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Abstract. Dicamba (3,6-dichloro-2-methoxybenzoic acid) was exposed to UV light in aqueous solution.
It was also irradiated in the solid phase without support or adsorbed on laponite (a synthetic clay) and
ferric oxide.
Two main photoproducts (1) and (2) were identified in irradiated aqueous solutions. Both involve the

substitution of chlorine by OH. The unexpected product (2) is formed through a kinetic reaction of primary
product; it results from an oxidation and it is not formed in the absence of oxygen.
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A huge number of intermediate products were simultaneously formed when dicamba is irradiated in the
solid phase in presence of laponite. They correspond to methylation, decarboxylation, chlorination, dechlo-
rination, and hydroxylation reactions. The latter is probably due to the presence of water in clays, whereas
methylation, chlorination and decarboxylation have been attributed to the cage effect and to an energy trans-
fer process. Without support or with ferric oxide, no decarboxylation occurs. The nature of the inorganic
support also modify the kinetics of dicamba photolysis.

1. INTRODUCTION

Dicamba (3,6-dichloro-2-methoxybenzoic acid) is a
selective systemic herbicide used for the control of
perennial broad leafed weeds in corn, small grains,
sugar cane, and turf [1]. It is resistant to oxidation and
hydrolysis under normal conditions, stable in acids and
alkalies. Dicamba can be applied to leaves or soil and
can reach surface water through runoff events. The sol-
ubility of dicamba in unbuffered solution was reported
to be 6.5 g ·L−1 and the pKa 1.87 [1] or 1.94 [2]. The
biodegradation and the photodegradation are the two
main pathways for the elimination of pollutants from
the environment. In soil biodegradation is the main way
for pesticide transformation. Many publications deal
with the biodegradation of dicamba, for example [2, 3,
4]. Themainmetabolite is 3,6-dichlorosalicylic acid, but
the formations of 2,5-dihydroxy-3,6-dichlorobenzoic
acid and little amounts of 5-hydroxydicamba were also
reported [3].

The phototransformation of dicamba was not so
much studied. To our knowledge the main work about
it was carried out by Bourgine et al. and deals with
the industrial photochemical elimination of several
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herbicides [5]. It was concluded that dicamba can be
photodegradated, but much slower than some other
herbicides such as mecoprop and MCPA. Photoprod-
ucts were not analysed.

It may be noted that the main photochemical process
in the phototransformation of chloro- and dichloroben-
zenes is photohydrolysis of a C−Cl bond [6] and that
the photolysis of 4-chlorophenol in air-saturated solu-
tion leads to the formation of benzoquinone [7, 8] via
the formation of a carbene [9, 10].

The aim of the present work is to carry out a kinetic
and analytical study of the photochemical transforma-
tion of dicamba in water and dispersed on inorganic
supports, since the presence of water is assumed to
play an important role in the orientation of the reaction.

2. MATERIALS AND METHODS

2.1. Reactants. Dicambawas provided by Chem Service.

Water was purified with Milli-Q device (Millipore) and
its purity was controlled by its resistivity (> 18MΩ·cm).
In some cases solutions were deoxygenated by bubbling
nitrogen for 15min.
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Sylilating agent was BSTFA+1%TMCS provided
by Pierce whereas diazomethane was prepared
from N-methyl nitrosotoluene-4-sulphonamine (Pro-
labo), KOH, methanol and diethylether.

2.2. Procedure and irradiation.

Photolysis in aqueous solution. Aqueous solutions
(5ml, 2× 10−4 mol ·L−1) were irradiated with six flu-
orescent lamps (Duke Sunlamp GL20) emitting be-
tween 275 and 350nm with a maximum emission at
310nm in a cylindrical quartz cell located on the axis
of a cylindrical mirror. The quantum yield at 275nm
was measured by using a monochromator Schoeffel
equipped with a high-pressure xenon lamp. The beam
was parallel and the reactor was a square quartz cu-
vette with a 1 cm path length. The incident flow in-
tensity at this wavelength was evaluated as 3.7 ×
1014 photons · s−1·cm−3 by ferrioxalate actinometry.
After irradiation, each compound was either analysed
directly by HPLC/UV or isolated by preparative HPLC
and analysed by GC/MS without derivatisation or after
esterification with diazomethane or silylation. For sily-
lation reaction, 200µL of BSTFA 1% TMCS and 200µL of
diethylether were added to extract compound and was
held for 10minutes under stirring.
Esterification was realized by using 500µL of freshly

prepared diazomethane and stirring for 30minutes in
the dark.

