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Abstract

A comparative study was carried out of the efficienf titanium dioxide specimens
Wackherr and Degussa P25 toward the photocatatiggradation of picloram, a
widely used herbicide. The study encompassed wanstion kinetics and efficiency,
identification of intermediates and reaction patysvaln the investigated range of
initial concentrations (0.25 — 1.0 mM), the photatgic degradation of picloram in
the first stage of the reaction followed approxietat pseudo-first order kinetics. The
TiO, Wackherr induced significantly faster picloram detation than Ti@ Degussa
P25 when high photocatalyst loadings and high satestoncentrations were used. By
examining the effect of ethanol as a hydroxyl rablgcavenger, it was shown that the
photocatalytic degradation of picloram takes plaw@nly via the hydroxyl radicals,
while the valence-band holes play a less impontalet Total organic carbon analysis
showed that complete mineralization of picloramusced after about 16 hours of
irradiation. Several degradation intermediates weeatified by using LC-MS, GC-
MS, and*H NMR, which allowed the proposal of a tentativethpeay for the
photocatalytic transformation of picloram. Finalllge photocatalytic degradation rates
of three selected herbicides (picloram, triclopgd anecoprop) were compared, and
the results show that the efficiency of photocaialglegradation is greatly influenced

by the molecular structure.

Keywords: Picloram; Herbicide; Photocatalysis; Titanium duoiesi Photocatalytic
degradation pathways



1. Introduction

Over the last few decades, water pollution has inecan issue of worldwide concern.
For this reason, intense research attention has pae to the removal of pollutant
loads from wastewater effluents [1]. Hazardous a&ambants such as pesticides
constitute a serious risk for human health dueh@r thigh toxicity. The widespread
use of pesticides can result in contamination ofase and ground waters in the areas
of their application [2]. Furthermore, bioaccumidatand biomagnification can lead
to hazardous concentrations in humans. Among tenidals that are likely to be
found in groundwater, pesticides have a non-ndgégoresence and their elimination
is necessary, especially if the water is intended Human consumption. Recent
progress in water treatment has led to the devedopnof advanced oxidation
processes (AOPs) [3].

Pyridine and pyridine derivatives have received evaltention because of their
occurrence in the environment and their hazardffeste on ecosystems and human
health [4]. Picloram (4-amino-3,5,6-trichloro-2-mincarboxylic acid) is a potent
herbicide that effectively controls the growth ofoadleaf weed in pasture and
rangeland, as well as in fields cultivated for wihdzarley, oats and woody plant
species [5]. However, picloram residues were detktd a soil depth of 2.4 m, after 1
year following the application of 1.12 kg/ha pidor [6]. Indeed, picloram is
moderately to highly persistent in the soil envir@nt, with reported field half-lives
ranging from 20 to 300 days and an estimated aeené§0 days [7]. Degradation by
microorganisms is mainly aerobic and depends onafyication rate. Picloram is
poorly bound to soil and its water solubility (44®/L) makes it a potentially mobile
compound [8]. These properties, combined with gezace, mean that the use of
picloram can cause groundwater contamination. Asrted in the literature, it is one
of the pesticides that is most often found in dngkwater [9]. The degradation and
removal of picloram was investigated by severaharg. Ghauch [10] used zero-
valent iron (ZVI) for degrading picloram, which wa®nverted into 4-amino-2-
pyridylcarbinol in 1 hour. However, picloram dega#idn to non-hazardous species
was not complete. Heterogeneous photocatalysisemptesence of different kinds of

TiO, catalysts [11] and the electro-Fenton process [2le also investigated.



Adsorption processes using calcinated hydrota|di8¢ and calcinated Mg—-Al-C&
LDH [14] as sorbents have also been adopted forghmval of picloram from water
[15], but these physical treatments do not solve tirtoblem of contaminant
degradation after adsorption.

The goal of this work was to make a detailed comsparof the efficiency, kinetics
and mechanism of photodegradation of picloram ia presence of two TiO
specimens that differ for particle size, radiatedssorption and scattering properties,
namely TiQ Wackherr and Degussa P25. The study was carriednoler a variety of
experimental conditions; the effects of initial centration of picloram, catalyst
loading and presence of an hydroxyl radical sca@emgere studied. An attempt has
also been made to identify the reaction intermediadiormed during the photo-
oxidation process, using LC-MS, GC-MS drtiNMR techniques. Finally, with the
aim of investigating the link between catalyst \atti and molecular structure, the
photocatalytic activity of triclopyr and mecoprdpd. 1) was also studied, because of
their wide use for selective control of many annaiatl some perennial weeds, and

because of their occurrence in drinking water [P,16
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Fig. 1. Structures of the studied herbicides.



