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Abstract

Background and Purposeéurfactant-assisted soil washing and photocasatye well known remediation processes of
environmental concern. The application of photdgata to treat soil washing extracts containing dtmylphenol, 4-
ethylphenol and 4—tert-butylphenol in the presesicaonionic (G,Eg and G-E»3) and anionic (SDS) surfactants and
some of their binary mixtures was investigatedhiis tvork by studying the pollutants degradationtha presence of
TiO, dispersions irradiated with simulated solar light.

Materials and method€lean soil samples were spiked with the investyatiylphenols. Aqueous solutions of the
chosen surfactants were placed in contact for shmgs with the spiked soil samples in a rotatorxeni The
pollutants recoveries were evaluated via HPLC aislyPhotocatalytic experiments were performedoiarbox on
agueous solutions and on aqueous surfactant ssdutiontaining the pollutants.

ResultsThe pollutants removal from the soil was provefe@fve using the examined surfactant solutionse Th
photocatalytic treatment of the wastes was fasterguBrij 35, but also SDS and,££s-SDS mixtures can be applied.
After 2-5 hours the complete pollutants abatemead wbtained, depending on the surfactant chosepratite amount
of TiO, employed. On the contrary, the treatment of wast@saining G,Eg was an extremely slow process.
ConclusionsThe photocatalytic approach can be applied to rentbe examined aromatic pollutants from the washing
wastes, confirming the viable coupling between th#vanced oxidation method and the surfactant-baséd
remediation treatments. Surfactant adsorption @@ and micelles concentration play a dominant role.

KeywordsSoil washing, surfactants, alkylphenols, photdgtitadegradation
1 Background and purpose

The selection of suitable surfactants to be emplogesoil washing is a very important task in viefatheir application
for soil remediation purposes (Deshpande et al.1B88 et al.2004). Relevant solubilization of oigacompounds by
surfactants occurs when the critical micellar comicgion (cmc) is reached and becomes proportitinte surfactant
concentration above the cmc. Nonionic surfactarésoéten preferred because of their lower cmc aspared to ionic
surfactants and constant properties in the presehnsalts. Moreover, these surfactants also shéawar tendency to
precipitate fine soil particles and usually exhibigh solubilization capabilities towards most tgulnobic organic
compounds (Santanu and Pak 2007).

Also other aspects, such as the environmental ithpacst be considered since residual surfactarsisradd on the soil
act themselves as pollutants. For practical pupaaeideal surfactant should have high solubijzbility towards the
pollutant and low adsorption on soil. Although wais studies have been reported, there are sti#irdift opinions
about the surfactant adsorption mechanisms (Lal@ €009). Adsorption of ionic surfactants is gaflg correlated
with electrostatic forces (Paria and Khilar 2004hereashydrogen bonding is considered the main force djperan
nonionic surfactants adsorption.

After the soil washing, a crucial point becomes disposal and/or treatment of the correspondingesasefore their
discharge or reuse (Chu et al. 1998). In this timac semiconductor-based photocatalysis can begsed as an
effective remediation treatment, essentially basedtradiation of the aqueous effluents with natarasimulated solar
light in the presence semiconductor suspensionsalMe&ides, such as TEOZnO, SnQ@, WG;, etc., were successfully
employed, leading to the degradation and minernidizaof most organic pollutants without the semidoctor
alteration (Behnajady et al. 2003leiman et al. 2007)'he immobilization of such catalysts on properaalipports
allows also to operate under flow conditions (HaleR010; Lizama et al. 2005).

The mechanism of photocatalysis has been extegsiveéstigated (Serpone and Pelizzetti 1989; Qilisl Al-Ekabi
1993; Hoffmann et al. 1995; Malato et al. 2002)siBally the photocatalytic reactions are foundedrengeneration of
electron-hole pairs on the semiconductor surfacenathe photocatalyst is illuminated by light haviergergy higher
than its band gap. The electron/hole pair can séglgrinteract with electron donors and acceptgigng rise in
particular to the formation of strong oxidizing sf@s which attack and decompose most organic congmleading to
the formation of non toxic or less toxic end prasut.egrini et al. 1993).

