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Abstract: Among inorganic contaminants, arsenic (As) is known for its toxicity and the risks to the
environment and human health that could derive from its presence. Phytoremediation represents
an effective strategy for the removal of arsenic from contaminated soil, provided that suitable plant
species and adequate operational plans are exploited. With reference to a disused area located
in Southern Italy which was the subject of a previous study, in this work, new strategies were
investigated to further improve the effectiveness of a phytoremediation plan for the removal of
arsenic. The usefulness of Cannabis sativa (hemp) and Zea mays (corn) was evaluated in this work by
microcosm (300 g of mixed soil per test) and mesocosm (4 kg of mixed soil + 1 kg of inert gravel per
test) experiments. The addition of arsenic-tolerant bacteria isolated from the rhizosphere of native
herbaceous species grown in the contaminated soil was employed to promote plant growth, while
different mixtures of mobilizing agents were tested to improve arsenic bioavailability. After the
combined treatment, the arsenic content in the aerial parts of the plants increased by about 10 times
in the case of corn (from 1.23 to 10.41 mg kg−1) and by about 8 times in the case of hemp (from 1.05
to 8.12 mg kg−1).

Keywords: arsenic pollution; ascorbic acid; microbial endophytes; mesocosms; microcosms;
phytoremediation; plant-growth-promoting rhizobacteria; potassium hydrogen oxalate; soil remediation

1. Introduction

Nowadays, human activities that cause direct or indirect release of organic and inor-
ganic pollutants into the environment affect almost every aspect of modern society, from the
process industry to transportation to agricultural practices, to name a few. These practices,
too often accompanied by incorrect waste-disposal policies without adequate recovery of
resources [1,2], end up having increasingly significant effects on the ecosystem and human
health [3].

The need to contain these problems as much as possible has led to the development of a
wide range of physicochemical and biological approaches for the recovery of contaminated
water [4–7] and soils [8–11].

Arsenic (As) is among the most toxic inorganic pollutants and is unfortunately a very
widespread problem as it is commonly involved in electronics (as a semiconductor), in the
metallurgical industry (to improve hardness and thermal resistance in metal alloys, as well
as in gold and lead mining) and in the pharmaceutical and agricultural sectors (some of its
compounds are used as pesticides) [12].

Apart from its toxicity, which makes this contaminant particularly dangerous for
human health in case of direct contact [13], arsenic can be assimilated through the food
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chain and from drinking water, with consequent bioaccumulation and occasional biomag-
nification [14], causing neurotoxicity and cardiovascular diseases [15,16] and, even worse,
carcinogenic effects [17].

Arsenic retention in the soil is related to soil properties, such as pH, organic matter
content [18], clay minerals and redox conditions. Metal speciation strongly influences
its mobility and bioavailability: As(III) and As(V) are the most important and common
inorganic forms and also the most toxic in soil [19].

Exposure to arsenic negatively affects almost all body systems in humans [20]; for
this reason, arsenic is one of WHO’s 10 chemicals of major public health concern [21].
Along the same lines, Italian legislation limits the concentration of As in public, private
and residential green land to 20 mg/kg [22].

In the case of soils contaminated by As or other potentially toxic metals, some technical
limitations considerably reduce the range of possible intervention options [11]: to date, soil
excavation and landfilling, as well as soil washing/flushing with stabilization/inertization,
are still the most common solutions. As a potential alternative, the use of ElectroKinetic
Remediation Technology (EKRT) is a promising in situ approach [23].

However, in recent years, the growing sensitivity towards environmental issues has
highlighted an aspect rarely taken into consideration, namely, that most of the remediation
activities have an environmental impact in themselves, as they require the use of chemical
products or processes which require the consumption of raw materials and energy [24].
To avoid compromising the sustainability of approaches [24] and even the generation of
harmful side effects [25], an increasing number of technologies aim to provide nature-
based solutions (NBSs) [26]. Approaches of this type are generally more ecological and
sustainable, as they aim not only to eliminate or reduce contamination but also to minimize
the environmental impacts (emissions, energy consumption, waste production, etc.) and
create synergies between different sectors and activities (protection of ecosystems and the
promotion of a circular economy, climate change mitigation and resilience) [27].

Among NBS remediation measures, phytoremediation certainly occupies a leading
position. It includes a variety of remediation technologies that employ plant species to
remove organic and inorganic contaminants from soil and other environmental matrices
(sediments, water) [28–30].

Their low cost, simplicity of operation and environmental benefits [31,32] are just
some of the advantages offered by these phyto-technologies, and their overall sustain-
ability and effectiveness can be further increased when used in combination with other
approaches [33,34]. In this regard, the use of green roofs [35] has also intensified in recent
years. Such solutions are known to be able to improve the energy and environmental
performance of urban environments [36,37] by combining phytoremediation techniques in
urban areas with other approaches aimed at mitigating climate change [38].

