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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Reductive removal of dicamba by the 
combination of UV and formic acid.

• Carboxyl anion radical as the main 
responsible for the dechlorination of 
dicamba.

• The superiority of ARP over photolysis 
by UV for the dechlorination of 
dicamba.

• Alternative ARP degradation mecha-
nism comparing to existing AOPs.

• Easy applicability for industrial waste-
water treatment plants.
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A B S T R A C T

The degradation of dicamba as a persistent herbicide was studied with the combined application of UV and 
formic acid (FA) as a novel advanced reduction process (ARP). The effects of key parameters of FA concentration, 
dissolved organic matter, and inorganic anions were studied. A 97 % degradation and 94 % dechlorination of 
dicamba were obtained through the combination of UV and FA (UV-FA) at a dicamba concentration of 0.023 mM 
and FA concentration of 0.123 M. With respect to the dechlorination, at a dicamba concentration of 0.23 mM, FA 
concentration of 0.123 M, and pH of 2, chloride concentration of 12.4 mg/L and 5.2 mg/L was obtained for ARP 
(UV-FA) and sole UV in acidic condition, respectively. Scavenging test using Methyl viologen (MV2 +) as a 
scavenger for reductive radicals including carboxyl anion radicals (CO2

•‾) led to a decrease in the chloride 
concentration to 1.7 mg/L, revealing the importance of this radical in the dechlorination of dicamba. Inorganic 
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anions (CO3
2‾ and SO4

2‾) had a slightly positive effect on the degradation of dicamba and led to an increase in 
degradation to 99 %, while they had a negative effect on the dechlorination by 7 % and 30 %, respectively. Due to 
the turbidity induced by dissolved organic matters (DOM), a moderate decrease in degradation by 39 % and 
dechlorination by 30 % was observed. The existence of five intermediates identified by GC-MS technique 
confirmed the proposed mechanism of dicamba degradation via ARP. Reductive degradation of dicamba mainly 
consists of processes based on CO2

•‾, including single electron transfer process and radical-nucleophilic aromatic 
substitution (SRN) reactions, demonstrating the capability of this ARP for the effective degradation of dicamba.

1. Introduction

The excessive application of pesticides is one of the universal concern 
as these compounds can induce various environmental issues such as the 
contamination of soil and water [1,2]. Dicamba (2-methoxy-3, 
6-dichlorobenzoic acid) is a post-emergence herbicide that possesses an 
aromatic chlorinated structure with high stability. Dicamba mostly ex-
ists in its anionic state having high stability [3]. This herbicide inhibits 
the growth of undesired plants by interfering in their auxin hormone 
function and therefore, it is broadly applied for the control of broadleaf 
weeds [4]. Similar to all hydrophilic pesticides, dicamba can be easily 
released into the environment and cause widespread pollution through 
various ways such as rainwater and surface runoff [5]. It is also able to 
leach from soil, enter the groundwater, and as a result, pollute the 
ecosystems [6,7].

Chu and Wang [8] investigated the degradation of dicamba using the 
combination of H2O2 and UV in the presence of TiO2 and reported that 
the addition of a catalyst accelerate the rate of degradation but they did 
not report the products of this oxidation. Chávez-Moreno et al. [9]
performed research on the photo-catalytic (TiO2 anatase /UV 254 nm) 
degradation of dicamba and achieved 85 % degradation in 45 min, 
although, they did not discuss the products of this photocatalytic 
oxidation. Wan et al. [5] studied the removal of dicamba by the utili-
zation of Biochar prepared from Fe-modified sludge and obtained a 92 % 
removal rate of this pollutant in 180 min, however, it was reported that 
the main products of this process were 3,6-dichlorosalicylic acid and 3, 
6-dichlorogentisic acid, and they were not able to achieve dechlorina-
tion of these secondary pollutants by this process. The removal of di-
camba can be performed by anaerobic digestion, but this method is 
time-consuming. Liu et al. [10] reached 100 % removal of dicamba 
through anaerobic catabolism in 3 days. Gu et al. [11] achieved 100 % 
removal of dicamba using anaerobic microcosms under sulfate-reducing 
conditions enriched from sediment taken from a river as a source of 
microorganisms supplemented with yeast extract in 30 days. Yao et al. 
[12] investigated the removal of dicamba by the application of two 
sphingomonads and reported complete degradation of this compound in 
36 h and 72 h.

Advanced reduction processes (ARPs) are an effective solution for 
the degradation of a variety of compounds and can provide effective 
alternatives to AOPs. There are a variety of AOPs widely investigated 
including catalyst-based AOPs [13,14], persulfate-based AOPs [15], and 
cavitation-based ones [16], which can generate various oxidizing radi-
cals such as hydroxyl radicals (•OH) [17], sulfate radicals (SO4

•‾) [18], 
superoxide radicals (O2

•‾) [19], etc. These radicals can react with 
pollutant molecules leading to the oxidation of organic pollutants [19, 
20]. Alternatively, ARPs generate reductive radicals including hydrated 
electrons (e‾eq) [21], hydrogen radicals (H•) [22], sulfite radicals (SO2

•‾) 
[23], and carboxyl anion radicals (CO2

•‾) [24].
The effectiveness of ARPs is highly dependent on the molecular 

structure of pollutants [25]. Since the application of sole reductants is 
usually insufficient for efficient degradation, it is required to combine 
reductants with activation methods to generate the desired reductive 
radicals. UV light is one of those methods which are commonly utilized 
in ARPs [26]. Sulfite-based ARPs have drawn attention due to the gen-
eration of e‾eq possessing a high reductive potential of (-2.3 V) and high 
resistance towards the negative effect of dissolved oxygen. On the other 

hand, one important issue might be the generation of sulfur-containing 
by-products [27,28].