Photolysis in adsorbed phase. Dicamba (5mg) ad-
sorbed on laponite or the pure solid (50mg), was dis-
persed on the bottom of a Pyrex reactor and irradi-
ated with a Philips HPK 125W high pressure mercury
lamp through a 2.2 cm thick circulating water filter.
The wavelengths imposed on the substrate ranged be-
tween 290nm and 575nm with a maximum at 360nm.
After irradiation, intermediate products were analysed
by HPLC/UV with MeOH/Water (50/50 by volume) as
eluent after ultrasonic extraction (5min) and by GC-MS
applying ethyl acetate or diethylether extraction.

2.3. Analyses. Absorption spectra were recorded on a
Cary 13C (Varian) spectrophotometer.
HPLC analyses of solutions were performed on a

Merck chromatograph or on a Waters 990 chromato-
graph equipped with a photodiode array detector. The
column was a Hewlett Packard reverse-phase C18, 5µm
(250mm × 4.6mm), with MeOH/Water (55/45 by vol-
ume) as the eluent. Preparative HPLC was carried out on
a Gilson chromatograph with a Microsorb C18 column,
3µm (100mm × 20mm). In case of the irradiations of
the pure solid, a gradient was also used: acidified wa-
ter pH=3/MeOH (75/25 by volume) during 12min, then
50/50 at 60min and 10/90 at 90min.
[1H] NMR spectra were recorded on Bruker AC

400MHz Fourier transform spectrometer.
GC/MS analyses were obtained on a HP 5890 series II

gas chromatograph equipped with a HP 5971 mass de-
tector. The mass analyser was operated in the electron
impact mode (EI). The GC column was a chrompack CP-
Sil 5CB and the temperature program depended on the
compound to be analysed. For underivatized solution:
injector: 473K; column 373K, 373K–473K (6K·min−1,
hold: 30min); detector: 523K were used. For dia-
zomethane derivatized products: injector: 543K; col-
umn: 313K (hold: 5min), 313K–573K (10K ·min−1;
hold: 30min); detector: 573Kwere applied. For silylated
products: injector: 473K; column 393K (hold: 4min);
393K–473K (3K ·min−1 hold: 30min); detector: 573K
were used.
FTIR spectra were recorded on a Bruker Vector 22

by using KBr pellet (4mg of sample and 297mg of KBr
were pressed under 3 t · cm−2).
Gas phase analyses were performed on a Mass Spec-

trum Transpector 2.0 Inficon.

3. RESULTS

3.1. Physico-chemical properties. From the pKa values
given in the literature [1, 2] the anionic form is domi-
nant in natural waters or unbuffered solutions.
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The neutral form of dicamba absorbs at wavelengths
shorter than 325nmwith amaximun located at 275nm.
Themolar absorption coefficient at this wavelength was
evaluated as 500M−1 cm−1. As it can be seen in Fig-
ure 1 the protonated form is significantly more absorb-
ing and its maximum is located at longer wavelengths.
Aqueous solutions were stable in the dark: no change
was observed in the UV-Visible spectrum after 24h at
room temperature.

The following values were obtained for the [1H] NMR

spectrum of dicamba in CDCl3: δ(ppm); 4.05 (s, CH3),
7.15 (d, H4 or H5, J=7Hz), 7.40 (d, H5 or H4, J=7Hz),
10.80 (s, COOH).

When dicamba was in the solid state direcly in re-
actor or dispersed on clay, FTIR analysis showed that
the anionic form is also the dominant form in the
presence of clay (strong asymetric vibration of COO−

at 1630–1550cm−1; symetric vibration of COO− at
1440 cm−1) while dimeric form is present if dicamba is
not adsorbed on solid (stretching (C=O) at 1313 cm−1;
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(OH) of COOH at 1288cm−1; stretching (C−O) at 1184
and 1388cm−1). In presence of ferric oxide, dicamba is
present as a mixture of anionic and dimeric forms.
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Figure 1. UV absorption spectrum of an aqueous solution of
dicamba: — basic or neutral solutions, - - - - acidic solution.

3.2. Dicamba photolysis in aqueous solution.

Quantum yield measurement and evolution of UV
spectrum. The quantum yield of disappearance of
dicamba was evaluated at 2.15×10−2 in aerated solu-
tion irradiated at 275nm.
A significant change was observed in the UV absorp-

tion when an air-saturated aqueous solution of dicamba
(2 × 10−4 M) in pure water at natural pH was irradi-
ated within the range 275 and 350nm. An increase of
absorbance was observed within the whole spectrum.
A new band appears between 300 and 350nm (Fig-
ure 2). Two main photoproducts (1) and (2) were de-
tected by HPLC chromatography (detection at 275nm).
Both have shorter retention time than dicamba. (1) is
a primary photoproduct and its formation is unaf-
fected by oxygen. Product (2) is produced through ki-
netics of the primary photoproduct, but its formation
needs the presence of oxygen. It was observed that
(2) does not result from the photooxydation of (1).