Phytoextraction is considered a non-invasive technique for removing potentially toxic
metals from contaminated soil in an ecological and economical way by adsorption from the
roots and accumulation by translocation in the different tissues of the plant [39,40].

Several studies have explored the possibility of using fast-growing and highly tolerant
species assisted by chelating/mobilizing agents to increase the uptake of metals from soil,
to be used in place of hyper-accumulative species that generally suffer from low biomass
production and slow growth rates [41,42].

In fact, the chelating/mobilizing agents have the precise function of promoting the
release in soil solutions of metal ions originally bound to soil particles, thus increasing their
bioavailability for adsorption by plants [43], since plants can absorb only those species that
are present in soluble form in soil solutions [44,45].

Another possible strategy to aid phytoextraction is the use of plant-growth-promoting
bacteria, such as those that populate the rhizosphere (PGPR) [46]. These rhizobacteria can
act by facilitating the bioavailability of soil nutrients and/or by modulating the production
and levels of phytohormones in plants [47]. In some cases, they can also promote the mo-
bility and bioavailability of metals in the soil, increasing their absorption by plants [48,49].
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In the first part of this work, we showed how a treatment with KHC2O4 allowed an
increase in the bioavailability of arsenic and its bio-adsorption by plants, especially in
the presence of PGPR [50]. As a continuation of the previous study, this work aimed to
investigate the single and synergistic effect of PGPR and different chelating agents on the
growth of two tolerant species, Cannabis sativa (hemp) and Zea mays (corn), and their uptake
of As, in order to evaluate their potential use in the site from which the As-contaminated
soils were removed.

The selection of bacterial strains capable of improving the efficiency of phytoreme-
diation is a fundamental step, made non-trivial by the specificity of the action of PGPR
and their effectiveness, which depend on numerous factors related to the complex inter-
actions between soil and plants [47]. In this study, the addition of a selected mixture of
potassium hydrogen oxalate (KHC2O4) and ascorbic acid (C6H8O6) allowed an increase
in the bioavailability of the target contaminant and the obtainment of detectable levels
of phytoextraction without the creation of percolation problems. The optimization of the
process, achieved through microcosm and mesocosm tests, made it possible to outline the
application protocol for a field test.

2. Materials and Methods
2.1. Site Description, Soil Characterization and Evaluation of As Bioavailability

As described in the first part of this work [50] (which also provides details on the
methodologies used), the contaminated site under investigation is located in Southern
Italy and includes two different areas: the first (contaminated in various ways) once
housed a chemical plant, while the second is a vegetated area that presents only arsenic
contamination, about 1000 m from the former chemical plant (external area). In this second
work, attention was focused only on the external area. Using a small excavator, soil samples
were taken from sections 0.3 to 0.6 m, 0.6 to 1.0 m and 1.0 to 1.6 m (the presence of a
layer of rocks prevented us from reaching sampling depths greater than 1.6 m). Unlike
the individual study of each sample discussed in the first work, in this case, the different
soil samples were gathered and thoroughly mixed to obtain a single sample which was
then analyzed to quantify the total and potentially bioavailable arsenic content. This was
carried out to bring the experimentation closer to the conditions of a future field test,
which is usually not performed with several meter-by-meter planting approaches but by
preparing the entire area for planting in the same way. However, it should be reiterated
that mesocosm tests remain small-scale tests compared to field tests.

Since the bioavailability tests previously detailed and performed in [50] had shown
that arsenic subjected to the remediation treatment was difficult to mobilize, adsorption
of arsenic to the iron oxides/hydroxides present in the soil was hypothesized. Therefore,
in addition to the most widely used chemical additive (0.05 M and 1 M KH2PO4), other
solutions were tested, demonstrating, in particular, the effectiveness of 0.2 M potassium
hydrogen oxalate (KHC2O4). In an attempt to further improve the extractive efficacy, the
use of ascorbic acid (C6H8O6), alone or in combination with oxalate, was investigated in this
work to identify the best possible combination of the two reagents capable of maximizing
the bioavailability of arsenic. All tests were carried out in triplicate, considering a soil:
extracting solution ratio of 1:25 and a contact time of 4 h.

2.2. Phytotoxicity Tests

Phytotoxicity tests based on the inhibition of germination and root extension of
Lepidium sativum L. [51] were performed. A quantity of 10 g of As-contaminated soil
was saturated with deionized water and placed in a Petri dish; a Whatman #1 filter paper
with 10 seeds of Lepidium sativum L. was then placed on it. The plates (five replicates
performed simultaneously) were placed in a climatic chamber for 72 h in the dark, at a
temperature of 25 ± 1 ◦C. At the end of the test, the germinated seeds were counted, and
root elongation was measured. The germination index (GI%) and root elongation inhibition
(Inh%) were estimated based on the relationships expressed in Equations (1) and (2), where
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Gs and Gc are, respectively, the average numbers of germinated seeds in the contaminated
soil samples and the negative control, while Ls and Lc are the mean root lengths (mm) for
the contaminated soil samples and the negative control, respectively.