Carboxyl anion radical (CO2
•‾) is also a strong reductive radical with 

a reduction potential of − 2.0 V, which has high stability [29]. Although 
the reduction potential of CO2

•‾ is lower than the reduction potential of 
e‾eq, it has attracted the attention of researchers due to its longer life-
time and easy generation [30]. This reductive radical can be generated 
as a result of a reaction between organic carboxylic acids such as formic 
acid and e‾eq, H•, and •OH [31]. This reductive radical can be utilized for 
the dehalogenation of toxic compounds. Liu et al. [24] have employed 
the combination of UV, titanium dioxide (TiO2), and formate to generate 
CO2

•‾ and reduce an aliphatic chlorinated disinfectant (trichloroacetic 
acid).

In this work, the degradation and dechlorination of dicamba as a 
persistent aromatic herbicide was studied using a combination of UV 
and formic acid as an ARP, and the results were compared with the re-
sults achieved by the sole use of UV in acidic conditions. In addition, the 
products of these processes were determined according to the results 
obtained by gas chromatography-mass spectrometry (GC-MS). The 
participation of reductive radicals in the degradation and dechlorination 
of dicamba was investigated using a scavenging test. Furthermore, the 
effect of a variety of factors such as the type of UV lamp, the concen-
tration of formic acid, the effect of dissolved organic matter, as well as 
the effect of inorganic anions were studied.

2. Materials and methods

2.1. Chemicals

Formic acid 80 % (FA), acetonitrile (HPLC grade), dichloromethane 
(ACS), phosphoric acid (85 %), potassium iodide (pure) and acetone 
were purchased from POCH (Poland). Humic acid (97 %) was provided 
from Angene (China). Methyl viologen (98 % hydrate) was purchased 
from Thermo Scientific (Germany). Dicamba (97 %) was purchased from 
Biosynth (Slovakia). Sodium carbonate (99,9 %), sodium sulfate (99 %), 
and sulfuric acid (95 %) were provided by Chempur (Poland). Tert-butyl 
alcohol was purchased from STANLAB (Poland). All materials were of 
analytical grade and were utilized without further purification.

2.2. Procedure

A model solution of dicamba was prepared on a magnetic stirrer at 
room temperature. FA was added to the solution at the beginning of the 
experiments. The measurement of pH was performed by pH test strips 
(Merck, Germany). Experiments were carried out in two interconnected 
reactors (Figure S1). The first reactor was used for sample collection and 
cooling of the mixture. The second reactor was equipped with a UV 
mercury lamp (type UVQ 250Z, 250 W, UV-Technik, Germany) or a UV 
mercury-iron doped - lamp (type UVH-F, 250 W, UV-Technik, Ger-
many). The total volume of connected reactors was 7.5 L. The temper-
ature in the reaction system was maintained at 20 ◦C, and the system 
was hermetically sealed throughout the process. The mixture was 
circulated between the reactors using a model 505 L peristaltic pump 
(Watson Marlow, UK) with a speed of 220 RPM (flow rate of 1.3 L/min). 
The total treatment time for all experiments was 240 min and samples 
were taken every 60 min. Initial samples were taken before the addition 
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of FA.
Deionized water (Direct-Q® Water Purification System – Merck 

Millipore) was used in all of the experiments. A dicamba concentration 
of 0.023 mM (5 ppm) was used for most of the experiments. However, 
for scavenging tests as well as the tests performed for the comparison 
between UV-FA and sole UV, the initial concentration of dicamba was 10 
times higher (0.23 mM) to observe the differences more obviously.

For the determination of the reductive radicals, the scavenging test 
was performed using methyl viologen and tert-butyl alcohol as scaven-
gers. Humic acid was also added to the solution to investigate the effect 
of DOM on degradation and dechlorination. The effect of inorganic 
anions was studied with the addition of inorganic anions at a molar ratio 
of anions to the pollutant of 100:1. The degradation % was calculated by 
Eq. 1. 

Degradation% =
C0 − C

C0
× 100 (1) 

Where C0 and C represent the initial concentration of dicamba and the 
concentration of dicamba at time t, respectively.

2.3. Kinetic study

The degradation kinetics of dicamba were analyzed, and the pseudo 
first-order rate constant (k1) and pseudo second-order rate constant (k2) 
were calculated through following Eqs [32]: 

dC
dt

= − k1C (2) 

ln(
C0

C
) = k1t (3) 

dC
dt

= − k2C2 (4) 

1
C
−

1
C0

= k2t (5) 

Where k1, k2, C0, t, and C represent first-order degradation rate constant, 
second-order degradation rate constant, the initial concentration of di-
camba, time of process, and the concentration of dicamba at time t, 
respectively.

