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Abstract

Due to carcinogenicity of hexavalent chromium [Qj{V its accurate quantification in Cr-
contaminated soils is of paramount importance. dine of this work was to quantify Cr(VI) by
species-specific IDMS in soil samples from two i#tal case studies: A) farmland potentially
contaminated by pseudo-total Cr and Zn and heawrdoarbons due to past illegal burial of
tannery wastes; B) Solofrana valley where volcauits are potentially contaminated by pseudo-
total Cr and Cu due to tannery activities. Hexaval@r extraction from soils was performed by
focused microwaves (5 min at 80 °C) using 50 mM BDibllowed by the separation of Cr species
by IC and detection by ICP-MS. The Cr(VI) extractemin 20 soil samples of case study A ranged
from 0.15 to 11.18 ugf with 70 % of samples exceeding the Cr(V1) scregnialue set by Italian
Parliament for residential/urban soil to assess flwential contamination. Higher levels of Cr(VI)

(22.0-107.1 pg Q) were extracted from other 7 Cr-most-contaminat@itisamples, which required
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a pre-treatment with n-hexane to remove part oaimigcompounds from each sample, since these
reducing agents made the quantification of Cr(W)IBMS more challenging because they caused
an almost complete reduction BCr(VI) used for IDMS quantification. Hexavalent €xtracted
from soil samples of case study B ranged from ®78.79 pg g, with 42 % of samples exceeding
the value set by Italian legislation. In both cadadies, the Cr(VI) extracted from soil was

significantly correlated to the pseudo-total Cr teor.

Keywords: Cr(VI); IDMS; Cr speciation; soil contaminatiotannery wastes; heavy hydrocarbons.
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1. INTRODUCTION

Chromium mainly exists in two stable oxidation sgattrivalent chromium [Cr(lll)] and hexavalent
chromium [Cr(VI)] (Jacobs and Testa, 2005; Lilliat, 2015; Sarcar and Mil&i¢, 2014; Shahid et
al., 2017). Trivalent Cr can be considered an asdanutrient for human health, being involved in
glucose, insulin and protein metabolism, while G)(i¢ classified as Group A human carcinogen,
also provoking severe health problems on the rapy tract, liver, kidney, gastrointestinal and
immune systems and possibly on the blood (IARC,220Thus, several directives have been
adopted at the European and international levelgetborm Cr speciation in the environmental
studies (Séby and Vacchina, 2018).

Chromium mobility and bioavailability in soil eneinments strongly depend on its chemical form
(Avudainayagam et al., 2003). Trivalent Cr is unatedly the most thermodynamically stable form
of Cr in soil, as it readily precipitates as chrami hydroxide [Cr(OH)] and iron-chromium
hydroxide [(Fe,Cr)(OH) or becomes immobilised after sorption onto sallaids (Leita et al.,
2009).0n the other hand;r(VI) is thermodynamically metastable in the psodution and much
more mobile in soil, since Cr(VI) oxyanions (chram&rQ?", hydrogen chromate HCEQ and
dichromate GiO;*) are not adsorbed onto soil colloids under subirabtio alkaline conditions
(Becquer et al., 2003; Mpouras et al., 2017). Asthsoil pHs, Cr(VI) can be present in the form of
solid minerals in association with different cagooharacterised by a wide range of solubility:
barium, calcium, lead and zinc chromates are thst ingoluble (Kotas and Stasicka, 2000; Pettine
and Capri, 2005), while alkaline and some alkaéaeth chromates are highly soluble. Being a
strong oxidant, Cr(VI) can be readily reduced t@liQrin the presence of various electron donors
such as soil organic matter (Bolan et al., 20031aSat al., 2011); however, with favourable pedo-
climatic conditions, even in organic soils, Cr(Vipy persist for prolonged periods of time (Leita et
al., 2009). In most cases, the presence of Cr{Vthe soil is due to anthropogenic sources, since i
is used in a number of industrial applications sashelectroplating, tanning, industrial water

cooling, paper pulp production and petroleum refin{Choppala et al., 2013; Tchounwou et al.,
3
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2012). The levels and forms of Cr(VI) in soils degeon several factors such as pH (H¢r@nd
Cr,0;*" at pH 0.7-6.5; and Crfy at pH 6.5-14.0), the redox potential and the preseof natural
oxidants (e.g., manganese oxide) or reducing adengs, Fe(ll), sulphide and organic matter]
(Banks et al., 2006; Choppala et al., 2018).

The determination of Cr(VI) in soil samples is ofisomplicated, because quantitative extraction of
the contaminant must be assured while avoidinglizCr(VI) redox interconversion reactions both
during extraction and the subsequent chemical aisalPettine and Capri, 2005; Weibel et al.,
2016). In addition to total Cr(VI) content, the dagxtractable and highly-mobile fractions of
Cr(VI) are also determined, in soils where Cr comtation highly impacts on the surrounding
environment (James et al., 1995; Zuliani et al13)0

Isotope dilution mass spectrometry (IDMS) is alwaliion technique able to accurately quantify
Cr(VI) from soil samples. When multiple spikingagpplied Cr(l11)-Cr(VI) redox interconversions
during sample preparation can be corrected forr@eat-Cabello et al., 2012; Garcia Alonso and
Rodriguez-Gonzalez, 2013; Guidotti et al., 2015hfRan et al., 2005). The analytical procedure,
standardised by USEPA as method 6800 (USEPA, 2@Q@tjres the addition of known amounts of
isotopically enriched Cr(lll) and Cr(VI) to the sphas before extraction. The selection of the most
proper extracting solution plays an important rote the correct quantification of the levels of
Cr(VI) in soils. The use of ethylenediaminetetraemcacid (EDTA) as extracting solution, buffered
at pH 10.0 (Korolczuk and Grabarczyk, 2005), shdwe main advantages over the well-
recognised USEPA 3060A (USEPA, 1995) extractiorcgdore at pH 12.0: i) it complexes Cr(lll)
preventing its oxidation to Cr(VI) throughout theadytical procedure; ii) it facilitates the extriact

of Cr(VI) from the solid sample by complexation ather metals (e.g., Ba, Pb, Sr, Zn) forming
insoluble chromates (Fabregat-Cabello et al., 2@#dotti et al., 2015). Therefore, since EDTA
was able to prevent Cr(lll) oxidation to Cr(VI) dy extraction, the use of a single isotopically-
labelled Cr(VI)-spike provides an accurate quacdiion of Cr(VI) in soil by IDMS (Fabregat-

