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The photodegradation of 2,4-dichlorophenoxyacetic acid (2,4-D) taking place in UV irradiated aqueous
TiO, dispersions was revisited to obtain mechanistic details on the basis of similar degradation of the related
2,3-dichlorophenoxyacetic acid (2,3-D), 4-chlorophenoxyacetic acid (4-M) and phenoxyacetic acid (PhA).
Mechanistic changes were inferred from the different positions of the chlorine substituents. As well, the
compounds were compared for differences in degradation rate and initial adsorption on the TiO, surface as a
function of the number of chlorines. The initial mechanistic sequence(s) in the TiO,-photocatalyzed oxidation
of each substrate was predicted theoretically by molecular orbital (MO) calculations of frontier electron
densities and point charges of all the atoms in the phenoxyacetic acid structures.

Introduction

The agrochemical 2.4-dichlorophenoxyacetic acid (2,4-D) is a
popular product in agriculture used extensively worldwide as
a herbicide. However, 2,4-D is found scattered in various nat-
ural ecosystems with potentially serious consequences to
human organisms.! This herbicide is a highly toxic material
listed by the Japanese Ministry of the Environment and by
the U.S. Environmental Protection Agency as a suspected
endocrine disruptor. Accordingly, the degradation of 2,4-D
necessitates immediate disposal, since chlorine-containing
compounds are typically difficult to biodegrade naturally.

Photocatalytic decomposition of pollutants on TiO, semi-
conductor particles in aqueous media has been shown to be
an effective and attractive oxidation method in the general area
of Advanced Oxidation Technologies. Several chlorinated
compounds have been degraded photocatalytically by UV
illuminated TiO,, for example 2,4-D,>* dibromochloro-
propane,” hexachlorocyclohexane,” and p,p’-DDT.%°

This article focuses on a comparison of the photodegrada-
tion process of four phenoxyacetic acids differing in the num-
ber (n = 0, 1, 2) and/or position of the chlorine substituents,
as exemplified by 2,4-dichlorophenoxyacetic acid, 2,3-dichloro-
phenoxyacetic acid (2,3-D), 4-chlorophenoxyacetic acid (4-M),
and phenoxyacetic acid (PhA), to extract mechanistic details
of the photodegradation of the 2,4-D herbicide.

Experimental

Materials

Reagent grade 2.4-dichlorophenoxyacetic acid, 2,3-dichloro-
phenoxyacetic acid, 4-chlorophenoxyacetic acid, and phenoxy-
acetic acid were supplied by Wako Pure Chem. Co. Ltd (see
structures below; all atoms are labelled with a number for
the MO calculations). The photocatalyst was Degussa P-25
titanium dioxide (TiO,) whose particle size was 20-30 nm
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(determined from transmission electron microscopy); its sur-
face area was 53 m’g~! (BET methods) and the crystalline
structure was 83% anatase and 17% rutile as determined by
X-ray diffraction analysis.
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Photodegradation procedures and analytical methods

Aqueous solutions (0.1 mM, 50 mL) of the four acids were
placed in a 124 mL Pyrex vessel containing TiO, particles
(loading, 100 mg). The resulting dispersion was subsequently
purged with oxygen gas and then supersonicated. Irradiation
of the dispersions was carried out with a 75 W Hg lamp emit-
ting an irradiance of ca. 2.0 mW cm ™ in the wavelength range
310 to 400 nm (maximal emission at A = 360 nm).
Ring-opening of the benzene moiety (i.e., loss of aromaticity)
was analyzed with a JASCO V-560 UV/VIS spectrophoto-
meter. The concentration of chloride ions was assayed with a
JASCO liquid chromatograph (HPLC) equipped with a CD-
5 conductivity detector and an anion column (I-524). The tem-
poral evolution of CO, was monitored by gas chromatography
with a Shimadzu GC-8AIT (TCD detection) using a Porapack
Q column; helium was the carrier gas. The temporal decrease
of total organic carbon (TOC) was determined with a
Shimadzu TOC-5000A analyzer. Formation of carboxylic acid
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intermediates during the photooxidation of the various speci-
mens was followed with a JASCO liquid chromatograph
(HPLC) containing bromothymol blue (BTB); the column
was a KC-811 and the UV detector was set at 445 nm. The
intermediates were identified by direct injection into the mass
spectral detector of an Agilent Technologies 1100 LC-MSD
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unlikely. Concomitantly, dioxygen molecules react with con-
duction band electrons (e™) to yield superoxide radical anions,
O, °, which on protonation generate the hydroperoxy, ‘OOH,
radicals [eqns. (3a) and (3b)].