GI% =
Gs × Ls

Gc × Lc
× 100 (1)

Inh% =
Lc − Ls

Lc
× 100 (2)

High values of GI% indicate reduced phytotoxicity of the contaminated soil, while
high values of Inh% are associated with worse soil quality. These indices are useful as part
of a preliminary investigation to evaluate the toxicity of soils.

2.3. Preparation of the Bacterial Consortium

Endophytic bacteria were isolated from the roots of hemp seedlings grown on soil
characterized by significant arsenic contamination (about 1000 mg kg−1 [52]). The protocol
described in [49] was followed to isolate the endophytes. In short, after removing the soil
by repeatedly rinsing with tap water, the roots of the plants were sterilized by treatment
with 70% EtOH for 5 min, with 0.1% NaClO for 2 min and again with 70% EtOH for another
5 min, and then washed with sterile water. The roots were then minced with a sterile
scalpel, placed in sterile flasks containing TYEG (Trypticase Yeast Extract Glucose) and
incubated overnight at 30 ◦C.

Serial dilutions (10−4, 10−6, 10−8) were then prepared with the suspension, and
quantities of 100 µL of each dilution (in triplicate) were spread on R2A agar plates (Merck®,
DA, DE, Darmstadt, Germany). Then, 100 µL of the third-rinse water was plated to
confirm the efficiency of external root sterilization. Colonies of the isolates appeared after
approximately five days. About 50 colonies were randomly selected and propagated to
obtain pure cultures.

2.4. Characterization of Bacterial Isolates

The genomic DNA of the isolated strains was prepared with the Maxwell 16 system
(Promega®, Madison, WI, USA), and the 16S rRNA fragments, amplified via polymerase
chain reaction (PCR), were analyzed with a DNA sequencer (ABI model 3500 Genetic
Analyzer). A SeqMan application (DNASTAR® v.11.2.1, Madison, WI, USA) from Lasergene
(Madison, WI, USA) was employed to modify and assemble the obtained nucleotide
sequences. The homology comparison (BLAST analysis) was performed, exploiting the
National Center for Biotechnology Information server (NCBI, www.ncbi.nlm.nih.gov/
blast/Blast.cgi, accessed on 1 August 2022). A collection of seven isolates belonging to
the Comamonadaceae, Microbacteriaceae, Bacillaceae and Micrococcaceae families was
obtained. These strains were then subjected to a series of in vitro assays to evaluate their
plant-growth-promoting (PGP) potential, as reported in [49]. The list of isolates and their
PGP properties are shown in Figure 1.
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All strains selected for the preparation of the microbial inoculum showed at least four
growth-promoting properties; in particular, all of them produced 3-indol acetic acid (IAA),
siderophores and ammonia.

2.5. Preparation of the Bacterial Consortium

The seven selected bacterial strains were shown to possess 4 to 5 PGP properties
and all were used to prepare the microbial consortium. To optimize the growth of each
strain, the seven bacteria were grown separately in LB medium for 72 h. The cell pellets
were pooled and resuspended in a protective medium containing 1% sodium glutamate,
7% sucrose and 5% dextran, then frozen and freeze-dried by vacuum exposure in small
aliquots for 48 h. The freeze-drying procedure was performed to allow the preservation of
the inocula until they were used. Aliquots of the lyophilized bacterial consortium (about
108 CFUs per gram of soil) were then added to the pots for the phytoremediation tests.

2.6. Preparation of Microcosms

Microcosm tests represent the first stage in treatability studies by phytoremediation, as
they aim at selecting the most suitable plants and treatments for the specific contaminated
soil and evaluating the potential toxic effects of contaminants. The microcosm tests were set
up using 300 g of mixed soil per test; different combinations of potassium hydrogen oxalate
(KHC2O4) and ascorbic acid (C6H8O6) were used as mobilizing agents. The following
conditions were investigated:

• Plant species: C. sativa (10 seeds) and Z. mays (6 seeds); the seeds were germinated on
cotton and then subsequently transplanted;

• Four different treatments for each type of plant, i.e., a control (CT) and treatments
with 0.1 M KHC2O4 + 0.01 M C6H8O6, 0.2 M KHC2O4 + 0.01 M C6H8O6 and 0.2 M
KHC2O4 + 0.02 M C6H8O6;

• Administration of mobilizing agents: 5 mL of solution for 5 days + irrigation according
to the needs of the plants;

• PGPR: added to all microcosms (except CTs);
• Fertilization: a few days after transplanting the plants, 12 mL of a 0.06% urea solution

was added to the microcosms.

As was mentioned, the chosen plants had already been successfully tested for arsenic
phytoextraction [52,53]. All tests were performed in triplicate, with a total of 24 microcosms,
for a duration of 30 days. The treatment was administered about 10 days after the transplant,
with the mobilizing agent added over the course of 5 days in order to dilute the effect of a
possible too-rapid absorption of the As. In these tests, nitrogen fertilization with urea was
also used to improve the agronomic properties of the soil. At the end of the test, the plants
were collected, the roots were separated from the aerial parts and the plant samples thus
obtained were carefully washed and prepared for analysis.