Cabello et al., 2012).
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In the present study single-spike IDMS in combmatwith EDTA at basic pH (10.0) was applied
to quantify Cr(VI) in soil samples from two ruraleas of south Italy: A) 27 soil samples from six
hectares of farmland potentially contaminated bgupe-total Cr (up to 10,046 pgl)y Zn and

heavy hydrocarbons (C>12), due to past illegalddwi industrial wastes; B) 12 soil samples from
the Solofrana valley where volcanic soils are ptédig contaminated by pseudo-total Cr (up to 594

g g') and Cu due to tannery activities.

2. EXPERIMENTAL SECTION

2.1. Case studies, soil sampling and processing

2.1.1. Case study A - Farmland contaminated byallly burial of tannery wastes

Case study A is a 60,000°nfarmland located in the Campania Plain (ProvinéeNaples,
Campania, south ltaly). This area is currently smaftted by the Italian Judiciary (Caporale et al.,
2018), due to a past illegal burial of industriabstes of leather-tanning origin. From the
geomorphological and geological points of view,ecasidy A is located in a lowland environment,
the Piana Campana graben, on the north of the rfaled-ields and NW of the Somma-Vesuvius
complex, which are the main active volcanoes ofréggon. Due to the proximity to those volcanic
centres, a preferential accumulation of pyrocladaposits is found in these areas (Di Vito et al.,
2013; Orsi et al., 2004) and then the soil pareatenml is mostly volcanic ash and pumice.
According to the soil maps of Di Gennaro et al.020and World Reference Base classification
(FAO, 1998), the soils in the surroundings of cstsely A were classified as Pachi-Vitric Andosols.
At the end of 2015, a soil contamination monitoricegmpaign, aimed to address the level and
spatial variability of contamination, was carrieat 1 case study A. Soil samples were collected at
3 depths: 0-20 cm (d1), 30-&tn (d2) or 70-90 cm (d3), from georeferenced paaisording to a
sampling grid of 20x20 m. Also, soil samples werectedfrom pedological profiles and trenches
(pt) opened in the field and well describing thenptex distribution of the buried waste materials

(Caporale et al., 2018). Prior to analysis, sahgies were firstly air-dried, then 2-mm sieved and
5
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lastly pulverised (particles < 177 um — 80 Mesh)HRM 200 ball mill (Reutch). On the basis of
these analyses, site A was found to be potenttalhfaminated by pseudo-total Cr (up to 10,046 ug
g'), Zn (up to 1,846 pg Y and heavy hydrocarbons (C>12, up to 2,150 [y gnostly
concentrated in the first metre of depth. Sincedbetaminant pseudo-total concentrations exceed
the screening values set by Italian Parliamentdsidential/urban soil (150 pg'épr Cr and Zn; 50

ng g* for heavy hydrocarbons), according to Italian ségion (Italian-Parliament, 2006) the site is
classified as potentially contaminated by pseudatOr and Zn and heavy hydrocarbons and then
in need of investigation to assess the factual fasksurrounding environment and human health.
Pseudo-total Cr was quantified agua regiadigestion (ISO 11466, 1995) and Inductively Codple
Plasma (ICP-MS) analysis at Acme Analytical Laborias Ltd (Vancouver, Canada), while heavy
hydrocarbons were analysed by UNI EN ISO 16703 12@t Chelab Srl (Resana, TV, ltaly). The
contents in soil organic carbon (C) and organictendOM = C x 1.724) were determined by wet
digestion using the Walkley-Black procedure (Walkknd Black, 1937). The quantification of
Cr(VI) by IDMS was carried out at the University Gviedo (Spain) on selected soil samples
(n=27), chosen according to the overall level ohtamination (pseudo-total Cr and heavy

hydrocarbons) and the spatial distribution in fleédf

2.1.2. Case study B - Farmland contaminated byd8owith Cr-enriched river sediments

Case study B is located in the Solofrana rivereya{Province of Avellino, Campania, south Italy),

where volcanic soils with moderate to high andioparties are potentially contaminated by
pseudo-total Cr and Cu due to tannery activitidgo@ium contamination results from the long use
of contaminated river waters for irrigation (proitgal since 1990) and frequent floods after intense
rainfall, spreading Cr-enriched sediments on surdowg surfaces (Adamo et al., 2003; Adamo et
al., 2006; D'Ascoli et al., 2006; Zampella et &010). However, there is still no evidence that
Cr(VI) occurs in these soils. The quantification ©f(VI) by IDMS was carried out at the

University of Oviedo in 12 air-dried, 2-mm sieveadapulverised (particles < 177 um — 80 Mesh)
6
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soil samples, collected from topsoil (0-20 cm) das affected by flooding (70 to 550 m far from
the Solofrana riverbeds) in a past soil contamamatmonitoring campaign, object of several
scientific studies (Adamo et al., 2003; Adamo et 2006; D'Ascoli et al., 2006; Zampella et al.,

2010) and adequately refrigerated and stored awer. t

2.2. Preliminary investigations. standard Cr net oxidation test and Cr (V1) quantification by
colorimetric-based techniquesin soil samplesfrom case study A

The standard Cr net oxidation test (Bartlett anohels 1996) was performed on selected soil
samples (n=10) from case study A, in a pseudo-@taoncentration range of 34-4,487 |iy Ghe
analytical procedure is based on the contact beivilee soil and a solution of Cr(lll) (Crehs
source) and the subsequent measurement of theéblgoksimed-Cr(VI) by colorimetric reaction of
Cr(VI) with diphenylcarbazide and spectrophotoneetdetection at 540 nm. The number of
potentially oxidisable moles of Cr(lll) to Cr(VI)ybsoil manganese oxides present in the soil was
calculated by dividing the number of moles of Manfr easily reducible manganese oxides by 1.5,
being 1.5 the molar ratio between Mn and Cr(lllthe oxidation reaction (Chon et al., 2008). The
moles of Mn from easily reducible manganese oxidese determined by analysing the extract of
the second step of the three-stage sequentialcértngorotocol proposed by the Measurements and
Testing Programme - MAT (formerly BCR) of the Eueap Commission (Rauret et al., 1999).