The following reactions give rise to the formatimithe hydroxyl radical, considered the main oxidigagent:

h+VB+H20—>.OH+H+ (1)
€cg + 0, — O,°” (2)



ZQ._+H20—>H202+02+20H (3)
€cg + HO, — *OH + OH (4)

In addition to the oxidation paths, reduction psses involving the electrons in the conduction baad also be
present (Muneer and Bahnemann 2002).

The main goal of the present work was to evalulgeextraction capabilities of three surfactants tadr mixtures
towards alkylphenols of tuned hydrophobicity présensoil, looking not only to the solubilizatioroper of their
agueous solutions, but also to the feasible agitaf photocatalysis to treat the soil washingr&ots. In this light the
kinetics of the pollutants abatement in wastes @aamined in detail, looking at the effects that somponents can
exert on this treatment and investigating the fdsstorrelations between the observed degradatites rand the
pollutants partitioning equilibria existing in thevestigated heterogeneous system.

2 Materials and methods

2.1 Soil Samples

A clean sandy clay loam having an organic carbarert of ca. 2.5% was sampled near Alba (Cunely)Ilt8amples
of such soil, taken from the 0-15 cm horizon, wetied at room temperature, then grinded in a menakr sieved to < 2
mm to remove the bigger particles. The soil wagh&r homogenized, transferred to closed vesselskaptlin
refrigerator.

2.2 Instruments

The following instruments were used: HPLC Merckaghi, equipped with L-6000 and L-6200 pumps andvaVlS
L-4200 detector; a microwave digestion system MARSBXm CEM Corporation)Surface tension measurements were
performed with a digital tensiometer (K10, Kriusd)V-VIS spectra were obtained with a double beam
spectrophotometer CARY 100 SCAN (Varian). All tmeadiation experiments were carried out in Solarf©®©.FO.
MEGRA, Milan), where stirred cylindrical closed Ise(40 mm i.d; 25 mm high, made of Pyrex glass)engaced. A
1500 W Xenon lamp source, equipped with a 340 nroffifilter, was used to simulate the AM1 solaraliation. The
temperature within the cells was ca. 55°C.

2.3 Reagents

TiO, Degussa P25 (composed of ca. 80% anatase and &8 was employed to perform all the photodegtiata
tests. In order to remove any organic impurity thigle was washed with water and irradiated inrbala for about 12
hours. The washed semiconductor was then drieleroven at 80°C. The TiQlispersions were sonicated in water
immediately before use. Acetonitrile (Lichrosolvelk) was used as eluent. The surfactantgddNikkol), Brij 35
(Aldrich) and SDS (Merck), were used to prepare g¢b# washing solutions. Acetone and n-hexane (frdldrich)
were used for the microwave-assisted exhaustivaaidn (MAE) of the soil samples. Pure water wezdpced using

a Milli-Q™ system (Millipore). Pure standards of 4-methylpiigiCarlo Erba), 4-ethylphenol and 4-tert-butylpben
(Aldrich) were used in soil spiking experimentdjlmation runs and photocatalytic tests.

2.4 Experimental methods

2.4.1 Soil Spiking Procedure

According to a reported soil spiking protocol (Rt al. 1998), 50 g of soil were treated withndl0 of solutions
containing a known concentration of the organidytahts dissolved in acetone. The slurry was sisostiyred for one
hour, then allowed to stand at room temperatureuhdod for ca. 24 hours to obtain the completgenation of the
organic solvent.

2.4.2 Soil Washing Experiments

The soil washing tests were performed on relatifedgh (one week) spiked soil samples. The efféeigeing was not
considered in this work.