2. Materialsand methods
2.1. Chemicals and solutions

All chemicals were of reagent grade and were usétowut further purification.
Picloram, 99.4% and triclopyr, 99.8%, pestanal igyjalvere both purchased from
Riedel-de Haén.. The commercial herbicide meco@8po purity), obtained from the
Chemical Factory “Zupa” KruSevac, Serbia, was pedif by conventional
recrystallization from wateethanol (1:1, v/v) solution. The purity of purified
mecoprop was confirmed b{H NMR spectrometry (Bruker AC-250). The other
chemicals used in this study, such as 35% HCI &% BtPO, were purchased from
Lachema, Neratovice; 96% ethanol was obtained femtrohem, Stara Pazova;
98.0% formic acid and 99.9% dichloromethane wertiobd from Merck, while
99.8% acetonitrile (ACN) was a product of J. T. 8akin all experiments doubly-
distilled water was used, except for theé NMR measurements where® (Aldrich,
99.9% purity) was applied as solvent. Wackherr'syde de titane standard" (anatase
form, surface area 8.5+1.0 °fy, crystallite size 300 nm [17], hereafter “BiO
Wackherr”), produced by the sulfate process and, Dégussa P25 (75% anatase and
25% rutile form, surface area 50+15/gy crystallite size about 20 nm, non-porous
[17]) were used as photocatalysts.

2.2. Photodegradation Procedures

Photocatalytic degradation was carried out in Aroade of Pyrex glass (total volume
of ca. 40 mL, liquid layer thickness 35 mm), with a plaimdow on which the light
beam was focused. The cell was equipped with a etagstirring bar and a water
circulating jacket. A 125 W high-pressure mercuaynp (Philips, HPL-N, emission
bands in the UV region at 304, 314, 335 and 366 with, maximum emission at 366
nm), together with an appropriate concave mirraaswsed as the radiation source.
Irradiation in the visible spectral range was perfed using a 50 W halogen lamp

(Philips) and a 400 nm cut-off filter. The outpfits the mercury and halogen lamps



were calculated to be ca. 8810° Einstein/(mL min) and 1.% 10° Einstein/(mL
min) (potassium ferrioxalate actinometry), respeti.

In a typical experiment and unless otherwise stdtes initial picloram, triclopyr
and mecoprop concentrations were 1.0 mM and the, Ta@ding (Wackherr or
Degussa P25) was 2.0 mg/mL. The total suspensiimewas 20 mL. The aqueous
suspension of Tipwas sonicated (50 Hz) in the dark for 15 min befilumination,
to uniformly disperse the photocatalyst particled attain adsorption equilibrium. The
suspension thus obtained was thermostated at 23€0(&xcept for the case when the
influence of temperature was investigated) in aastr of Q (0.5 mL/min),and then
irradiated. During irradiation, the mixture wasrsd at a constant rate under
continuous @flow. Control experiments carried out underflow but by stopping the
irradiation showed that there were no losses ofatitel compounds during the
degradation. All experiments were performed at laéural pH. Where applicable,
ethanol (400uL) was added as a hydroxyl radical scavenger. iat@h was then

carried out by the standard procedure already itbestr
2.3. Analytical Procedures

For the LC-DAD studies of photodegradation, aliguot 0.50 mL were taken from
the reaction mixture at the beginning of the expent and at regular time intervals.
Aliquot sampling caused a maximum volume variat@nca. 10% in the reaction
mixture. Each aliquot was added with 5.0 mL of ®M1HCI, and the system was
diluted to 10.00 mL with doubly distilled water. &mationale for the addition of HCI
is referred to the need of carrying out HPLC anelcsppphotometric measures on the
same samples. Acidification is required to obtauitable absorption spectra of
picloram. The suspensions containing the photogstalere filtered through Millipore
(Millex-GV, 0.22 um) membrane filters. Lack of adsorption of picloramthe filters
was preliminary checked. After that, a @Dsample was injected and analyzed on an
Agilent Technologies 1100 Series liquid chromatpbraequipped with an Eclypse
XDB-C18 column (150 mm x 4.6 mm i.d., particle se@m, 25 °C). The UV/VIS
DAD detector was set at the absorption maxima (@24for picloram, 230 nm for

triclopyr and 228 nm for mecoprop). The mobile ghétow rate 1 crifmin) was a



mixture of acetonitrile and water (3:7, v/v, pH @ fr picloram, 4:6, v/v, pH 2.62 for
triclopyr and 1:1, viv, pH 2.68 for mecoprop), theter being acidified with
phosphoric acid. Reproducibility of repeated rurs\@round 5-10%.

