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Abstract

Three alkylpolyoxyethylene surfactants bearing #aene hydrophobic chain and a different
number of oxyethylene groups were investigated wtalde candidates for the soil washing
treatment of contaminated soil samples containieigtdzone. Comparable good recoveries of the
pesticide were obtained working with these surfasta The photocatalytic treatment of the
collected washing wastes, performed in the presehseispended Ti©Oparticles under irradiation
with simulated sunlight, leads to the effective meigtion of bentazone residues after a time
depending on the nature and concentration of tlesesh amphiphile. Brij 35 was found to be the
best surfactant candidate, giving the faster abat¢rof the pesticide in the collected wastes. The
overall treatment time depends on the bentazoneeralination kinetics, markedly slow in the
presence of surfactants. Useful information abbetghotocatalytic degradation route was obtained

from the HPLC-MS analysis of transient intermedidtamed in water.
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1. INTRODUCTION

Contamination of soils due to the presence of pests is of great environmental concern since
these generally toxic compounds can be adsorbeal smit and the starting molecules and their
degradation products can reach surface watersroolpée into ground waters. The remediation of
pesticide-contaminated soils is thus necessary.

Among the proposed treatments, soil washing isfiactese and diffuse remediation procedure
(Castelo-Grande et al., 2010). It is largely basadthe use of aqueous surfactant solutions and
exploits both the solubilization capabilities ofaelies towards the pollutants and the lowering of
the interface tension between the washing solw@mhthe soil phase (Gotlieb et al., 1993; Chu and
Chan, 2003). The removal of a great variety of nrga@ollutants was reported using this approach
(Desphande et al., 1999). Non-ionic surfactantsoften the preferred candidates for soil washing
due to their lower critical micellar concentratig@MC), which allows to reduce the amount of
surfactant employed (Zheng and Obbard, 2002). Maeothese amphiphiles exhibit lower
interferences with ionic components present irssodducing the risks of surfactant precipitation.

An important problem arising from soil washing at the washing wastes must be further
disposed or treated before discharge or reuse.réfgieeous photocatalysis can be proposed as
suitable treatment since it allows the effectivgrddation of a wide variety of organic pollutants
present in water and wastewater (Ollis et al., 18thnemann et al., 1994; Hoffmann et al., 1995;
Fujishima et al., 2000; Malato et al., 2002).

The mechanism of photocatalysis was extensivelgstgated (Serpone and Pelizzetti, 1989;
Ollis and Al-Ekabi, 1993; Hoffmann. et al., 1995aldto et al., 2002). It is essentially based on the
generation of electron-hole pairs at the semicotmtasurface upon irradiation of the photocatalyst
with light having energy higher than its band gépe generated holes can oxidize adsorbed water
or hydroxide ions originating strong oxidizing atgnin particular OH, which can attack the
organic compounds leading to the formation of fimah toxic or less toxic products. The complete

mineralization of the starting molecules is in sorases obtained (Legrini et al., 1993). Reduction
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reactions involving conduction band electrons cio accur during the process (Muneer and
Bahnemann, 2002).

When photocatalysis is applied to treat agueousesashe presence of surfactants in such
wastes leads in most cases to a significant inbibif pollutants degradation (Bianco Prevot et al.
1999; Fabbri et al., 2004). This effect is not yrexted since the surfactant itself is degraded
(Hidaka et.al, 1990; Eng et.al., 2010) and can aimwith the substrate for the active sites of the
semiconductor.

In the present work we investigated the treatmdnsaill samples containing bentazone (3-
isopropyl-1H-2,1,3-benzothiadiazin-4-(3H)-one-2jaxide), a contact herbicide often used for
selective control of broadleaf weeds and seedsam$ corn, peanuts and especially in rice fields.

Soil washing experiments were performed using nuoicurfactants pertaining to the same
class but having a different hydrophobic/hydroghidalance in order to investigate the effect o thi
parameter on the bentazone removal from the sobié @ffect of amphiphiles structure on the
photocatalytic treatment of the wastes was evatubyefollowing both the kinetics of the pesticide
abatement and the formation and evolution of thgratation end products. In order to exclude the
accumulation of harmful products during the treattnéhe nature and persistence of transient

intermediates arising from bentazone degradatiae &kso investigated.