TiOy + hv — TiO, (¢~ +h™) — e~ +h™

(1)
(

(electrospray ionization: API-ESI) system operated in the h* + OH g (and/or H,O) — "OH + H' 2)
negative mode; the capillary voltage was 2800 V. The eluent B .

was a solution of acetonitrile—-H,O (1:1). Note that the LC e b +02— 0O (3a)
column was not used in this study. The flow rate of the sheath 0, +H' — "OOH (3b)

of heated dry nitrogen gas (heater temperature, 300°C) was
maintained at 10 L min~' and the gas pressure was 40 psi.
The spectrometer was scanned from m/z 50 to 300 at 0.3 mL
min~" during the recording of mass spectra. The injected 10
pL volume of a sample solution was loaded using an Agilent
Technologies 1100 auto-sampling device.

Computer simulations

Computer simulations and relevant MO calculations were car-
ried out with a CAChe Worksystem version 3.2 (Fujitsu Co.
Ltd) implemented on an Intel P-IV/Windows XP system per-
sonal computer to obtain frontier electron densities (to infer
points of radical attack) and point charges of all the atoms
in the phenoxyacetic acids (see above structures). The geome-
trical configuration was determined by pre-optimization calcu-
lations using the Mechanics software with augmented MM3,
followed by geometrically optimized calculations in MOPAC
using AM1 parameters. Solvation effects of water were simu-
lated by the COSMO method.'*!2

Results and discussion

Past experience has shown that TiO, particles absorb UV light
of energy greater than the bandgap (ca. 3.2 eV for anatase and
3.0 eV for rutile) to generate electron/hole pairs [eqn. (1)]. Fol-
lowing various steps, the holes (h™) are ultimately trapped by
HO™ ions (or H,O) at the particle surface to yield *OH radicals
[and H™; eqn. (2)]. Our data do not preclude the possibility of
direct hole scavenging by the 2,4-D to form cation radicals;
however under our conditions, this scenario was rather

‘OH (or ‘OOH) + 2,4-D — Oxidative products  (4)

The TiO, particle surface is positively charged (pH less than
6.3) owing to excess protons produced in reaction 2, or because
the solution is initially acidic (ca. pH = 3.5-3.7), changing a
Ti-OH neutral surface to a Ti-OH, " positive surface. Accord-
ingly, negatively charged atoms in the 2,4-D structure will be
attracted on the surface of TiO, by simple Coulombic forces.
Moreover, the *OH radicals photogenerated on the TiO, sur-
face are expected to be the major oxidative agents to attack
the substrates adsorbed on the surface through the most
negatively charged atoms of the phenoxyacetic acids.

The characteristics of the photodegradation of 2,4-D, 2,3-D,
4-M and PhA, through predicted initial steps, were examined
by molecular orbital calculations (MO) of frontier electron
densities and point charges on all the atoms (see above struc-
tures) of the four substrates. These are summarized in Table
1. Attack of the substrates by the highly electrophilic “OH
radicals on the surface of TiO, is expected to occur at the
atoms bearing the highest frontier electron densities. The life-
time of the *OH radical chemisorbed on the TiO, surface is a
few microseconds so that its reaction with the substrates is
most efficient when the substrates are also chemisorbed or phy-
sisorbed. Note that the lifetime of the DMPO-"OH adduct is
about 23 min according to ESR measurements. We expect that
when the distance between a negatively charged atom bound to
the particle surface and an atom possessing a high frontier
electron density is relatively short the photodegradation will
be relatively fast.

