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Abstract: Arsenic (As) is a well-known toxic metalloid, but environmental risks due to excessive
As content in soils or sediments depend on the chemical forms present and their relative mobility.
Long-term exposure to arsenic may cause several diseases. In order to assess the possible risks in the
heavily impacted Consorzio per lo Sviluppo Industriale e di Servizi Reali alle Imprese (Consortium
for Industrial Development and Effective Services for Business, S.I.S.R.I.) industrial area of Brindisi
(Apulia, southern Italy), 38 soil samples were collected in the area, from 18 sampling points previously
determined as outliers. Total As determination, speciation analysis, and a cession test with acetic acid
were performed. Speciation analysis was performed by HPLC coupled to hydride generation-atomic
absorption spectroscopy (HG-AAS). Total As determination obtained by mineralization showed a
concentration range between 51.8 and 169.6 mg kg−1, which is higher than the limit of 50 mg kg−1

established by D.M. (Ministerial Decree) 471/99 for industrial areas. The highest concentrations of
extracted As were obtained in the top-soil layers. As(III) and As(V) were detected in all the samples,
while the concentrations of the organic species monomethyl arsonic acid (MMAA) and dimethyl
arsenic acid (DMAA) were always under the detection limit. The samples releasing the highest As
quantities in the acetic acid cession test were in every circumstance collected from the superficial soil
levels. The different amounts of As determined in the sampling sites could depend on the distance
from the specific sources of pollution, even if it is very difficult to identify them in a very complex
industrial zone such as the S.I.S.R.I. area of Brindisi. In this study, As occurs mainly as relatively
immobile or slowly exchangeable forms: for this reason, it is more abundant in the top-soil and is
little affected by the action of rainwater, which transports only reduced quantities of As into the
deeper layers.

Keywords: arsenic; ion availability; soil; speciation; cession test

1. Introduction

Arsenic (As) is the twentieth most abundant element in the Earth’s crust [1]. Many As
compounds are present in the environment and in biological systems: arsenite (As(III)),
arsenate (As(V)), monomethylarsonic acid (MMAA), dimethylarsinic acid (DMAA), ar-
senobetaine (AsB), arsenocholine (AsC), arsine (AsH3), arsenosugars, etc. [2]. Arsenite,
arsenate, MMAA, and DMAA are the most often encountered forms and also the most
studied in soils and sediments [3,4]. A very large number of sites in the world are char-
acterized by high levels of As concentration in soils or sediments, either for geochemical
reasons or due to anthropic impact [5,6], for instance, as reported in Greece and Cyprus [7],
Bangladesh and West Bengal [8], India [9], and Brazil [10]. Non-contaminated soils have
an As content in the 1–40 mg kg−1 range; agricultural soils subjected to direct use [11] of
arsenical pesticides may reach 2550 mg kg−1; and up to 3000 mg kg−1 has been measured
in the proximity of cattle pesticide dip sites [12]. In old industrial [13] or mining sites, As
concentrations higher than 20 g·kg−1 may sometimes be detected [14].
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However, it has long been realized that the determination of total As concentration is
not sufficient for clinical and environmental considerations [15]. Environmental risks linked
to the presence of an excessive As content in soils or sediments depend on the chemical
forms present and their relative mobility. It is now well known that As species are not all
equally toxic to humans; the most toxic forms are the inorganic As species, followed by
the methylated species of intermediate toxicity, while the biomolecules are non-toxic [16].
Other As complexes, such as AsB and AsC, are also considered non-toxic [17]. These
differences may modulate the toxic effects as a function of the effective bioavailability of
As, for example, in food samples [18]. Differences in the mobility of ionic species also
play an important role; in fact, As(III) is much more mobile in the environment than
As(V) [19]. Speciation studies focus on the species that can be dissolved in water under
environmentally attainable conditions such as inorganic As (i.e., arsenite and arsenate),
MMAA, and DMAA [20]. Many minerals containing As (for example arsenopyrite, FeAsS)
may be found in soils without presenting an immediate risk because of a very low solubility,
except in specific conditions or in the long-term [21]. Therefore, sequential extractions
may be needed to investigate the effective mobility and availability of the As contained in
the samples [22].

Consequently, accurate As speciation studies [20] of soils [13,23], sediments [23,24],
and cell cultures [25], and, in general, environmental [26] and biological samples [27,28],
are required for assessments of environmental impact and health risks.

The techniques used for the detection of As species in environmental and biological
samples should be sensitive and selective, with a rapid analysis of samples to prevent As
species interconversion before detection [29]. Inductively coupled plasma-mass spectrom-
etry (ICP-MS) has become a favored detection technique in As analysis [27]. It provides
ultra-sensitivity and multi-element capability and can be combined with separation tech-
niques for speciation analysis. Another common technique used in As speciation is hydride
generation (HG) [30]. HG provides extremely low detection limits and has been used in
the quantification of the unstable trivalent arsenic metabolites MMAA and DMMA [31].
However, not all As species form hydrides; therefore, decomposition techniques are
usually required.