0

500

1000

1500

2000

2500

3000

200 250 300 350 400 450 500

0min
5min
10min
20min
30min
1h

λ (nm)

ε
(m

o
l−

1
·I·

cm
−1

)

Figure 2. Evolution of the UV spectrum of an air-saturated
solution of dicamba (2× 10−4M) irradiated between 275
and 350nm.

The UV spectra of (1) and (2) are similar and quite
different from the spectrum of dicamba. Both prod-
ucts present a strong absorption band between 300 and
400nm with maxima located near 340 and 350nm, re-
spectively.

Identification of photoproducts. Products (1) and (2)
were isolated by preparative HPLC chromatography.
Results of mass spectrometry and [1H] NMR shifts in
deuterochloroform are gathered below:

Product (1)
[1H] NMR δ(ppm): 4.10 (s,CH3), 6.80 (d,H4 or H5, J =

7Hz), 7.15 (d, H5 or H4, J = 7Hz), 11.25 (s,OH).
m/z (relative abundance): 184 [M]+. (35); main frag-

ments: 166(100), elimination of H2O; 151(50), elimina-
tion of CH3; 123(82), elimination of CO.

Product (2)
[1H] NMR δ(ppm): 5.75 (s,CH2), 6.70 (d, H4 or H5, J =

7Hz), 7.15 (d, H4 or H5, J = 7Hz), 9.50 (s,OH).
m/z (relative abundance): 182 [M]+. (30); main frag-

ments: 152(100), elimination of CH2=O; 124(34), elimi-
nation of CO; 96(42), elimination of CO.
In order to confirm the GC-MS results, both products

(1) and (2) were derivated with a sylilation agent.
Following results were obtained after treatment:

Product (1)
m/z (relative abundance): 400 [M]+. (18); main

fragments: 385(100), elimination of CH3; 355(33),
elimination of CH3−Si+H2; 282(10), elimination of
HCOOSi(CH3)3; 73(89), +Si(CH3)3.

Product (2)
m/z (relative abundance): 326 [M]+. (16); main frag-

ments: 311(50), elimination of CH3; 281(100), elimina-
tion of CH3−Si+H2; 73(58), +Si(CH3)3.
These results fit well with a double sylilation of prod-

uct (2) and a triple sylilation of product (1). From these
results the following stuctures were deduced.
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3.3. Dicamba photolysis in adsorbed phase.

Kinetics of disappearance and evolution of UV spec-
trum. Disappearance of solid dicamba is improved in
presence of clays and to a less extend in presence of fer-
ric oxide (Figure 3) The evolution of UV spectrum is not
the same as in aqueous solution (Figure 4). However,
in both cases an increase of absorbance was observed
within the whole spectrum. A continuous increase of
absorbance in visible area occurs. In the case of clay,
the solid was initially white. After 4hours about 10% of
dicamba has disappeared and the solid become yellow-
brown. After 87hours (40% conversion), it was dark-
brown.
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In contrast to aqueous solutions, a huge number of
photoproducts were detected by HPLC/UV chromatog-
raphy. Some of them have shorter retention time than
dicamba but several peaks elute after it. Their amounts
are very small and only three photoproducts eluting af-
ter dicamba (r.t. = 26,64, and 67min) reached a con-
centration sufficient to record their UV spectra. They
absorb at 228–271nm, 222–281nm and 220–262nm,
respectively.

Identification of photoproducts. Only benzoic acid has
been identified by comparing the UV spectrum and
the HPLC retention time (26min) with that of an au-
thentic sample. The other compounds were identified
by GC/MS analysis. They are listed in Table 1. Their
structures correspond to decarboxylation, methylation,
chlorination, dechlorination and hydroxylation prod-
ucts.
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Figure 3. Phototransformation of dicamba in solid phase
(a) without solid, (b) in presence of ferric oxide and (c) in
presence of a clay (laponite).
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Figure 4. Evolution of the UV spectrum of dicamba adsorbed
on laponite as a function of irradiation time.

The compound which has HPLC retention time equal
to 64min is most probably 2,5-dichloroanisole (r.t.
= 15.1min in GC chromatogram) because its UV-
spectrum is similar to 2,5-dichlorophenol and its reten-
tion time is about 1min longer. In this case, it can be
concluded that decarboxylation is a primary reaction.
This hypothesis is corroborated by the formation of
CO2 at the beginning of the reaction. Without clay, de-

carboxylation is not detected. The two main intermedi-
ates detected in the aqueous photolysis are also present
in trace concentration. The appearance of visible colour
when dicamba is photolysed in the solid phase could be
due to the formation of humic substances.