2.7. Preparation of Mesocosms

Mesocosm tests represent a scale up from microcosm tests; since the tests are carried
out in larger pots, mesocosm tests allow study of the growth of plants at a more realistic
scale, over a longer time period, and evaluation of the efficiency of phytoextraction in a
more realistic way. In addition, the pots are equipped with a leachate collector to evaluate
possible leaching of contaminants. Mesocosm tests were carried out to verify the possibility
of percolation of As following the addition of the mobilizing agents. The same plant species
(hemp and corn) investigated in the microcosm tests were used, together with a 0.2 M
KHC2O4 + 0.01 M C6H8O6 mixture added as a mobilizer. The experimental conditions
were the following:
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1. Soil: 4 kg of mixed soil + 1 kg of inert gravel per test; gravel was placed at the base of
the pot to facilitate drainage;

2. Plant species: C. sativa (20 seeds) and Z. mays (10 seeds); the seeds were germinated
on cotton and then subsequently transplanted;

3. Two different treatments (about 10 days after the transplant) for each type of plant,
i.e., a control (CT) and a treatment with 0.2 M KHC2O4 + 0.01 M C6H8O6 (hereinafter
referred to as Ox 0.2/AA 0.01);

4. Administration of mobilizing agents: 50 mL of solution for 5 days + irrigation accord-
ing to the needs of the plants;

5. PGPR: added to all mesocosms (except CTs);
6. Fertilization: a few days after plant transplantation, 10 + 10 mL of a 0.036% urea

solution was added to the mesocosms in 2 days.

All tests were performed in triplicate, with a total of 12 mesocosms, for a duration
of 60 days. The tests aimed at evaluating not only the growth of plants for longer times
but also the possible effects of the percolation of arsenic resulting from the treatment
with mobilizing agents. In fact, the formation of leachate was monitored following daily
irrigation (administered according to the needs of the plants). At the end of the test,
following the harvesting of the plants, the mesocosms were saturated with water to simulate
extreme conditions that could derive from particularly intense atmospheric phenomena.

At the end of the growing period, the plants were collected, and plant samples were
prepared as previously described.

2.8. Arsenic Analysis

Plant samples were mineralized and analyzed to determine the amounts of accumu-
lated As: a weighted amount of dried plant tissue was ground and then digested in a Teflon
vial with a 2.5:1 mixture of HNO3 and H2O2, using an ETHOS-900 microwave system
(MILESTONE S.r.l., Bergamo, Italy) with pulsed emission. After digestion, the samples
were diluted to 25 mL with milliQ water and analyzed by ICP-OES (Varian AX Liberty),
using a method for the generation of hydrides [54].

2.9. Quality Assurance and Quality Control

QA/QC evaluations were performed by testing two standard solutions every 10 samples,
using certified reference materials (CRM ERM—CC141 for soil and CRM ERM—CD281 for
plants). The detection limit for As was 5 µg L−1. Recovery from spiked samples ranged
from 94% to 101%, with a relative standard deviation (RSD) of 1.87% of the mean.

2.10. Statistical Analysis

All data relating to the phytoextraction tests are reported as the averages of three tests con-
ducted in parallel; the analyses were also performed in triplicate, with mean values ± standard
deviations (SDs) recorded. Statistical data analysis was performed using Statistica version
6.0 (StatSoft, Inc., Tulsa, OK, USA). The effects of the treatments were analyzed using one-
way analysis of variance (ANOVA, San Francisco, CA, USA), comparing the differences
between means and performing a post hoc analysis of variance using Tukey’s honestly
significant differences test (p < 0.05) [55].

3. Results and Discussion
3.1. Soil Analysis

The main characteristics of the soil were given in [50] and the results of the arsenic
extraction tests performed on the mixed soil are reported in Table 1.

The As content of the soil was found to be 37.5 mg kg−1, but the potentially bioavail-
able portion estimated using 0.1 M KH2PO4 (which is the typical mobilizing agent of As)
was equal to only 0.72 mg kg−1.
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These results suggest the presence of particularly strong bonds which cause arsenic to
be retained by soil particles and, in particular, a very strong interaction between arsenic
and iron oxides/hydroxides.

The values in brackets indicate the quantities of As and Fe extracted by the action
of a solution of oxalate only. The data in Table 1 allowed us to confirm the synergistic
action of a mixture of the two mobilizing agents, which appears to be capable of destroying
a considerable amount of iron oxides/hydroxides on which As is adsorbed with very
strong bonds.

Table 1. Potentially bioavailable arsenic and iron contents (mg kg−1) in the mixed soil collected at
the site under investigation. Values are reported as means (n = 3) ± SDs.