The atoms bearing the greatest negative charge in the 2,4-D,
2,3-D, 4-M and PhA structures were in all cases the O-10

Table 1 Results of radical frontier electron density and point charge calculations for the 2,4-D, 2,3-D, 4-M and PhA substrates using the MOPAC

system in the CAChe package

Point charge

Radical frontier electron density

2,4-D 2,3-D 4-M PhA 2,4-D 2,3-D 4-M PhA
C-1 0.091 0.104 0.072 0.058 0.356 0.287 0.379 0.356
C-2 —0.113 —0.147 —0.198 —0.211 0.313 0.321 0.221 0.262
C-3 —0.094 —0.055 —0.098 —0.115 0.191 0.293 0.229 0.242
C+4 —0.115 —0.157 —0.125 —0.184 0.353 0.291 0.418 0.370
C-5 —0.085 —0.092 —0.102 —0.117 0.271 0.221 0.204 0.217
C-6 —0.190 —0.163 —0.167 —0.182 0.181 0.273 0.238 0.287
0-7 —0.226 —0.237 —0.244 —0.250 0.123 0.120 0.129 0.137
C-8 —0.044 —0.037 —0.043 —0.042 0.004 0.007 0.005 0.007
C-9 0.402 0.398 0.401 0.401 0.020 0.019 0.036 0.069
0-10 —0.490 —0.491 —0.492 —0.494 0.007 0.007 0.013 0.024
O-11 —0.339 —0.339 —0.340 —0.340 0.003 0.003 0.005 0.009
Cl-12 0.006 0.020 —0.026 - 0.071 0.080 0.107 -
Cl-13 —0.012 0.004 - - 0.093 0.061 - -
H-12 — - - —0.170 - - - 0.000
H-13 - - 0.178 0.166 - - 0.000 0.000
H-14 0.185 0.184 0.180 0.163 0.000 0.000 0.000 0.000
H-15 0.186 0.183 0.180 0.166 0.000 0.000 0.000 0.000
H-16 0.191 0.184 0.181 0.171 0.000 0.000 0.000 0.000
H-17 0.169 0.165 0.166 0.165 0.007 0.008 0.008 0.010
H-18 0.169 0.165 0.166 0.164 0.007 0.008 0.008 0.010
H-19 0.311 0.311 0.310 0.310 0.000 0.000 0.000 0.001
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Fig. 1 Plot showing the temporal loss of the four phenoxyacetic acids
as determined by UV spectral methods: 2,4-dichlorophenoxyacetic
acid (2,4-D: 285 nm), 2,3-dichlorophenoxyacetic acid (2,3-D: 280
nm), 4-chlorophenoxyacetic acid (4-M: 280 nm) and phenoxyacetic
acid (PhA: 268 nm) under UV illumination in air-equilibrated aqueous
TiO, dispersions.

(—0.490 to —0.494; Table 1) followed by the O-17 atoms (ca.
—0.340). Therefore, each of the substrates should be no differ-
ent from the others in the initial adsorption under non-irradia-
tion conditions. Specific carbon atoms of each of the benzene
rings displayed the richest frontier electron densities. They
were the C-/ and C-4 carbons in the 2,4-D, 4-M and PhA
structures, whereas only the C-2 carbon of 2,3-D bore the lar-
gest electron density. As alluded to above, "OH radical attack
should occur predominantly on these carbon atoms. However,
electron densities and point charges are not the sole factors
affecting the dynamics of the photodegradation of these phe-
noxyacetic acids. We expect that the number and positions
of the chlorine substituents will play a role on the dark adsorp-
tion/desorption equilibria and on the dynamics of the photo-
degradative process.

The temporal decrease of the concentration of the four phe-
noxyacetic acids examined, as witnessed by UV absorption
losses, is illustrated in Fig. 1. Prior to UV irradiation of the
various dispersions, the extent of initial adsorption of each
substrate on the TiO, surface, estimated from initial loss of
UV absorbance in the presence of titania, varied in the order
24-D (29%) > 2,3-D (23%) > 4-M (21%) > PhA (19%).
Clearly, the initial adsorption on the TiO, surface appears to
be proportional to the number of chlorine substituents
(n = 2,1,0). Under UV illumination, the rate of photodegrada-
tion, as determined by UV spectroscopy, decreased in the
order PhA (3.6x 1072 min~!) > 4-M (2.6 x 1072 min~') >
2,3-D (1.8x 1072 min~") > 2.4-D (1.1 x 1072 min™"); note
that the latter substrate degraded wvia zero-order Kkinetics
(1.1 x 10~* mM min~')—see Fig. 1.