2.4. Quantitative analysis

Determination of the concentration of dicamba was accomplished by 
the application of high-performance liquid chromatography (HPLC) 
consisting of a chromatograph (model: LaChrome, MERCK-HITACHI, 
Germany), an interface (model D-7000, MERCK-HITACHI, Germany), 
a pump (model L-7100, MERCK-HITACHI, Germany), an injector 
(model: Rheodyne 7125, IDEX Health & Science, LLC, USA), a chro-
matographic column (model: Zorbax C-18, 3.5 µm, 4.6 × 150 mm, 
Agilent, USA), and a UV–VIS detector (model: L-7420, MERCK- 
HITACHI, Germany). The mobile phase was a mixture of acetonitrile 
and deionized water at a pH of 3 adjusted by sulfuric acid. The ratio of 
acetonitrile: water was 50:50. Isocratic conditions with a flow rate of 
1.0 mL min− 1 were applied. The detection wavelength of the UV–VIS 
detector was 210 nm.

A chloride anions concentration in the samples was determined using 
a mercuric thiocyanate method for the determination of chlorides pro-
vided by HACH tests and a spectrophotometer HACH DR/2010.

The by-product analysis was performed using a gas chromatograph 
(model GC-2010 Plus, Shimadzu, Japan) coupled with a mass spec-
trometer (model GCMS-QP2010 SE, Shimadzu, Japan). Samples for 
analysis were prepared using a dispersive liquid-liquid microextraction 
(DLLME). A 0.9 mL of the mixture of dispersing and extraction solvent 
composed of acetone (0.4 mL) and dichloromethane (0.5 mL) was used 

for by-product extraction. The extraction was carried out by shaking 
5 mL of sample with 0.9 mL of extraction mixture for 1 minute. Next, the 
samples were centrifuged for 10 min at 5000 rpm (EBA 8S, Hettich, 
Germany). A 0.3 mL of dichloromethane phase was taken from the vials 
by automatic micropipette and placed in autosampler vials equipped 
with glass conical micro-inserts for GC-MS analysis. The separation 
conditions were as follows: a capillary column RTX®-100-DHA (100 m 
× 0.25 mm ID × 0.5 μm df), carrier gas was hydrogen at 1 mL/min, 
injection port temperature was 250 ◦C. Samples were injected by auto-
sampler (injection volume 1 µL, splitless mode). Samples were separated 
under temperature programming conditions at an initial temperature of 
35 ◦C for 5 min, followed by a temperature ramp at 15 ◦C/min, up to 
250 ◦C, followed by isothermal separation at 250 ◦C for 20 min. The 
mass spectrometer interface temperature was 250 ◦C, while the ion 
source temperature was 200 ◦C. MS was operated at scan mode (range 
from 34 m/z to 350 m/z).

Spectrophotometric analysis of potassium iodide solution was car-
ried out on a spectrophotometer (UV-1900i, Shimadzu, Japan) for 
wavelength 352 nm to confirm the presence of hydroxyl radicals under 
mercury UV lamp (used in current study) irradiation of water.

3. Result and discussion

The degradation of dicamba was investigated using the combined 
process of FA-UV and the effects of a variety of parameters have been 
studied to determine the most effective conditions. The results of this 
investigation have been discussed in the following paragraphs.

3.1. Effect of UV lamp type

In this study, two different UV lamps: a UV mercury doped with iron 
lamp (emission spectrum provided in Figure S2) and a UV mercury lamp 
(emission spectrum provided in Figure S3). The following reactions can 
occur when the solution of formic acid is exposed to UV irradiation [24, 
33]. 

H2O + hv → H• + •OH                                                                   (6)

HCOO‾ + •OH → CO2
•‾ + H2O                                                       (7)

HCOO‾ + H• → CO2
•‾ + H2                                                            (8)

The characteristics of a UV lamp determine its effectiveness for the 
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Fig. 1. Degradation achieved by two different UV lamps at a [dicamba]: 
0.023 mM, [FA]: 0.088 M and 0.177 M.
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dissociation of H2O and the generation of •OH and H• which conse-
quently leads to the generation of reductive CO2

•‾. Two different UV 
lamps were employed at two constant concentrations of formic acid 
(0.088 M and 0.177 M) to select the most effective one in this combined 
process. The experiments were performed at a dicamba concentration of 
0.023 mM, and the results are demonstrated in Fig. 1.

As it is obvious from Fig. 1, the UV mercury lamp was more effective 
for the dissociation of H2O leading to the generation of reactive radicals, 
hence, the rest of experiments were performed using this lamp. Based on 
the spectrum of the mercury lamp (Figure S3), it can be seen that most of 
the UV energy is generated in the wavelength range of 200–320 nm, 
while in the case of the iron-doped mercury lamp (Figure S2), this range 
is extended from 200 to 450 nm. Such results, considering the same 
lamp power values, indicate that the optimum wavelength for the 
absorbance and dissociation of H2O to radicals is in the range of 
200–320 nm, which is in agreement with the research proving that UVC 
spectral range is capable for UV photolysis of water, as water absorb 
photons and can generate hydroxyl radicals upon photon absorption 
[34].