Prior to the soil washing the spiked samples waadyaed following a standard exhaustive proced&RA method n°
3546): ca. 10 g of soil were weighed in the tefloitrowave vessel and 25 mL of acetone/hexane (50/%) were
added. The samples wenaicro-waved at 110°C and 100 psi for 20 min. Theedé were cooled to 25°C and the
suspensionwere filtered through 0.4bm Millex—LCR filters (Millipore). Acetone was fingl replaced by acetonitrile
before the HPLC analysis.

Soil washing experiments were performed in a royamoixer (rotation speed: ca. 10 rpm) on 2 g of tmwhich were
added 12.5 mL of the surfactant solutions. Theadrime was 5 hours. After centrifugation at 5@pth for 10 min,
aliquots of the surnatant solutions were filterdglotigh a 0.45um Millex—LCR hydrophilic PTFE membrane
(Millipore).

The HPLC determination of each analyte was perfdroe the filtered solutions, using different acétdle/water
mixtures as eluents: 30:70 v/v for 4-methylpherddl;60 v/v for 4-ethylphenol and 50:50 v/v for 4ttbutylphenol,



respectively. A 100 RP-C18 column (Lichrospher, #hiind x 125 mm long, Jum particle size) was used. Isocratic
elutions were performed at a flow rate of 1 mL/mie detector wavelength was 220 nm.

2.4.3 Photodegradation tests

A series of preliminary experiments were carriedamu5 mL of aqueous micellar solutions containl®gmg/L of each
individual pollutant and 100 mg/L of TgOHigher amounts of catalyst (200-500 mg/L) werelkayed to treat the soil
washing extracts. Experiments without Ji@ere also performed in order to estimate the ptessiontribution of
photolysis to the degradation. The primary degiadakinetics of each pollutant was followed by sdngp and
analysing the dispersions after different irradiattimes. An equal volume of acetonitrile (5 mL)snadded to the
irradiated dispersions in order to minimize thecaigdon of the residual pollutants on the catalyatticles, then the
hydroorganic dispersions were stirred for 20 miawtad filtered before the analysis through ay®nlAnotop 25 Plus
inorganic membrane filter (Whatman).

3 Resultsand discussion

3.1 Soil washing experiments

The surface tension of the filtered soil extractsswneasured in order to assess the presence dfamamggregates in
the washing waste. This is an important test sihée well known that the washing efficiency largedepends on
micellar solubilization, being negligible the cahtrtion arising from the surfactant monomers.

The profiles of surface tension as a function afasant concentration are shown in Figure 1 foshiag wastes
containing 4-tert-butylphenol. The dilution ratid)(is given by \{/Vo, where \4 is the volume of the washing waste
after dilution with pure water andy\fs the initial volume of the filtered washing sitdun. It can be seen that micellar
aggregates were still present in all the investidegolutions. Strictly similar profiles were alsbtained for washing
wastes containing the other two examined pollutants

The alkylphenols recoveries and the corresponditandsird deviation values, estimated from five ikd
extractions, are reported in Table 1. After 5 hosashing, the micellar solutions allow to achieigniicant pollutants
recoveries. Solubilization in pure water was natlde only for 4-methylphenol and decreased with itfttgeasing
hydrophobicity of solutes. The SDS solution alseeggood extraction yields for 4-methylphenol, tha extraction of
the more hydrophobic derivatives was more diffic8imilar trends were shown by the nonionic sugatg, being Brij
35 the best candidate for the recovery of 4-ethemath and 4-tert-butylphenol. The results obtaineshg surfactant
mixtures suggest that mixed micelles of;fg and SDS could be used as alternative washing sgstefhrereas the
mixed aggregates of Brij 35 and SDS are less éff=ct

However, a convenient selection of the washingesgstannot be done without considering the behavidwsuch
solutions during the washing waste treatment step.