A combination of analytical techniques is often necessary to achieve both selectivity
and sensitivity. Hyphenated techniques allow for the possible separation of all soluble
species in the sample and selective detection at low concentrations. High-performance liq-
uid chromatography (HPLC) is frequently used as the separation technique in As speciation,
in biological samples [27], drinking waters [32], and environmental samples [30,33].

The separation and detection techniques used in As analysis are only as reliable as
the sampling procedure used. Species instability during sampling, storage, and sample
pre-treatment are all very important issues that must be considered. Species may be
converted from one form to another or lost from the sample [31]. If the original distribution
of the species in the sample is destroyed, the result of speciation analysis is questionable.
The methods of extraction of As from solid samples must be efficient and minimize the
destruction or transformation of the As species present in the solid materials.

“Soft” extraction approaches (hydroxylammonium hydrochloride, ammonium oxalate,
and orthophosphoric acid) have been studied and applied to the determination of As species
(arsenite, arsenate, MMAA, DMAA) in different environmental solid reference materials
(river sediment, agricultural soil, sewage sludge) certified for their total As content [34].
The analytical method used was ion exchange liquid chromatography coupled online to
atomic fluorescence spectroscopy through hydride generation. Orthophosphoric acid was
the best extractant for sediment (mixed origin) and sludge samples (recent origin), but
not for the older formation soil samples, from which As was extracted efficiently only
by ammonium oxalate. The inorganic forms As(III) and As(V) were both significant in
all samples, with the As(V) species being predominant. Microwave-assisted extraction
appears to minimize the risk of a redox interconversion of inorganic As forms [34].
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With this in mind, we performed the speciation analysis of As and the cession test
with acetic acid on 38 samples collected in an area heavily stressed by environmental
factors, namely the Consorzio per lo Sviluppo Industriale e di Servizi Reali alle Imprese
(Consortium for Industrial Development and Effective Services for Business, S.I.S.R.I.)
area of Brindisi (Apulia, southern Italy), in the context of an environmental monitoring
project. The S.I.S.R.I. Consortium, together with the Port of Brindisi Consortium, includes
and manages an area counting various types of infrastructure: a railway network with a
length of approximately 40 km and approximately 30 km of roads equipped with methane,
water, sewerage, telephone, and optical fiber pipelines. The main industrial activities of the
Consortium include construction and repair of aeronautical engines, pharmaceuticals, a
thermoelectric power plant, sugar refining, petrochemicals, and polymer production.

The chemical speciation, defined by the European Community [35] and by I.U.P.A.C.
(International Union of Pure and Applied Chemistry) recommendations [36], was per-
formed to determine the concentration of As(III), As(V), and the main As methyl-derivatives
(MMAA and DMAA) [37]. In order to investigate the possibility of arsenic elution from
superficial to deeper layers, which is strongly related to differences in soil characteristics
and the availability and solubility of the arsenic species, in some sites the sampling was
performed in layers at different depths. We performed (i) As extraction from soil samples;
(ii) As compound separation by HPLC (ion exchange column); (iii) As compound analysis
by hydride generation-atomic absorption spectroscopy (HG-AAS); and (iv) a classic cession
test in acetic acid (IRSA-CNR method) [38].

2. Results and Discussion
2.1. Sample Collection and Total As Determination

Thirty-eight soil samples were collected from different sampling points in the S.I.S.R.I.
area of Brindisi (Apulia, Italy), as described in Figure 1. The sampling points were selected
by the commissioning body Regione Puglia, Italy, as an additional investigation in the area
following a previous survey. The samples were independently collected and supplied to
our laboratory for the analysis. In some of the sites, different depth levels were considered:
0.0–0.1 m (top-soil), 0.4–1.0 m, 3.4–4.0 m, and 7.4–8.0 m.

Total As determination was performed using the hyphenated technique HG-AAS after
sample mineralization with one volume of nitric acid and three volumes of hydrochloric
acid. The results are summarized in Table 1. The maximum level of total As concentration
was detected in the sample 2CBH1/1, a top-soil sample with 169.6 mg kg−1 of As. The
lowest As concentration was found in the sample 13BH1/1 at the 0.4–1.0 m depth level
(51.8 mg kg−1). All the data show concentrations higher than the limit of 50 mg kg−1

established by D.M. (Ministerial Decree) 471/99 for industrial areas.