2. MATERIALSAND METHODS

2.1 Reagents

Polycrystalline TiQ P25 (from Degussa) was employed to perform all ghetodegradation
tests. In order to remove organic impurities thenisenductor was washed with water and
irradiated in solarbox with simulated solar ligbt £a 12 h. The washed catalyst was then dried in
the oven at 80 °C. The TiOdispersions were sonicated in water immediateljoree use.

Acetonitrile (Lichrosolv, Merck) was used as eluent
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Laboratory grade monodisperse  poly(oxyethyleshejecyl ether (GEs) and
poly(oxyethylenaeydodecyl ether (GEs) were obtained from Nikkol; poly(oxyethylengjodecyl
ether (Brij35), purity > 97%, was from Aldrich.

Acetone and n-hexane (from Aldrich) were used fbe tmicrowave-assisted exhaustive
extraction of the soil samples. Pure water wadyred using a Milli-Q system (Millipore).

Bentazone (Pestanal, Sigma-Aldrich) was used throwigthe work.

2.2 Instruments

The following instruments were used: HPLC Merckasdhi, equipped with L-6000 and L-6200
pumps and a UV-Vis L-4200 detector; microwave diges system MARSX (from CEM
Corporation); double beam spectrophotometer CARY BT AN (Varian); digital tensiometer
(K10, from Kruss); HPLC-MS ThermoFinnigan Survey8Q, equipped with a photodiode array
detector, an electrospray ionization interface astgle quadrupole analyzer.

The irradiation experiments were carried out inaamx (CO.FO. MEGRA, Milan), where
stirred cylindrical closed cells (40 mm id; 25 mmgh made of Pyrex glass) were placed. A 1500
W Xenon lamp source, equipped with a 340 nm cufittéfr was used to simulate the AM1 solar

irradiation. The temperature within the solarboaswea 55 °C.

2.3 Experimental procedures

24 Preparation of the spiked soil samples

A clean soil (sandy clay loam) with an organic carlcontent of ca 2.5% and a water content of
ca 2.6% was used. Samples of the soil were drigdaah temperature, grinded in a mortar and
sieved to < 2 mm to remove the bigger particles.

The soil was spiked according with the followingp@edure: 50 g of soil samples were treated
with 50 mL of an acetone solution containing theger amount of dissolved bentazone. The slurry

was stirred for about 1 h and then allowed to st@ntom temperature under hood with forced
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ventilation, for ca 24 h. During this step the ggiksoil was homogeinized several times in order to
facilitate the complete evaporation of the orgasovtvent. The concentration of bentazone in soil
samples was selected in order to have a finalgi@sttoncentration of ca 40 mg'in the washing

wastes. All the homogenized (clean and spiked)ssoiiples were kept refrigerator.

25 Microwave-assisted extraction of spiked soil samples

Exhaustive extraction runs with organic solventsevperformed prior to the soil washing
experiments for comparison purposes. The soil sesnplere treated following a standard EPA
procedure (method N.3546): ca 10 g of soil weregived in the teflon microwave vessel and 25
mL of acetone/hexane (50:50, v/v) were added. Hmepse was themicro-waved at 110 °C and
689.4 kPa for 20 min. The liners were cooled to°@5and thesuspensionsvere filtered through
0.45 um Millex—LCR filters (Millipore). Acetone was fingl replaced by acetonitrile before the

HPLC analysis.

2.6 Soil washingruns

Aqueous washing solutions containingps, CioEg and Brij 35 were prepared. The surfactant
concentrations were 5 and 10 mM. Soil washing erparts were typically performed on 2 g of
spiked soil to which were added 12.5 mL of the stigated surfactant solutions, placed in stopped
tubes in a rotatory mixer (rotation speed: ca 1@,rptandard contact time: 5 h). The obtained soil
dispersions were centrifuged at 5000 rpm for 10, tfien aliquots of the supernatant solutions were
filtered through a 0.45m Millex—LCR hydrophilic PTFE membrane (MilliporeAll the washing
tests were performed on relatively fresh (1 wkkegdisoil samples. The effect of ageing was not

investigated.

