was conducted in
Fe?*/PS and TAP systems. The DMPO-OH adducts showed the
characteristic 1: 2: 2: 1 quartet (Fang et al., 2017), and DMPO-SO4
adducts displayed the six peaks as 1: 1: 1: 1: 1:1 (Chen et al,
2017b), indicating the simultaneous existence of SO; and "OH.
These results correlated with other reports (Duan et al., 2016; Kang
et al., 2016). As shown in Fig. 1b, in Fe>*/PS, process radicals were
quickly produced whereas they also quickly disappeared. At 30s,
the intensity of SOz and ‘OH was strong, whereas at 1 min the
intensity decreased quickly. At 2 min the signal was very weak, and
after 2 min the intensity of radicals approached the blank (the data
was not provided). This is why 84% of 2,4-D could be removed by
Fe?*/PS within 30 s, howbeit it increased to 90% in 2 min. However,
in the TAP system, though at the beginning the signal of SO; and
‘OH was weak, at 1 min the signal increased quickly, and at 3 and
8 min the signal did not show a tendency to decrease (Fig. 1c). At
8 min the removal of 2,4-D for Fe>*/PS was better than for TAP,
whereas the oxidation potential for TAP was higher than that for
Fe?*/PS. Overall, Fe>" activated PS was a rapid and short process,
whereas in TAP, it was a continuous strengthening process due to
the heat energy. Therefore, better TOC removal was observed for
the TAP process than for the Fe?*/PS, confirming the effectiveness
of the former.

Table 1 lists the comparison of different AOPs methods to
remove 2,4-D. For the electrochemical advanced oxidation pro-
cesses (EAOPs), for example, the electrochemical oxidation or the
combined methods such as electro-Fenton/BDD, though the rate
constant of degradation was high, the TOC removal efficiency was
low (Zhao et al., 2010). For the eletrochemical activation of PS, as
listed in Fig. S2, the increase in the current density accelerated the
degradation of 2,4-D meanwhile the side reactions were also
enhanced, and thus led to an increase in energy consumption (Bu
et al., 2018). So 10 mA/cm? was selected for the comparison. At
this condition the rate constant and TOC removal rate were both
lower than the method of TAP. According to the degradation rate
constant in this work (0.186 min~!), the oxidation rate was higher
than those by the combined methods including the hydrothermal
electrocatalytic oxidation method (0.0303 min~!) which needed a
much higher temperature, the photo-degradation method
(Zn[n254/g—C3N4). FeS/Hzoz, Ti02/UV, TiOZ/Og/UV and nano—Fe203
catalysis (Giri et al., 2010; Chen et al., 2015; Qiu et al., 2016;
Jaafarzadeh et al., 2017a; Kermani et al., 2018). Therefore the TAP
system was an efficient method to treat 2,4-D.

3.3. Effect of persulfate dosage

In the TAP system, the amount of PS plays an important role.
Therefore different mole ratios between PS and 2,4-D (8, 12, 20, 30,
40, 50, 60) were studied. As shown in Fig. 2, when the ratio was 8
and 12, only 58.2% and 74% 2,4-D was oxidized for the reaction time
of 180 min, respectively. However, further increased the ratio from
20 to 60, the complete removal of 2,4-D achieved for the reaction
time of 210 min, 120 min, 90 min and 60min, respectively. The best
performance was recorded for ratio 50. The degradation of 2,4-D
correlated well to a pseudo-first-order kinetics model, as
described in Eq. (6)

—wz k2,4 - D] (6)

Where k is the pseudo-first-order rate constant (s—'), and [2,4-
D] is the concentration of 2,4-D (mg L~ !). The rate constant
increased as the ratio improved from 8 to 50 (8.3 x 10 to
1.4 x 1072 s~ 1) then decreased at ratio of 60 (1.0 x 103 s~1). From
ratio 8 to 50, ty)2 was shortened from 2.32 h to 8.25 min (Table ST).
Based on these results that the rate of 2,4-D could be enhanced by
an increase of persulfate concentration to some extent. Normally, at
a high ratio, more SO;~ would be generated whereas the excess SOz
may scavenge SOz due to the high reaction rate described in Eq. (7)
(Peng et al., 2016a). It can explain the decrease in performance for
the ratio of 60.