Additionally, to identify the generation of hydroxyl radicals as a 
result of the irradiation by mercury UV lamp used during the experi-
ment, a solution of 5 mM potassium iodide (KI) was used and exposed to 
UV irradiation for 60 min. The following reactions can happen at the 
presence of •OH and KI [35,36]: 

•OH + I‾ → I + HO‾                                                                      (9)

I + I‾ → I2‾                                                                                 (10)

2I2‾ → I2 + 2I‾                                                                            (11)

I2 + I‾ → I3‾                                                                               (12)

The effects of oxidation of I- (Eq. 9) by hydroxyl radicals were visible 
by changing the color of the solution from transparent at the beginning 
to yellow at the end of the experiment. The samples were then analyzed 
in a spectrophotometer - monitored wavelength was 352 nm. The linear 
increase of iodine in the sample was a clear proof of •OH generation 
through UV radiation [35], which can react with FA to generate CO2

•‾ in 
the main experiments.

3.2. Comparison of combined processes of UV-FA and sole UV

To determine the superiority of the reduction process done by CO2
•‾ 

(reduction potential of − 2.0 V) formed under the combined application 
of UV and FA over sole UV which can decompose the dicamba directly 
by photolysis or indirectly by the generated •OH (oxidation potential of 
2.8 V) according to Eq. 6, the degradation and dechlorination achieved 
by these two processes were compared. Sulfuric acid was used instead of 
FA to adjust the initial pH in the sole UV process. In this experiment, 
higher concentration of dicamba (0.23 mM) was applied to observe the 
level of dechlorination more accurately, and the difference between sole 
UV and UV-FA as an ARP more obviously. The results are presented in 
Fig. 2.

As it is observed in Fig. 2, sole UV resulted in 70 % degradation while 
the ARP by the combination of FA and UV led to 82 % degradation in 
240 min. A more obvious difference was observed in relation to changes 
in chloride concentration. In the case of ARP, intensification in 
dechlorination reactions was expected. The chloride concentration 
observed in the combination of FA and UV was 12.4 mg/L, while in the 
case of sulfuric acid and UV the chloride concentration was just 5.2 mg/ 
L in 240 min. Thus, in both aspects, ARP-based treatment revealed su-
periority compared to sole UV. The kinetic results are reported in 
Table 1. According to coefficients of determination (R2) reported in the 
table, the first-order rate constants are acceptable in these two experi-
ments. The first-order rate constant obtained in the reduction process by 
means of UV and FA was 0.0067 min− 1, while the first-order rate con-
stant achieved by sole UV in acidic conditions adjusted by sulfuric acid 
was 0.0053 min− 1.

The differences observed in these two processes can be due to the 
reason that ARPs can be more effective in the case of degradation of 

Fig. 2. Comparison between UV-Formic acid and UV-Sulfuric acid processes 
([dicamba]: 0.23 mM, [FA]: 0.123 M, pH: 2).

Table 1 
Kinetic study for the degradation achieved by UV-Formic acid and UV-Sulfuric 
acid processes ([dicamba]: 0.23 mM, [FA]: 0.123 M, pH: 2).

First-order rate constant Second-order rate constant

Process R2 k1 (min− 1) R2 k2 (M− 1 min− 1)

UV-Formic acid 0.952 0.0067 0.848 0.0003
UV-Sulfuric acid 0.906 0.0053 0.964 0.0002
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Fig. 3. Effect of FA concentrations on the degradation of dicamba ([dicamba]: 
0.023 mM, pH: 2).
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halogenated compounds. Furthermore, CO2
•‾ is highly stable and pos-

sesses a long lifetime, while •OH has a short lifetime, which can be 
another reason for the lower degradation observed by sole UV [24]. 
According to the dechlorination results, the ARP done by the combined 
process of FA and UV had the potential of dehalogenation while sole UV 
in acidic conditions was not as capable as the ARP [37]. It can be 
attributed to the fact that the oxidative breakage of the Cl-C bond re-
quires a higher oxidative potential than 2 V, while the reductive 
breakage can be obtained more easily [24,26].

3.3. Effect of formic acid concentration

FA concentration can have an important impact on the efficiency of 
degradation by FA under UV irradiation conditions. As demonstrated in 
Fig. 3, an increase in FA concentration from 0.088 M to 0.123 M resulted 
in an increase in the degradation of dicamba from 87 % to 97 % in 
240 min.

Further increase showed a small decrease in degradation rate, which 
was attributed to the self-scavenging effect of excessive radicals formed 
at higher concentrations of formic acid (Eq. 13) [38]. 

The kinetic data are demonstrated in Table 2, and again first-order 
rate constants are valid.

