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Abstract

Background and aim The use of amendments
to immobilize metals in polluted soils is a widely
accepted remediation approach, and in the frame-
work of the circular economy, amendments pro-
duced from mining and/or biomass waste have
gained relevance. However, the application of such
amendments can also mobilize metalloids. Here
we propose the combination of nanoscale zero-
valent iron nanoparticles (nZVI) with dunite (min-
ing waste) and compost for the remediation and
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restoration of soil affected by high concentrations
of As and metals.

Methods To this end, we treated pots containing
the polluted soil with combinations of dunite, com-
post, and nZVI for 75 days. In addition, Sinapis
alba was used to evaluate the effects of the amend-
ments on pollutant accumulation in the plant. The
mobility of the pollutants was monitored through
TCLP extraction and by sampling pore water. Fur-
thermore, pH, available P, and cation exchange
capacity (CEC) were also determined.

Results Dunite application led to the immobiliza-
tion of metals, and supplied Mg, thus improving
CEC. On the other hand, compost increased nutri-
ent content, and also promoted plant growth. How-
ever, this amendment caused a dramatic increase in
As accumulation in the plants. Finally, the appli-
cation of nZVI in combination with the other two
amendments was found to be the most appropriate
strategy since it not only prevented As mobiliza-
tion and accumulation but also added nutrients to
the soil, thus promoting plant growth.

Conclusion The combination of nZVI with dun-
ite mining waste and compost proved effective for
the remediation of soil simultaneously polluted by
As and metals.

Keywords Soil remediation - Arsenic - Metals -
Nanoscale zero-valent iron - Circular economy
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Introduction

Industrial development in urban and periurban areas
over recent decades has left numerous abandoned
areas (brownfields) that have still not been recovered
(Hammond et al. 2021; Wcisto et al. 2016). The most
notable types of degraded brownfields found in urban
areas are contaminated by metal(loid)s (Niu and Lin
2021). In this regard, several technologies, such as
phytoremediation, soil washing, and bioremediation,
are available to tackle this issue (Aparicio et al. 2022;
Rayu et al. 2012). In this context, a new emerging
concept, named nature-based solutions (NBS), offers
great potential for the remediation of contaminated
land and brownfield redevelopment (Song et al. 2019;
Wickenberg et al. 2021). Within NBS, amendments
of either organic or inorganic origin or a combination
of the two are already being used to stabilize soil. The
combination of NBS with phytoremediation tech-
niques has also been addressed (Kisser et al. 2020;
Martinez-Hernandez et al. 2020; Song et al. 2019).
Metal(loid) immobilization is a soil remediation
strategy of growing interest owing to its fast and
easy application and its commercial viability (Wang
et al. 2021; Zhang et al. 2021). This technique aims
to lower the mobility of metal(loid)s in soil, thereby
reducing their availability and avoiding uptake by
plants (Palansooriya et al. 2020; Wu et al. 2021).
Soil amendments have proven effective as immobiliz-
ing agents and soil ameliorants. However, no single
amendment is effective in all types of degraded soils
(Park et al. 2011). Evaluation of the physicochemical
properties of both the soil and amendments is crucial
for selecting the most appropriate combination to
simultaneously immobilize metals and metalloids in
brownfields affected by multielement contamination.
The possibility of turning an organic or inorganic
subproduct into a valuable soil amendment fully
complies with the principles of the circular economy
(Breure et al. 2018; Hou and Al-Tabbaa 2014). On
the one hand, huge amounts of inorganic subproducts
with no economic value are generated in mining oper-
ations, and their re-utilization is a universal challenge
(Agboola et al. 2020). This mining waste is frequently
non-hazardous and its properties are favourable for
other uses, such as the recovery of degraded soils
(Garcia et al. 2004; Ray et al. 2021). Dunite mining
waste has been successfully used as a soil amendment
to partially immobilize some metals and enhance soil
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properties (Baragafio et al. 2019). On the other hand,
organic amendments like compost, a typical ferti-
lizer used mainly in agriculture but also for contami-
nated soil recovery (Forjan et al. 2018a, b), increase
nutrient and organic matter content and improve the
physical properties of the soil (Beesley et al. 2014;
Mudhoo et al. 2020). However, As and other metal-
loids can be mobilized (Beesley et al. 2010); moreo-
ver, depending on the raw material used for produc-
ing the compost, it commonly contains inappropriate
amounts of metal(loid)s (Baragafio et al. 2021a).

To deal with the relevance and implications of soil
pollution (Lal et al. 2021), innovative technologies,
such as nanoremediation, have been explored over the
last 10 years. In this regard, the application of zero-
valent iron nanoparticles (nZVI) has gained special
interest (Li and Liu 2021; Stefaniuk et al. 2016; Vitk-
ovd et al. 2018). Comprised of a highly reactive mate-
rial with a large specific surface that can react with
pollutants such as As, these nanoparticles show high
efficiency (Baragafio et al. 2020a). However, nZVI
do not provide nutrients to soil and they are not fully
effective with some metals. Therefore, it is appro-
priate to combine nZVI with organic and inorganic
amendments that counteract these issues (Baragafio
et al. 2020b).