SO4 + S04 — S208~  k=40x108M's™! (7)

3.4. Effect of temperature

Fig. 3a shows the degradation efficiency of 2,4-D under different
temperatures from 50 to 70°C at pH 3.5 as a function of reaction
time. As seen the 2,4-D oxidized was 86.3% during the reaction time
of 180 min. However, when the temperature increased from 50 to
70°C a significant difference on performance was observed. For
example, the complete removal of 2,4-D was obtained at 90 min,
50 min, 30 min periods for the temperature of 60, 65 and 70°C,
respectively. This result indicated that the degradation efficiency of
2,4-D depended on the temperature. Besides, the degradation of
2,4-D at 50, 60, 65 and 70 °C was fitted with a pseudo-first-order
kinetics model, obtaining the rate constant of 0.612, 3.168, 5.76,
and 11.16 h™!, respectively. The half-life decreased from 1.13h to
3.6 min (Table S2) which was due to the fact that increasing the
temperature resulted in a more active species of radicals (Gao et al.,
2016). Meanwhile, Fig. 3b indicates that when temperature was
increased from 50 to 70 °C, the intensity of the adducts of SOz and
‘OH improved, which also verified the previous study. As seen from
the insert panel of Fig. 3a, the degradation of 2,4-D correlated well
with the Arrhenius behavior, resulting in a good linear relation with
a function that can be written as Eq. (8):

In(k) = InA — Eq/RT (8)

where A is the Arrhenius constant, E, is the apparent activation
energy (k] mol '), R is the wuniversal gas constant
(8.314 x 103 k] mol~' K1), and T is the absolute temperature (K).
This correlation enables the determination of the apparent activa-
tion energy which is 135.24 k] mol~! close to the ones obtained for
the degradation of p-nitrophenol, Naproxen, Carbamazepine, Tri-
closan, 1,1,1-Trichloroethane and Phenol by TAP as listed in Table 2
(Gu et al., 2011; Ghauch et al.,, 2015; Chen et al., 2016; Gao et al.,
2016; Kang et al, 2016; Ma et al., 2017), while lower than



Fig. 1. (a) Comparison between TAP/PS and Fe?*/PS. Conditions: For TAP, 2,4-D
(0.45mM), PS 18 mM, T=60°C pH 3.5. For Fe?*/PS, Fe?* 3mM, PS 18 mM, pH 3.5

Bisphenol A (Olmez-Hanci et al, 2013), higher than Deca-
bromodiphenyl ether and Fluconazole (Peng et al., 2016a; Yang
et al.,, 2017). Ma and co-workers revealed that under the same
phenol concentration, PS concentration and active temperature, the
E, decreased with the increase in the solution pH, however, under
the same pH, increasing the PS concentration did not affect the
value of E,. This indicated that different reaction conditions had a
significant influence on E; (Ma et al., 2017). In addition, as observed
from Table 2, different compounds and reaction systems also
influenced the E,.

3.5. Effects of initial pH

For TAP, the initial pH of the solution has an important effect on
the existing form of radicals (Liang et al., 2013). Therefore, tests to
study the effect of the initial solution pH (3—12) on 2,4-D degra-
dation were conducted under the temperature of 60°C and PS
concentration of 18 mM, and the results are depicted in Fig. 4. The
applied pH dropped to the close value between 2.11 and 2.45 after
reaction, meaning that all the reaction conditions were under the
same one due to the release of Ht coming from the reaction be-
tween SO4 and H,0 or OH™ ( Chen et al., 2017a ). Fig. 4 shows that
the degradation efficiency of 2,4-D was highly depended on the
initial pH. Both a pH of 3 and an unadjusted pH could accelerate
2,4-D decay with a maximum rate constant of 0.075 and 0.077
min~ !, respectively. Whereas, when the pH was between 5 and 12,
it had an inhibiting effect based on the rate constant that decreased
from 0.051 to 0.031 min~ . This results was in accordance with the
oxidation of carbamazepine and chloramphenicol, in which the
increase in the pH resulted in the decreased rate constant (Nie et al.,
2014; Yang et al., 2017).

The following mechanisms may contribute to the effect of pH: 1)
It was reported by Deng et al. that more sulfate radicals could be
generated through acid-catalysis, whereas for higher pHs the role
of acid-catalysis would be weakened (Deng et al., 2013) and the
sulfate radicals may be consumed by the hydroxyl ions when
increasing the pH (Nie et al., 2014). 2) Under alkaline conditions,
because of the high redox potential of "OH which became the
dominant radical species, the degradation of 2,4-D was inhibited
due to the SOF~ scavenging "OH (Gao et al., 2016). Besides, due to
the short lifetime of "OH, it can not effectively react with 2,4-D
(George et al., 2001). 3) Under alkaline conditions, during the
mineralization of 2,4-D, there may generate some bicarbonate and
carbonate that can inhibit the reaction, and this mechanism was
confirmed in section 3.7. Therefore, the acidic condition was favor
for the degradation of 2,4-D.