As Fe

Total 37.5 ± 1.9 17102 ± 210
0.1 M KH2PO4 0.72 ± 0.06 1.32 ± 0.07
0.01 M C6H8O6 0.05 ± 0.01 16.7 ± 0.8

0.05 M KHC2O4 + 0.01 M C6H8O6 (0.77 ± 0.05) 0.87 ± 0.05 (0.15 ± 0.01) 154 ± 8
0.1 M KHC2O4 + 0.01 M C6H8O6 (1.35 ± 0.08) 1.5 ± 0.1 (2.97 ± 0.15) 2284 ± 91
0.2 M KHC2O4 + 0.01 M C6H8O6 (2.45 ± 0.12) 3.6 ± 0.1 (369 ± 17) 4711 ± 141

After evaluating different mobilizing agents of arsenic and considering that the ex-
change reactions with the phosphate did not produce satisfactory results, it was decided to
try to destroy the iron oxides/hydroxides on which arsenic preferentially adsorbs (see [50]
for more details).

To this end, the use of oxalate as a mobilizing agent effectively increased the bioavail-
ability of the pollutant. Oxalate reacts with amorphous iron oxides and, as a result, arsenic
is released into the soil solution, from which it can be absorbed by plants:

(FexOy)AsO4 + C2O4
2− → Fe2(C2O4)3 + AsO4

3−

However, to try to further increase the bioavailability of arsenic (the values in brackets
in the central column of Table 1 show that a maximum of 6.5% mobilization of the total
was obtained), it was decided to also add a reducing agent, such as ascorbic acid, as briefly
explained below.

In contaminated soils, arsenic is often associated with oxides/hydroxides of various
kinds and also with sulfides that may be present. Among these, iron oxides/hydroxides
are the primary minerals that control the concentration of As in the different phases of the
soil since, in general, they are abundant and have a high affinity for As.

The dissolution of iron oxides can occur through various reactions. It has been shown
that the addition of a strong acid is ineffective because the soil surface under acidic condi-
tions becomes positively charged, thus attracting the negative charge of As oxyanions [56].
Furthermore, it has been observed that arsenic can be effectively released from the soil
through the reductive dissolution of iron oxides. In natural environments, the progres-
sive dissolution of iron (hydr)oxides is a consequence of the action of organic ligands,
such as oxalate and ascorbate, which are produced by biological activity [57]. The ox-
alate anion (C2O4

2−) is an organic ligand naturally present in the soil that can form stable
complexes with various metals, including iron. Under acidic conditions, oxalate can effec-
tively adsorb onto the positively charged surfaces of iron oxides. The formation of stable
complexes with iron leads to the dissolution of the iron oxides themselves. Furthermore,
oxalate is a mild reducing agent which can also promote the breakdown of iron oxides by
reductive dissolution.

The ascorbate anion (C6H7O6
−) is a moderate reducing agent which significantly

promotes the reductive dissolution of iron oxide [58,59].
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The combination of chelating and reducing agents can therefore promote the dissolu-
tion of iron oxides, causing the release of arsenic associated with them through synergistic
action. The use of organic reagents, such as oxalate and ascorbate, is to be considered as a
practice with high environmental compatibility, since the two substances are biodegrad-
able and have very low toxicities; moreover, their addition does not affect the stability of
soil structures.

The extraction of iron with oxalate and ascorbate is influenced by the properties of
soil and depends on pH. In general, it is observed that:

- The solubilization of As and Fe with oxalate is more effective at a pH of about 2;
- At pH 7, the quantity of solubilized As tends to decrease;
- At a very basic pH, unlike Fe, solubilized As tends to increase because a direct ion

exchange mechanism can occur between the oxyanions of As and the hydroxyl groups
of the iron oxy-hydroxides.

When soil is treated with a mixture of ascorbate and oxalate, the iron (Fe2+) that
becomes available through the reductive action of the ascorbate can form complexes with
the oxalate (for example, Fe(C2O4) and [Fe(C2O4)2]2−) as a function of the molar ratio
between species. When the Ox/Fe ratio is close to 1, the formation of the Fe(C2O4) complex
is dominant, while higher Ox/Fe ratios favor the formation of [Fe(C2O4)2]2−. Fe(C2O4)
tends to precipitate due to low solubility (the solubility of the dihydrated salt Fe(C2O4) ×
2H2O is only 0.97 g L−1 at 25 ◦C [60]).

The use of a mixture of oxalate and ascorbate also tends to increase arsenic extraction,
indicating a synergistic action resulting from the combination of the two reagents. Therefore,
the presence of a sufficient amount of binder (oxalate) is important to favor the extraction
of arsenic.

In summary, oxalate extracts iron from the soil mainly through reactions in which it
acts as a binder, while ascorbate acts as a reducing agent. Following the dissolution of iron
oxides/hydroxides, the previously adsorbed As is released into the soil solution.