Following the preceding considerations, here we
tested the capacity of nZVI to mitigate As mobiliza-
tion and accumulation when used with a mixture of
inorganic and organic amendments (dunite mining
waste and compost) to remediate soil affected by
multi-element contamination. To this end, Sinapis
alba was used as an indicator plant in an experimen-
tal design with a soil representative of a brownfield
affected by As and metal pollution.

Materials and methods
Polluted soil and amendments

The polluted soil was taken from an industrial area
located in Northern Spain that operated for more
than fifty years until its closure in 1997 (Baragafio
et al. 2020c; Gallego et al. 2016). After an exhaus-
tive study of the distribution of pollutants in the
study area (data not shown due to confidentiality),
a composite sample of 20 kg of soil (labelled S)
was taken using standard procedures to obtained a
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representative sample from the polluted soils found
in the site. The physicochemical characterization of
the polluted soil is summarized in Table 1.

The physicochemical characteristics of the
inorganic (dunite mine waste) and organic (com-
post) amendments are described in Table 1. The
dunite mining waste (D) was taken from the pro-
cessing plant of David Mine, located in Galicia,
Spain. The sample used in this study belongs to
the finest fractions (<63 pm) generated during
the mining process (Baragafio et al. 2019). The
compost (C), provided by Piensos Lago S.L.
(Asturias, Spain), was made from animal manure
and plant debris.

In turn, commercial nZVI, namely NANOFER
258, were supplied by NANOIRON s.r.o. (Czech
Republic). According to the specifications, the
suspension have a Fe(0) content of 14-18% and
2-6% of magnetite. The particles have an aver-
age diameter of 60 nm, a strongly alkaline sus-
pension (pH 11-12), and an active surface area
of 20 m?/g (additional details are available at
WWW.Nanoiron.cz).

Mineralogical analysis of dunite mining waste

The mineralogical composition of the dunite min-
ing waste was assessed by powder x-ray diffraction
(PXRD) on a PANalytical X Pert Pro MPD diffrac-
tometer with Cu Kal radiation (1.540598 A). After
determining the position of Bragg peaks over the
range of 20=5-80°, the minerals were identified
using databases of the International Centre for Dif-
fraction Data, ICDD PDF-2 catalog (ICDD 2003).
Furthermore, the chemical composition of the dunite
particles were also measured by scanning-electron
microscopy and energy-dispersive X-ray spectros-
copy (SEM-EDX) using a JEOL JSM-5600 Scanning
Electron Microscope coupled to an Energy Dispersive
X-ray analyzer (INCA Energy 200) to supplement the
information acquired by XRD.

Greenhouse experiment
A total of 12 plant pots—3 per treatment—were

placed randomly in a greenhouse for 75 days. All pots,
which contained 1 kg of total mass, comprised 80%

Table 1 Characteristics
and metal concentrations of
the polluted soil (S), dunite

mining waste (D), and
compost (C)

Parameters Units Samples
S D C
pH 79+0.1 9.2+0.1 8.1+0.1
TN mg/kg <DL <DL 12+1
TC 23+3 5+1 1777
P (available) 1.7£0.3 22+0.1 1656 +23
AP* cmol, kg 0.03+£0.01  0.06+£0.01 <DL
Ca?* 47+0.2 12+0.1 63£2
K* 0.13+0.02 0.4+0.1 93+4
Mg** 0.5+0.1 10+1 28+2
Na*t 0.03+0.01 0.21+0.03 34+3
CEC 6+1 11+2 218+9
Pseudo-total concentration ~ As mg/kg 633+12 16+2 2242
Cd 25+2 0.9+0.1 1.5+0.3
Cu 1707+32  29z+1 34+2
Pb 5112+78  18+3 29+2
Zn 3739+65  38+4 149+7
Extractable concentration ~ As mg/kg 0.67+0.23 <DL <DL
Cd 0.67+0.12 <DL <DL
Cu 5+1 <DL 0.26+0.04
Pb 25+3 0.06+0.02 0.02+0.01
Zn 176 + 11 <DL <DL

<DL: below detection limit
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of contaminated soil and 20% of amendment, except
the pots in the control treatment (S), which contained
only contaminated soil. These proportions were cho-
sen based on previous studies where organic and
inorganic amendments were applied (Baragafio et al.
2019; Baragaiio et al. 2021b). Specifically, the appli-
cation of the high dose of the dunite mining waste is
justified given the nature of the residue, a material
with no economic value for the mining company. For
the dunite amendment (SD) experiment, the propor-
tion of dunite accounted for 20% of the total, while in
the dunite-compost mixture (SDC), each amendment
accounted for 10% of the total. Finally, 10% of both
dunite and compost plus 2% (w/w) of nZVI suspen-
sion was used for the SDCN treatment, which means
0.4% (w/w) of nZVI powder (Baragafo et al. 2020a;
Forjan et al. 2021). Sinapis alba was grown to con-
fer stability to the soil and to evaluate metal(loid)
uptake by the plant as it is a usual indicator plant for
remediation proposals (Jedynak and Kowalska 2011;
Vanék et al. 2010). Before planting the S. alba indi-
viduals, the polluted soil (S) and the treated soils (SD,
SDC, and SDCN) were pre-incubated in the pots for
7 days by watering. During this time, S. alba seeds
were germinated in a substrate, and then, small plants
were transplanted to the pots. The pots were watered
to field capacity throughout the experiment, and the
greenhouse was maintained at an average temperature
of 13+4 °C and 15/9 h (day/night cycle).