Fig. 2 summarizes the dynamics of the temporal evolution
of CO, gas and formation of ClI™ ions during the photomi-
neralization of 2,4-D, 2,3-D, 4-M and PhA. Within experi-
mental error, dechlorination of the three chlorinated
phenoxyacetic acids occurred following identical first-order
kinetics (3.2-3.3 x 1072 min~'). The extent of dechlorination
after 180 min of irradiation was 85+ 5%. In contrast, some
variation in the dynamics was observed in the formation of
carbon dioxide: PhA~4-M (1.9-2.0x 1072 min~') > 2,3-
D~2,4-D (1.5-1.6 x 1072 min~"). After 180 min, the miner-
alization yields were very similar, ca. 90+ 3%, for the four
substrates. Evidently, the number and/or positions of the
chlorine substituents influenced neither the mineralization
process nor the dechlorination event. However, they did have
some influence on the dark adsorption/desorption events (see
above).
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Fig. 2 Mineralization yield in CO, and Cl™ ions produced in the
photodegradation of 2,4-D, 2,3-D, 4-M and PhA (no Cl™ ions here)
in aqueous TiO, dispersions (100 mg in a 50 mL volume) under UV
irradiation.

The temporal decrease of total organic carbon (TOC; initial
concentration 9.4 ppm or 0.10 mM) during the photodecom-
position of 2,4-D, 2,3-D, 4M and PhA is illustrated in
Fig. 3(a). Overall, the decay of TOC followed first-order
kinetics in the order (k): 2,4-D (3.2x 1072 min~!) > PhA
(2.6 %1072 min™") > 4-M (1.9%x 1072 min~!) > 2,3-D (1.3 x
1072 min~"). Contrary to the decrease of UV absorption and
the mineralization yield as a percent of CO, gas evolved, the
decrease of TOC for 2,4-D was more than twofold faster
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Fig. 3 (a) Temporal decrease of total organic carbon (TOC) in the
photodecomposition of 2,4-D, 2,3-D, 4-M and PhA by UV illumina-
tion in aqueous TiO, dispersions. (b) Amount of 2,4-D, 2,3-D, 4-M
and PhA and/or their respective intermediates adsorbed on the TiO,
surface. IS denotes the initial state for the TiO,-free solution.
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than observed for 2,3-D. Two possible scenarios might explain
this observation. The first is that the variation in the dynamics
might reflect differences in the nature and formation of inter-
mediates. The second possibility might be variations in the
adsorption of each substrate on the TiO, particle surface.
We discard the first because the rates of evolution of CO,
gas are nearly identical, viz., 1.5 x 1072 min~! for 2,4-D versus
1.6 x 1072 min~! for 2,3-D. Consequently, we look to differ-
ences in the adsorption process of the organics on the TiO,
surface.

The extent of adsorption on the TiO, surface at various
times was calculated from the sum of the quantity of TOC
decay (in %) and the amount of CO, gas produced (also in
%). The results are displayed in Fig. 3(b). Initially (at z = 0),
the adsorption varied as 2,4-D ~PhA > 4-M > 2,3-D under
dark conditions. The TOC value at zero time does not imply
100% of TOC as shown in Fig. 3(a) because of adsorption
on TiO, surface. After an illumination period of 30 min, the
order was 2.,4-D > PhA > 4-M > 2,3-D. The difference in
the decrease of TOC between 2,4-D and 2,3-D rests on the dif-
ferences in adsorption/desorption equilibria occurring on the
TiO, surface. We suggest that this process is affected by steric
effect variations between the two substrates chemisorbed on
the TiO, surface, as might be caused by the positions of the
two chlorine atoms in the chemical structure. In the case of
2,4-D, the two adjacent molecules suffer steric repulsions
between the two Cl-12 chlorine substituents only, whereas
for the 2,3-D substrate stronger steric repulsions occur
between both the Cl-12 and Cl-/3 chlorine atoms (see Scheme
1). We deduce that the gap in TOC decay behavior between the
2.,4-D and 2,3-D acids is due to variations in adsorption on the
TiO, surface and the relative positions of the chlorines.
The variations in the TOC rate of decay observed for all four
phenoxyacetic acids also depend on the number and positions
of the chlorines in the four chemical structures.