The extraction of total Cr(VI) was carried out ifieav representative samples according to USEPA
3060A method (USEPA, 1995), which provides an etiwa in a strongly basic environment (pH
12.0) at 90 °C for 1 h. The determination of Cr(if)the extract was carried out according to the
USEPA 7196A method (USEPA, 1992), which providespacific colorimetric reaction between
Cr(VI) and diphenylcarbazide in an acidic enviromtinand a spectrophotometric detection at 540
nm of the colored complex Cr(lll)-difenylcarbazoelLambda 25, Perkin Elmer (Waltham, MA,
USA) was employed for this purpose. Some modiftcetito the official analytical methods were

made to minimise Cr(VI) reduction to Cr(lll) duringxtraction: 1) extraction at ambient
7
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temperature and 2) purification of the extract framrganic matter in basic environment by
aluminum sulphate (Ministerial-Decree, 1999). Thatedmination of Cr(VI) in the extracts from

USEPA 3060A was carried out even by USEPA 7199 ate(uSEPA, 1996), which provides a
phase of purification of the extract from the origamatter with the aid of an ion chromatograph
Dionex DX-120 (Sunnyvale, CA, USA), equipped withagd column (Dionex lonPac NG1) and an

analytical column (Dionex lonPack AS7).

2.3. Instrumentation

The microwave-assisted extraction of Cr(VI) frone #oil samples was carried out by an Explorer
Hybrid focused microwave system (CEM, Mathews, N&)cused microwaves were applied to the
samples contained in 10-mL disposal glass viale 3ystem was equipped with temperature and
pressure feedback control and magnetic stirringhabthe temperature and pressure of the vial was
controlled throughout the extraction step. The ofatographic separation of the trivalent and
hexavalent Cr species was performed on a Dionex1PX-Liquid Chromatography (LC) system
(Sunnyvale, CA, USA) using a Dionex lon pack AS9-HM@ion-exchange column (PEEK,
4x250mmx@m). The detection of the Cr(lll) and Cr(VI) specwas carried out by an Agilent
7500c quadrupole ICP-MS instrument (Agilent Tecbgas, Tokyo, Japan) equipped with an
octapole collision cell. Helium was used as thdéisioh gas (Fabregat-Cabello et al., 2012; Guidotti
et al., 2015) to minimise polyatomic interferen¢es).**CI*°*0'H*, **CI’0" and*°Ar*“C" for *4Cr").

The Cr(VI) extraction solution and the mobile ph&se LC-ICP-MS analyses were prepared by
dissolving 50 and 5 mmol, respectively, of ethyldiaeinetetraacetic acid disodium salt dihydrate
(Na-EDTA, Sigma, St. Louis, MO) in 1 L of ultrapure teaat pH 10.0, adjusted with N&H (30

%) (Merck, Darmstadt, Germany).

2.4. Reagentsand Materials
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The *°Cr-enriched Cr(VI) spike solution was provided I8CHScience (Oviedo, Spain). Table 1
shows the isotopic composition (% abundance) ardctincentration of°Cr-enriched Cr(V1),
guantified by reverse IDMS analysis. For this pwgoa natural abundance Cr(VI) standard was
prepared dissolving at pH 10.0 potassium dichroni&t€r,0;) certified by the German Federal
Institute for Materials Research and Testing (BARrIB). The standard reference materials SRM
2700 (hexavalent chromium in contaminated soil, lewel: 14.9+1.2 pg'§ and SRM 2701 (soil
containing chromite ore processing residue, higlelle551.2+34.5 pugY, purchased from NIST
(National Institute of Standards and TechnologyA))Svere analysed for quality control purposes.
The quantitative extraction of Cr(VI) from both eeénce materials required a two-cycle of
microwave-assisted extraction at 90 °C for 5 mis,reported Fabregat-Cabello et al. (2012).
Unfortunately, these latter microwave-assistedagetion conditions were found not applicable to
real soil samples from a contaminated area of eanthtaly, because they caused the complete
reduction of Cr(VI) (Guidotti et al., 2015). Thuss assessed by Guidotti et al. (2015), in rea$ soil
the milder microwave-assisted extraction at 80 € 5 min represents the best compromise
solution to assure both accurate Cr(VI) quantifaratand minimisation of the reduction of the
Cr(VI) during extraction. Accordingly, we applied this work the extraction conditions proposed
by Guidotti et al. (2015) to avoid Cr(VI) reductianour soil samples, since they were set-up by the

same lab equipments and chemicals employed imitnik.

2.5 Sample preparation proceduresfor the analysis of the soil samples

The single-spike IDMS procedure requires the aoiditf known amount of isotopically-labelled
Cr(VI) to the samples to reach isotopic equilibyat{Guidotti et al., 2015). A total of 0.10 g okth
soil samples was directly weighed into a 10-mL oweaive glass vessel. Then, 5 mL of [@@ol
mL™* Na-EDTA (pH 10.0) was added, and the sample wasylaiked with 0.10 g of a 3.4 or 34
ug g* *°Cr-enriched Cr(VI1) spike solution [according to tivepected natural Cr(V1) concentration

in the soil sample]. The amounts of sample al@r-enriched Cr(VI)solution were accurately
9
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weighted by an analytical balance with a preci©60.01 mg. The ratio of concentrations between
natural Cr(VI) in soil sample antfCr-enriched Cr(Vl)always ranged from 0.1 to 10 to ensure
accurate and precise results (Fabregat-Cabelllo, €04.2).