At day 0, 7, 15, 45, and 75, pore water samples
were collected to determine As and metal (Cd, Cu,
Pb, and Zn) by applying suction to rhizon samplers
(Rhizosphere research products, Wageningen, Nether-
lands) previously collocated in the above part of the
pots. The element concentrations were determined by
ICP-OES (Optima 4300 DV; Perkin-Elmer). Soil and
plants were removed and processed for further analy-
ses at the end of the experiment.

Soil analyses

For analytical procedures, soil samples were air-
dried, sieved at 2 mm, and homogenized. The pH was
measured using a pH electrode in a 1:2.5 water/soil
proportion (Porta et al. 1986). The total carbon (TC)
and total nitrogen (TN) concentrations of the samples
were determined in a LECO CN-2000 module. TCLP
extraction (USEPA 1992) was used to assess the con-
centration of extractable metal(loid)s. Pseudo-total

@ Springer

metal(loid) concentrations were determined by ICP-
OES after acid digestion in a microwave oven (Mile-
stone ETHOS 1, Italy) using aqua regia. Blanks were
measured each 10 samples and analytical duplicates
were also used. In addition, the analytical quality
control was conducted using the certified reference
material NIST SRM 2711a, Soil Montana II (charac-
terization in Table S1). Exchangeable cation concen-
trations (Ca’*, K, Mg**, Na*, AI**) were extracted
using 0.1 M BaCl, (Hendershot and Duquette 1986)
and determined by ICP-OES. The Cation Exchange
Capacity (CEC) was calculated following Houba
et al. (2000). Finally, available phosphorus (P) con-
centration was determined by the Mehlich 3 method
(Mehlich 1984).

For determining As speciation in soil samples,
0.1 g of soil and 15 mL of the extracting agent (1 M
H;PO, +0.1 M ascorbic acid) were placed in a micro-
wave vessel and digested (Multiwave 3000, Anton
Paar GmbH) at 60 W for 10 min (Garcia-Manyes et al.
2002). The extracts were consequently diluted and
filtered (0.45 pm). The As species were separated in
a 4.6 mmX 150 mm As Separation Column (Agilent
Technologies) fitted to a 1260 Infinity HPLC cou-
pled to a 7700 ICP-MS (Agilent Technologies) using
a mobile phase of 2 M PBS (Phosphate Buffered
Saline)/0.2 M EDTA (pH=6.0) at a flow of 1 mL/min.

Plant analyses

At the end of the experiment, all plants were har-
vested at the same stage of maturity (pre-flowering
state). The aerial part and roots of each plant were
separated and gently washed with deionised water
(ultrasound-assisted washing was performed to
remove remaining soil particles from roots). The
height of the plant was measured, and the aerial part
biomass was weighed. After oven-drying for 48 h at
80 °C, and cooling at room temperature, dry biomass
was determined.

The translocation factor (TF), defined by Baker
and Brooks (1989), was determined using the follow-
ing equation:

TF == (1

r

where C, is the metal(loid)s concentration in the
plant shoots and C, is the metal(loid)s concentration
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in the plant roots, both in mg/kg. A plant translocates
metal(loid)s effectively from the roots to shoots when
TF> 1.

The bioaccumulation factor (BAF) in the plants
was also determined, which measures their efficiency
to take up metal(loid)s from the soil, assessed by tak-
ing the available forms instead of the soil pseudo-
total concentrations as a reference (Rodriguez-Vila
et al. 2014), as expressed by the following equation:

Cyp
BAF = < )
where C,, is the metal(loid) concentration in the aer-
ial part (mg/kg) and C; is the extractable metal(loid)
concentration in the soil (mg/kg).

The concentration of As, Cd, Cu, Pb, and Zn in the
roots and the aerial part of the plant was analysed by
ICP-OES after acid digestion using HNO; in a micro-
wave oven. In addition, based on the models of the
Soil Fertility Capability Classification (SFCC) pro-
posed by Sanchez et al. (1982), various factors (e fac-
tor, K factor, M factor, n factor, Ca/Mg ratio and TN
content) related to plant production were determined
and then compared with the critical values defined by
the aforementioned authors.

Statistical analysis
All analytical determinations were performed in trip-

licate. The data obtained were treated using the SPSS
program, version 27.0 for Windows. Analysis of

28kV X2, 000 190m

20 490 BEI

Fig.1 SEM pictures of dunite mining waste and EDX spectra

variance (ANOVA) and test of homogeneity of vari-
ance were carried out. In the case of homogeneity, a
post hoc least significant difference (LSD) test was
carried out. If there was no homogeneity, Dunnett’s
T3 test was performed. A correlated bivariate analysis
was also performed by means of Pearson correlation.