3.2 Preliminary Photocatalytic tests

We initially investigated the photocatalytic degaidn of each organic compound in aqueous ,Td3persions
containing the examined surfactants at concentratligher than their cmc. The relative abatementheforganic
substrate concentration (C) with respect to itdahconcentration (g} was followed as a function of the irradiation
time. Figure 2 shows the corresponding kinetic ifgsfof the substrate degradation (primary progesghich follows a
pseudo first-order kinetic law:

-In (C/Cy) = Kopst (5)

Figure 3 shows that linear plots according to €Ghare obtained up to ca. 70% of 4-tert-butylphedmatement (each
point represents the mean of 3 replicated measuntsin&imilar linear profiles were obtained byifitf the degradation
of the other examined alkylphenols.

Experiments performed in the presence of lower eotrations of nonionic surfactants (one tenth osthemployed in
soil washing runs) showed a relevant increase efifgradation rate, suggesting that wastes dilutatim water could
be applied in order to speed up the treatment. 98 solution was not diluted since this surfactaas only slightly
above its cmc.

The examination of Fig. 2 indicates that SDS alldwgerform faster degradations, roughly comparabtd those
observed in water, whereas;;Es strongly inhibits the pollutants abatement. Alsdj B5 induces a noticeable
inhibition, but much lower than that observed ia presence of GEg. For the more hydrophobic phenols, the treatment
of wastes containing the ;££,~SDS mixture give results similar to those obtdinveth Brij 35, whereas faster
degradations can be obtained using Brij 35-SDS. él@wthis last mixture is less efficient in the hiag step.Table 2
summarizes the corresponding kinetic data; therntmiogies calculated from 4-5 repeated runs, weusnd in the range
4-6%.

The inhibition of the photocatalytic pollutants dedation, observed when working in the presenceudbctants, can
be in part due to the fact that the surfactantfitsalegraded (Hidaka et al 1990; Eng et al. 201f2)s competing with
the substrate for the active sites at the catalyisifion interface. Moreover, other effects arisiingm the solute
partitioning between the bulk solution and the rihése(see Figure 4) should also be considered.



The influence of pH on surfactants adsorption dri, plays a significant role. The initial pH of the sy solutions
was in the range 7.2-7.5, after 120-180 min irrdaliathe pH in the cells was slightly lower (6.8),.whereas the final
pH of the treated wastes after long term irradreti(b-6 hours) was around 6.3-6.5, which correspondhe isoelectric
point of TiO, P-25 (Lee et al. 2003). A negligible adsorptiér8BDS on TiQ can be, thus, expected on the basis of the
electrostatic repulsion operating between the apiplei and the negatively charged semiconductorighest This
effect reasonably reduces the competition betwd2® &d substrate molecules for the active siteEi©$, justifying

the higher degradation rates observed.

On the other hand, the different adsorption meamrof nonionic surfactants suggests that their pdism onto the
TiO, particles is possible. Among the two examined dptples, G.Eg has the smaller polyoxyethylene head group
and interactions between the hydrophobic tails cecur, giving rise to the formation of admicelldrustures on
hydrophilic surfaces much more easily than Brij (B®opal 2003). This higher tendency to adsorb aasify the
relevant inhibition observed using £;.

The concentration of micelles is also very impartdnwas found that, upoimcreasing the number of micelles, the
pollutant degradation becomes slower due to itsedesed availability at the semiconductor/solutitieriface (Fabbri et
al. 2006). At constant surfactant concentratioa,dbgradation of 4-tert-butylphenol is much slottemn that observed
for the less hydrophobic phenols, as expected deriag the higher tendency of hydrophobic soluteshind to
micellar aggregates.

3.3 Photocatalytic treatment of soil washing exsac

The pollutants degradation in the soil washing aots was examined using the better surfactant dateti: SDS
1.5x10? M, Brij 35 1.0x10* M, and the mixture GEg 5.0x10° M-SDS 5.0x1G M, in the presence of different TiO
concentrations (200 and 500 mg/L, respectivelypnBlexperiments were also performed in the absehdgO,, in
order to evaluate the possible beneficial effetiibatable to the dissolved organic matter, intigatar humic acids ,
present in the soil (Alleman and Leeson 1997).