Absorption spectra were recorded on a double-bea®0+T UV-Vis
Spectrophotometer (UK) at a fixed slit width (2 nming 1 cm quartz cells and
computer-loaded UV Win 5 data software. Kineticstlué pyridine ring degradation
was monitored at 224 nm (picloram) [18] and 230 (irctlopyr). In the case of
mecoprop, the aromatic ring degradation was magitat 228 nm.

For ion chromatographic determinations, aliquotsOdd0 mL of the reaction
mixture were taken at regular time intervals andted to 10.00 mL. The obtained
suspensions were filtered through membrane filtar&l analyzed on an ion
chromatograph Dionex ICS 3000. For anion deternonatuse was made of an lon
Pac AS18 Analytical column (250 mm x 4 mm) and adtatometric detector. The
mobile phase was a solution of KOH {20 mM), flow rate 1 mL/min. Cations were
determined using an lon Pac CS12A Analytical colufgB0 mm x 4 mm) and a
conductometric detector. The mobile phase wasisnlof 40 mM methane sulfonic
acid at a flow rate of 1 mL/min.

In all the cases, correlation coefficients obtaifedthe calibration curves were
higher than 0.99. Changes in the pH during the attsgion were monitored using a
combined glass electrode (pH-Electrode SenTix 20WJ) connected to a pH-meter
(pH/Cond 340i, WTW).

For the LC-MS evaluation of intermediates, a mavacentrated solution (1.5
mM) of picloram was prepared. Aliquots were taken tl@e beginning of the
experiment and at regular time intervals duringdration. Filtration was carried out to
separate the TiDparticles without subsequent dilution. Then, apdOsample was
injected and analyzed on an Agilent Technologie®018eries LC with Agilent
Technologies 6410 series electrospray ionizatigplesquadrupole MS/MS, using
Agilent Technologies Zorbax SB-C18 column (30 mr@a.1 mm i.d., particle size 3.5
pum, 25 °C). The mobile phase (flow rate 0.5 mL/moonsisted of 1 % aqueous
formic acid and ACN (gradient: 0 min 10% ACN, 2 n®8% ACN, 6 min 90% ACN,
post time 3 min). Analytes were ionized using thHecteospray ion source, with

nitrogen as drying gas (temperature 350 °C, flolw/rin) and nebulizer gas (35 psi),



and a capillary voltage of 4.0 kV. High-purity mitfen was used as the collision gas.
Full scan modenf/z range 100600, scan time 250 ms, fragmentor voltage 80 V),
using both polarities, was adopted to examine @otpeaks distribution and obtain
structural information.

For the GC-MS characterization of the intermedijsdgseous solutions of 1.5 mM
picloram were prepared. After irradiation, the miattalyst was removed by filtration.
The filtrate was extracted with dichloromethane awéporated to dryness. Each
sample was reconstructed with 1 mL dichloromethdrtee resulting solution was
shaken at room temperature for 5 min, an aliquo$ wansferred into a vial and
injected into a capillary gas chromatograph (Agdil&890) coupled with a mass
spectrometer (Agilent 5973 inert). The injectiostsyn used was a Gerstel CIS4 PTV.
Initial injection temperature was 50 °C, programna¢d 0 °C/s; final temperature was
300 °C, held for 10 min. The injection volume wafRin the splitless mode. The
capillary column used was a HP-5MS, 30xn0.25 mmx 0.25 um film thickness.
Initial column temperature was 50 °C and was irsedaby 15 °C/min to 320 °C. The
carrier gas was ultrapure He (1.0 mL/min; SIAD, gamno, Italy). The ionization
source worked in the electronic impact (El) modd #re mass spectrometer worked
in the Scan mode. Identification of spectra wasgoered using the Wiley 7n library
(Agilent Part No. G1035B).

The'H NMR spectral profiles of picloramiD solutions (1.5 mM, sample volume
1.0 mL) during illumination in the presence of FiQarticles were monitored on a
Bruker AC-250 instrument.

For total organic carbon (TOC) analysis, sampleseviradiated at different time

intervals and analyzed after filtration on an Eletae Liqui TOC Il analyzer.