Results
Dunite mining waste characterization

The diffraction pattern obtained by XRD (Fig. S1)
showed that dunite mining waste is composed
mainly of minerals from the serpentine group,
such as lizardite (Ref. Code: 00-050-1625;
(Mg,Al);((S1,Fe),05)(OH),), and also from the chlo-
rite group, such as clinochlore (Ref. Code: 01-087-
2496; MgsFe,,Al,Si1;0,,(OH)g) and kammererite
(Ref. Code: 00-012-0240; Mg5(ALCr),Si;0,4(OH)y).
Accessory  minerals as  hornblende  (Ref.
Code: 01-071-1062; (Ko3Nag ¢)(Ca,Mg, 5)
(MgsFe,Al 5Ti; »)AL,S1,0,,(OH),), ankerite (Ref.
Code: 01-079-1349; Ca(Mg »,Fej sMny ¢5)(CO5),)
and dolomite (Ref. Code: 00-034-0517; Ca(Mg,Fe)
(CO3),) are presented in low concentrations. The
complementary SEM analysis (Fig. 1) revealed the
presence of elements such as Al, Ca, Fe, Mg and Si,
some of the major elements presented in the composi-
tion of the identified minerals, in accordance with the
XRD characterization. Regarding trace elements, only
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Cu and Zn were detected in low concentrations using
this technique.

Pseudo-total concentrations and metal(loid)
extractability

The polluted soil (Table 1) was notably con-
taminated with As, Cd, Cu, Pb, and Zn, although
after the application of the amendments, As and
metals concentrations were slightly decreased
(Table 2), specially in case of dunite mining waste
application.

Figure 2 shows the extractable concentra-
tions of As, Cd, Cu, Pb, and Zn as determined by
TCLP extraction for each treatment at the end of
the experiment. The use of dunite (SD) caused a
significant reduction in the extractable concentra-
tion of Cd, Cu, Pb and Zn compared to the control
(S), while the extractable concentration of As was
very low and the difference between S and SD was
almost negligible (Fig. 2). However, when com-
post was added to the mixture (SDC), the extract-
able concentrations of Cd, Cu, Pb, and Zn were
significantly reduced compared to both the S and

SD treatments (Fig. 2). In contrast, the extractable
concentration of As rose significantly in the SDC
treatment compared to S (Fig. 2). Of note, the use
of nZVI caused a decrease in the availability of
As when compared with the SDC treatment. How-
ever, the extractable concentration of As was sig-
nificantly higher in the SDCN treatment compared
to S. In turn, the SDCN treatment registered the
lowest extractable concentration of Pb of all the
treatments (Fig. 2). Finally, for Cd, Cu and Zn, the
addition of nZVI did not cause a relevant variation
regarding the SDC treatment.

Arsenic speciation in soils

The analysis of As speciation in all soil sam-
ples, polluted soil and treated soils, revealed the
predominance of As(V), around 96% in all sam-
ples without significant differences, which is in
accordance with the source of the pyrite ashes
presented in the soils due to the pyrite roasting
under oxidant conditions. The application of the
amendments did not modify the As speciation in
the soil.

Table 2 Physicochemical properties of polluted soil (S) and soil after treatment with dunite (SD), dunite-compost (SDC), and dun-

ite-compost-nZVI (SDCN) for 75 days

Parameters Units Treatments
S SD SDC SDCN

Pseudo-total concentration As mg/kg 692.6+10.5a 4754+1.7c 555.7+5.6b 530.9+10.3b
Cd 257+0.1a  19.1+0.1c  21.2+0.6b  20.4+0.2b
Cu 1965+4.5a  1282+93c  1507+1.3b  1485+34.7b
Pb 5597+18.3a 3933+77.9c 4449+23.5b 4348+62.9b
Zn 3786+23.3a 2715+18.2d 3166+82.0b 2999 +39.6¢c

Physico-chemical properties and exchange =~ pH 8.0+0.0d 8.3+0.0c 8.5+0.0b 8.7+0.0a

cations ™N mg/kg <DL <DL 2.03+0.07a 1.83+0.03b

TC 22.67+1.19c 19.20+0.12d 42.47+0.22a 38.73+0.62b
P (available) 3.14+0.44c 2.18+0.12c  253.4+10.9a 30.33+3.38b
APt cmol,/kg 0.02+0.0la  0.03+£0.00a 0.03+0.0la 0.02+0.00a
Ca’t 4.48+0.08b 3.93+0.17b 15.28+0.34a 16.23+0.54a
K* 0.12+0.00c  0.22+0.01c  13.03+0.65a 11.01+0.29b
Mg>* 0.23+0.00c 4.36+0.30b 5.44+0.18a 5.07+0.21a
Na* 0.15+0.01b  0.14+0.00b 5.58+0.34a 5.22+0.19a
CEC 4.99+0.09c 8.68+0.47b 39.36+1.48a 37.56+1.22a