Carboxylic acid intermediates, such as formic acid and
acetic acid, were detected by HPLC techniques. Their forma-
tion and ultimate degradation to carbon dioxide are illustrated
in Fig. 4(a) and 4(b), respectively. Maximal production of
formic acid after only 10 min of irradiation followed nearly
identical first-order kinetics for all four substrates examined;
however, the quantity produced followed the order PhA
(0.114 mM) > 4-M (0.102 mM) > 2,3-D (0.078 mM) > 2.4-D
0.067 mM). If the formic acid intermediate were produced
from the degradation of the benzene ring, we would have
expected to see a greater amount than that actually found.
The increase and the decrease of the concentration of formic
acid after the 10 min illumination period suggests that it was
generated from the decomposition of the carboxylic acid frag-
ment (-COOH) in the chemical structures of the phenoxyacetic
acids. By contrast, formation of acetic acid was slower and the
maximal quantity was observed only after irradiation for 60

2,4-D 2,3-D

¢l cl
Slight desorption - al
.
Strong desorption
Cl Cl ol - > al
9 0
1/
CH H,C o} 0
{ CH H,C
H, /C\\O H\ /(“\ \Cz\ H\ :
+ ~0 + 0
+ + + +
TiO, TiO,

Scheme 1 Schematic image of the adsorption model of 2,4-dichloro-
phenoxyacetic acid (2,4-D) and 2,3-dichlorophenoxyacetic acid (2,3-D)
on the TiO, surface.
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Fig. 4 Temporal formation of formic acid (a) and acetic acid (b) in
the photodegradation of 2,4-D, 2,3-D, 4-M and PhA.

min, except for 2,4-D for which it was observed after 90 min.
The variation between 2,4-D and 2,3-D rests with differences in
adsorption on the TiO, surface. We suggest that acetic acid
was formed, in part, from the transformation of the acetic acid
moiety (-CH,COOH) and from the cleaved fragments of the
benzene ring.

Identification of some of the more complex intermediates
was achieved using LC-MSD electrospray ionization methods;
mass spectra were recorded at various irradiation times from 0
to 180 min in the negative ion mode. Fig. 5 (left column) illus-
trates the relevant spectra at 0, 30, 60 and 180 min for the
2,4-D substrate, whereas the right column depicts those for
the 2,3-D system after the same irradiation times. The signals
at m/z 219, 221, and 223 in the mass spectrum of the initial
solution correspond to the parent phenoxyacetic acid contain-
ing two chlorine substituents, while the three signals at 161,
163 and 165 are those of the corresponding dichlorophenol
present in the solution either as an initial impurity, or pro-
duced from the workup of the solution in the electrospray
mass spectral detector. Note that the spectra are presented
relative to the most intense peak set at 100%. The spectra tend
to be very complex with a multitude of peaks. It is noteworthy
that the spectra for 2,4-D are difrerent from those of 2,3-D for
equal irradiation times. This points to different routes for the
degradation of the two systems. Not all the signals were iden-
tified as to their parentage. Those that were identified are
described below and we present possible mechanistic route(s)
of the fate of the various species.