The focused microwave assisted extraction wasechout at 80 °C for 5 min. After extraction, the
samples were centrifuged at 5000 rpm for 5 minalquot of 1 mL of the extract was diluted 1:10
with ultrapure water. Finally 10QL of the diluted extract were injected into the LCP-MS
system. The use of a 1:10 dilution of the,fEDTA extracting solution as chromatographic mobile
phase avoided the need for neutralisation or acadibn of the sample. Also, the centrifugation
step avoided the need of sample filtering allowanguicker sample preparation and a lower risk of
contamination and/or interconversion of the Cr sggme¢Fabregat-Cabello et al., 2012; Guidotti et
al., 2015).

A pre-treatment with n-hexane was applied in thalyais of 7 Cr-most-contaminated soil samples
from case study A. Briefly, 0.1 g of each soil séanpere pre-treated with 5 mL of n-hexane and an
mechanically shaken for 15 min in an horizontal keinaat 150 rpm. Then the sample was
centrifuged at 5000 rpm for 5 min. Finally the hegavas removed from the soil sample before
microwave-assisted extraction (at 80 °C for 5 min).

The reduction (%) of the&’Cr-enriched Cr(VI1) spike after microwave-assist&ttaction was even
calculated by IDMS, analysing Cr(lll)-EDTANnd Cr(VI) peak areas by linear multiple regression
similarly to the approach followed by Pinel-Rafiaiet al. (2007), which considered the signals
(peak areas) obtained for each tin isotope as eafdicombination of the different contributing
sources. The uncertainty on the amount of Cr(Vijasted by each sample was calculated by the

Kragten spreadsheet approach.

2.6. Statistical analyses
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Box-plots, descriptive statistics and Pearson’satation analysis (2-tails) were performed by the
software IBM SPSS Statistics 20 (Chicago, IL, US8datistical differences were assumed at p <

0.05.

3. RESULTSAND DISCUSSION

3.1. Cr(VI) quantification in soil samplesfrom case study A

3.1.1. Preliminary investigations

The potential of the soil from case study A to as&dCr(lll) to Cr(VI), assessed on 10 samples by
thestandard Cr net oxidation test (Bartlett and Jarh®86), was found to be very low (max: 0.4
pmol per 2 g of tested soil). According to the tgsidelines and Italian regulations on the
application of sewage sludge, a soil can be corsidat risk of Cr(VI) formation when the amount
of the formed-Cr(VI) obtained by ttetandard Cr net oxidation test is higher thamiol per 2 g of
tested soil. The oxidation of Cr(lll) to Cr(VI) ia soil can be essentially attributed to the presenc
of easily reducible manganese oxides (Palmer and, Fl994). The number of potentially
oxidisable moles of Cr(lll) by the manganese oxigessent in the soil was calculated and ranged
from 13 to 31 ug g However, it should be stated that these calcdilagdues might not represent
the real condition in the soil, since the reduceshganese oxides can be re-oxidised and therefore
become new reducing substrates. Also the new foi@r@dl) can be reduced by other soil
components (Bartlett, 1991). In any case, someoasifind a significant correlation in soil between
the amounts of easily reducible manganese oxidéshensoil capacity to oxidise Cr(lll) (Chon et
al., 2008). In our soil samples we did not obsem® correlation (data not shown).

USEPA 3060A and 7196A methods are widely usedhferdetermination of Cr(VI) in soil samples
(Weibel et al., 2016), however, they were not dblerovide reliable Cr(VI) concentrations in soil
samples from case study A. In fact, the recoveryhef Cr(VI) spike added to the soil was low
(about 50 %) (Table 2), even when the Cr(VI) spiles added to the extractant solution during the

procedure and not to the soil (data not shown)s Was probably due to the reduction of Cr(VI) to
11
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Cr(ll) induced by the organic matter at the momaingxtract acidification. The modification of the
official procedure by cold extraction or by the jfination of the extract from organic matter by
means of aluminium sulphate led to an improvemanthe recovery of the Cr(VI) spike in the
samples previously analysed with the official pchae, but not always reach satisfactory results
and this was especially true when the organic mattetent of the samples increases (Table 2).
Also, when applying cold extraction the risk of smomplete Cr(VI) extraction from the soil
increases. Even when USEPA 7199 was applied afs&fRA 3060A extraction the recovery of the
spike was unsatisfactory in most cases (spike temubetween 28 % and 96 %) (Table 2). The
extent of spike reduction appeared higher when gb# organic matter content increased,
reinforcing the hypothesis that organic compoundghe soil from case study A were the main
electron donors readily reducing Cr(VI) to Cr(llHowever, despite the underestimation of the real
levels of Cr(VI) in the soils of case study A, centrations of Cr(VI) between 4 and 14 |ijwere
found in the most contaminated samples. These yaleee higher than the legal threshold of 2 pg

g*set by ltalian Parliament for residential/urbar §talian-Parliament, 2006).

3.1.2. Cr(VI) quantification by single-spike IDMS

According to the preliminary results obtained usthg USEPA methods, an alternative method
based on IDMS was tested in the soil samples frase study A. Table 3 shows the concentration
of Cr(VI) (ug g*) obtained by species-specific single-spiking IDM&e 27 analysed soil samples
were classified in two different groups. The figsbup includes 20 soil samples (A1-A20), in which
Cr(VIl) quantification by IDMS was expected to beca@te due of the lower levels of spike
reduction and did not require any soil pre-treatinéhe second group comprises 7 soil samples
(A21-A27), mostly from pedological profiles andnoles most-contaminated by pseudo-total Cr,
in which Cr(VI) quantification by IDMS was only psible after a soil pre-treatment with n-hexane

to remove reducing organic compounds.