The extraction of As through the combination of chelating and reducing agents is
therefore influenced both by the reducing power of the reducing agent and by the stability of
the complex that the chelating agent forms with Fe. A strong reducing agent is theoretically
capable of extracting As from the soil with all types of chelating agents, while a mild
reducing agent requires the use of a strong chelating agent.

Based on these considerations, arsenic and iron extractability tests were also carried
out on the mixed soil using different oxalate–ascorbate combinations before starting the
microcosm tests.

3.2. Phytotoxicity Test

Since the data presented in Table 1 show a maximum value for the quantity of As
made available corresponding to the use of the 0.2 M KHC2O4 + 0.01 M C6H8O6 solution,
phytotoxicity tests were performed to evaluate the growth of plants under these conditions.

The GI% and Inh% data reported in Figure 2 allow the comparison of the phytotoxic-
ities of the contaminated soil with and without treatment with the mixture of extracting
agents and an inert non-contaminated support. The absence of significant levels of phy-
totoxicity is evident (high values of GI% and low values of Inh% are indicative of limited
phytotoxicity). The results are correlated with low values for the bioavailability of As,
which do not determine significant toxic effects in the species used.

Although the treatment with oxalate and ascorbic acid increases the bioavailability of
As, the amount of pollutant released as a result of the treatments remains very low, and the
positive effects of PGPR are therefore predominant.
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Figure 2. (a) Germination index (GI%) and (b) root elongation inhibition (Inh%) for Z. mays and
C. sativa grown on soil control (CT), As-contaminated soil and As-contaminated soil treated with a
0.2 M KHC2O4 + 0.01 M C6H8O6 solution (O). Values are the means of three replicates and the error
bars show the standard deviations. Values with different letters are significantly different at the 5%
probability level (Tukey’s test).

3.3. Microcosm Tests with Oxalate + Ascorbic Acid Mixtures

The biomass values obtained for the plants cultivated in the controls and in the soils
treated with the different mixtures of potassium acid oxalate and ascorbic acid (and in the
presence of PGPR) are shown in Figure 3. The related weight concentrations of arsenic
absorbed by the roots and shoots of Z. mays and C. sativa are collected in Table 2.
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Figure 3. Dry weights (mg pot−1) of (a) roots and (b) shoots of Z. mays and C. sativa grown on
soil control (CT) and As-contaminated soils treated with the different mixtures of oxalate and
ascorbic acid (microcosm tests). Values are the means of three replicates and the error bars show the
standard deviations. Values with different letters are significantly different at the 5% probability level
(Tukey’s test).

As evidenced by the results of the Tukey’s test (letters associated with the data in
Figure 3/Table 2), the biomass values obtained for the treated plants do not appear to have
been significantly influenced by the treatments carried out (this applies in particular to the
roots). This confirms the non-toxicity of the treatments and highlights that the quantity of
arsenic absorbed by the plants does not create problems for their growth and development.

For both plant species investigated, the best combination of the two additives turns out
to be 0.2 M oxalate + 0.01 M ascorbic acid, as this is the treatment that allows maximization
of the concentrations of As in plants, both in the aerial parts and in the roots. It is interesting
to note the increase in As content compared with the untreated soil and also compared
with the microcosms investigated in the first part of this work [50], in which ascorbic acid
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was not used. Although it is difficult to predict whether this effect will be replicable in the
field, it must be said that this is a consequence of the dissolution of a certain amount of iron
oxides/hydroxides, since the extractability of arsenic with these mobilizing agents was
accompanied by a greater solubilization of iron, as shown in Table 1.

Table 2. As concentrations (mg kg−1) in roots and shoots of Z. mays and C. sativa grown on As-
contaminated soils treated with different mixtures of oxalate and ascorbic acid (microcosm tests). The
values are the means of three replicates and the error bars show ± standard deviations. The different
letters within the same column represent different significance levels at p < 0.05 (Tukey’s test).

Treatment
Z. mays C. sativa

Roots Shoots Roots Shoots

CT 0.15 ± 0.02 a 0.06 ± 0.01 a 0.07 ± 0.01 a 0.03 ± 0.01 a
Ox 0.1/AA 0.01 3.30 ± 0.36 b 0.90 ± 0.07 b 1.28 ± 0.15 b 1.61 ± 0.11 b
Ox 0.2/AA 0.01 17.70 ± 1.86 d 8.32 ± 0.50 d 8.20 ± 0.90 d 6.35 ± 0.44 c
Ox 0.2/AA 0.02 8.60 ± 0.77 c 3.80 ± 0.23 c 4.60 ± 0.46 c 5.80 ± 0.29 c

The effects of the treatments on the concentration of arsenic in plants were also
highlighted by the values for total removal (obtained by multiplying the concentration of
arsenic by the biomass produced); the results obtained are shown in Figure 4.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 16 
 

As evidenced by the results of the Tukey’s test (letters associated with the data in 
Figure 3/Table 2), the biomass values obtained for the treated plants do not appear to have 
been significantly influenced by the treatments carried out (this applies in particular to 
the roots). This confirms the non-toxicity of the treatments and highlights that the quantity 
of arsenic absorbed by the plants does not create problems for their growth and develop-
ment. 