Scheme 2 summarizes some of the hypothesized steps in the
photodegradation of the 2,4-D substrate. From the results we
infer two significant initial steps (I) and (II), which bring
the 2,4-D to yield 2,4-dichlorophenol through cleavage of the
0-7-C-8 bond or through addition of the *OH radical at the
C-1 carbon bearing the highest electron density in the 2,4-D
substrate (Table 1), and 6-hydroxy-2.,4-dichlorophenoxyacetic
acid on addition of an OH group at the C-6 carbon. Partial
dechlorination of the dichlorophenol occurs by ‘OH radical
attack on the C-4 carbon, which also bears the highest electron
density, to give the corresponding chlorohydroquinone (/= at
143 and 145, consistent with one chlorine substituent). Further
reaction causes loss of the chlorine and cleavage of the ring to
yield the intermediates with molecular weight of 130 and 113

New J. Chem., 2003, 27, 836-843 839
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Fig. 5 Negative ion ESI mass spectra (i-iv) recorded in the photodecomposition of 2,4-D (left column) and 2,3-D (right column) at 0, 30, 60 and

180 min of UV illumination of the corresponding TiO, dispersions.

(negative ion peaks at m/z = 129 and 112), respectively. The
3,5-dichloro-1,2-benzenediol intermediate (MW = 179; m/z
at 177, 179 and 181) is produced either from the dichlorophe-
nol or from the intermediate (route II) with molecular weight
237 (m/z peaks at 235, 237, 239). The rapid formation of for-
mic acid [in ca. 10 min of irradiation; see Fig. 4(a)] originates
from the -COOH fragment of 2,4-D (see above), which should
have produced either the dichlorophenoxymethanol species or
dichlorophenoxymethane. Signals for the former are barely
perceptible relative to the more intense peaks {see the 30 min
and 60 min spectra in Fig. 5; route III}. Other intermediates

840  New J. Chem., 2003, 27, 836-843

are displayed in Scheme 2 and ultimately they too are photo-
degraded to carbon dioxide.

Some of the identified intermediates produced in the photo-
degradation of the 2,3-D substrate (m/z peaks at 219, 221 and
223; see Fig. 5, right column) and inferred mechanistic steps
are illustrated and summarized in Scheme 3. From the results
we deduce the existence of three possible routes for the photo-
degradation process. In the first (I), “OH radical attack at the
C-1 carbon yields the related 2,3-dichlorophenol (m/z = 161,
163, 165) with formation of formic acid and then more slowly
also acetic acid [see Fig. 4(b)]. The phenolic intermediate
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Scheme 2 Proposed photodegradation mechanism of 2,4-dichlorophenoxyacetic acid (2,4-D) under UV illumination in aqueous TiO, dispersions
following identification of some of the intermediates by ESI mass spectral techniques.

subsequently undergoes further changes on attack at the C-2
carbon (highest electron density for 2,3-D and, likely also,
for this phenol) to produce the chlorocatechol species (m/z
signals at 143 and 145) followed by another event to give the
species with a peak in the negative ion mode spectra at m/z
129. In route II, as also seen for 2,4-D, the 6-hydroxy-2,3-
dichlorophenoxyacetic acid intermediate forms (m/z at 235,
237, 239), followed by cleavage of the benzene ring to yield
chloroacetic acid (m/z at 93, 95) and the chlorinated inter-
mediate that appears at m/z = 177 and 179. The intermediate
with m/z 95 and 97 is believed to be formed from the latter

species. In route III, the parent substrate undergoes complete
dechlorination (note that it is not unlikely that such a process
also occur via a photoreductive process by electron attachment
to 2,3-D) to yield the intermediate that appears at m/z 157,
which is then followed by further degradative events to ulti-
mately yield carbon dioxide.

Conclusions

This work has attempted to identify some of the salient
mechanistic features in the photodegradation of the herbicide
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following identification of some of the intermediates by ESI mass spectral

2,4-D, extensively used in agriculture and which is causing
some serious concerns for human health. Under the experi-
mental conditions used in this study, the phenoxyacetic acids
degraded fairly rapidly with about 80% mineralization and
dechlorination achieved in about 2 h of UV irradiation. Elec-
trospray ionization (ESI) mass spectral methods provided the
necessary identification of some of the intermediates from
rather complex mass spectra in which many of the intermedi-
ates remain yet to be identified. This notwithstanding, how-
ever, it is significant that substantial degradation of the
herbicide is accomplished in a relatively short time from simple
UV radiation, a degradative process that can also be driven by
solar UV radiation.
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techniques.
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