12
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In Italy soil quality standards for agriculturaleas have not yet been established but the Italian
Parliament has established screening values tesagsdential contamination of residential/urban
soils (Italian-Parliament, 2006). The amount of\@y(extracted from the first group of samples
(A1-A20) ranged from 0.15 to 11.18 pg ¢median 2.98 ug?d, with 70 % of samples exceeding
the Cr(VI1) screening value (2 pggand 85 % the pseudo-total Cr screening value (i5@") set

by Italian Parliament for residential/urban soth(lan-Parliament, 2006) with concentrations up to
6,831 pg §. Although the neutral to moderate-alkaline pH {.@) and the sandy-loam texture of
the soil may favour the occurrence of Cr(VI) in thal, the medium to high content in organic
matter (13-56 mg g Table 3) strongly promotes the reduction of thebite Cr(VI) to the more
thermodynamically stable and insoluble Cr(lll). tPaf this organic matter consists of heavy
hydrocarbons (C>12), likely derived from leathesdd industrial wastes illegally buried into the
soil. In fact, the 80 % of the A1-A20 samples aoteptially contaminated by heavy hydrocarbons
(C>12) with concentrations exceeding the C>12 singe value (50 pg 9 set by Italian
Parliament for residential/urban soil (Italian-Rarient, 2006). The Cr(VI) extracted from the Al-
A20 soil samples is present in concentrations highen 2 pug g and positively correlated with
their own pseudo-total Cr content (r=0.828; TableHbwever, Cr(VI) represents less than 1 % of
the pseudo-total Cr in each of A1-A20 samples (@abland Figure 1). Therefore, assuming a
negligible occurrence of Cr(0), pseudo-total Cithe soil is predominantly or almost exclusively
present as Cr(lll), namely the less toxic and imieolCr species. Similar results were also
observed by Moreira et al. (2018), who proved /1) was always less than 0.2 % (0.7-2.0 pg
g}) in contaminated soils of Amazon forest containimgto 2,346 pg of pseudo-total Cr per g of
soil. During microwave-assisted extraction, botgamic matter [acting as an electron donor (Tian
et al., 2010)] and, even more, heavy hydrocarb@42) resulted to be powerful reducing agents
of *°Cr-enriched Cr(VI)spike. The reduction of th&€Cr-enriched Cr(VI)spike occurred during
extraction (Table 3, A1-A20), was basically moderand significantly correlated to organic matter

(r=0.605; Table 4) and heavy hydrocarbons (r=0.7Bfhle 4). In any case, Cr(VI) reduction is
13
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corrected by the isotope dilution methodology agahliThe addition of EDTA to the extractant
solution enabled the formation of a stable complewith the two most important cationic
contaminants of the case study A [Cr(lll) and Z2j(lindeed, the formation of the Cr(lll)-EDTA
was evident in all chromatograms acquired durirggli€-ICP-MS running. Figures SM1 and SM2
in the Supplementary Material also shows that EDdins a stable complex with Fe(lll) detected
at m/z 54 but its interference wiftiCr is chromatographically resolved. Zinc complesatby
EDTA was also desirable to correctly quantify C)(\h these soils, since it forms chromates
relatively insoluble in water (Saha et al., 201Differences in relative abundance of Cr(VI) (% of
the pseudo-total content) in A1-A20 soil samplesliected at various depths (d1, d2 and d3) and
from pedological profiles and trenches (pt, demthging from 30 to 180 cm) - have been found
(Figure 1). The most oxidised soil layers [0-20 (@), 30-60 cm (d2)] showed wider and greater
boxes and upper whiskers in comparison to the deepkless oxidised soil layer [70-90 cm (d3)].
This indicates a higher Cr(VI) content in the maerated soil horizons, probably due to a greater
probability of re-oxidation of manganese oxidesoired in the chromium cycle in the soll
(Bartlett, 1991). As observed in Figure 1, the b6xCr(VI) (% of the pseudo-total content) of the
samples collected from pedological profiles andhdhes (pt; Al, A5-A7, Al13, A20), although
shows the highest median, is narrower and lowen tiita and d2 boxes, probably because the
abundance of organic matter in these samples syrgpngmotes the reduction of Cr(VI) to Cr(lll),
thus minimising the presence of the toxic and neolion in the soil (Antoniadis et al., 2017,
Kalcikova et al., 2016; Xiao et al., 2013). IndeZtang et al. (2017) stated that humic substances
can limit the mobility of Cr(VI) in the soil by cophexation-coupled reduction mechanisms. On the
other hand, Wu et al. (2017) demonstrated that buwunbstances from cattle manure reduced
Cr(VI) in the soil, then the produced Cr(lll) forch@uter sphere complexes with —OH and inner
sphere complex with carboxyl groups of humic acids.

In contrast to the A1-A20 soil samples, the quadtion of Cr(VI) by IDMS in the second group

of soil samples (A21-A27) was done after a soitgpeatment with n-hexane, which removed part
14
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of the abundant Cr(VI)-reducing organic compounsise(Table 3). These samples were mainly
collected from pedological profiles and trenched arere most-contaminated by pseudo-total Cr
(1,314-10,046 ug. The C>12 content in this samples ranged from t608,150 pg § and they
were characterised by a high content in organictend#7-287 mg ¢). The complexity and
abundance of organic compounds in these sampleeddhe complete reduction (~99 %) of the
*0Cr-enriched Cr(VIspike during the microwave-assisted extractior8atC for 5 min). Our first
attempts to stabilise the organic compounds, byngdd.5 g of Alumina, Silica gel or C18 bulk
resin or lowering the extraction time (from 5 t& 2nin) and temperature (30, 40, 50, 60 or 70 °C),
did not provide any improvement. For instance,easing amounts of Cr(VI) were extracted from
soil sample A21 up to 70°C, bubntextually at 70°C the overall reduction of tH€r-enriched
Cr(VI) spike raised to ~92 % (Figure SM3, Supplementaryekita). A soil pre-treatment before
the microwave-assisted extraction (at 80 °C foriB)rnwith n-hexane aiming to partially remove
heavy hydrocarbons from soil, namely the most pawetr(VI) reducing agents, allowed us to
guantify the Cr(VI) in the Cr-most-contaminated| sa@imples A21-A27 (Table 3). Even though the
reduction of the®Cr-enriched Cr(VIspike was on average 98.4 %, Cr(VI) could be gtiedtin
these samples with low uncertainties (0.1-17 %haf tnean value, except A24). Although the
relative abundance of Cr(VI) (% of the pseudo-tatahtent) is always lower than 2 %, the Cr(VI)
extracted by these 7 soil samples is very highgiranfrom 22.0 to 107.1 pg'gimedian 40.7 ug'g