Figure 5 shows the degradation of 4-ethylphenosdil washing extracts containing Brij 35, SDS angEgSDS
mixture. It can be seen that Brij 35 allows to abfaster degradation rates. For this surfacexperiments were also
performed under the same working conditions buhevit the presence of sail, in order to estimatecth@ribution of
soil components to the degradation kinetics. Tlgmiicant increase of inhibition evidenced in theegence of soil
confirms the results reported in previous studiebpri et al. 2008). This effect can be in part thuthe fact that humic
compounds can be themselves degraded (Minero EB99®) and in part attributed to the joint influeraf humic matter
and surfactants on pollutants solubility (Lippotdaé 2008), which can significantly modify the std-micelle binding,
altering the substrates partitioning in the hetenegpus system. The same general behaviour shofig.i® was also
found for the other examined phenols.

The peculiar properties of humic components, kntavact as sensitizers of photodegradation (Kamighkameyama
1998), can also justify the non negligible subsategradation observed in the absence of. Tilfact, ca. 36% of the
initial 4-ethylphenol was degraded after 2 houradiation in Brij 35 soil washing wastes, wherghs degradation of
ca. 22% and ca. 10% of this pollutant was obseimeé@DS and GEg-SDS wastes, respectively. Similar degradations
in the absence of TiQwere also observed for 4-methylphenol and 4-tatydphenol, with a marked effect found in the
presence of Brij 35.

The kinetic data summarized in Table 3 confirmst thqueous Brij 35 allows to perform a faster phatalytic
treatment of the soil washing wastes.

4 Conclusions

The effective removal of alkylphenols from the ptdld soil samples can be performed using the igaget
amphiphiles, but the choice of the proper soil waglsystem needs also to consider the possiblagutteatment of
the wastes. SDS allows to obtain rather good etragields, however the photocatalytic treatmehthe washing
wastes is slow. The nonionic amphiphile;z and the mixture GEs-SDS are less suitable for washing due to the
observed relevant inhibition of the photocataliep, whereas Brij 35 can be proposed as the beslidate since it
allows to obtain higher recoveries of more hydrdpboalkyphenols and the photocatalytic treatment thod
corresponding wastes is faster. Taking into accahat the organic components of soil can also ihhibe
photocatalytic process and drastically alter theettar performances, their specific contributiorthe selection of the
washing systems must be carefully evaluated.
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Figure Captions

Fig. 1 Surface tension of washing wastes contaidibert-butylphenol as a function of dilution raie’ Brij 35 1.0 x
102 M; O C.E 1.0 x 102 M; ¥ SDS 1.5 x 10° M; O Brij 35 and SDS 5.0 x 18 M).

Fig. 2 Photocatalytic degradation profiles of 4-4nydphenol (a), 4-ethylphenol (b) and 4-tert-buty@pbl (c). @ H,0O;
¥ Brij 35 1.0 x 102 M; [0 Cy,E5 1.0 x 102 M; ¥ SDS 1.5 x 106° M; dotted linesO Brij 35 and SDS 5.0 x 18 M, ¢
CiEsand SDS 5.0 x 1§ M).

Fig. 3 Plots of —In (C/g} versus time for the degradation of 4-tert-butgipbl in the presence of different washing
solutions @ H,O; V Brij 35 1.0 x 10% M; [ C,,E5 1.0 x 10% M; ¥ SDS 1.5 x 10° M; dotted lines:O Brij 35 and
SDS 5.0 x 10° M , @ Cy,Esand SDS 5.0 x 15 M).

Fig. 4 Solute partition equilibria between bulk wa@n (W), micelles (M) and surfactant-modified seomductor
particles (TiQ).