For each line, different letters in different samples indicate significant differences (n =3, ANOVA; P <0.05). Typical deviation is rep-

resented by +. <DL, below detection limit
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Evolution of As and metals in pore water

Figure 2 also shows the evolution of the concen-
trations of As, Cd, Cu, Pb and Zn in pore water on
day 0, 7, 15, 45, and 75. For the S and SD treat-
ments, all metal(loid)s, except Zn, showed con-
centrations in pore water below the limit detection
value (40, 5, 5 and 20 pg/L for As, Cd, Cu and

—a—-S —a—SD —¢SDC SDCN

Pb respectively). However, the concentration of
Zn, decreased over time in these two treatments.
In contrast, in the treatments with compost (SDC
and SDCN), the concentration of this metal and
also that of As and Cu increased over time. How-
ever, the SDCN treatment showed lower con-
centrations of the metal(loid)s than the SDC
treatment.
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Evolution of physico-chemical properties

At the end of the experiment (75 days), the soil in the
distinct treatments had significantly different pH val-
ues, reaching the highest value for the SDCN treat-
ment, followed by SDC, SD, and finally the control
(S) (Table 2).

The significant increase in pH upon the addition
of dunite and compost amendments compared to S
was positively correlated with dunite contribution
to Mg?* (0.86, P<0.01) and Ca?* (0.92, P<0.01),
and compost contribution to K* (0.89, P <0.01) and
Na* (0.91, P<0.01). The increase in pH in each
treatment compared to S was also positively corre-
lated with TC (0.84, P<0.01) and N (0.90, P <0.01)
values.

In turn, the null N content in the SD treatment
was enhanced by the addition of compost (Table 2).
The highest TC content at the end of the experiment
was observed in the SDC treatment. Although the
addition of nZVI significantly reduced this value,
the SDCN treatment attained significantly higher
values compared to S and SD (Table 2). TC and N
contents were positively correlated (0.94 and 0.93
respectively, P<0.01) with the biomass collected,
an outcome explained by the importance of these
nutrients for plant growth (Schjgnning et al. 2004).

The S and SD treatments revealed the lowest avail-
able P content, whereas the highest value for this
parameter was achieved in the SDC treatment due
to the compost addition (very rich in P as shown
in Table 1). However, the aplication of nZVI in the
SDCN treatment significantly reduced P availability
(Table 2).

Monitoring cation exchange capacity

CEC values increased for all treatments with respect
to S (Table 2). Indeed, the addition of dunite mining
waste increased the content of Mg?*, which implied
a significant increase in CEC. Furthermore, the dis-
solution of Mg bearing phases (see mineralogical
characterization), and therefore the consumption of
protons during the hydrolysis, resulted in an increase
on the soil pH. The use of compost as amendment
(SDC and SDCN) caused a dramatic increase in CEC,
which reached its highest value in the SDC treatment.
However, the addition of nZVI to the compost-dunite
(SDCN) did not significantly reduce CEC values.
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Fig. 3 Evolution of A) fresh biomass, B) height of the aerial
part and C) length of roots of plants grown in the polluted
soil (S), and in soil treated with dunite (SD), dunite-compost
(SDC), and dunite-compost-nZVI (SDCN)

Plant production and growth

Figure 3 shows the fresh biomass and the length of the
aerial part and root of Sinapis alba after 75 days of soil
treatment. Significant differences were obtained regard-
ing the amount of fresh biomass harvested (P <0.05);
the highest amount was collected in the SDC treatment,
followed by SDCN, SD, and finally S (Fig. 3). Moreo-
ver, the length of the aerial part increased after the addi-
tion of each amendment. Regarding root length, the
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addition of each amendment also enhanced this param-
eter, except for the SDCN treatment, which caused an
increase compared to S, but a decrease compared to the
SD and SDC treatments.

Metal(loid) accumulation in Sinapis alba

Table 3 shows the concentrations of metal(loid)s in
roots and aerial parts of the plants for each treatment.
Generally, Pb and Zn were the metals with the great-
est accumulation in the plant, followed by Cu and As.

The accumulation of Zn in the aerial part is higher
in the plants growing in the polluted soil than in the
treated soils. However, the application of compost in
the SDC treatment revealed the highest accumulation
of this metal in the roots. On the other hand, the appli-
cation of dunite mining waste and nZVI decrease the
Zn concentration in the roots of the plants, especially
the addition of the nanoparticles.

Regarding the Pb concentrations in the plant sys-
tem, it is not possible to observe differences in the
aerial part of the plants between soil treatments,
although Pb accumulation in roots is higher in the
plants from the polluted soil than in the soil treat-
ments. The application of dunite mining waste
decreased the Pb concentrations in roots, and the
addition of compost drastically decreased the accu-
mulation of this metal. However, although roots of the
plants growing in the nZVI-treated soil shown lower
Pb concentration than roots from the polluted soil,
higher concentrations are found in comparison with
the dunite mining waste and compost application.

The application of compost to the soil drasti-
cally increases the Cu concentration in the aerial
part of S. alba, although the combination with

nZVI mitigates the Cu accumulation provoked by
the compost. However, the Cu concentration in the
roots of the plants growing in the SDC treatment
revealed the lowest values.