! Table 3, A21-A27), with 100 % of samples excegdime Cr(VI) screening value of 2 p{ get

by Italian legislation for residential/urban sdtba{ian-Parliament, 2006).

3.2. Cr(VI1) quantification in soil samplesfrom case study B

The concentration (g of Cr(VI) in the 12 soil samples from case studygBantified by single-
spike IDMS, is given in Table 5. The Cr(VI) amowxtracted from these samples ranges from 0.70
to 5.79 pug ¢ (median 1.81 ugd, with 42 % of samples exceeding the Cr(VI) sciegwalue of 2

g g* set by ltalian legislation for residential/urbanil {ltalian-Parliament, 2006). This is the first
15
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evidence of the Cr(VI) occurrence in these widaleistigated soils. Table 6 shows that the amount
of Cr(VI) significantly increases with pseudo-to@l content (r=0.984). However, it represents less
than 1 % of the pseudo-total Cr (Table 5). Theeefor case study B, the pseudo-total Cr is almost
exclusively present as Cr(lll), namely the lessd@and immobile Cr species. The pseudo-total Cr
determined in 100 % of the samples of case studyd@eds the screening value (150 jfyset by
Italian Parliament for residential/urban solil (ka&-Parliament, 2006) (Table 5), with concentration
up to 594 pg §. According to Adamo et al. (2003), soils of Scéofa valley are neutral (soil pH
around 7.0) and fine to medium textured sandy-sittglay-sandy soils with 50-60 % of the solil in
the clay-silt fraction. These soils are also chi@réged by a high content in organic matter,
conceivably raised by the periodic depositionshef iver sediments. Indeed the 12 analysed soils
show an organic matter content ranging from 70 3on8y g' (median 75 mg § Table 5),
particularly high for Mediterranean soils. The mmse of this considerable pool of organic matter,
acting as Cr(VI)-reducing agent (Barajas-Aceveal ¢2007; Jardine et al., 1999), justifies the low
relative abundance of Cr(VI) (<1 % of the pseudaltcontent; Table 5). The low occurrence of
Cr(VI) (at least as % the pseudo-total contengl$® in part due the low potential of these sails t
oxidise Cr(lll) to Cr(VI), as assessed by Adamalei(2003) through the standard Cr net oxidation
test proposed by Bartlett and James (1996). Extigathese soils by BCR (Community Bureau of
Reference, European Commission) sequential extragtiocedure (Ure et al., 1993), Adamo et al.
(2003; 2006) also demonstrated that the majoritthefpseudo-total Cr is associated to the organic
substances, which easily complex and stabilis€tiil) in the soil (Gustafsson et al., 2014).

The high organic matter content in the analysdéld §bable 5) caused a significant reduction of the
*0Cr-enriched Cr(VIppike during the microwave-assisted extraction. ffuiction factor obtained

in the analysis of these set of samples ranged fiBrto 46 %. Nevertheless the quantification of
Cr(VI) by IDMS was characterised by a low uncertyiim all the samples (Table 5). In contrast to
case study A,*°Cr-enriched Cr(VI)spike reduction during extraction was not signifita

correlated with organic matter content in soil ske{r=0.507; Table 6). This means that, instead
16
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of the organic matter contertfCr-enriched Cr(VI1) reduction was affected by thenptexity, the

heterogeneity and the quality of the organic conmgisun the soil samples.

4. Conclusions

Chromium speciation in soil is of paramount impoda to assess the environmental and human
health risks of potentially contaminated sites tmdelect and apply appropriate management and
remediation strategies. This study investigated a@k&ent of Cr(VI) occurrence in two Italian
agricultural soils potentially contaminated by tannderiving Cr. The application of IDMS as
calibration technique ensured the accurate Cr(Mangfication in soil samples. The use of
EDTA at pH 10 as extractant avoids Cr(lIl) oxidation awbles the separation of Cr species by
anion exchange chromatography. In both case stadfidsin all of the analysed samples, it was
found that the presence of medium-high level ofiarg matter in soil keeps the relative abundance
(% of the pseudo-total content) of Cr(VI), below?@2 However, in most samples the amount of
Cr(VI) was found to be above the Italian screeniatye of 2 pg g, suggesting that the toxic and
carcinogenic anion may represent a potential mgkitie surrounding environment and for human
health. This is particularly important for case dstuB, as it is the first evidence of Cr(VI)
occurrence in soils of Solofrana valley irrigatedlooded by river waters.