2.7 Bentazonedeter mination

The bentazone determination was performed by HPh@he filtered solutions, using a mobile

phase composed of a mixture of acetonitrile/wa@es® (v/v), to which 0.3 mL E of phosphoric



127 acid (85%) were added. In order to avoid bentazosges due to the pesticide adsorption onto the
128 semiconductor, an equal volume of acetonitrile wdded to the aliquots of irradiated solutions
129 sampled, then the mixtures were filtered throughd® um Anotop 25 Plus membrane (Whatman)
130 and injected in the column.

131 A 100 RP-C18 column (Lichrospher, 4 mm idx125 mmgo5 um particle size) was used.
132 Isocratic elutions were performed at a flow ratelahL min’. The detector wavelength was 225

133 nm.

134 2.8 Analysisof theionic end products

135 The ionic end products were analysed using supgdel€s, employing a Dionex DX instrument
136 equipped with an ED 40 conductimeter detector (Bx)nNitrate was determined using an AS9HC
137 column (4 mm id x 200 mm long) from Dionex. Elutienth a solution of KCO; 12 mM and
138  NaHCQ; 5 mM (50:50 v/v) was performed with a flow ratelomL mir’. The determination of
139 ammonium was performed using a CS12A column (4 dnx 200 mm long), from Dionex.

140 Methanesulphonic acid 25 mM was used as elaefiow rate of 1 mL mit.

141 2.9 LC-MSanalysisof transient organic intermediatesformed in water

142 The MS operational parameters were: spray voltag®,3emperature of the heated capillary
143 300 °C and cone voltage 90 kV. Mass spectra wdleoted in full scan negative mode in the range
144  50-900m/z

145 The chromatographic separations were conducted asinichrosphere 100 RP-18e (250 mm x 4
146 mm, particle size 1im). An aqueous solution of acetic acid 0.5% (viw) acetonitrile (50:50 v/v)

147 was used as eluent under isocratic condition flatarate of 0.5 mL miit.
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3. RESULTSAND DISCUSSION

3.1 Soil washing experiments

The pesticide recoveries obtained after washingsghiked soil samples with 5 and 10 mM
surfactant solutions were evaluated and compar#gdthose obtained using the microwave-assisted
extraction. Table 1 reports the obtained recovaresthe corresponding standard deviation values
(from five replicated extractions). The reportedgeat extractions of the washing solutions were
calculated with respect to the recovery obtainedgughe exhaustive extraction with acetone/n-
hexane.

It can be seen that Brij 35 and.Es show comparable extraction efficiencies, whereg&dC
gives the best results. Lower recoveries were pbthias expected, by decreasing the surfactant
concentration, although there is not a strictlygamional relationship.

Taking into account that a more or less significnfactant adsorption onto soil usually occurs
(Shen, 2000) and that the solubilization powerh# tvashing solutions is strictly related to the
presence of micelles, the existence of these agtgeafter the washing must be confirmed. The
determination of the surface tension of the soishwag extracts (Chu and Chan, 2003) allows to
verify this condition.

The CMCs were determined in the washing wastesreatausing 10 mM surfactant solutions,
filtered through 0.45um cellulosic filters, by measuring the surface temsas a function of the
washing waste dilution. The measured CMC valueseved mM for Brij 35, 1.1 mM for GEg
and 1.2 mM for @Es. Since the dilutions of the washing wastes necgsta reach the
corresponding CMCs were 1:25 for Brij 35, 1:9 for.Eg and 1:8 for GyEs, respectively, this

confirms that in all the cases the washing solstiaere well above the CMC.
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3.2 Photocatalytic degradation of bentazone

Preliminary photocatalytic runs were performed rdes to evaluate the surfactant influence on
the kinetics of the primary process. The pollutamatement in micellar aqueous solutions
containing 10 mg L of bentazone and 100 mg t of TiO, was typically monitored in these
experiments. Successive degradation experiments werformed on the soil washing extracts
containing ca 40 mg tof bentazone and 500-1500 mg bf suspended Ti© For comparison
purposes the pesticide degradation was also imatstl in pure water, under the same experimental
conditions.