3. Resultsand discussion

3.1. Effects of the kind of Ti@nd type of irradiation

The photocatalytic activity of TiDWackherr was compared to that of the most often

used Degussa P25 under UV and visible irradiatiog. 2). As can be seen from the

figure, practically no degradation was observetha presence of visible light, either



with or without TiGQ. The lack of picloram disappearance with FiGnder these
conditions also allows the exclusion of a significadsorption of picloram on the
catalyst surfaceluring the course of the irradiation. In contrasgnificant picloram
degradation could be observed under UV, and theegsoinvolving TiQ Wackherr
was significantly faster compared to Degussa P2Ziwdver, TiQ Wackherr yielded
more intermediates and at relatively higher corme¢ion (Fig. 3a) than Degussa P25
(Fig. 3b).

—<— direct photolysis, UV light
—8— TiO, Wackherr, UV light
—m—TiO, Degussa P25, UV light
direct photolysis, visible light
0.2 1 TiO, Wackherr, visible light
—Vv—TiO, Degussa P25, visible light

wo4+——¥F——1+—+—7+—+— 17—
0 100 200 300 400 500 600

Time (min)

Fig. 2. Kinetics of the photolytic and photocatalytic dadmtion of picloramgy = 1.0
mM). When present, the TiQoading was 2.0 mg/mL.
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Fig. 3. Chromatograms obtained after 120 min of picloraagrddation under UV
irradiation in the presence of Tiackherr (a) and TiPDegussa P25 (b)qet = 224

nm, RT(picloram) = 3.7 min.
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The faster degradation of picloram in the presesfc&€O, Wackherr is noteworthy,
considering that this Ti©specimen has much larger particles (average iradolution
are 3-4 times larger [17]) than Degussa P25 andface area that is almost six times
lower [17].

The direct photolysis of picloram was also checkader the adopted irradiation
conditions, in the absence of catalysts (Fig. R)islshown that picloram can be
degraded by direct photolysis in the near-UV regioum at a significantly lower rate
compared to the photocatalytic process, espedialiphe case of Tip@ Wackherr. It
should also be considered that radiation absorpfind scattering by Ti©can
substantially inhibit the direct photolysis proasainder photocatalytic conditions
[19]. From the extinction spectra of TiMackherr and Degussa P25 [17], it can be
derived that at 366 nm (the wavelength of maximumssion of the adopted lamp)
both TiG, specimens at 2.0 mg/mL loading would be ablelterfout the near totality
of the incident radiation (extinction E > 10). Undmich conditions, the rate of the
direct photolysis is expected to be negligible. &uen more extreme scenario would

be operational a < 366 nm.

3.2. Effect of operational parameters on the phatalytic degradation of picloram

AOPs rely on the generation and subsequent reactionighly reactive transient
species (often théOH radical), and there are many factors that cdechfthe
efficiency of the process. The present study enemsgd the effect of initial picloram

concentration, amount of catalyst, and presentydroxyl radical scavengers.

3.2.1. Effect of the initial concentration of picm

The effect of the initial concentration of picloraon the rate of its photodegradation
was investigated in the range of concentrationsnf@25 to 1.0 mM. Under the

relevant experimental conditions the reaction fe#d a pseudo-first order kinetics
(the linear correlation coefficients were in thega of 0.980-0.999). On the basis of

the kinetic curves It (substrate concentration) us(irradiation time up to 120 min),
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the values of the pseudo-first order rate constanivere calculated for all the

investigated initial concentrations of picloramg)( The initial rates of picloram

transformation were calculated as the produ@h. They are reported in Fig. 4 as a
function ofcy.

Note the faster transformation rates by FMackherr compared to Degussa P25.
This is a very interesting finding because eadtedies have shown that TiO®egussa
P25 showed a higher photocatalytic activity thansimother readily available
(commercial) TiQ specimens [20] (by the way, TiQVackherr is also commercially
available).

Fig. 4 also shows that for both photocatalyststtbad of the photodegradation
rate is not proportional to the increase of piaglmm@oncentration. This is often found in
photocatalysis [21,22]. In particular, the decrea$ehe degradation rate above a
certain substrate concentration is thought to be tduthe combination of direct and

reverse (back) reactions [23].

30
g B TIO2 Wackherr
g 25
"c_: - |- TiO2 Degussa
s = : P25
E 1.5
[ ]
2 %
ol
o 05 i
[+]
: B

0.0 U - T T

0.25 0.50 075 1.00
Cp (MM)

Fig. 4. Effect of the initial concentration of piclorangyl on the initial rate of its
decomposition, in the presence of Fi@ackherr and Degussa P25. In both cases the

TiO; loading was 2.0 mg/mL.
Because most organic compounds require a two-electixidation to yield the

transformation intermediates, after abstractioommé electron or addition 6OH one

gets radical species that may be adsorbed to taé/stasurface. In competition with

12



further oxidation, the organic transients can lwkiced back to the initial substrate by
valence-band electrons. The back reactions areingegttal to photocatalytic
degradation. They depend on both the substrate tla@dphotocatalyst, and their
importance increases with increasing substrateerdration [23].