2.2. Ammonium Oxalate Extraction and As Speciation

Chemical speciation analysis consisted of the determination of the concentration
of As(III), As(V), and the main As methyl-derivatives (MMAA and DMAA), which are
the species typically detected in soil and sediment samples [37]. Before the speciation
analysis, the soils were extracted with 0.2 M ammonium oxalate, a soft chemical extraction
method affording very high recovery of As from soil matrices [34,39]. As(III) and As(V)
were found in all the analyzed samples, whereas the concentrations of the organic species
MMAA and DMAA concentrations were always lower than the detection limits (<0.11 and
<0.15 mg kg−1, respectively); see Table 1.

Total inorganic As was calculated as the sum of the As(V) and As(III) concentrations
(determined by ammonium oxalate extraction and speciation analysis), and was found to
be, on average, 62% of the total As measured after mineralization. The ratios between the
speciation total As and the total As (column 7 and 8 of Table 1, respectively) ranged from
a minimum of 36% (sample 3BH14/8, 7.4–8.0 m of depth) to a maximum of 92% (sample
6BH1/0.0–0.1, top-soil) (Table 1 column 10). This result can be attributed to differences
in the sample matrices. As extracted by ammonium oxalate was equal to (i) 30–40% of
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total As in two samples (5.3% of analyzed samples); (ii) 40–50% in six samples (15.8%);
(iii) 50–60% in eight samples (21.1%); (iv) 60–70% in eleven samples (28.9%); (v) 70–80% in
ten samples (26.6%); and >80% in one sample (2.6%) (Figure 2).
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Figure 1. (A) Map of Italy with administrative divisions. City of Brindisi is marked by a dark red
dot. (B) Map showing labels for the locations of the 38 soil collection sites in the S.I.S.R.I. area of
Brindisi; four different depth levels (0.0–0.1 m, 0.4–1.0 m, 3.4–4.0 m, 7.4–8.0 m) were sampled. The
alphanumeric code before the slash indicates the sampling point, while the numbers after the slash
indicate, for each point, the different depths of the soil sample. The coordinates of the depicted
area corners, reported in decimal degrees, are as follows: 40.644261, 17.959213 top left; 40.622922,
17.959213 bottom left; 40.644261, 17.978737 top right; 40.622922, 17.978737 bottom right.
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Table 1. Results of total As determination, speciation analysis, and cession test of the 38 soil samples
from the S.I.S.R.I. area of Brindisi. Sample name is a combination of sampling site and depth
of the probe. The alphanumeric code before the slash indicates the sampling point, while the
numbers after the slash indicate, for each point, the different depths of the soil sample. As(III), As(V),
MMAA, DMAA: speciation analysis of the ammonium oxalate extract; speciation total As: total
concentration obtained from the ammonium oxalate extraction; total As: concentration obtained from
mineralization; cession test As: concentration obtained from acetic acid cession test.

Sample Depth
(m)

As(III)
(mg/kg)

As(V)
(mg/kg)

MMAA
(mg/kg)

DMAA
(mg/kg)

Speciation
Total As
(mg/kg)

Total As
(mg/Kg)

Cession
Test As
(µg/L)

Speciation
Total

As/Total
As (%)

Cession
Test

As/Total
As (%)

1BH1/0.0–0.1 0 2.24 29.76 <0.11 <0.15 32 53.5 1.26 60 0.0471

2BBH1/1 0.4 2.47 49.06 <0.11 <0.15 51.53 78.9 2.65 65 0.0672
2BBH1/4 3.4 0.26 50.68 <0.11 <0.15 50.94 72.6 1.53 70 0.0421
2BBH1/8 7.4 1.01 33.51 <0.11 <0.15 34.52 55.7 0.72 62 0.0259

2CBH1/1 0 5.57 93.3 <0.11 <0.15 98.87 169.6 8.31 58 0.0980

3BH3/1 0.4 4.32 51.05 <0.11 <0.15 55.37 118.3 2.29 47 0.0387
3BH3/4 3.4 2.73 42.05 <0.11 <0.15 44.78 106.9 0.74 42 0.0138
3BH3/8 7.4 0.21 49.98 <0.11 <0.15 50.19 99.1 1.13 51 0.0228

3BH6/8 7.4 1.57 42.02 <0.11 <0.15 43.59 65.9 0.81 66 0.0246

3BH9/1 0.4 0.01 38.44 <0.11 <0.15 38.45 61 3.81 63 0.1249

3BH13/1 0.4 3.87 42.74 <0.11 <0.15 46.61 62.2 2.79 75 0.0897
3BH13/4 3.4 1.48 34.58 <0.11 <0.15 36.06 58.2 2.48 62 0.0852

3BH14/1 0.4 2.26 55.71 <0.11 <0.15 57.97 128.5 5.74 45 0.0893
3BH14/4 3.4 1.76 55.01 <0.11 <0.15 56.77 134.2 2.35 42 0.0350
3BH14/8 7.4 0.51 42.08 <0.11 <0.15 42.59 118.7 2.14 36 0.0361