Figure 1 shows the kinetic profiles concerning bet¢hies of experiments, obtained by plotting
the relative decrease of bentazone concentrati@nfaaction of irradiation time; £indicates the
initial pesticide concentration before to start itnadiation. Although the pesticide abatement cbey
to a saturation-type kinetics and the fit of expexntal data follows well a pseudo-first order kioet
trend, the validity of a single kinetic model cahbe generally invoked (Emeline et al., 2005).

Table 2 reports the observed degradation rate @otsstk,s calculated from the plots of
In(C/Cy) vs. time, which were found to be linear up to7€86 of bentazone degradation. Eagh k
valuerepresents the mean of three independent measuemen
As expected, the presence of surfactants leadsigmdicant inhibition of the pesticide degradatio
in respect to that observed in pure water. The rhgdeophilic surfactant Brij 35 shows the lower
inhibition effect, which could be explained considg that the bigger dimensions of its hydrated
polar head reduce the surfactant adsorption o ifBe surface and strongly limit the formation of
admicellar structures. In fact, the interactionswieen the adjacent surfactant tails are hindered
(Koopal, 2003) and the competition between surfacadad substrate molecules for the occupation
of the active sites on the catalyst surface isglsoreduced. A contribution to the inhibition efte
arising from the organic soil components, in patdac from humic matter, was observed in previous

studies (Minero et al., 1999, Davezza et al., 2@hb) must be also considered.
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Since the measured pH of the washing solutions iwdke range 6.5-6.8, around the isoelectric
point of the employed semiconductor (Lee et alQ3)0and the reported plof bentazone is 3.2
(Abernathy and Wax, 1973), the contribution of lepue effects between the pesticide and Jli®
the observed degradation inhibition can be neglecte

The observation of the HPLC pattern of the irragtiasolutions at low irradiation time (10 min)
reveals that the number of peaks and their correfipg retention times £} are the same in pure
water and in surfactant-containing solutions. Thdicates that the same transient intermediates are
formed in both systems, suggesting that the presehamphiphiles alters the kinetics but not the

degradation mechanism.

3.3 Formation and evolution of degradation end products

Taking into account the favourable performanceBrgf35 10 mM, the kinetics of end products
formation was investigated in water and in the @nes of this surfactant. Since the TOC analysis is
precluded due to the presence of an excess of adlgea surfactant, the determination of the
mineralization end-products concerned ammoniumrateit and sulphate. The analysis was
performed on aqueous solutions containing 40 rifgof.bentazone and different concentrations
(500 and 1500 mg 1) of TiO,. The obtained results confirm that the presenc®rjf35 also
inhibits significantly the formation of these iorgpecies.

The kinetic profiles depicted in Fig. 2a were ob&ml working in water with the higher
semiconductor concentration. The evolution of beone abatement, followed under the same
experimental conditions, is also shown. In Fig.t2é inhibitory effect due to the presence of Brij
35 10 mM on the kinetics of end-products formatisrevidenced. Lower degradation rates, but
similar kinetic profiles, were obtained working w00 mg L* of TiO,.

In the absence of surfactants the complete disappea of bentazone was followed by the later

stoichiometric formation of sulphate ions, completdter ca 3 h. In the presence of Brij 35 the

10
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stoichiometric formation of sulphate was not obedreven after 4 h irradiation (formation of ca
60% of SQ). Only after longer irradiation times (> 6 h) thaelphate recovery becomes complete.