Accordingly, an increase in the concentration of FA up to a maximum 
amount of 0.123 M increased the first-order rate constant from 
0.0069 min− 1 to 0.0146 min− 1. Further increase in this parameter till 
0.177 M had a negligible effect on the degradation and decreased it to 
0.0140 min− 1. The ascending trend can be related to the fact that an 
increase in the concentration of FA as a reactant can lead to an increase 
in the formation of CO2

•‾ which can be one of the most important radi-
cals in the degradation of dicamba via the combination of UV and FA. 
However, •OH can also have the potential to oxidize this herbicide.

3.4. Identification of radical species

While the identification of •OH was carried out using potassium io-
dide and subsequent analysis of samples in a spectrophotometer, to 
verify the importance of •OH, which can react with FA and generated 
reductive CO2

•‾, tert-butyl alcohol (TBA) was used as an scavenger for 
this radical according to Eq. 14 [39]. 

TBA + •OH → intermediates (3.8 – 7.6 ⋅ 108 M‾ 1 s ‾ 1)                (14)

This experiment was conducted at a [FA] of 0.123 M, [dicamba] of 
0.23 mM, and FA: TBA of 1:10.

The role of reductive CO2
•‾ in the degradation and dechlorination of 

dicamba was determined by performing a radical quenching test, 
applying Methyl viologen (MV2+) as a scavenger which consumes this 
radical and generate CO2 according to Eq. 15 [40]: 

CO2
•‾ + MV2+ → CO2 + MV•+ (6.3 ± 0.7 ⋅ 109 M− 1 s− 1)                (15)

For this purpose, the experiment was accomplished at a [FA] of 
0.123 M, [dicamba] of 0.23 mM, and [MV2+] of 0.39 Mm.

The results of scavenging tests were illustrated in Fig. 4.

As observed in Fig. 4, TBA has decreased both degradation (from 
82 % to 57 %) and dechlorination (from 12.4 to 5.6 mg/L). The presence 
of TBA might have hindered the generation of reductive CO2

•‾ due to the 
consumption of •OH, however, this reductive radical could be still 
generated through a reaction between FA and H• (Eq. 8).

The presence of MV2+ resulted in an obvious decrease in the 
degradation of dicamba from 82 % to 55 % in 240 min. Furthermore, it 
drastically decreased the concentration of chloride from 12.4 to 1.7 mg/ 
L (84 % reduction), revealing the significant role of reduction performed 
by CO2

•‾ in the dechlorination of dicamba. Further discussion and proofs 
of CO2

•‾ role in the degradation process are provided in Par. 3.7 
(degradation mechanism). The kinetic results are reported in Table 3.

As observed, the first-order rate constant decreased from 
0.0067 min− 1 to 0.0036 min− 1 and 0.0034 min− 1 due to the presence of 
TBA and MV2+, respectively. According to the results, the reductive 
radicals including CO2

•‾ had a contribution to the degradation especially 
in the dehalogenation of dicamba.

3.5. Effect of inorganic anions

Various dissolved compounds including inorganic anions are present 
in natural water. The quality of water can have a significant impact on 

(13)

Table 2 
Kinetic study for the degradation achieved by UV-Formic acid at different con-
centration of FA ([dicamba]: 0.023 mM, pH: 2).

First-order rate constant Second-order rate constant

Process R2 k1 (min− 1) R2 k2 (M− 1 min− 1)

[FA]: 0.088 M 0.965 0.0069 0.991 0.0029
[FA]: 0.123 M 0.991 0.0146 0.801 0.0186
[FA]: 0.177 M 0.998 0.0140 0.738 0.0175
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the effectiveness of applied treatment methods; therefore, it is important 
to study the influence of common anions found in natural water on the 
degradation of contaminations. For this aim, experiments were done in 
the presence of Na2SO4 and Na2CO3 at a ratio of 100 ( Anion

Dicamba = 100), a 
dicamba concentration of 0.023 mM, and FA concentration 0.123 M in 
240 min, and the results are demonstrated in Fig. 5.

As shown, the presence of both inorganic anions slightly increased 
the degradation of dicamba and more obviously, the first-order rate 
constant of the process (Table 4). Nevertheless, CO3

2‾ slightly and SO4
2‾ 

obviously led to a decline in dechlorination.
The presence of CO3

2- increased the degradation and first-order rate 
constant from 97 % and 0.0146 min− 1 to 99 % and 0.0198 min− 1, 
respectively. CO3

2‾ can react with •OH generated by UV and lead to the 
production of CO3

•‾ at a second-order rate constant of 3.9 × 108 M− 1s− 1 

according to Eq. 16 [41]. 

CO3
2‾+ •OH → CO3

•‾ + OH-                                                          (16)

Although CO3
•‾ possesses lower oxidation potential (1.59 V) 

compared to •OH (2.8 V), it has higher selectivity and longer lifetime, 
which can be the reason for its better performance in the degradation of 
some pollutants [19,42,43]. However, the existence of CO3

2‾ in the so-
lution caused a reduction in the concentration of chloride from 1.5 mg/L 
to 1.4 mg/L. This decrease in the concentration of chloride can be 
attributed to the fact that CO3

2‾ consumed •OH which was utilized for the 
generation of reductive CO2

•‾ according to Eqs. 7 and 8, and 

consequently, led to a reduction in the concentration of this reductive 
radical. As proved by scavenging tests, this radical had the primary role 
in the dechlorination of dicamba.