6BH1/0.0–0.1 0 5.25 65.44 <0.11 <0.15 70.69 77.1 3.73 92 0.0968
6BH1/1 0.4 1.35 48.57 <0.11 <0.15 49.92 65.7 1.26 76 0.0384

8BBH2/1 0 1.06 40.82 <0.11 <0.15 41.88 71.8 3.99 58 0.1111
8BBH2/4 3.4 0.21 41.21 <0.11 <0.15 41.42 66.7 0.64 62 0.0192

9BH1/1 0.4 1.09 38.03 <0.11 <0.15 39.12 54.2 1.28 72 0.0472

10BH2/0.0–0.1 0 3.11 41.92 <0.11 <0.15 45.03 57.3 1.07 79 0.0373
10BH2/1 0.4 2.75 39.64 <0.11 <0.15 42.39 61.2 0.41 69 0.0134

11BH1/0.0–0.1 0 1.67 26.64 <0.11 <0.15 28.31 54.1 1.64 52 0.0606
11BH1/1 0.4 1.22 45.74 <0.11 <0.15 46.96 96 2.82 49 0.0588
11BH1/4 3.4 0.97 36.19 <0.11 <0.15 37.16 98.1 1.73 38 0.0353
11BH1/8 7.4 1.76 31.43 <0.11 <0.15 33.19 72.8 1.92 46 0.0527

13BH1/1 0.4 3.53 32.59 <0.11 <0.15 36.12 51.8 0.36 70 0.0139

15BH1/0.0–0.1 0 4.42 82.01 <0.11 <0.15 86.43 113.4 2.62 76 0.0462
15BH1/1 0.4 2.93 78.44 <0.11 <0.15 81.37 117.4 4.58 69 0.0780
15BH1/4 3.4 1.39 65.18 <0.11 <0.15 66.57 112.3 1.36 59 0.0242
15BH1/8 7.4 0.01 39.76 <0.11 <0.15 39.77 71.9 0.69 55 0.0192

16BH1/4 3.4 0.94 35.21 <0.11 <0.15 36.15 52.1 0.92 69 0.0353
16BH1/8 7.4 2.99 37.99 <0.11 <0.15 40.98 55.2 0.64 74 0.0232

16BH2/0.0–0.1 0 5.64 67.78 <0.11 <0.15 73.42 94.8 3.19 77 0.0673
16BH2/1 0.4 1.69 48.12 <0.11 <0.15 49.81 68.9 1.44 72 0.0418
16BH2/4 3.4 1.68 51.16 <0.11 <0.15 52.84 71.1 1.38 74 0.0388
16BH2/8 7.4 1.29 54.95 <0.11 <0.15 56.24 99 0.43 57 0.0087

20BH1/1 0 2.4 49.78 <0.11 <0.15 52.18 80.3 5.12 65 0.1275
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Figure 2. Arsenic determined by oxalate extraction as a percentage of total arsenic obtained by
mineralization of the 38 samples collected in the S.I.S.R.I. area of Brindisi.

The highest values of As extracted by ammonium oxalate were found in the top-soil
samples and in the samples deriving from the depth of 0.4–1.0 m. A significant decrease in
the As percentage extracted by ammonium oxalate was recorded in the deepest sampled
layers (Figure 3). Since ammonium oxalate extraction is able to solubilize many of the
arsenic coprecipitates, including those with amorphous Fe, Al, and Mn oxyhydroxide, but
not their crystalline forms or sulfides [40], this result allowed us to hypothesize that a
significant percentage of arsenic is strongly bound or occluded, particularly in the deeper
soil layers, suggesting a natural origin of arsenic in the soil. The highest percentage of
extracted arsenic, significantly increasing in the top-soil and first layer, can be possibly
attributed to changes in soil makeup and texture in the deeper layers [13,41].
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Speciation analyses revealed that, in all samples, As(V) accounted for the majority of
the As extracted by 0.2 M ammonium oxalate (>90%); As(V) percentages ranged from a
minimum of 90.23% (sample 13BH1/1, depth 0.4–1.0 m) to a maximum of 99.97% (sample
3BH9/1, depth 0.4–1.0 m; sample 15BH1/8, depth 7.4–8.0 m). Conversely, As(III) percentage
values ranged from 0.03% (sample 3BH9/1, depth 0.4–1.0 m; sample 15BH1/8, depth
7.4–8.0 m) to 9.77% (sample 13BH1/1, depth 0.4–1.0 m). In particular, (i) six samples (15.8%
of the 38 analyzed samples) showed As(III) percentage values in the range 0–2% of the
total As amount extracted by ammonium oxalate; (ii) eighteen samples (47.4%) were in
the range 2–5%; (iii) twelve samples (31.6%) were in the range 5–8%; and (iv) two samples
(5.3%) were in the range 8–10%. The highest As(III) percentage values were detected at low
depth, as shown in Figures 4 and 5.
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The amount of As extracted by ammonium oxalate was found to be a linear function
of both the As(V) and As(III) percentage values determined in the speciation analysis
(Figure 6).
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The linearity of the functions and the relationship between the As(III)/As(V) ratio and
the As(III) concentration (Figure 7) indicate that As(III) and As(V) are not in equilibrium.
In fact, the As(III)/As(V) ratio increases with the increase in the percentage of As(III), and
the As(III)/As(V) ratio is constant only at high levels of As(III).