The accumulation of As in the plants growing in
the polluted soil is higher in the roots than in the aer-
ial part, although the application of the dunite min-
ing waste decreased the As accumulation in the roots.
On the other hand, compost addition increased the As
accumulation in the aerial part. However, the applica-
tion of nZVI mitigates As accumulation in the aerial
part, and also in the roots in comparison with the
plants from the untreated polluted soil.

Finally, the accumulation of Cd in the aerial part
and roots is very low compared to the other pollut-
ants, and no differences were found between soil
treatments.

Discussion

Initially, the polluted soil was notably contaminated
with As, Cd, Cu, Pb, and Zn, as a result of the pres-
ence of pyrite ash at the site (Gallego et al. 2016;
Oliveira et al. 2012). After the application of the dun-
ite mining waste, a dilution effect (20% of dunite with
very low metal and metalloid content was added)
implied a reduction of total contents of the referred
pollutants. According to the scientific literature, only
elements such as Cr or Ni may be abundant in the
ultramafic geological environment of dunite mines
(Vithanage et al. 2019), although the mining activ-
ity in the site avoid the dunite production in areas
slightly enriched in these elements. In fact, the chemi-
cal analysis using SEM (Fig. 1) shown not significant

Table 3 Psecudo-total
concentration of As, Cd,

Elements

Cu, Pb, and Zn in the aerial

Aerial part As
part and roots of the plants

grown in the polluted Cd

soil (S) and soil amended Cu

with dunite (SD), dunite- Pb

compost (SDC), and dunite- 7n

compost-nZVI (SDCN)

after 75 days of treatment Roots As
Cd
Cu
Pb
Zn

S SD SDC SDCN
mg/kg 25+9b 31+7b 187+ 12a 45+12b
S+1la S+1la 9+2a T+1a
43+21c 73+ 14c 341+72a 128 +15b
122 +7a 107+8a 128+ 12a 115+26a
891+2la 697 +41b 674 +24b 663 +33b
mg/kg 159 +8a 99+12b 63+21b 94 +26b
6+2a 5+2a 10+3a 4+3a
409+41a 270+31b 66+27d 135+12¢c
1560+149a  947+61b 123 +14d 433 +88c
753 +36b 578 +22c 1270+123a  240+33d
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concentrations of these elements in the dunite mining
waste, also supported by the mineralogical composi-
tion determined by XRD (Fig. S1). On the contrary,
depending on the raw material used for compost pro-
duction, the use of this amendment can lead to the
introduction of some metal(loid)s into the soil (Bees-
ley et al. 2010). In our case, the compost amendment
contained a significant amount of Zn, but also As, Cu,
and Pb (Table 1).

Despite the above, neither the addition of dunite
mining waste nor the application of compost affected
significantly the total concentrations of these metals
(Table 2). Therefore, in all the experiments and for all
the elements, the initial concentrations were observed
to decrease. Given the high initial soil concentrations
of these contaminants, this decrease was undoubt-
edly due to a dilution effect. These variations may be
statistically significant in some cases but are not rel-
evant in the framework of this study according to the
extremely high concentrations of some metals in the
soil.

On the other hand, after the application of the
amendments it was revealed that the extractable con-
centrations of some metal(loid)s were modified. In
conclusion, dunite (SD treatment) caused a signifi-
cant reduction in the availability of Cu, Cd, Pb, and
Zn and did not increase As availability compared to
the control (S). These results are consistent with pre-
vious data obtained for the immobilization of metals
after soil amendment with dunite (Baragafio et al.
2019). The decrease in the availability of Cd, Cu, Pb,
and Zn was negatively correlated to the increase in
pH (-0.94, —0.87, —0.97, and—0.91, respectively;
P <0.01) caused by an enhanced Mg?* content upon
the addition of dunite mining waste, performed by
the dissolution of Mg bearing phases. Therefore, the
immobilization mechanism was metal precipitation,
as it was shown in a previous work (Baragaifio et al.
2019). Then, when compost was added as an organic
amendment (SDC), the availability of Cu, Cd, Pb and
Zn showed a greater reduction, but As availability
was substantially increased. Baragafio et al. (2020b)
also described these changes in the availability of As,
Cu, Pb, and Zn after applying compost amendment.
In this regard, this amendment increased organic mat-
ter, thereby enhancing negatively charged functional
groups due to soil pH, and thus implying As mobi-
lization. In the same context, Beesley et al. (2014)
concluded that compost favors the potential for As
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leaching due to its effects on dissolved organic carbon
and soluble P concentrations. Here we found posi-
tive correlations between the availability of As and
P (0.96, P>0.01), but negative correlations between
Cd, Cu, Pb, Zn and P (-0.66, —0.51, —0.56, —0.56).
These findings could be explained by the formation
of insoluble metal orthophosphates from the com-
bination of Cd, Cu, Pb, and Zn and the phosphate
added by compost (Eighmy and Eusden 2004; Gong
et al. 2018). Finally, the SDCN treatment entailed a
reduction in the availability of all the metal(loid)
s studied, except As, compared to the control. How-
ever, a comparison of the addition of nZVI (SDCN)
with the SDC treatment revealed that the nanoparti-
cles caused a significant depletion of the extractable
concentrations of As and Pb and maintained those
of the remaining metals low. When comparing As
concentration in pore water before and after nZVI
application (SDC and SDCN treatments), similar
trend is shown, suggesting that the As immobiliza-
tion due to nZVI is not dependent on ageing, but the
As mobilization due to compost addition is increasing
along time. The efficiency of nZVI to immobilize As
through sorption onto the iron (hydro)oxide layer has
been also reported (Baragaiio et al. 2020d; O’Carroll
et al. 2013; Vitkova et al. 2018), although in our case,
the interaction of nZVI with other elements, such
as P provided from compost addition, revealed that
the nanoparticles application was not fully efficient
respecting As immobilization.