Table 2. As concentrations (mg kg−1) in roots and shoots of Z. mays and C. sativa grown on As-
contaminated soils treated with different mixtures of oxalate and ascorbic acid (microcosm tests). 
The values are the means of three replicates and the error bars show ± standard deviations. The 
different letters within the same column represent different significance levels at p < 0.05 (Tukey’s 
test). 

Treatment 
Z. mays C. sativa 

Roots Shoots Roots Shoots 
CT 0.15 ± 0.02 a 0.06 ± 0.01 a 0.07 ± 0.01 a 0.03 ± 0.01 a 

Ox 0.1/AA 0.01 3.30 ± 0.36 b 0.90 ± 0.07 b 1.28 ± 0.15 b 1.61 ± 0.11 b 
Ox 0.2/AA 0.01 17.70 ± 1.86 d 8.32 ± 0.50 d 8.20 ± 0.90 d 6.35 ± 0.44 c 
Ox 0.2/AA 0.02 8.60 ± 0.77 c 3.80 ± 0.23 c 4.60 ± 0.46 c 5.80 ± 0.29 c 

For both plant species investigated, the best combination of the two additives turns 
out to be 0.2 M oxalate + 0.01 M ascorbic acid, as this is the treatment that allows maximi-
zation of the concentrations of As in plants, both in the aerial parts and in the roots. It is 
interesting to note the increase in As content compared with the untreated soil and also 
compared with the microcosms investigated in the first part of this work [50], in which 
ascorbic acid was not used. Although it is difficult to predict whether this effect will be 
replicable in the field, it must be said that this is a consequence of the dissolution of a 
certain amount of iron oxides/hydroxides, since the extractability of arsenic with these 
mobilizing agents was accompanied by a greater solubilization of iron, as shown in Table 
1. 

The effects of the treatments on the concentration of arsenic in plants were also high-
lighted by the values for total removal (obtained by multiplying the concentration of ar-
senic by the biomass produced); the results obtained are shown in Figure 4. 

  
(a) (b) 

Figure 4. Arsenic uptake by (a) roots and (b) shoots of Z. mays and C. sativa grown on As-contami-
nated soils treated with different mixtures of oxalate and ascorbic acid (microcosm tests). The values 
are the means of three replicates and the error bars show the standard deviations. Values with dif-
ferent letters are significantly different at the 5% probability level (Tukey’s test). 

The arsenic adsorption data confirm what has already been said regarding the data 
in Table 2. Furthermore, at the microcosm level, the corn plants seemed to possess a 
slightly higher As-extraction capacity than the hemp plants. 

0

1

2

3

4

5

Z. mays C. sativa

As
 u

pt
ak

e 
in

 ro
ot

 (µ
g)

CT
Ox 0.1/AA 0.01
Ox 0.2/AA 0.01
Ox 0.2/AA 0.02

a cba

c

b

d

d

0

1

2

3

4

5

6

Z. mays C. sativa

As
 u

pt
ak

e 
in

 sh
oo

t (
µg

)

a

b

d

c

a

b

c
c

Figure 4. Arsenic uptake by (a) roots and (b) shoots of Z. mays and C. sativa grown on As-contaminated
soils treated with different mixtures of oxalate and ascorbic acid (microcosm tests). The values are
the means of three replicates and the error bars show the standard deviations. Values with different
letters are significantly different at the 5% probability level (Tukey’s test).

The arsenic adsorption data confirm what has already been said regarding the data in
Table 2. Furthermore, at the microcosm level, the corn plants seemed to possess a slightly
higher As-extraction capacity than the hemp plants.

3.4. Mesocosms Tests with 0.2 M Oxalate + 0.01 M Ascorbic Acid

The average biomass values for aerial and root parts obtained from plants grown
in the control soils and in soils treated with the leaching solution (0.2 M potassium acid
oxalate and 0.01 M ascorbic acid) in the presence of PGPR are shown in Figure 5.

The data obtained in the mesocosm tests confirmed what has already been seen in the
microcosm tests, namely, that the treatment with the leaching solution does not significantly
influence the production of biomass. The data relating to the absorption of As by plants are
shown in Table 3.
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Figure 5. Dry weights (mg pot−1) of (a) roots and (b) shoots of Z. mays and C. sativa grown on soil
control (CT) and soils treated with the 0.2 M oxalate and 0.01 M ascorbic acid solution (mesocosm
tests). Values are the means of three replicates and the error bars show the standard deviations.
Values with different letters are significantly different at the 5% probability level (Tukey’s test).