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 18 
 

 
Figure 6. Plot of total As amount extracted by ammonium oxalate vs. As(V) and As(III) percentage 
values as determined in the speciation analysis. 

The linearity of the functions and the relationship between the As(III)/As(V) ratio and 
the As(III) concentration (Figure 7) indicate that As(III) and As(V) are not in equilibrium. 
In fact, the As(III)/As(V) ratio increases with the increase in the percentage of As(III), and 
the As(III)/As(V) ratio is constant only at high levels of As(III). 

 
Figure 7. Plot of As(III)/As(V) ratio against As(III) amount for each sample. 

In most cases, top-soil layers are in aerobic conditions, favoring the oxidation of ar-
senic species to As(V), while the lack of oxygen in the deeper layers allows for higher 
percentages of As(III) [42]. The behavior observed here, with an almost constant 
As(III)/As(V) ratio having a slightly higher average value in the top-soil and first layer, 

20

40

60

80

100

0 20 40 60 80 100

As
ex

tr
ac

te
d

by
 o

xa
la

te

As(III) (  ) – As(V) (  ) 

Figure 7. Plot of As(III)/As(V) ratio against As(III) amount for each sample.



Sustainability 2023, 15, 14666 9 of 16

In most cases, top-soil layers are in aerobic conditions, favoring the oxidation of arsenic
species to As(V), while the lack of oxygen in the deeper layers allows for higher percentages
of As(III) [42]. The behavior observed here, with an almost constant As(III)/As(V) ratio
having a slightly higher average value in the top-soil and first layer, can suggest either a
direct anthropic contribution or the existence of anoxic conditions due to accumulation of
plant material layers on the ground or other similar conditions.

2.3. Cession Test

The cession test in acetic acid was used to calculate As cession percentage values.
Percentage values were calculated as the ratio between cession test As (corrected for
sample mass and extraction water volume) and the total As columns (Table 1, column 11).
As cession percentage values were low with respect to total As determined by sample
mineralization, ranging from a minimum of 8.7 × 10−3% (16BH2/8, depth 7.4–8.0 m) to a
maximum of 1.3 × 10−1% (sample 20BH1/1, top-soil), followed closely by another top-soil
sample (sample 3BH9/1, 1.2 × 10−1%). Specifically, (i) six samples (15.8% of analyzed
samples) released an As amount in the range of 0.5 × 10−2–2 × 10−2% with respect to
the total As obtained by sample mineralization; (ii) twenty samples (52.6%) released an
amount in the range of 2 × 10−2–6 × 10−2%; (iii) nine samples (23.7%) released an amount
in the range of 6 × 10−2–1 × 10−1%; and (iv) three samples (7.9%) released an As amount
of >1 × 10−1% (Figure 8).
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Figure 8. Arsenic amount obtained by cession test in acetic acid (percentage of total arsenic measured
by mineralization), for the 38 samples collected in the S.I.S.R.I. area of Brindisi.

The samples that released the highest As quantities in acetic acid were collected from
the superficial soil levels. Moreover, the data obtained from the samples derived from
the deepest soil levels were more homogeneous (Figure 9). These results parallel those
obtained with the ammonium oxalate extraction.

The cession test with acetic acid simulates the effect of meteoric waters, and is able to
dissolve arsenic carbonate coprecipitates but not more tightly bound species [40]. Since the
quantity of soluble arsenic was found to be a small part of the total arsenic, meteoric rains
can evidently move a reduced quantity of this metalloid into the deeper layers of the soil.
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Figure 9. Plot of percentage of As extracted by acetic acid against depth of the soil samples.

2.4. Comparison of Sites

As speciation analysis was performed at all the depth levels (0.0–0.1 m, 0.4–1.0 m,
3.4–4.0 m, and 7.4–8.0 m) for three sampling sites: 11BH1, 15BH1, and 16BH2.

The highest quantity of total As obtained by oxalate extraction in site 11BH1 was
found in the 0.4–1.0 m layer, whereas the highest As amounts from sample mineralization
were found in the 0.4–1.0 m and 3.4–4.0 m layers. The highest As(III) concentration was
detected in the top-soil and in the deepest layer (7.4–8.0 m), whereas the highest As(V)
level and the largest As release in acetic acid was found in the 0.4–1.0 m layer. It can be
hypothesized that elution through the soil layers causes higher As concentrations in the
deepest levels than in the superficial layers.