Table 1. GC retention times, m/z and structure of interme-
diate products detected by GC/MS in the phototransforma-
tion of dicamba adsorbed on laponite.
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4. DISCUSSION AND MECHANISMS

4.1. Phototransformation in aqueous solution. Pho-
totransformation of (1) is explained by a double pho-
tohydrolysis involving the intermediate formation of
a substituted 4-chlorophenol, since it is a reaction
commonly observed with chloroaomatic derivatives [6].
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Most probably the substituted 4-chlorophenol can-
not accumulate in solution: if 4-chlorophenol is com-
pared with 1,4-dichlorobenzene, the former absorbs
at longer wavelength, it has a higher molecular ab-

sorption coefficient and a significantly higher quantum
yield (φ = 0.7–0.9 for 4-chlorophenol; φ = 0.05 for
1,4-dichlorobenzene). However no information is avail-
able about the order of elimination of Cl atoms.
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Product (2) results from an oxidation, but it was ex-
perimentally proved that it is not formed from (1). It is
assumed to result from the photooxidation of the in-
termediate substituted 4-chlorophenol. Actually it was
previously observed by Grabner et al. that the carbene

primarly formed in the photolysis of 4-chlorophenol
is oxidized into benzoquinone [9]. By analogy with the
degradation of 4-chlorophenol, the formation of prod-
uct (2) can be explained by the mechanism presented
in Scheme 1.

Cl

OCH3

COOH

HO
hν , O2

−HCl
+O O−

O CH2

H
O

COH O

H2O

H

O H

O+ O−

H

CH2

O
CO

O

H

O

#

H H

OO
O◦

H

CH2O

O
C

O

HO

◦ #

OH

HO

O
CO

O

CH2

+ H2O2

product (2)

Scheme 1

The first step is most likely the formation of carbene
intermediate which is oxidized to peroxo. Then a con-
certed mechanism leads to product (2).

4.2. Phototransformation in the solid phase. The pho-
tolysis of dicamba is much slower in the microcrys-
talline form than in the adsorbed state on clay. It is
attributed to both a better dispersion and interactions
between subtrate and support. In the absence of sup-
port, the herbicide is in the microcrystalline form. Sur-
face exposed to light is reduced and a screen effect is
expected for the central part of microcrystals. The use

of ferric oxide as the adsorbent increases the dispersion
but introduces a screen effect by the absorbing support.
So it is not surprising that a better efficiency is obtained
on laponite that contains no iron salt.
The presence of decarboxylation products and the

formation of CO2 in presence of clay denotes that
dicamba interact with clay through the carbonyl group
and that a photoinduced charge transfer occurs [11].
This photophysic phenomenon is probably at the origin
of decarboxylation, since this reaction does not occur
in the absence of clay. A mechanism is proposed as in
Scheme 2.
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The reactions of dechlorination and hydroxyla-
tion can be explained by the presence of resid-
ual water on solid which can polarise O−CH3

and C−Cl bond as represented in the following:
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The photolysis of dicamba in aqueous solution and
adsorbed on soil constituents (or used as a solid),
involves different mechanisms. In the solid phase, a
more important number of intermediate products are
present, pointing out a more complex pathway. Most of
photoproducts correspond to reduction. They proba-
bly result from the formation of radicals followed by
an oxido-reductive process. The translational motion
of the organic molecules adsorbed on silica was ex-
perimentally proved by Bauer et al. [12]. Similar rad-
ical oxido-reductive reactions were recently pointed
out with pentachlorophenol irradiated in the solid
state [13]. In the present case the formation of most of
identified products can be explained by the formation
of radicals such as Cl◦,RCOO◦, R’O◦, R”◦, CH3

◦ followed
by recombination or oxido-reductive reaction.
The presence of a small amount of the products (1)

and (2) in adsorbed phase photolysis may result either
from traces of adsorbedwater or from a heterolytic sub-
stitution of Cl with OH of silanol groups on the clay
surface.

5. CONCLUSION

The photochemical transformation of dicamba in
aqueous solution implies the involvement of water
molecules and it leads to dechlorination.
Reactions are different andmuchmore complexwhen

dicamba is irradiated in the solid state without added
water. The dispersion on a clay significantly increases
the photoreaction rate compared to microcrystal form

or dispersion on ferric oxide. Many photoproducts were
identified. They mainly result from decarboxylation
and reduction. They are attributed to charge transfer
and radical reactions.
The present work shows that the photochemical be-

haviour of dicamba in environmental conditions is very
complex. A dry soil has a different behaviour than a wet
soil, both on the kinetics and on the pathway of photo-
transformation. The nature of soil also plays a role.
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