3.6. Identification of predominant oxidation radical species in the
TAP system

For TAP oxidation system, once PS was activated it not only
produce SOz but also the "OH through the reaction with Hy0 (
Anipsitaks et al., 2006 . According to the previous studies, oxidation
of contaminant via SO; is more favorable to electron transfer.
Whereas for the case of "OH, the hydrogen addition or abstraction
may take place ( Anipsitaks and Dionysiou, 2004 ). Therefore, in
order to identify the radical species responsible for the oxidation of
2,4-D, a quenching study was conducted at pH 3 and 12 using
excess MeOH and TBA as the scavenging agents. MeOH had a
comparable rate between "OH (1.2—2.8 x 10°M~'s~!) and SOj

(b) Influence of time on the radicals in Fe?*/PS, PS 10 mM, DMPO 100 mM, pH 3.5,
T=20°C(c) Influence of time on the radicals in TAP, PS 10 mM, DMPO 100 mM, pH 3.5,
T=60°C.



Table 1
Performance comparison with literatures.

Methods Experimental conditions Co (mg/L) t(min) 1 (%) TOC (%) k (min~") references
Photodegradation 0.4 g/L 20% ZnIn,S4/g-CsNy 100 180 90 416 0.0129 (Qiu et al, 2016)
TiO,/03/UV TiO, loading, 5.0gL~", O3 42 ppm UV lamp 10 W 10 80 100 43 0.092 (Oyama et al., 2009)
TiO,/UV TiO; fiber, UV lamp 10 W 100 120 55 25 0.0046  (Giri et al., 2010)
FeS/H,0, 10 mM H,05, FeS 0.5 g/L, pH 4.5, 50 °C 10 300 949 704  0.0241 (Chen et al, 2015)
hydrothermal electrocatalytic Current density 5 mA/cm?, 135 °C, Pt cathode, Pt anode 100 180 93.7 99.8 0.0303  (Xiao et al., 2016)
oxidation
Electrochemical oxidation BDD cathode, titanium anode, Current density 9.7 mA/cm? 100 120 86.5 60 1.14 (Zhao et al., 2010)
EF/BDD pH 3, cathode and anode BDD,Fe?* 0.7 mM, current density 60 160 70 83 0.309 (Garcia et al., 2013)
15 mA/cm?, flow rate 10 L/min
heterogeneous catalysis PMS 3.0 mM, nano-Fe,05 0.5 g/L, pH 6.0 20 60 52.3 26.5 0.0267  (Jaafarzadehetal, 2017a)
heterogeneous catalysis PS 20 mM, pH 3.0, nano-Fe,03 0.5 g/L, T 50°C 200 120 78 68 0.0059  (Kermani et al., 2018)
Electrochemical Activation of PS pH 3.5, current density 10 mA/cm?, PS 18 mM 100 120 100 25.2 0.052 This work
TAP T 70°C, pH 3.5, PS 18 mM 100 300 100 94.5 0.186 This work
0.0 00-f.d N
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<4 o
] 104 65 uC
-1.0 4 i 70°C
1 ° 1.5
-1.5 4
| 2.0 .
O 204 = 18 o 25_-
13 : o 112 S 07 -6.5-
£ 254 A 120 £ 304 7.0
] v 1:30 1 ~
304 * 140 35 £ 759
| <4 1:50 )} -8.07 In(k)=-160267.05 1/T + 41
a5 > 1:60 4.0 8.5] R2=0.99
1 A 4.5 9.0 T T T T
-4.0 | 0.00290 0.00295 0.0030010.00305 0.00310
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Fig. 2. Influence of the ratio between 2,4-D and persulfate concentration. Conditions:
2,4-D (0.45mM), pH 3.5, T 60 °C.

(1.6=7.7x10’M~'s71). Meanwhile TBA had a rate of
38-76x10°M's7! with ‘OH whereas only
4.0-9.1 x 10° M~ ' s! with SO; (Rao et al., 2013; Liu et al., 2017).
Hence MeOH was the scavenger for SO; and "OH, and TBA was
supposed to scavenge only ‘OH.