For site 15BH1, speciation data showed the highest levels of As(III) and As(V) in
the top-soil, with a decrease in the deeper layers more evident for As(III). The highest
concentration of total As obtained by sample mineralization and the most abundant As
release in the cession test were found in the 0.4–1.0 m layer. Very high As levels were also
found in the top-soil and the 3.4–4.0 m layer.

Site 16BH2 showed the highest concentration of As derived from the speciation analy-
sis in the top-soil, with a sharper decrease in As(III) than As(V) in the other layers. Total As
data determined by sample mineralization showed high concentrations in both the top-soil
and the deepest layer (7.4–8.0 m). The top-soil was also the layer with the largest release of
As in acetic acid.

Three sites (2BBH1, 3BH14, and 3BH3) were investigated at three different depth
levels: 0.4–1.0 m, 3.4–4.0 m, and 7.4–8.0 m.

At site 2BBH1, both As speciation data and total As determination by mineralization
showed the highest As concentrations in the 0.4–1.0 m level and a gradual decrease in the
deeper layers. As(III) percentage values decreased sharply in the deeper layers, and As
release in acetic acid was highest in the 0.4–1.0 m level and gradually lower in the other
deeper layers.

In the site 3BH14, As speciation analysis revealed the highest concentration in the
0.4–1.0 m level and a gradual decrease, which was sharper for As(III) with respect to As(V),
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in the other layers. Total As determination by sample mineralization showed the highest
concentration in the 3.4–4.0 m level. The 0.4–1.0 m layer released the highest quantity of As
in the cession test.

At the site 3BH3, both As speciation data and total As determination by mineralization
showed the highest As levels in the 0.4–1.0 m layer and lower concentrations in the other
layers. In particular, speciation analysis revealed a considerable amount of As(V) in all the
soil layers. The 0.4–1.0 m layer released the highest As quantity in acetic acid.

At the four sites 16BH1, 3BH13, 6BH1, and 8BBH2, As speciation analysis was per-
formed for two layers: 3.4–4.0 m and 7.4–8.0 m for 16BH1, 0.4–1.0 m and 3.4–4.0 m for
3BH13, 0.0–0.1 m and 0.4–1.0 m for 6BH1, and 0.0–0.1 m and 3.4–4.0 m for 8BBH2.

At site 16BH1, the highest As concentrations measured in both speciation analysis and
sample mineralization were detected in the deepest layer (7.4–8.0 m). The 3.4–4.0 m level
released the highest As amount in the cession test. Site 3BH13 was characterized by a higher
As level in the 0.4–1.0 m layer for both speciation analysis and total As determination. The
largest As release in acetic acid was obtained in the same layer. At site 6BH1, the largest As
concentrations were detected in the top-soil for all analyses performed. The same situation
was observed at site 8BBH2, with an important difference: although total As obtained by
oxalate extraction showed high levels in the top-soil, the analysis of the two species As(III)
and As(V) revealed that the former was more abundant in the top-soil, whereas the latter
was more concentrated in the 3.4–4.0 m layer.

Ammonium oxalate extractions showed that, even in the deeper layers of the sampled
sites, a non-negligible quantity of strongly bound or occluded arsenic is present, as already
observed in other sites in the area [22], pointing at least partially to a possible natural
soil origin.

Additionally, speciation analysis indicates a low prevalence of the more mobile and
toxic As(III) species (always <10%). The low yields of acetic acid cession test allow us to
exclude the presence of high quantities of highly mobile species that are easily migrated by
meteoric waters.

However, higher values (>50%) of As extraction by ammonium oxalate were generally
observed in the top-soil samples and the samples from the 0.4–1.0 m depth, suggesting
additional anthropic contributions, although this was not consistently observed in all of
the sampled sites.

Other recent studies that investigated the behavior of As in soil samples have reported
similar results and conclusions [43]. For example, in a study of soil samples from an
agricultural site near an industrial plant, As was mostly confined to the plow layer, with
lower (although not negligible) amounts leached to deeper soil layers.

Extensive studies have recently been conducted to better understand the behavior of
metals and metalloids (including As) in soil, assess potential exposure to toxic elements, es-
timate their bioavailability, and measure the health risk [44]. The results from different soils
revealed that the physicochemical soil properties and the species of the analyzed elements
are important factors. In particular, the health risk assessment is undertaken by considering
the total concentration of an element in the soil, but only the bioavailable fraction can
induce a toxic effect. The physicochemical parameters of soils, the total concentrations of
elements, and their chemical forms influence their bio-accessibility. Correlations between
different parameters and bioavailability in soil varied greatly for the same element due to
the complexity of the soil structure and the interactions between its constituents. A better
understanding of the role of these parameters can help to manage contaminated sites and
soils more efficiently, leading to more effective remediation of compromised sites and more
accurate assessment of the risks to public health.