Table 3. As concentrations (mg kg−1) in roots and shoots of Z. mays and C. sativa grown on soil control
(CT) and soils treated with the 0.2 M oxalate and 0.01 M ascorbic acid solution (mesocosm tests). The
values are the means of three replicates and the error bars show ± standard deviations. The different
letters within the same column represent different significance levels at p < 0.05 (Tukey’s test).

Treatment
Z. mays C. sativa

Root Shoot Root Shoot

CT 2.48 ± 0.30 a 1.23 ± 0.10 a 2.15 ± 0.26 a 1.05 ± 0.08 a
Ox 0.2/AA 0.01 15.8 ± 1.42 b 10.41 ± 0.52 b 10.1 ± 1.06 b 8.12 ± 0.49 b

On the basis of the results obtained, it was confirmed that the addition of the oxalate
+ ascorbic acid leaching solution is able to increase the bioavailability of arsenic, thus
allowing its absorption by plants. In particular, corn appears to have a greater absorption
capacity than hemp. However, in a field application, an important role is played by the
biomass produced, which has a decisive impact on total removal. The total arsenic removal
values during the mesocosm tests shown in Figure 6 confirm the efficacy of treatment
with the mobilizing agents. In quantitative terms, the amount of As removed was not
particularly high (a few micrograms adsorbed per plant), but it is necessary to take into
account the reduced growth of plants in the mesocosms. Therefore, it is safe to assume that
the uptake will increase in field tests, where plants will be able to develop more.
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Figure 6. Arsenic uptake by (a) roots and (b) shoots of Z. mays and C. sativa grown on soil controls
(CT) and soils treated with the 0.2 M oxalate and 0.01 M ascorbic acid solution (mesocosm tests). The
values are the means of three replicates and the error bars show the standard deviations. Values with
different letters are significantly different at the 5% probability level (Tukey’s test).
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3.5. Evaluation of the Production of Leachates

The main purpose of the mesocosm tests was to evaluate the possible effects of
arsenic percolation resulting from treatment with mobilizing agents. Leachate formation
during plant growth following daily irrigation was therefore monitored. The mesocosms
were irrigated with tap water according to the needs of the plants, basically on a daily
basis. Particular attention was paid to the formation of leachates following the addition
of the leaching solution (about 10 days after transplanting the seedlings); none, however,
was observed.

Once the plants were harvested at the end of the test (2 months), the mesocosms
were saturated by adding 1 L of water to them, and the leachates formed were collected.
This test was not intended to simulate a normal situation that can occur in the field but
aimed to evaluate the maximum amount of As leached following an extreme atmospheric
phenomenon. The data obtained are shown in Table 4.

Table 4. Volume of leachates formed (mL) and concentrations of As (mg L−1). The values are the
means of three replicates and the error bars show ± standard deviations. The different letters within
the same column represent different significance levels at p < 0.05 (Tukey’s test).

Treatment
Z. mays C. sativa

Volume As Volume As

CT 770 ± 59 b 0.26 ± 0.03 a 640 ± 70 a 0.12 ± 0.01 a
Ox 0.2/AA 0.01 553 ± 50 a 0.25 ± 0.02 a 648 ± 45 a 0.09 ± 0.01 a

The quantities of As found in the leached solutions were rather low and, in any case,
comparable to those for the untreated control soil; therefore, the occurrence of problems in
the field test under “normal” weather conditions can be excluded.

3.6. Technical Specification Proposal for the Field Test

A phytoremediation test in the field (covering about 700 square meters) is planned
to be carried out in the external area with the aim of verifying on a real scale the results
obtained in the microcosm and mesocosm tests, in which the treatments with the chosen
mobilizing agents favored the absorption of the bioavailable fractions of the contaminant by
the plants, while the use of PGPR favored their growth and, consequently, greater removal
of arsenic. Corn and hemp will be used for the field test, but a third crop (to be defined)
will also be required to overcome the problems related to the seasonality of crop cycles.

4. Conclusions

Microcosm (300 g of soil per test) and mesocosm (4 kg of soil per test) tests were
carried out to evaluate the leaching efficacy of dilute solutions of potassium hydrogen
oxalate and ascorbic acid in different ratios. All trials were conducted in the presence of a
consortium of arsenic-resistant PGPR.

The tests confirmed that the combined use of the two organic compounds allows a
significant increase in the bioavailability of arsenic in the soils under study and, therefore,
absorption by plants. Following treatment with 0.2 M oxalate and 0.01 M ascorbic acid,
the arsenic contents in the aerial parts of the plants increased almost tenfold (from 1.23
to 10.41 mg kg−1 in Z. mays and from 1.05 to 8.12 mg kg−1 in C. sativa). All trials in pots
revealed that Z. mays performed better than C. sativa.

Despite the greater bioavailability of arsenic in the soils treated with the leaching
solution, no percolation phenomena were observed.

Although the plants used are particularly suitable for the geographical and climatic con-
ditions of the area, the results obtained confirm that the assisted phytoremediation approach
(a nature-based solution) is effective and sustainable in dealing with arsenic contamination.
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