With regard to As, Cd, Cu, Pb and Zn in pore
water, in general terms, the concentrations were
low, excepting for As (up to 500 pg/L after the
application of compost), and the variation of the
results within treatments was not significant when
compared with extraction in moderately acidic
conditions, such as TCLP, as discussed above. In
contrast, in the treatments with compost (SDC
and SDCN), the concentration of this metal and
also that of As and Cu increased over time. The
increase in the concentrations of these metal(loid)
s was directly correlated with pH (As 0.74, Cu 0.94,
Zn 0.76, P<0.01) and also with TC content (As
0.93, Cu 0.96, Zn 0.95, P<0.01). The increase on
the mobility of As and Cu are related to variation
of soil pH and organic matter, as identified by other
authors (Beesley et al. 2010), although the presence
of these elements in the compost could not be negli-
gible (Table 2).



Plant Soil (2024) 497:241-255

251

Generally, the SDCN treatment showed lower con-
centrations of the metal(loid)s in pore water samples
than the SDC treatment. This observation indicates
that nZVI addition also mitigated the mobilization
caused by the application of compost. Moreover, in
these two treatments, three differentiated periods can
be observed with respect to the metal(loid) concentra-
tions in pore water. During the first 7 days, the release
of the metal(loid)s increased dramatically. Then,
from day 7 to 15, the concentration of the elements
decreased abruptly. Finally, from day 16 to 75, the
concentration of the elements gradually increased.

Regarding soil properties, the increase of pH, TN,
TC and P was successfully achieved after the appli-
cation of compost. However, it is remarkable that the
increase of available P caused by the compost addi-
tion to the soil was mitigated by nZVI application
(Table 2). The similar chemical behaviour of P and
As explains the reduction in their availability upon
the addition of nZVI to the dunite-compost mixture,
as these two elements compete for binding sites on
the iron (hydr)oxide layer (Baragafio et al. 2020a, b,
¢, d). If As would be dominantly in trivalent form,
there will be limited sorption to hydrous ferric oxides,
but in our case As(V) is the predominant form, sug-
gesting As sorption onto these iron phases in the soil.
However, the negatively charged functional groups of
the organic matter cause a repulsive reaction between
the soil surface and As anions (Arco-Lazaro et al.
2016; Woolson et al. 1973).

On the other hand, the enhanced CEC was also due
to the increase in Ca>*, K*, Mg?*, and Na®* concen-
tration caused by the compost, as reported by other
authors (Forjan et al. 2017). However, although nZVI
did not reduce CEC values, nZVI use may be related
to the direct deposition of nanoparticles on roots, a
process that blocks water and nutrient uptake (Ma
et al. 2013; Stefaniuk et al. 2016). In fact, a positive

correlation was found between the biomass collected
and CEC (0.93, P<0.01), as the latter is an indica-
tor of nutrient availability and, therefore, plant growth
capacity. In this sense, usual soil factors related to
plant production are shown in Table 3. The control (S)
revealed negative effects for all the factors analysed.
However, after the addition of dunite (SD), most of
these factors were favourable, except n factor and TN,
due to the low Na and N content of the dunite mining
waste (Table 1). Even after the addition of compost
to the soil, the Na concentration in the soil was still
below 15%, although closer values were found for the
SDC (14.18%) and SDCN (13.91%) treatments.

The application of the mixture of amendments
have shown changes not only in soil properties, but
also on plant system. The biomass collected in the
different treatments is congruent with the CEC values
given in Table 2, and also with the limiting factors
related to plant growth shown in Table 4. The appli-
cation of factors related to plant production indicated
that the fertility quality of the polluted soil is very
poor, although after the application of the amend-
ments the fertility of the soil is improved (Table 4).
Of note is the difference in root length between treat-
ments. In this regard, the application of compost
and dunite (SDC) resulted in a notable increase in
this parameter, while the addition of nZVI (SDCN)
decreased it to the same value as plants growing in
the control (S). The reduction in root length after the
application of nZVI can not be explained by chemi-
cal parameters (As and metals concentrations in this
part of the plant are lower in the SDCN treatment
than in the polluted soil), but may be explained by
physical parameters. Zhou et al. (2019) revealed that
nZVI addition to the soil increases soil compaction,
thus reducing root growth. However, the SDCN treat-
ment showed the highest length of the aerial part,
which could be attributed to the improvement of soil