Quantitative differences among the sites can be attributed to differences in the compo-
sitions of the soil sample matrices, possibly caused by variations in the original soil makeup
and differences in usage over the long years of industrial activity.

The different amounts of As in the sampling sites could depend on the distance
from the specific sources of pollution, although it is very difficult to identify them in an
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industrial zone with a complex history such as the S.I.S.R.I. area of Brindisi. Moreover, in
the previously mentioned study [43], a spatial gradient in top-soil was observed depending
on the distance from the probable pollution input.

Obviously the collection of this type of data would have required a much more ex-
tensive approach. Nevertheless, the speciation analyses confirmed that most As occurs as
relatively immobile or slowly exchangeable forms, suggesting that it is a naturally occurring
component of the soil in the area [22]. In fact, As is generally associated with sulfide miner-
als, and its mobility and availability in soils are strictly related to pH, redox potential, ionic
composition, and mineral type. For example, among As chemical forms, arsenite is much
more soluble and mobile than arsenate, and therefore potentially more dangerous [41]. This
result suggests that an approach focused on plow layer phytoremediation and monitoring
industrial activity that involves arsenic derivatives could lead to significant improvements
in soil conditions and mitigation of health issues.

3. Materials and Methods
3.1. Sample Collection

Thirty-eight soil samples were collected at 18 different sites of the S.I.S.R.I. area
of Brindisi (Apulia, southern Italy), dried at room temperature, and passed through a
2 mm sieve.

The area’s sampling coordinates, reported in decimal degrees, are as follows: 40.644261,
17.959213 top left; 40.622922, 17.959213 bottom left; 40.644261, 17.978737 top right; and
40.622922, 17.978737 bottom right. The soil fractions with a size <2 mm were used for
total As determination, the extraction and speciation analysis, and the cession test. Blank
solutions were prepared for all performed analyses using the solvent mixtures employed
for extractions and speciation.

3.2. Total As Determination

Total As determination was performed by hydride generation-atomic absorption
spectroscopy (HG-AAS) after sample mineralization that consisted of a digestion process of
the soil sample with one volume of nitric acid and three volumes of hydrochloric acid [45].

3.3. Ammonium Oxalate Extraction and As Speciation Analysis

Speciation analysis was performed by hyphenated techniques in which the HPLC
was coupled to the HG-AAS. A quantity of 0.2 M of ammonium oxalate was used for the
As extraction in soft conditions [34] in order to avoid transformation of the different As
forms and to save the original distribution of the chemical species in the samples. After the
dehydration at room temperature and the sieving, the particles with a size <2 mm were used
for the As extraction: 0.2 g of each soil sample was treated with 50 mL of ammonium oxalate
0.2 M (extraction ratio 1:250) for ten minutes in an ultrasonic bath. The resulting solutions
were filtered through 0.45 µm filters. The determination of the As species was performed
using an HPLC system (Waters 626 LC System, Milford, MA, USA) coupled online with an
atomic adsorption spectrometer (Varian 880Z Zeeman, Palo Alto, CA, USA) equipped with
a HG system (Varian VGA-77, Palo Alto, CA, USA) and an electrothermal temperature
controller (Varian ETC-60, Palo Alto, CA, USA). The identity of arsenic species was assessed
via comparison of retention times of single standards on the Hamilton PRP-X100 column
(Hamilton Company, Reno, NV, USA) [24]. Stock solutions (1000 mg·L−1) were prepared
from NaAsO2 (arsenite), Na2HAsO4·7H2O (arsenate), CH3AsO(OH)2 (monomethylarsonic
acid, MMAA), and (CH3)2AsO(OH) (dimethylarsinic acid, DMAA). Arsenite, arsenate,
MMAA, and DMAA were obtained from Sigma–Aldrich (Steinheim, Germany).

In order to assess the quality of the data collection, standard solutions with known
concentrations of the species were inserted into the analysis sequences and treated as sam-
ples with unknown metalloid concentration. The experimental conditions are summarized
in Table 2.
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Table 2. Experimental conditions for HPLC separation, HG, and AAS analysis.