The mineralization of the organic nitrogen gengrédlads to the formation of nitrate, nitrite
(only in certain cases) and ammonium ions (or ama)oim different ratios (Low et al., 1991;
Maillard-Dupuy et al., 1994). When nitrate and amimm are the end products found, their
relative concentrations in turn depend on expertaigrarameters, such as the irradiation time and
the oxygen concentration (Pramauro et al., 199#).tHe present work the stoichiometric
mineralization of organic nitrogen into NCand NH," was observed after ca 2 h in experiments
performed in water, whereas the sum of both spdmesmes nearly stoichiometric (> ca 95%)
after 4 h irradiation in the presence of Brij 3heitrate concentration remains practically camsta
after 1 h irradiation and represents ca 10% ofstb&hiometric nitrogen, whereas the increase of
ammonium concentration stops after ca 3 h irramhati

The kinetics of formation of the end-products skdolbé carefully considered in order to select
the proper irradiation time since residual orggmaducts arising from bentazone degradation are
still present after the complete disappearancehef dtarting pesticide. No traces of aromatic
residues have been detected in the wastes aft@ricaradiation on the basis of the negligible
absorbance of the solutions observed in the wagtieiange 220-280 nm, however the presence of

organic compounds arising from the aromatic rirgpking cannot be excluded.

3.4 ldentification of the main transient inter mediates formed in water

Some studies concerning the reaction products getefrom the bentazone photolysis in water,
soil and plants have been reported (Wagner etl@B6; Burrows et al., 2002), but a lack of
information exists concerning the identificationtbé transient intermediates originated during the
TiO,-mediated photocatalytic degradation of this pedgicin order to obtain information about the
mechanism of bentazone degradation, some photgtatatins were performed in water on

dispersions containing 40 mg'bf herbicide and 1500 mgof TiO».
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The analysis of the intermediates formed duringnii@l steps of the process was performed by
HPLC-DAD-MS. Figure 3 shows the digital reconstroctof the chromatographic pattern of the
solutions after 10 min irradiation, time at whidretintermediates are more abundant and better
evidenced.

The LC-MS analysis revealed the presence of thmeemediates at different:tall of them have
an aromatic structure, as confirmed by the diodayaanalysis of the corresponding peaks. Table 3
summarizes the proposed structures: their ideatiic was conducted on the basis of the
correspondingn/z values and their mass fragmentation spectra, dakito account the intrinsic
limits of the LC-MS technique.

The fragmentation pathway of bentazone leads tdahmation of fragments witihn/'z 197 and
175; the first ion results from the loss of thepisapylic group and the second from sulphur dioxide
with subsequent ring closure. The loss of both gsquoduces the fragment wittiz 132.

Two peaks have been found when extracting fronmtdted ionic current then/z 255: this value
is higher than that of the parent molecule and isterst with the hypothesis of formation of mono-
hydroxylated products. However the fragmentatiotigoa of these two molecules allowed us to
pinpoint the different position of the hydroxyl g

The mass spectrum of compound AXt4.8 min) shows the presence of signalsvat197, 191,
and 132. The fragment with/z 197 results from the loss of hydroxylated isopragrgup, likewise
the fragment withm/z 191 derives from the loss of the sulphur dioxidel #he subsequent ring
closure. The loss of either groups was hypothesisedhe fragment withm/z 132. Since the
fragment ions havingvz 197 and 132 are also observed in the case ofaii@bone molecule, this
product could be attributed to the hydroxylatedtaeone on one of the two methyl groups of the
isopropyl substituent.

The second intermediate withVz 255 (compound Bgt= 7.3 min) has a fragmentation pattern
consisting of fragments at/z 191, 148 and 108. The fragmentnalz 191 corresponds to a loss of

SO, like to the previous isomer. The fragmentsnat 148 and 108 are peculiar of the ring moiety

12
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hydroxylation: the first fragment derives from tloss of the isopropyl and sulphur dioxide groups
and a further fragmentation of the heteroatomig gives a signal atVz 108. These hypotheses are
sustained by the literature data concerning phbtogxperiments (Lagana et al., 2002; Peschka et
al., 2007; Eyheraguibel et al., 2009) where theilamiragmentation routes were described and
attributed to the same compounds. The third intdrate found (compound G; £ 4.3 min) having
m/z 253 is probably originated from the rapid oxidatiof compound B, having the OH group on
the alkylic chain.

No significant information has been obtained frdra MS spectrum, only more detailed MS/MS
analysis could give structural clarification. Nebedess, the methyl group oxidation to form
alcohol then aldehyde cannot be excluded sinceogoaé observations are present in literature for
other aromatic molecules having methyl substituérabbri et al., 2006).