The chemical complexity of the most contaminateii samples from case study A, a farmland
potentially contaminated by pseudo-total Cr and &md heavy hydrocarbons, made the
guantification of Cr(VI) very challenging for alh¢ available analytical techniques; the similar
critical issues in the extraction and quantificataf Cr(VI) faced by classical USEPA 7196A and
7199 methods and innovative IDMS method probabljicate a redox potential of these soil
samples that does not allow a high occurrence ¢¥ICin the soil. Further investigations are
probably necessary considering a direct quantiboadf the Cr(VI) in the solid soil matrix of the

Cr-most-contaminated samples by X-ray absorpti@r edge structure spectroscopy (XANES).
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Lately, the findings of this study suggest that tie@ntenance of a medium-high content of organic
matter in soil, promoting Cr(VI) reduction and lawve its bioavailability, along with no-tillage

(i.e., no cyclic soil aeration) and possible suppiyelemental sulphur [a Cr(VI)-reducing agent in
soils impacted by leather tanneries (Shi et alLL62) might be appropriate actions to minimise the
Cr(VI) occurrence in potentially contaminated sodls those investigated in this paper. The
monitoring over time of the fate and stability of(\@) in soil is also essential to manage and

minimise the risks for environment and human health
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Table 1. Isotopic composition (% abundance) and conceptratif the>°Cr-enriched Cr(VI) spike
solution employed in this work.

Isotope Abundance (%)
50 96.10 £ 0.23
52 3.82+0.19
53 0.08 £ 0.04
54 Not detected

Cr(VI) concentration (ug g*)

134.83 +£3.44




Table 2. Preliminary Cr(VI) quantification in selected sgimples from case study A by USEPA
3060A extraction and colorimetric-based USEPA 71968 USEPA 7199 methods.

Extraction/determination methods

USEPA 3060A

USEPA USEPA 3060A (cold
3060A/7196A ouri fi[cAc:;:tziE)Sn(]%)iQ6 A extraction)/?léGA USEPA 3060A/7199
SRS oy ahte, o) Ghe V) ahten OV ante
(g g (%) (ug g*) (%) (g g% (%) (g g% (%)
A2 (d2) 1.7+0.1 46+1 1.0£0.1 24+1 05+0.1 10+1
A13 (pt) 10.5+0.4 83+3
Al6 (d3) 4.0:02 52+2 49+02 44+2 22+01 2141 71403 28+1
A18 (d3) 85+0.1 42+1
A20 (pt) 13.9+0.6 88+3
A27 (pt) 8.9+0.1 96+2
A28 (d2)* - 32402 62+2 52+0.2 89+4

* Pseudo-total Cr content = 1458 + 30 iy grganic matter content = 49 + 3 mg. g°seudo-total Cr and organic matter
contents of the A2, A13, A16, A18, A20 and A27 saimples are shown in Table 3.

--- Analysis not performed

d2 and d3 indicate soil samples collected at 3@®0and 70-90 cm of depth, respectively; pt indisaeil samples
collected from pedological profiles and trenchesrma in the field.



Table 3.Pseudo-total (ugQ) and hexavalent (ug'y % of the pseudo-total) Cr, organic matter (mg g
) and heavy hydrocarbons (HC C>12; |iY) gontents in soil samples from case study A. Sempl

A21-A27 were pre-treated with n-hexane, respectivbefore microwave-assisted extraction. The
reduction (%) of th&°Cr(V1)-enriched spike after microwave-assisted @otion is shown as well.

Pseudo-total Spike Organic HC
Sample 1D Cr Crivh redSction mgtter C>12
(Mg g") (g g") (% of tot) (%) (mg g”) (g g")
Al (pt) 48 +1 0.15+0.10 0.31+£0.22 1.6+0.5 #3B 205
A2 (d2) 103 +4 1.04 +0.26 1.01+0.26 21+0.2 4 #1 19+7
A3 (d1) 136 +3 0.99+0.11 0.73+0.08 50 +17 21 27+8
A4 (d1) 298 +8 2.30 +0.27 0.77 £ 0.09 10+1 19+2 45+9
A5 (pt) 331+8 1.97 +0.10 0.59 +0.03 202 54+3 _ 68=+11
A6 (pt) 426+9 2.36 £ 0.27 0.55 + 0.06 17+3 362 _73+10
A7 (pt) 454 +11 2.73+0.10 0.60 + 0.02 16+3 34+£2 143 +23
A8 (d1) 546 +13 1.65+0.34 0.30 + 0.06 8.6 +0.8 26+1 _ 6912
A9 (d2) 955 +24 3.48+0.11 0.36 +0.01 23+14 23+1 _200+29
A10 (d3) 960 £ 22 5.25+0.34 0.55+0.04 44 + 8 43 +3 _ 30744
Al1l (d1) 1096 + 27 2.74+0.10 0.25+0.01 11+1 42 +£2 _59+11
Al2 (d2) 1161 +29 5.45+0.36 0.47 +£0.03 28+0.2 26+1 _ 106 +16
A13 (pt) 1230+ 25 4.87 +0.12 0.40+0.01 82+2 55+3 _ 68081
Al4 (d1) 1413+ 34 3.21+0.11 0.23+0.01 11+2 34+£2 _79+13
A15 (d3) 1713 +45 1.31+0.25 0.08 +0.01 179+ 0.5 22+1 __ 6011
A16 (d3) 2372 +57 7.08+0.11 0.30+0.01 13+2 201 _93+15
Al17 (d3) 2802+ 73 6.81 +0.62 0.24 +0.02 71 34+2 _218+32
A18 (d3) 3456 + 85 6.28 +0.12 0.18 +0.01 11+6 271 _162+24
A19 (d2) 3572 +92 11.18+0.26 0.31+0.01 6+6 33+2 _158+24
A20 (pt) 6831 + 158 9.45+0.11 0.14 +0.01 57+4 56 +3 _331+42
Mean 1495 4.02 0.42 21 32 146
Min 48 0.15 0.08 2 13 19
P25 402 1.89 0.25 8 22 60
Median 1028 2.98 0.34 12 30 86
P75 1878 5.66 0.56 20 38 172
Max 6831 11.18 1.01 82 56 680
IT sc. val’ 150 2 50
Sam>ITs.v. 85% 70% 80%
A21 (d2) 1314 +31 225+2.1 1.71+0.16 97.7+2.6 47 +£3 _ 71098
A22 (d2) 1946 + 49 22.0+3.1 1.13+0.16 98.3+3.2 805 _ 50972
A23 (d3) 3857 +97 26.2+2.0 0.68 + 0.05 975+2.8 177+9 _ 1240+180
A24 (pt) 4162 + 86 61.4 +33.3 1.47 +0.80 98.9+21 272 +8 _ 960+ 145
A25 (pt) 4756 £ 112 40.7+0.1 0.86 +0.01 98.0+25 260+10 _ 1070%129
A26 (pt) 5563 + 141 107.1+0.1 1.93+0.01 99.2+34 287+12 _ 930+151
A27 (pt) 10046 + 275 46.7 £ 8.1 0.47 +£0.08 995+1.1 198+8 _ 2150+ 259
Mean 4521 46.6 1.18 98.4 189 1081
Min 1314 22.0 0.47 97.5 47 509
P25 2902 24.3 0.77 97.8 129 820
Median 4162 40.7 1.13 98.3 198 960
P75 5160 54.1 1.59 99.1 266 1155
Max 10046 107.1 1.93 99.5 287 2150
IT sc. val. 150 2 50
Sam>ITs.v. 100% 100% 100%