HPLC: Ion Exchange Column Hamilton PRP-X100 (250 × 4.6 mm) with Pre-Column

Mobile phase Sol. A: ammonium phosphate (NH4H2PO4/(NH4)2HPO4) 5 mM, pH 8.0
Sol. B: ammonium phosphate (NH4H2PO4/(NH4)2HPO4) 30 mM, pH 8.0

Injected volume 200 µL
Flow rate 1 mL min−1

Elution gradient
from 0 to 4 min, Sol A
from 4 to 10 min, Sol B

from 10 to 20 min, Sol A
Column temperature Room temperature (~25 ◦C)

Hydride Generation

Argon flow 40 mL min−1

Reducing agent NaBH4 0.16 M
Reducing agent flow 1 mL min−1

Acid HCl 6 M
Acid flow 1 mL min−1

Atomic Adsorption Spectrometer

Lamp hollow cathode lamp
Wavelength 193.7 nm
Slit width 0.5 nm

Cell temperature 925 ◦C (electrothermal temperature controller)

3.4. Cession Test

The acetic acid cession test can be used to evaluate the impact of any solid matrix (soil,
waste, etc.) on the leaching action of rainwater, with both organic and inorganic matrix
types. The release test is conducted by placing the sample, reduced to the appropriate grain
size, in contact with distilled water for 24 h, maintaining the pH of the solution at values
not exceeding 5 by adding diluted acetic acid (0.5 M) [38].

The analyses are therefore performed on the extracting liquid phase, separated by
filtration of the solid part.

The cession test was carried out respecting the following parameters:

- Elution ratio of 1:20 (i.e., 50 g of sample per 1000 g of water);
- Contact time of 24 h with moderate continuous stirring;
- Analysis of the filtered solution (0.45 µm) carried out using atomic absorption spec-

trophotometry with a hydride generation system (HG-AAS).

4. Conclusions

Total As determination, performed by sample mineralization for all the samples col-
lected in the S.I.S.R.I. area of Brindisi, showed a concentration range between 51.8 mg kg−1

and 169.6 mg kg−1. All the data were higher than the expected limit of 50 mg kg−1, es-
tablished by D.M. (Ministerial Decree) 471/99 for industrial areas. As speciation analysis
revealed the presence of inorganic As(III) and As(V) in all the samples studied, whereas the
concentrations of the organic species MMAA and DMAA were always under the detection
limit (<0.11 and <0.15 mg kg−1, respectively). This result allowed the exclusion of the
water-soluble organic species from the list of health hazards. Extracted As, calculated as
the sum of the As(V) and As(III) concentrations determined by the soft chemical oxalate
extraction and speciation analysis, was shown to range from a minimum of 36% to a max-
imum of 92% of the total As obtained by mineralization, with an average value of 62%.
The speciation analyses revealed that, in all samples, the lower mobility As(V) represents
>90% of the extracted As, with percentages up to 99.97% of the total. The highest values
of As extraction by ammonium oxalate were observed in the top-soil samples and the
samples deriving from the 0.4–1.0 m depth. Since this extraction method is able to dissolve
amorphous Fe, Al, and Mn oxyhydroxide but not their crystalline forms or sulfides, this
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result allows us to hypothesize that a significant percentage of arsenic is strongly bound
or occluded, particularly in the deeper soil layers, suggesting a natural origin of arsenic
in the soil. On the other hand, the relatively high percentage of As(III) in the top-soil and
first layer, which decreases with depth, may suggest an anthropic contribution to the soil
or possibly the development of anoxic conditions due to environmental management. The
differences among the sites can be attributed to differences in the compositions of the soil
sample matrices, possibly caused by variations in soil makeup and usage over time.

The cession test in acetic acid, which is able to extract lightly bound arsenic, showed
low values compared to the total As extracted by ammonium oxalate, with the higher
quantities of As released in acetic acid originating from samples collected from superficial
soil levels.

The speciation analysis showed that the highly mobile As(III) species always had very
low relative concentrations in all the sampled sites, the effect of the meteoric water on the
mobility of As was limited mostly to the top-soil, and the sampled sites had a very different
makeup. Nonetheless, all sampled sites and depths in the area showed a total concentration
of As that was higher than the allowed legal limits for industrial areas to various degrees.

While the results could possibly indicate that a high background of strongly bound
or occluded arsenic contribution is present in the area, it is apparent that the entire area
would benefit from long-term monitoring in order to assess the stability of the conditions
and targeted remedial actions, particularly at the sites where the top-soil and lower depth
concentrations of As clearly exceeded the allowed limits.

A possible remediation strategy for the surface soil layers could involve applica-
tion of phytoextraction of the pollutants, particularly concerning the most contaminated
top-soil levels.

Unfortunately, the strategy of applying the widely used ornamental shrub Nerium
oleander L., which has successfully been used in bioremediation strategies for various heavy
metals in soils [46], would have serious drawbacks. In fact, recent concerns in the region
regarding the Xylella fastidiosa epidemics affecting olive trees are amplified by the fact that
N. oleander is an asymptomatic carrier that functions as a reservoir for the bacteria [47].

Another recently tested phytoremediation strategy that could be applied employs
clonal populations of the endemic and highly rustic plant Dittrichia viscosa with a defined
phenotype related to As tolerance, in order to obtain specific As phytoremediation in
contaminated areas, with a low cost [48,49].
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