As depicted in Fig. 5a and b, when MeOH or TBA was added at
initial pH 3 and 12, the rate constant was significantly decreased,
and decreased more in the case of TBA was added. As shown in
Table 3, the changes of rate constant (R%) was calculated through
Eq.(9) : in the presence of TBA, the R% value was —36.5% and —43.2.
%, but for the case of MeOH, the R% value was —84.6% and —92.9% at
pH 3 and 12, respectively. In the presence of MeOH, both SOz and
‘OH were scavenged howbeit the excess TBA only consume ‘OH.
This results illustrated that SO; was probably the predominant
radical at pH 3 and 12. This phenomenon denoted that whether in
acidic or alkaline initial pH conditions SO;  was the predominant
radical for 2,4-D degradation due to the fact that in alkaline con-
ditions SO could be converted into "OH (Eq. (10)), which was
inversely inhibited by the background SO . Therefore, SO; plays a
more important role in the TAP system for 2,4-D decay. This was
consistent with the works of Ghauch et al. (2015).

R% = (kwith scavenger / kwithout scavenger — 1) x 100 (9)

T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
t (min)

+DMPO-OH
+DMPO-SO,

70°C
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316 318 320 322 324
Magnetic field(mT)

Fig. 3. Influence of temperature (a) on the removal of 2,4-D (0.45 mM), PS 18 mM, pH
3.5. (b) On intensity of radicals, PS 10 mM, DMPO 100 mM, pH 3.5.

SOy +OH — SO?{ + ‘OH alkaline condition (10)



Table 2
Activation energy comparison with published literatures.

Compound Initial concentration T(°C) PS (mM) pH System Ea (k] mol~1) Reference
Naproxen 50 uM 40-70 1mM 7.8 aqueous 155 +26.4 (Ghauch et al., 2015)
Bisphenol A 88 uM 40-70 10 mM 6.5 aqueous 184 +12 (Olmez-Hanci et al., 2013)
Carbamazepine 40 uM 40-70 1mM 5.13 aqueous 1204 +2.6 (Deng et al., 2013)
p-Nitrophenol 93 (+2) mgkg ! 40-80 60 mM kg ! - soil 133.7 (Chen et al., 2016)
Triclosan 31uM 50-80 0.155 mM 8 Under ground 121.12 (Gao et al., 2016)
1,1,1-Trichloroethane 0.15 mM 20-50 15 mM 4.8 Ground water 122.44 (Gu et al,, 2011)
Phenol 1mM 30-70 20 mM 3.6 aqueous 1393 +11.1 (Ma et al., 2017)
Decabromodiphenyl ether 20mg kg™! 50—-70 500 mM 3 soil 164 ( Peng et al., 2016a )
Fluconazole 10mgL™! 30-60 10 mM 5 aqueous 37.8 (Yang et al.,, 2017)
2,4-D 0.45 mM 50—-70 18 mM 3.5 aqueous 135.24 This work
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Fig. 4. Influence of pH (a) on the removal of 2,4-D (0.45 mM), PS 18 mM, T 60 °C.
004 b
: 0.2
3.7. Effect of anions
Many organic pollutants co-exist with some anions, hence it is -0.4 4
important to investigate the influence of ions in the TAP process. - 1
Moreover, the opinions on the effect of ions are still being debated. 8 064
Gao et al. observed that a low level of chloride ions could accelerate z ]
the degradation of Triclosan, while over 10 mM caused an inhibit- 08
ing effect (Gao et al., 2016). Fang et al. found that the presence of e Without MeOH and TBA
chloride greatly inhibited the transformation of 2,4,4- 1| ® With MeOH
trichlorobiphenyl and biphenyl (Fang et al., 2012). Therefore it is 10| 4 WithTBA
imperative to explore the role of chloride ions on the degradation of .
2,4-D. As shown in Fig. 6a, the presence of chloride inhibited the 12 -—
degradation of 2,4-D, in which the removal efficiency in 1h 0 20 40 60 80 100 120

decreased from 84% to 40% when the concentration of chloride
increased from 0 to 50mM (the significant CI~ source from
dechlorination of 2,4-D could not be ignored). The degradation rate
constant also supported this decrease from 0.0286 min~' to
0.00915 min~"' (insert Fig. 6a). This might be explained by the fact
that CI~ could react with SO% to form CI', Cl3* and CIHO’, whereas
these radicals had a much weaker oxidation potential than SOy
(Fang et al., 2012). Therefore, the inhibit effect was observed.

In addition, the carbonate ion is also an important ion in the
environment which could act as a scavenger for the SOj, as
described in Eqgs. (7) and (8) (Zhao et al., 2016). Carbonate ions
could also be found in the form of bicarbonates. The forms depend
on the pH of the solution through Eqgs.(11-12).

H,CO; — H* + CO3~  pKa=6.37 (11)

t (min)

Fig. 5. (a) Trapping study at pH 3, 24-D (045mM), PS 5mM, T 60°C,
MeOH:PS = 400:1, TBA: PS =400:1. (b) Trapping study at pH 12, 2,4-D (0.45 mM), PS
5mM, T 60 °C, MeOH:PS = 400:1, TBA: PS = 400:1.