Fig. 4 shows a decrease of picloram degradatioa afiove 0.25 mM initial
picloram for Degussa P25, and above 0.50 mM for, W@ckherr. These trends imply
that the back reactions of picloram are more ingrin the case of T¥Degussa
P25. By comparing the rather similar degradatiotesraof picloram with the two
photocatalysts af = 0.25 mM, and the considerable differenceyat 1.00 mM, it can
be inferred that the less important role of thekb@actions is a key factor to account
for the considerably higher photocatalytic activdly TiO, Wackherr at the highest
studied substrate concentration.

An alternative explanation for the effect of thebswate concentration is the
competition for reactive species between the satestand the transformation
intermediates, the concentration of which would@ase with increasing substrate, or
the poisoning of the photocatalyst surface by thermediates themselves. However,
late intermediates could not have an important chpa the initial degradation rates.
Moreover, TiQ Wackherr was shown to produce more intermediatésaa a higher
concentration than P25 (see Fig. 3), thus one wexiect a more important decrease
of the degradation rate with substrate concentrafiw the Wackherr photocatalyst,

which is clearly not the case.

3.2.2. Effect of catalyst loading

The effect of the loading of T¥DWNVackherr and of Degussa P25 on the efficiency
of picloram photodegradation was examined in tredilog range from 0.25 to 2.0
mg/mL (Fig. 5).

As can be seen in Fig. 5, the effect of catalystdiog on the photocatalytic
degradation of picloram is strongly influenced bg kind of TiQ used. In the case of
TiO, Wackherr, the degradation efficiency steadily é#ased with the loading. As far
as TiQ Degussa P25 is concerned, one gets a trend vatht@au above 0.5 mg/mL

photocatalyst. These results are in agreementlitetiature data of phenol and benzoic

13



acid degradation, and suggest that the differehalder of the two photocatalysts
could be a consequence of the difference in thieapiroperties [17].

70

@ TiO2 Wackherr
60 |— @ TiO2 Degussa P25
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Fig. 5. Influence of the catalyst loading on the efficigrio) of picloram degradation

after 120 min of irradiation. Initial picloram costration was 1.0 mM.

Indeed, TiQ Wackherr and Degussa P25 have similar neperiarraimn coefficients
k* (2.7010° vs. 3.410° cnf/g at 360 nm, respectively), but the scatterindgfament o*

of Degussa P25 is significantly higher @@ cnf/g at 360 nm, to be compared with
5.5010 cnf/g for TiO, Wackherr) [17]. This means that Ti@/ackherr makes a more
efficient use of the incident radiation than DeguB25, because a higher fraction of
radiation is absorbed instead of being scatteredatt&ing inhibits the
photodegradation processes, and its effect become® significant when the
photocatalyst loading is higher [23,24]. In the ecad TiO, Wackherr, the lower
scattering would account for the steady increasededradation efficiency with

photocatalyst loading, differently from P25.
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3.2.4. Effect of ethanol as hydroxyl radical scayem

Photocatalytic degradation processes can involWerereaction between the substrate
and surface-adsorbeé®H groups, or direct charge-transfer processes watence-
band holes [17]. Aromatic compounds are usuallgtrea with valence-band holes,
while addition of alcohols or glycols is a goodastigy to selectively block th€©H-
mediated processes [25,26].

In order to investigate whether the photocatalgggradation of picloram takes
place via’OH, ethanol (40QuL, i.e. 0.34 M in the final solution) was added to the
reaction mixture containing picloram and pi®ackherr or Degussa P25. The results
are presented in Fig. 6 and show that ethanol derally inhibited the photocatalytic
degradation of picloram. The experimental data ymghat the photocatalytic
degradation of picloram mainly proceeds WaH, especially in the case of TiO

Wackherr, while valence-band holes are expectgdbipa secondary role.

3.3.Evaluation of the degree of mineralization

Since picloram contains three covalently bound rahdoatoms, which could be
converted to chloride during the photocatalytic rdegtion, the transformation
reaction can also be monitored by measuring theridd release in the presence of
TiO, (Fig. 7a/b, curves #1).
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Fig. 6. Effect of 0.34 M ethanol on the efficiency of dedmton of picloram in the
presence of Ti@after 120 min of irradiation.
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It was found that the reaction rate constant obmtié release in the presence of 7iO
Wackherr or Degussa P25 was approximately two timesr than the rate constant of
the 224-nm absorbance decrease (see Fig. 8), ttkee lteeing a measure of pyridine
ring degradation [18]. The faster degradation @& ting compared to the chloride
release suggests the formation of aliphatic inteliates containing Cl.
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Fig. 8. Comparison of the reaction rate constants for qatadtlytic degradation and

mineralization of picloram, calculated over 240 rofrirradiation.