The presence of SO4
2‾ resulted in an increase in degradation and first- 

order rate constant from 97 % and 0.0146 min− 1 to 99 % and 
0.0192 min− 1, respectively. SO4

2‾ can react with •OH and generate SO4
•‾ 

at a second-order rate constant of 6.5 × 107 M− 1s− 1 according to Eq. 17
[44]. 

SO4
2‾ + •OH → SO4

•‾ + OH‾                                                         (17)

An increase observed for the degradation of the herbicide and the 
first-order rate constant of the reaction can be related to the fact that 
SO4

•‾ has similar or even higher redox potential (2.5–3.1 V) than •OH 
and has higher stability. Hence, it can react with dicamba and lead to its 
oxidation [45,46]. While •OH reacts non-selectively, SO4

•‾ is a selective 
radical that preferably reacts with electron-donating groups including 
hydroxyl (-OH), alkoxy (-OR), and π electrons of aromatic compounds in 
dicamba molecules [47].

Nevertheless, the presence of this anion had made an obvious 
decrease in chloride concentration from 1.5 mg/L to 1.05 mg/L. This 
descending trend can result from the consumption of •OH used for 
initiating the production of reductive CO2

•‾ which is the main respon-
sible for the dechlorination of dicamba.

Fig. 4. Degradation and dechlorination achieved in the scavenging test ([di-
camba]: 0.23 mM, [FA]: 0.123 M).

Table 3 
Kinetic study for the degradation achieved by UV-FA in the presence of the 
scavenger ([dicamba]: 0.23 mM, [FA]: 0.123 M).

First-order rate constant Second-order rate constant

Process R2 k1 (min− 1) R2 k2 (M− 1 min− 1)

UV-FA 0.952 0.0067 0.848 0.0003
UV-FA-TBA 0.984 0.0036 0.982 0.0001
UV-FA-MV2+ 0.997 0.0034 0.988 0.0001

Fig. 5. Effect of inorganic anions on the degradation and dechlorination ([di-
camba]: 0.023 mM, [FA]: 0.123 M, Anion

Dicamba = 100).

Table 4 
Kinetic study for the degradation achieved by UV-FA in presence of inorganic 

anions ([dicamba]: 0.023 mM, [FA]: 0.123 M, 
Anion

Dicamba 
= 100).

First-order rate constant Second-order rate constant

Process R2 k1 (min− 1) R2 k2 (M− 1 min− 1)

UV-FA-CO3
2- 0.995 0.0198 0.671 0.0464

UV-FA-SO4
2- 0.994 0.0192 0.613 0.0726

Z. Askarniya et al.                                                                                                                                                                                                                              Journal of Hazardous Materials 492 (2025) 137984 

6 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


3.6. Effect of dissolved organic matter

Wastewater usually contains dissolved organic matter (DOM) which 
can have a great influence on the efficiency of pollutant degradation 
[24]. Therefore, the effect of this factor on the degradation and 
dechlorination of dicamba using the combination of UV and FA at a 
dicamba concentration of 0.023 mM, FA concentration of 0.123 M, and 
humic acids concentration of 100 mg/L was investigated. In the litera-
ture, humic acids are commonly used to study the effect of DOM on 
effectiveness of the treatment process. Humic acids contain two frac-
tions: humin (insoluble in water, which are often particles suspended in 
solution and significantly affect the transparency of the solution) and 
fulvic acids (easily soluble in water, which are precisely the DOM frac-
tion). The results are demonstrated in Fig. 6.

The presence of humic acid in the solution has caused a significant 
decrease in the degradation of dicamba from 97 % to 59 %. It has led to 
a reduction in dechlorination from 1.5 mg/L to 1.05 mg/L. This 
descending trend can be attributed to the turbidity induced by humic 
acid in the solution which can cause a reduction in the effectiveness of 
the UV lamp leading to a decrease in the number of reactive radicals 
responsible for the degradation and dechlorination. However, in an in-
dustrial scale, filtration before the treatment can be suggested as a so-
lution for this issue since it can decrease the level of turbidity by 
removing the water-insoluble fraction of humin. The kinetic results are 
reported in Table 5.

The adverse effect of dissolved organic matter is more obvious on the 
first-order rate constant. The first-order rate constant has significantly 
decreased from 0.0146 min− 1 to 0.0038 min− 1 as the result of the 
presence of humic acid regarded as the dissolved organic matter.

3.7. Degradation mechanism and by-products identification

After the analysis of the obtained results from GC-MS, the hypothesis 
regarding the degradation of dicamba has been discussed in the 
following paragraph. The existence of five compounds shown in the 
black frame (No. 4, 6, 8, 10, and 12) was confirmed by MS spectrometry.