* |talian Legislative Decree No. 152 (2006). Attandnts to the Part IV, Title V, Table 1, Column A.
Underlined values of pseudo-total and hexavalergr@HC C>12 exceed Italian screening values sétby152/2006.

d1, d2 and d3 indicate soil samples collected 20 @m, 30-60 cm and 70-90 cm of depth, respectilyndicates soil
samples collected from pedological profiles anddhes opened in the field.



Table 4.Values of Pearson’s correlation coefficient (r) fseudo-total (ugY and hexavalent (ug
g’ % of the pseudo-total) Cr, organic matter (Mg and heavy hydrocarbons (HC C>12, |ifj g
contents in 20 soil samples (A1-A20, not pre-trdat@h n-hexane) from case study A.

Pseudo- Cr(VI)1 Cr(VI) Spike Organic
total Cr (Mg §") (% of reduction  matter

Case study A . ;

Y (Mg &) pseudo- (%) (mg g*)
total)

Cr(vl) (ugg™ 0.828**+

Cr(VIl) (% of pseudo-tota) -0.602**  -0.415

Spike reduction (%) 0.221 0.160 -0.018

Organic matter (mg g} 0.385 0.380 -0.224 0.605**

HC C>12 (ug ¢%) 0.363 0.460* -0.218 0.780***  0.643**

** ** and * indicate statistically significant coelations (2-tails) at p < 0.001, p < 0.01 and @.85, respectively



Table 5. Pseudo-total (g™ and hexavalent (ug'g % of the pseudo-total) Cr and organic matter
(mg g") contents in soil samples from case study B. Theatoh (%) of the®’Cr(VI)-enriched

spike after microwave-assisted extraction is shasvell.

Sample D [ 7o G Cr(vh edction  meder
(Mg g*) (ug %) (% of tot) (%) (mg g™
B1 209+4  072+0.02 0342001 40.1+06  73+3
B2 212+5  070+0.02 0332001 460+06  83%5
B3 213+4  075+0.01 035001 411+01 76+4
B4 229+6  1.61+0.02  070+0.02 389+05 75+4
B5 243+6  159+0.01 0662001 418+02  73+2
B6 244+3  1.62+002 0672001 382+02  76+3
B7 282+9  225+002  0.80%0.02 19+1 75+ 2
B8 285+7  2.00+0.02  070+001 19.1+08  70+3
B9 285+6  2.17+0.02 076+0.02 367201  75+2
B10 543+12  4.99+001 0.92+003 27.6+07  75+3
B11 573+14 579+0.02 1.01%0.02 27+1 78+ 4
B12 594+11 511+002  0.86+0.01 243 70+ 3
Mean 326 2.44 0.68 33 75
Min 209 0.70 0.33 19 70
P25 225 1.38 0.58 26 73
Median 263 1.81 0.70 37 75
P75 350 2.94 0.81 40 76
Max 594 5.79 1.01 46 83
IT sc. val. 150 2
Sam>ITsv.  100% 42%

* |talian Legislative Decree No. 152 (2006). Attandnts to the Part IV, Title V, Table 1, Column A.
Underlined values of pseudo-total and hexavalergxceed the Italian screening values set by L.R/2(D6.



Table 6.Values of Pearson’s correlation coefficient (r) fseudo-total (ugY and hexavalent (ug
g’ % of the pseudo-total) Cr and organic matter @mpcontents in soil samples from case study
B.

Pseudo- Cr(VI)1 Cr(VI) Spike
total Cr (Mg §") (% of reduction
Case study B (g g%) pseudo- (%)
total)
Cr(vl) (ugg™ 0.984**+
Cr(VI) (% of pseudo-tota) 0.776** 0.865***
Spike reduction (%) -0.579* -0.616* -0.696*
Organic matter (mg g} -0.192 -0.179 -0.283 0.507

** ** and * indicate statistically significant coelations (2-tails) at p < 0.001, p < 0.01 and (.85, respectively



Figure 1. Comparison on hexavalent Cr (% of the pseudo-total content) extracted from 20 soil
samples (A1-A20, not pre-treated with n-hexane) collected at case study A from: i) sampling grid
20x20 m at 0-20 cm (d1; 5 samples), 30-60 cm (d2; 4 samples) or 70-90 cm (d3; 5 samples) of
depth; ii) pedological profiles and trenches (pt, 6 samples. depth ranging from 30 to 180 cm)
opened in the field.



Highlights

Most of samples from two case studies exceed the legal Italian Cr(V1) screening value
The Cr(VI) issignificantly correlated to the pseudo-total Cr content in both soils

The Cr(V1) extracted from both soilsisless than 2 % of the pseudo-total Cr content
Both soils A and B show alow potential to oxidise Cr(I11) to Cr(VI)

Organic compounds caused a partial reduction of Cr(VI)-spike during extraction phase