Moreover, the degradation rate constant obtaineah fhe spectrophotometric kinetic
curve (A24nm Was lower than the rate constant of picloramdf@mation obtained by
HPLC (Fig. 8). This finding suggests that the ddgten process is accompanied by
the formation of intermediates that retain the ¢lipe ring. The observed difference in
the degradation rate constants was especially prareal when using TiEkDWackherr.
This indicates that Ti®© Wackherr induces the formation of a higher amooht
intermediates with a pyridine ring compared to B&guP25, which is in agreement
with the chromatograms reported in Fig. 3a/b.

During the photocatalytic degradation, organicagén is mainly transformed into
ammonium and/or nitrite/nitrate, and sometimes Mgd27]. The ratio of ammonium
to nitrate depends on the chemical structure of dhlestrate and on the reaction
conditions [28]. In the present case both ammonaunah nitrate were monitored, and
the results show that practically only ammoniumsiovere formed (Fig. 7a/b, curves
#2, compared to curves #3 for nitrate).

In the case of both Ti#Dspecimens, the rate constant for the formation of
ammonium was about two to four times lower compaiedhe rate constant for
pyridine ring degradation (see Fig. 8). Such aifigdsuggests that the fragmentation

of the pyridine ring does not necessarily involte trelease of nitrogen, which is
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compatible with the formation of nitrogen-contaimimtermediates having an acyclic
structure. This is in agreement with previous rsswlbtained in the study of the
degradation of 2-amino-5-chloropyridine [29], 3-am2-chloropyridine [27], and 3-
chloropyridine [30]. Fig. 7 also suggests that, bmth TiG specimens, after 12 h
irradiation around two thirds of the organic chhariwas released as Cand a
comparable fraction of the organic nitrogen wasgfarmed into NI

A decrease of pH by 0.2-0.3 units was also obsefivied 7, curve #6). It could be
due to the release of chloride (a8 ®l") being faster than that of ammonium, the latter
consuming H [31] (compare curves #2 —chloride— and #3 —amnrosiin Fig. 7).

Under the adopted experimental conditions onefaisis acetate and formate (Fig.
7alb, curves #4 and #5), which are well known &dyiCQ and HO by photocatalysis
[32]. Therefore, one can hypothesize that the fmideralization products of picloram

would be CQ, H,O, CI andNH}, with a very small amount dflO; . These data are

in agreement with previous results obtained witipgtalid, which also belongs to the
same class of pyridine derivatives [33]. The TOCasueements showed a complete
mineralization of picloram after about 16 hoursdiation, in the presence of both
TiO, specimens. However, the parent compound degradedicantly faster with
TiO, Wackherr than with Degussa P25.

3.4. Intermediates and mechanism of photodegradatio

The photochemical degradation of pesticides isnadiecompanied by the formation of
intermediates that can potentially be harmful te #mvironment [34,35]. Several
techniques were adopted in this work to study theermediates of picloram
photodegradation: LC-MS, GC-MS aftd NMR. The same compounds, although in
different amounts, were identified with both TiWackherr and Degussa P25.
However, TiQ Wackherr additionally induced the formation of somnidentified
molecules (see Fig. 3). The LC-MS technique ideatitompound4 (picloram) and
3 (see Fig. 9) based on their MS/MS fragmentatiota,dgiven below (PI: positive
ionization; NI: negative ionization; compound numgare referred to the structures

reported in Fig. 9):
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Compound 1:

NI: [M=H]~ (m/z239, 100%, A+2 96.8%, A+4 33.2%), [M—H-gJO(m/z195, 72.0%,
A+2 67.9%, A+4 20.7%),

Pl: [M+Na]" (m/z 263, 10.6%), [M+H] (m/z 241, 100%, A+2 96.3%, A+4 30.1%),
[M+H-H,0]" (m/z223, 3.78%)

Compound 3:

NI: [M—-H]~ (m/z 221, 100.0%, A+2 63.1%, A+4 10.3%), [M—H—-gO(m/z 177,
14.6%, A+2 8.76%),

Pl: [M+Na]" (m/z 245, 12.3%), [M+H] (m/z223, 100.0%, A+2 66.4%, A+4 9.92%),
[M+H-H,0]" (m/z205, 18.7%)

By GC-EI-MS it was possible to identify compou@dby comparison with spectra
libraries. The EIl spectrum & is summarized below (the/z values separated by a

hyphen have been attributed to the isotopic pattefrchlorine):

Compound 2m/z 230-232-234 (M+), 203-205-207, 195-197, 168-170,, 7132, 125,
118, 109-111, 97-97, 81-83, 69-71, 57, 56, 44, 43.