As it is observed in Fig. 7, the reaction mechanism which assumes the 
following phenomena was proposed: reductive degradation of dicamba 
mainly consists of two processes, which both are related to the activity of 
carbon dioxide radical anion (CO2

•‾). The first single electron transfer 
process (SET) leads to the formation of a radical anion (2), which can 
undergo two parallel processes, first with leaving the protonated 
carboxyl group as formic acid leading to the formation of radical (3). 
Radical (3) is again reduced by CO2

•‾. Steric hindrance of radical (3) with 
two orto substituents forbids any other possibility of reaction in such a 
case. Anion resulted from the reduction is protonated and product (4) is 
formed. However, further transformations of compound (4) are also 
possible, especially, the formation of compounds (6), (8), and (10), 
which were observed from GC-MS chromatograms. The following re-
action mechanism was proposed: compound (4) is reduced with CO2

•‾ 
and then, the loss of methanol or chlorine anion may occur leading to the 
formation of radicals (5) or (7). Since radicals (5) or (7) are not sterically 
hindered, SRN process [48–50] is possible with CO2

•‾ as the best nucle-
ophilic species in the reaction mixture. Following two SET processes 
formyloxy derivative is formed which may hydrolyze in the solution 
leading to the formation of compound (6) or (8), a similar process is 
responsible for the formation of compound (10). As it was mentioned, 
compound (2) has also an alternate way of decomposition, and it con-
sists of a similar process as described before: compound (2) decomposes 
into radial (11) and chlorine anion. Unhindered radical (11) may un-
dergo SRN process as described before. Thus, 6-chloro-3-(formyloxy)-2--
methoxybenzoic acid (12) is formed, which was directly observed on 
GC-MS chromatograms.

At the end, a comparison was made between the results achieved in 
this study and the results reported in the literature. This comparison is 
observed in Table 6.

As it is observed, in most cases, the degradation of dicamba was just 
reported and there was no data about declorination. Complete degra-
dation of dicamba was reported in most processes. The time of processes 
varies from 30 min to 720 h. The highest dechlorination (100 %) was 
obtained through UV+TiO2 in 90 min. The lowest degradation (84 %) 
reported through Fe0 + Al2(SO4)3, which was one of the slowest pro-
cesses (156 h). In case of the fastest process (20 min) based on biomass 
tar-derived foams, the removal was obtained by adsorption not degra-
dation. The slowest process (30 days) was anaerobic microcosms under 
sulfate-reducing conditions supplemented with yeast extract, respec-
tively. It can be concluded that currently developed approach provide 
comparable effectiveness to the best available processes, but with 
different (ARP-based) mechanism of degradation. Advantage of current 
ARP process relay on process simplicity. There is no need to add pho-
tocatalyst (TiO2, [54]), omitting the need of its removal from 
post-process effluent, recycling and final disposal. While, application of 
homogeneous –photo Fenton based process ([56]) demands addition of 
iron ion into the effluents changing its composition and also could cause 
issues in real case scenario related to sludge formation.

Fig. 6. Effect of DOM on the degradation and dechlorination ([dicamba]: 
0.023 mM, [FA]: 0.123 M).

Table 5 
Kinetic study for the degradation achieved by UV-FA in the presence of dissolved 
organic matter (DOM) ([dicamba]: 0.023 mM, [FA]: 0.123 M).

First-order rate constant Second-order rate constant

Process R2 k1 (min− 1) R2 k2 (M− 1 min− 1)

UV-FA 0.991 0.0146 0.801 0.0186
UV-FA-DOM 0.994 0.0038 0.990 0.0011
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Fig. 7. Mechanism of dicamba degradation in the ARP/HCOOH/UV process.
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4. Conclusion

Dicamba was effectively degraded by the utilization of the hybrid 
process of UV-FA. A degradation of 97 % (k = 0.0146 min− 1) and 
dechlorination of 94 % (1.5 mg L− 1 chloride concentration) were ach-
ieved at an optimum FA concentration of 0.123 M for dicamba con-
centration of 0.023 mM in 240 min process time. To compare the 
effectiveness of the ARP (UV-FA) with sole UV (UV-SA), higher con-
centration of dicamba (0.23 mM) was used and 82 % degradation and 
12.4 mg L− 1 chloride concentration were obtained by UV-FA, while just 
70 % degradation and 5.2 mg L− 1 chloride concentration were observed 
by UV-SA, demonstrating the important role of reductive agent in the 
dechlorination of dicamba. The CO2

•‾ were the reductive species which 
had a significant participation in the degradation and especially in the 
dechlorination of dicamba, confirmed by the addition of methyl viol-
ogen into the solution as the scavenging test. An increase in FA till an 
optimum value of 0.123 M enhanced the degradation of dicamba, and 
further increase slightly decreased the degradation. The presence of 
humic acid as a dissolved organic matter lowered the degradation and 
dechlorination effectiveness. CO3

2‾ and SO4
2‾ were used to investigate 

the effect of the water matrix and it was observed that they slightly 
increased the degradation. In the end, the formation of five products was 
confirmed by mass spectrometry, providing insight into the degradation 
mechanism. Developed process has high applicability in real-case sce-
nario, due to high effectiveness in the presence of anions as well as 
effective dechlorination of the treated pollutant.