Table 4 Factors related to plant production of polluted soil (S) and soil after treatment with dunite (SD), dunite-compost (SDC), and

dunite-compost-nZVI (SDCN)

Treatment e factor (CEC>6 K factor (K>0.2 M factor (Mg>0.4  n factor Ca/Mg<10Mg TN>0.15
cmol, /kg) cmol, /kg) cmol, /kg) (Na>15%)

S X X X X X X

SD \ \ \% X v X

SDC \ \ v X \% \

SDCN % \ \% X \% v

Conditions favourable for plant production are represented by “v”, and unfavourable conditions by “x

gy
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chemical properties (increase in pH, decrease in As
availability).

Generally, Pb and Zn were the metals with the
greatest accumulation in the plant. In fact, the
metal(loid)s present in the soil at the highest con-
centration was also found in higher concentrations in
the plants. Therefore, the highest accumulation was
found for Pb and Zn, which was also reported in S.
alba growing in other soils (Boshoff et al. 2014; Du
et al. 2020).

Regarding the TF for the metal(loid)s, in the polluted
soil only TF for Zn was below 1, indicating the capacity
of this plant to translocate this element from roots to the
aerial part (Table S3). However, the BAF values shown
that the plant was not efficient at taking the metal(loid)s
from the soil, although the highest values were found for
Zn and Cd (0.24 and 0.19 respectively).

The application of the dunite mining waste decreased
the Cu, Pb and Zn accumulation in the roots of the plant
due to the decrease of the availability of these elements in
the soil. Furthermore, the decrease on metals accumula-
tion was also observed in the aerial part for Zn, although
not for Cu and Pb. However, despite the lower metal(loid)
s accumulation, the TF and BAF for each element
revealed a slightly increase.

The addition of compost increased the accumulation
of these metals in the plant, particularly for Zn in the roots
and for As in the aerial part (Table 3), although this accu-
mulation of metal(loid)s in S. alba growing in soils treated
with compost differs from that found in other studies (Bru-
netti et al. 2012). According to pollutants availability, the
increase in As uptake by the plant is related to the increase
in labile forms of As seen in pore water, caused by the
compost amendment (Clemente et al. 2010). The TF val-
ues for As, Cu and Pb drastically increased respecting to
the untreated polluted soil, revealing that the capacity of
the plants to translocate these elements was improved by
the organic amendment application. Moreover, BAF val-
ues were also increased for As and Cu, revealing that the
plants were able to extract both elements from the soil
easily.

Finally, the accumulation of As and Zn was signifi-
cant reduced after the addition of nZVI to the mixture
(SDCN vs SDC), revealing that the decrease of the con-
centrations of both elements in pore water was useful
to mitigate negative impacts on the plants. In accord-
ance, the TF and BAF values for As decreased from
2.97 and 0.34 to 0.48 and 0.08 (SDC and SDCN treat-
ments respectively). Therefore, the addition of nZVI
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considerably reduced the transfer of As from the soil
to the plant as it was observed using similar plants by
other authors (Vitkova et al. 2018).

Conclusions

The application of mining and biomass waste for
metal(loid) immobilization emerges as a promising
low-cost approach within the context of the circu-
lar economy, although the interaction into the soil-
plant system is not well-explored. In this regard, here
we demonstrate the efficacy of nZVI-dunite mining
waste-compost amendment to remediate and restore a
metal(loid)s-polluted soil in combination with the plant
S. alba.

Dunite mining waste was efficient at decreasing Cu,
Pb, and Zn concentrations in pore water. Therefore,
the accumulation of these elements in the roots of the
plants also decreased. Moreover, Zn concentration in
aerial part was decreased, although Cu and Pb concen-
trations were not modified. However, the low OM and
N content, and low CEC values, caused mainly by defi-
cient Ca®* and Na* content, resulted in poor biomass
development.

On the other hand, the addition of compost to the dun-
ite led to an increase in soil nutrient content, which in
turn favoured plant growth. The dunite-compost amend-
ment also proved a feasible strategy for metals immobili-
zation in soil, although the addition of compost implied a
slight increase in As concentration revealed by pore water
analyses. However, the accumulation of metal(loid)s in
the plant was severely increased, especially in case of As
in the aerial part and Zn in the roots. Therefore, the plants
were able to extract both elements easily from the soil.

Finally, the application of nZVI in combination with
both amendments revealed that nanoparticles mitigated
the mobilization of As in the pore water caused by the
compost addition. Moreover, the accumulation of As and
Zn was significant reduced after the addition of nZVI to
the mixture with the soil.

In conclusion, our results reveal that the application
of dunite mining waste is a feasible approach for reduc-
ing metals mobility and accumulation in plant, although
compost is necessary for promoting plant growth under
the risk of increasing pollutants accumulation. To solve
it, the combination with nZVI results in the optimal
option for mitigating pollutants accumulation in plant and
stimulating plant growth simultaneously.
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