Fig. 5 Photocatalytic degradation of 4-ethylphendadoil washing wastedl Brij 35 1.0 x 10* M soil extract, TiQ 500
mg/L; ¥ Brij 35 1.0 x 10° M soil extract, TiQ 200 mg/L;® Brij 35 1.0 x 1¢ M blank, Ti0, 500 mg/L;4 Brij 35 1.0
x 10 M blank, TiQ, 200 mg/L;0 SDS 1.5 x 18 M soil extract, TiQ 500 mg/L; V SDS 1.5 x 18 M, soil extract
TiO, 200 mg/L; dotted linesk C;,Eg and SDS 5.0 x 16 M, TiO, 500 mg/L,O C;;Eg and SDS 5.0 x 16 M, TiO,
200 mg/L).
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Table 1 Recoveries of the investigated alkylphenols after the soil washing experiments.

Soil washing solution

4-methylphenol

4-ethylphenal

4-tert-butylphenol

% Recovery SD % Recovery SD % Recovery SD

Acetone/n-hexane 934 2.1 935 4.7 95.9 39
H,O 74.6 14.4 56.3 9.5 41.8 4.3
BRIJ 35 1.0x1G M 86.2 6.8 71.8 4.6 72.1 1.7
C1.Es 1.0x10° M 77.7 8.3 61.4 6.0 52.2 4.9
SDS 1.5x1G M 89.1 5.2 65.3 4.2 55.1 5.7
BRIJ 35 - SDS, 5.0x10M © 75.7 7.0 65.7 8.7 60.9 3.0
Cy2Eg - SDS, 5.0x1G M © 92.4 5.0 67.9 5.0 69.8 4.0

®) concentration of each surfactant; SD: standaribtien
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Table 2 Rate constants of the primary degradation of alkylphenolsin the presence of surfactants.

Washing solution Kops (Min™)
4-methylphenol | 4-ethylphenol 4-tert-butylphenol

H,0 8.6x107 5.5x10° 4.4x10°
BRIJ 35 1.0x1G M 1.9x10° 9.1x10° 4.3x10°
BRIJ 35 1.0x1G M 2.1x10° 2.1x10° 1.7x10°
Ci1,Eg 1.0x10°M 1.8x10° 1.5x10° 1.3 x10°
Cy1,Eg 1.0x10°M 3.7x10° 4.7x10° 3.6x10°
SDS 1.5x16M 8.2x10? 4.3x10° 3.9x10°
BRIJ 35 - SDS 5.0x1&M ©) 1.1x10? 1.0x10? 8.7x10°
Ci,Eg - SDS 5.0x1G M © 9.4x10° 6.6x10° 5.9x10°

® concentration of each surfactant
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Table 3 Rate constants of the primary degradation of alkylphenolsin the washing wastes.

Kobs (Min™)
4-methylphenol | 4-ethylphenol | 4-tert-butylphenol
Brij 35 1.0 x 10* M soil extract; TiQ 500 mg/L 3.1x16 1.8x10° 1.6x10°
Brij 35 1.0 x 10° M soil extract; TiQ 200 mg/L 1.3x18 8.6x10° 4.9x10°
Brij 35 1.0 x 10° M blank; TiO, 500 mg/L 8.6x108 7.6x107 4.5x107
Brij 35 1.0 x 10° M blank; TiQ, 200 mg/L 3.0x18 2.3x107 2.3x107
Brij 35 1.0 x 10° M; without TiO, 4.8x10° 3.6x10° 3.4x10°
SDS 1.5 x 18 M soil extract; TiQ 500 mg/L 2.7x16 9.3x10° 7.0x10°
SDS 1.5 x 18 M soil extract; TiQ 200 mg/L 1.5x16 7.3x10° 3.4x10°
SDS 1.5 x 18 M; without TiO, 2.8x10° 1.7x10° 1.2x10°
C.Es and SDS 5.0 10° M soil extract; TiQ 500 mg/L 1.9x10° 1.2x10° 5.4x10°
C1Es and SDS 5.0 10° M soil extract; TiQ 200 mg/L 5.1x10° 3.1x10° 8.5x10"
C.Eg and SDS 5.0 10° M; without TiO, 1.1x10° 5.1x10" 1.6x10*
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