The HPLC-UV analysis confirmed that the three obsérintermediates are present in the initial
steps of the photocatalytic degradation procesgether with the substrate, but they further
disappear after ca 30 min irradiation, time aftéiok bentazone is no more present in the reaction
medium (see Fig. 4).

Considering the area values of intermediates fossible to hypothesize the oxidation of the
hydroxyl group of compound A, which leads to theniation of the aldehydic structure of
compound C, followed by a rapid degradation ocografter ca 10 min irradiation. A comparable
persistence of the three intermediates is obseavetlfor all of them the maximum amount is
reached after ca 10 min irradiation, then they detefy disappear after 30 minutes.

The examination of the HPLC patterns confirms thath the formation and degradation of
intermediates A, B and C are much slower in thesgmee of Brij 35, but no traces of such

compounds were evidenced in preconcentrated wastastes after ca 2 h irradiation.

13



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

4. CONCLUSIONS

The obtained results suggest that the investigatpetous surfactant solutions can effectively
remove the residues of bentazone from the contdednaoil samples. If the photocatalytic
treatment of the washing wastes is examined, HErijsBows the lower inhibition effects on the
pesticide abatement and can be proposed as alsugabdidate for soil washing. Under the
investigated conditions, working with 1500 mg bf suspended Ti§) bentazone can be completely
removed from the wastes after less than 1 h irtadiawhereas no traces of aromatic residues were
found after ca 2 h.

The complete mineralization of the pesticide isngigantly slower, being the quantitative
transformation of the organic nitrogen achievedyaaiter ca 4 h. Even longer treatment times
(around 6 h) are necessary in order to obtainttiiersometric formation of sulphate.

The HPLC-MS analysis performed on irradiated ageedispersions reveals the presence of
three main transient intermediates, two of thern &dsind in photolytic experiments reported in the
literature. These compounds, in turn completelyraaged, are less persistent than the starting

pesticide.
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403 Table 1. Extraction yields obtained in the soil washing esments.

404
405

406

SOIL WASHING SOLUTIONS % Recovery Standard Deviation
Acetone/n-Hexane 97 4
H.0 60 5
Brij355 mM 86 2
Ci2Es 5 mM 87 5
Ci2Es 5 mM 95 4
Brij 35 10 mM 95 4
Ci2E5 10 mM 95 5
Ci2Es 10 mM 100 3

19



407 Table2. Observed reaction rates measured in the photgtatexperiments

408

409

Aqueous surfactant solutions

(10 mg L* bentazone, Ti9100 mg [} Kobs (min™)
H,O 1.1 x 10
Brij 35 10 mM 4.1 x 107
C12E5 10 mM 1.4 x 10°
C12Eg 10 mM 2.3x 107
e om0
H,O , TiO, 500 mg L* 5.4 x 107
H,0 , TiO, 1500 mg [* 1.5 x 10"
Brij 35 10 mM, TiGQ 500 mg [* 9.4 x 10°
C1-E510 mM, TiG; 500 mg [* 8.9 x 10*
C1-E510 mM, TiG; 500 mg [* 8.9 x 10°
Brij 35 10 mM,TiQ 1500 mg [* 1.8 x 107
C12E510 mM, TiG 1500 mg [* 1.7 x 10°
C1,Es10 mM,TiO, 1500 mg [ 1.1 x 107

20



410 Table 3 Intermediates found in the earlier steps of bemazlegradation. Intermediate compounds
411 formed from bentazone transformation and detecyedRLC/MS. In round brackets are shown the

412 relative ion abundances.

413
Possible structures of the
(m/2) transient intermediates tr (min) Product ions
H O
N S//_o
239 Ci,('l“ 10.1 239 (100), 197(21), 175(17), 132 (22)
CH,
T
0] CH,
A
255 =0
A u W/\OH 4.8 255 (100), 197 (17), 191 (27), 132 (16)
(0]
OH
255 N
5 i =0 7.3 255 (100), 191 (45), 148 (15), 108 (7)
I
K./
?—O
253 NWAO 4.3 253 (100)
C @]
414
415
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420 FIGURE 2
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