Table 3
The changes of R% value under different pH.

Scavenger pH =3 (R%) pH =12 (R%)
MeOH —84.6 -92.9
TBA -36.5 —434

HCO3 — H" +CO5~  pKa=10.33 (12)
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Fig. 6. (a) Influence of Cl, 2,4-D (0.45 mM), PS 18 mM, pH 3.5, T 60 °C. (b) Influence of
C0%~, 2,4-D (0.45mM), PS 18mM, pH 3.5, T 60°C. (c) Influence of NO3, 2,4-D
(0.45 mM), PS 18 mM, pH 3.5, T 60 °C.

As shown in Fig. 6b, when carbonate ions concentration were
added from 5 to 50 mM, the rate constant was decreased from

0.0286 min~! to 0.0112 min~". This indicated that carbonate ions
had an inhibit effect on the decay of 2,4-D. Due to the scavenge
reaction, carbonate ions will decrease the sum of SO4, and there-
fore, the degradation efficiency reduced from 84% to 50% in 1 h.

SO3 + CO3~ — CO¥~ +S05 k=16x10°M1s! (13)

SO3 + HCO3 — HCO3 + SO0~ k=61 x10M1s7! (14)

The effect of nitrate ions, with a concentration of 5—50 mM was
investigated. As seen in Fig. 6¢, nitrate ions had almost no influence
on the degradation rate constant (from the inset Fig. 6¢). This is
reasonable since nitrate ions only slightly react with SOj
(5.0 x 10* M1 s~ 1) (Nie et al., 2014) and cannot induce a pH change
of the solution. Therefore, the effect of the nitrate ion on the
degradation of 2,4-D is negligible.

4. Possible degradation pathway of 2,4-D in the TAP system

The intermediates were identified by HPLC, GC/MS, and IC
during the degradation of 2,4-D. The GC/MS results revealed that
the intermediates were 2,4-DCP, 2,6-DCP, 2,4,6-trichlorophenol, 2-
chlorohydroquinone, 2-chloro-1,4-benzoquinone (as shown in
Fig. 7a). Furthermore, HPLC and IC detected some small acid mol-
ecules, such as glycolic acid, fumaric acid and oxalic acid. In addi-
tion to 2,4,6-trichlorophenol, the other intermediates were
consistent with other reports (Kwan and Chu, 2004; Xu and Wang,
2012; Lam et al., 2015; Chen et al., 2017a). The formation of 2,4,6-
trichlorophenol could be due to the generation of CI' from CI,
which was released during degradation and reacted with SOz and
‘OH.

Based on the above results, a possible degradation pathway was
proposed in Fig. 7c. 2,4-DCP was the first intermediate which
correlated with the result of Garcia et al. (2013). In addition, the
presence of the by-product benzoquinone was also confirmed by
the authors. From the Fig. 7b, the dechlorination rate and the
removal rate of TOC increased continuously, indicating that the
degradation of 2,4-D was both a dechlorination and a mineraliza-
tion process. Owing to the role of SO; and "OH, 2,4-DCP formed 2-
chlorohydroquinone, and then generated 2-chloro-1,4-
benzoquinone. This then resulted in the formation of benzoqui-
none through dechlorination. Another possible pathway could be
due to the role of CI, the ortho position of 2,4-DCP would be
substituted to produce 2,4,6-trichlorophenol. Then through the
hydroxylation and dechlorination, 2,6-DCP was gradually produced
and further converted into benzoquinone, which could open the
ring to form oxalic acid and formic acid, until finally being miner-
alized to CO, and H>0.

5. Conclusions

Compared with conventional Fe?>*/PS, the degradation of 2,4-D
by TAP achieved a better performance. In the TAP system, both
acidic conditions and high temperatures favor the degradation of
2,4-D. For the initial PS concentration, the best one was 22.5 mM,
whether in acidic or alkaline conditions, sulfate radicals were the
predominant oxidation species. Anions in the solution, such as CI™
and CO%’, inhibited the degradation of 2,4-D. Based on the detected
intermediates, a possible degradation mechanism by TAP was
proposed. The TAP system is a promising method to treat 2,4-D. It
has the possibility for practical application especially for hot
wastewater, which could reduce the treatment cost.



Fig. 7. (a) GC/MS result of the intermediates of 2,4-D degradation, (b) the changes of 2,4-D, CI~ and TOC, (c) the possible pathway of 2,4-D. Conditions: 2,4-D (0.45 mM), PS 18 mM,

pH 3.5, T 60°C.
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