Identification of the intermediates was also carrieut by *H NMR. The proton
spectrum recorded for picloram solution ipgbefore irradiation contained no signal
that would belong to the starting compound. Thisinslerstandable when bearing in
mind that there is no proton directly bound to pwidine ring and that the other
protons can be exchanged with@ The only detected signal at about 4.8 ppm would
represent the moisture present igOD The'H NMR spectral analysis indicated that
the largest number of signals appeared after 2e4 jphotocatalytic degradation (at
8.00, 7.65 and 6.15 ppm). This means that the myamfrintermediates with BD non-
exchangeable hydrogen atoms are formed within thise interval. The most
pronounced signal at 6.15 ppm was observed afteiréadiation, while the intensity
of the signal at 8.00 ppm increased up to about Allhthe signals in théH NMR
spectra disappeared after 9 h. The appearance abtbve signals can be explained by

the formation of intermediates shown in Fig. D 8, 4). The appearance and the
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change of the signal at 8.00 ppm illustrates, nposbably, the course of the reaction
of reductive desamination that generates the iradrate4 (Fig. 9).

N

Ch_ N _COOH cl COOH . Cl _N
.OH + e- l + H
—_— OH —_ >
cl Cl Cl o -CO, cl cl
. “H,0
NH, NH,

2 NH,
2o, | 2% +e’ | -Cr
-NH,
cl N COOH
cl N COOH O
cl cl
4 NH2 3

Fig. 9. Tentative pathways for the photocatalytic degnadaof picloram {) in the
presence of Ti9Wackherr and Degussa P25.

Similar intermediates of picloran, 3 and4, were reported by Rahman and Muneer
during the photocatalytic degradation on T{®1]. Ozcan et al. additionally identified
the 5,6-dichloro-3-hydroxypyridine-2-carboxylic dcin the electro-Fenton process
[12]. Ghauch also reported the formation of sontermediates and a final product,
the 4-amino-2-pyridylcarbinol, by using ZVI reduwnti [10]. Understandably, given
the reductive conditions of ZVI, the reported imediates were different from those
obtained in our system.

Based on the identified intermediates it is possiblpropose a tentative scheme of
picloram photocatalytic degradation (Fig. 9). F$tall, it should be considered that
both the loss of the carboxylic group { 2) and the replacement of a chlorine atom
with a hydroxyl group I - 3) require combination of an oxidative and a reciecti
step. The marked inhibition effect of ethanol, atldes *OH scavenger (Fig. 6),
suggests that the reductive steps might not bedettrmining. Therefore, it is likely
that the primary reaction of picloram is an oxidatstep. That could involveOH, in
keeping with the results obtained upon additioretifanol. The radicalOH could

attack picloram by ring addition, forming a radiealdition transient that could evolve
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into 2 (4-amino-2,3,5-trichloropyridine) by reductiveralnation of water and COlIn
contrast, reductive elimination of chloride fronetradical transient could yiel@l (4-
amino-2,3-dichloro-5-hydroxy-picolinic acid). The orfnation of 4 (3,5,6-
trichloropyridine-2-carboxylic acid) involves a cptately reductive process. Addition
of two hydrogen atoms to picloram would reductivelgak the bond between the
amino group and the ring, leading4a@pon release of ammonia.

To enhance the reliability of identification of thetermediates, the degradation
mechanism was studied at a somewhat higher comatentrof picloram (1.5 mM)
compared to that used to study the effects of ojpe@ parameters (1.0 mM).
However, this small increase in the picloram cohegion could not affect the
degradation mechanism significantly. This statenesupported by the nature of the
identified intermediates, which do not include dimnespecies that are usually

observed in the presence of an elevated initiateotnation of the substrate.