Environmental implications

This paper presents a novel process for target application in waste-
water treatment. The degradation and dechlorination of dicamba as a 
persistent aromatic herbicide was studied using a combination of UV 
and formic acid as an ARP generating carboxyl anion radical (CO2

•‾), and 
the results were compared with the results achieved by the sole use of 
UV in acidic conditions. The products of these processes were also 
determined according to the results obtained by gas chromatography- 
mass spectrometry (GC-MS). This research paper presents extensive re-
sults, which are important in further understanding of advanced 
reduction processes for the dehalogenation of persistent compounds.

CRediT authorship contribution statement

Cichocki Łukasz: Writing – original draft, Visualization, Investiga-
tion, Data curation, Conceptualization. Askarniya Zahra: Writing – 
original draft, Visualization, Investigation, Data curation, Conceptuali-
zation. Wang Chongqing: Writing – review & editing, Validation, 
Formal analysis. Makowiec Sławomir: Writing – review & editing, 
Validation, Investigation, Data curation. Boczkaj Grzegorz: Writing – 
review & editing, Writing – original draft, Validation, Supervision, Re-
sources, Project administration, Methodology, Funding acquisition, 
Formal analysis, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

The authors gratefully acknowledge financial support from the Na-
tional Science Centre, Warsaw, Poland for project OPUS nr UMO-2021/ 
41/B/ST8/0157.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2025.137984.

Data availability

No data was used for the research described in the article.

References

[1] Niemi, R.M., et al., 2009. Microbial toxicity and impacts on soil enzyme activities 
of pesticides used in potato cultivation. Appl Soil Ecol 41 (3), 293–304.

[2] Morillo, E., Villaverde, J., 2017. Advanced technologies for the remediation of 
pesticide-contaminated soils. Sci Total Environ 586, 576–597.
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[34] Tomanová, K., et al., 2017. At the crossroad of photochemistry and radiation 

chemistry: formation of hydroxyl radicals in diluted aqueous solutions exposed to 
ultraviolet radiation. Phys Chem Chem Phys 19 (43), 29402–29408.

[35] Badmus, K., et al., 2016. Quantification of radicals generated in a sonicator. Anal 
Bioanal Chem Res 3 (1), 139–147.

[36] Wang, M., et al., 2021. Spectrophotometric determination of hydrogen peroxide in 
water with peroxidase-catalyzed oxidation of potassium iodide and its applications 
to hydroxylamine-involved Fenton and Fenton-like systems. Chemosphere 270, 
129448.

[37] Capodaglio, A.G., 2020. Critical perspective on advanced treatment processes for 
water and wastewater: AOPs, ARPs, and AORPs. Appl Sci 10 (13), 4549.

[38] Hendy, C.M., et al., 2021. Radical chain reduction via carbon dioxide radical anion 
(CO2

•–). J Am Chem Soc 143 (24), 8987–8992.
[39] Fedorov, K., Sun, X., Boczkaj, G., 2021. Combination of hydrodynamic cavitation 

and SR-AOPs for simultaneous degradation of BTEX in water. Chem Eng J 417, 
128081.

[40] Gu, X., et al., 2017. Carbon dioxide radical anion-based UV/S2O8
2− /HCOOH 

reductive process for carbon tetrachloride degradation in aqueous solution. Sep 
Purif Technol 172, 211–216.

[41] Wang, J., Wang, S., 2021. Effect of inorganic anions on the performance of 
advanced oxidation processes for degradation of organic contaminants. Chem Eng 
J 411, 128392.

[42] Huie, R.E., Clifton, C.L., Neta, P., 1991. Electron transfer reaction rates and 
equilibria of the carbonate and sulfate radical anions. Int J Radiat Appl Instrum 
Part C Radiat Phys Chem 38 (5), 477–481.

[43] Wang, J., Wang, S., 2020. Reactive species in advanced oxidation processes: 
formation, identification and reaction mechanism. Chem Eng J 401, 126158.

[44] Ghanbari, F., Moradi, M., Gohari, F., 2016. Degradation of 2,4,6-trichlorophenol in 
aqueous solutions using peroxymonosulfate/activated carbon/UV process via 
sulfate and hydroxyl radicals. J Water Process Eng 9, 22–28.

[45] Ji, Y., et al., 2015. Heat-activated persulfate oxidation of atrazine: implications for 
remediation of groundwater contaminated by herbicides. Chem Eng J 263, 45–54.

[46] Wang, J., Wang, S., 2018. Activation of persulfate (PS) and peroxymonosulfate 
(PMS) and application for the degradation of emerging contaminants. Chem Eng J 
334, 1502–1517.

[47] Fedorov, K., et al., 2020. Ultrasound-assisted heterogeneous activation of 
persulfate and peroxymonosulfate by asphaltenes for the degradation of BTEX in 
water. J Hazard Mater 397, 122804.

[48] Rossi, R.A., 1982. Phenomenon of radical anion fragmentation in the course of 
aromatic SRN reactions. Acc Chem Res 15 (6), 164–170.

[49] Costentin, C., et al., 1999. Thermal” SRN1 reactions: how do they work? Novel 
evidence that the driving force controls the transition between stepwise and 
concerted mechanisms in dissociative electron transfers. J Am Chem Soc 121 (18), 
4451–4460.
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