3.5. Effect of herbicide structure

In order to examine the effect of the substrateicttire on the efficiency of
photocatalytic degradation, other two herbicidesernghchosenyiz. triclopyr and
mecoprop. Their degradation kinetics was studiethepresence of both Wackherr
and Degussa P25, under the optimal conditions fdondoicloram. Triclopyr was
selected because it has a pyridine ring like pegfobut different substituents, whereas
mecoprop has an aromatic ring with somewhat diffieseibstituents (see Fig. 1). Figs.
10 and 11 show the chromatograms obtained for #gradation of triclopyr and
mecoprop, respectively, and Fig. 12 reports theti@arate constants for the removal
of all three herbicides, of pyridine/aromatic ringnd of TOC, using both

photocatalysts.
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Fig. 10. Chromatograms obtained after 120 min of triclogggradation under UV
irradiation, in the presence of Ti@®Vackherr (a) and TiPDegussa P25 (b)get = 230
nm, RT(triclopyr) = 10.1 min.

A comparison of the chromatograms of Figs. 10 ahdvith those of Fig. 3 shows
significant differences, which can also be obseriredhe case of the reaction rate
constants. In the case of triclopyr removal, Degu325 was more efficient, whereas
there was no difference in the kinetics of the ¢iye ring degradation (Fig. 12).
Higher removal efficiency by P25 was also obseliveithe case of mecoprop, together

with a faster disappearance of the aromatic ring (F2).

[b)

[

Fig. 11. Chromatograms obtained after 30 min of mecoprogratation under UV
irradiation, in the presence of Ti@Vackherr (a) and TigDegussa P25 (blget = 228

nm, RT(mecoprop) = 5.6 min.
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It appears that the efficiency of photodegradat®omfluenced by both the substrate
structure and the type of photocatalyst. Interghtin TiO, Wackherr was more
efficient than P25 in the degradation of piclorahig work), phenol and benzoic acid
[17,23], while the reverse was true for triclopyidamecoprop. Interestingly, the latter
two compounds have lateral chains that would irsethe hydrophobicity of the
molecule, and all the cited substrates except ghe@ carboxylic groups that would
be at least partially deprotonated at pH 3 (whiels wdopted in the relevant irradiation
experiments) [36]. The TiOsurface at pH 3 would be positively charged [3Wjch
allows electrostatic interaction with the studiednpounds.

250

B TiO2 Wackherr
mTiO2 Degussa P25
200
1-picloram
2-triclopyr
7150 3=mecoprop
£
£
=}
i
%100
50 5
3
2 3 1
3 1
1 2
0 .

TOC pyrid./arom. ring HPLC

Fig. 12. Comparison of the reaction rate constants for qatadtilytic degradation and
mineralization of picloram, triclopyr and mecoprap]culated for the period in which

80% of the starting component reacted.

The most hydrophobic substrates (triclopyr and mpemw) could undergo a higher
interaction with the Ti@ surface, which is expected to favor the chargestex
reactions at the expense of degradationQiy [38]. The effect of ethanol on picloram

degradation (Figure 6) suggests that charge-transéetions would be more favored
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on the surface of P25 compared with Ti@ackherr. It might thus be reasonable to
have higher activity of P25 toward the degradatidrmore hydrophobic substrates,

which could undergo a higher interaction with teengconductor surface.

4. Conclusions

A comparative study was made of the activity of Ji@ackherr and Degussa P25
toward the photocatalytic degradation of picloranwidely used herbicide. In contrast
to visible light, UV irradiation yielded in both ses the degradation of picloram, but
the transformation of the substrate was signifigafaster in the presence of TiO
Wackherr. This was especially true at high photagat loading and high substrate
concentration, because Ti@Vackherr scatters UV radiation to a lesser extbah
Degussa P25 (which helps preserving its photodataificiency at high loading) and
is less affected by the decrease of degradatiom atthigh concentration of the
substrate. These issues can largely compensaiigefonuch lower surface area (8%

50 nf/g) of TiO, Wackherr compared to Degussa P25. Therefore,shdsvn that a
larger surface area does not necessarily yield enigihotocatalytic activity, other
factors being of comparable if not higher impor&anc

The photodegradation by TiO Wackherr generated more UV-absorbing
intermediates and at relatively higher concentratitan Degussa P25. As a result, a
complete mineralization was achieved in both ca#es about 16 hours of irradiation.
The inhibition of photocatalytic degradation obsshin the presence of ethanol as a
hydroxyl radical scavenger suggests that the psoo&sinly involves OH, especially
in the case of Ti@ Wackherr. Several degradation products that retsnpyridine
ring were identified by LC-MS, GC-MS, antH NMR. They are formed by
elimination of the —COOH and —NHyroups and by replacement of a ring chlorine
with —OH. There is also indirect evidence of thenfation of unidentified aliphatic
compounds bearing chlorine and nitrogen atoms. IBeswicate that the efficiency of
photocatalytic degradation is greatly influenced thg molecular structure of the

substrate.
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