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Environmental significance

Bio-based carbon foams assembled with Fe
nanoparticles for simultaneous remediation of As,
Hg and PAHSs in co-contaminated industrial soilst

|. Janeiro-Tato,®® E. Rodriguez,® M. A. Lopez-Anton, @©*2 D. Baragafio,? L. Arrojo,?
P. Parra-Benito,? A. |. Peldez® and J. R. Gallego ®¢

Although numerous amendments show well-defined efficiencies for the remediation of soils contaminated
with metals, metalloids, and organic compounds separately, few technologies have been developed
capable of remediating multi-contaminated soils. In this study, carbon foams prepared from sucrose with
and without impregnation with iron species were applied at a 10% dose to immobilize As on two industrial
soils co-contaminated with Hg and PAHs. The results obtained by the toxicity characteristic leaching
procedure (TCLP) test showed that the application of the sucrose foam loaded with iron nanoparticles
decreased the leachability of As in both soils (15-20%), being statistically significant only in the case of T
soil, whereas the availability of Hg was considerably reduced with both sucrose foams (50-60%). With
regard to the bioavailable fraction of PAHs determined by a non-exhaustive technique, the treatment with
the carbon foams caused a significant decrease of PAH content (90-96%). The macro-, meso- and
microporosity of the sucrose foams (Sger ~300 m? g%, their structure based on condensed aromatic
sheets, and the possibility of depositing iron nanoparticles on their surface (FeOOH and FezO,4) make them
promising new amendments for the sustainable remediation of multi-contaminated soils.

Mercury, arsenic and polycyclic aromatic hydrocarbons (PAHs) are well known for their toxic effects on human health. Most of these organic and inorganic
pollutants come from anthropogenic sources, causing soil deterioration. Therefore, excessive levels of these toxic pollutants in soils are of great concern

both for the environment and for their subsequent transfer to the human food chain. In this study, a new sustainable material based on a carbon foam

has been developed capable of remediating multi-contaminated soils, a task that is often not easy to carry out. The work is approached not only from the
point of view of reducing the mobility of these contaminants but also from the study of their bioavailability. Furthermore, the application of the novel

nanocomposite developed immobilizes the contaminants without altering the natural levels of Fe(u) in the soil, which avoids the drawbacks of some

materials developed to date.

1. Introduction

been identified as the third most important threat to
Europe," with more than 10 million contaminated sites

According to the European Environment Agency (EEA),
rapid and generalized urbanization and industrialization
cause an environmental imbalance, with the soil being
one of the most affected compartments. Soil pollution has
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worldwide.> Although some elements and compounds are
naturally present in the soil, most of the organic and
inorganic pollutants come from anthropogenic sources.®*
High concentrations of metal(loid)s and organic
contaminants can  cause deterioration ~ of  the
physicochemical properties and biological function of the
soil.> Excessive levels of toxic pollutants in soils are of
great concern both for the environment and for their
subsequent transfer to the human food chain.® Metal(loid)
s such as Hg and As are well known for their toxic effects
on the kidney and nervous system,” whereas organic
pollutants such as polycyclic aromatic hydrocarbons (PAHs)
are registered as priority pollutants due to their persistent,
toxic, genotoxic and carcinogenic nature.®
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The intense industrial and mining activity that has taken
place in many regions for decades has left many sites
affected by a complex mix of pollutants. In many cases, such
places are situated close to urban and peri-urban areas.”*’
The mix of contaminants poses a challenge for in situ
remediation.

The mobility of the pollutants depends on their chemical
speciation which is mainly a function of pH and redox
potential of soil. In addition to the knowledge of speciation,
the analysis of the bioavailable fraction of each type of
contaminant will be essential to assess environmental risk
and to predict bioremediation efficiency."

Investigations on the remediation of both organic and
inorganic pollutants (individually) are large. Single
contamination can be effectively treated with the help of
immobilizing agents such as nanomaterials."”> However,
remediation of co-contaminated soils is more complex.">"*
The interaction between organic and inorganic compounds
may alter the solubility and bioavailability of pollutants. In
addition, the adsorbed pollutants can be affected by
competition for the active binding sites."”” In situ
immobilization uses iron oxides and zero valence iron
nanoparticles (nZvVI) which are remarkable for their high
capacity to immobilize As in soils."® A decrease of 90% in
As availability by toxicity characteristic leaching procedure
(TCLP) test was achieved at a dose of 2% nZzZVL'’ The
mechanism of immobilization may involve adsorption and
coprecipitation reactions and formation of secondary
minerals."®'® However, this type of amendments presents,
among others, the risk of an increase in the availability of
certain metals such as Cu.?*' On the other hand, historical
mining and processing have led to multiple soils
contaminated not only with As but also with heavy metals
such as Hg, which requires various approaches for their
remediation.>*** Unlike As, the immobilization of mercury
by in situ stabilization is a technology still under
development. The addition of sulfur-containing ligands is
one the most stabilizing methods used to immobilize
mercury. Treatments with iron sulfide nanoparticles and
biochar modified with elemental sulfur have been reported
to reduce the leachability of mercury up to 95-99% with
treatment dosages of 1-5% in TCLP leachates.>**® Graphene
oxide/Fe-Mn composite and nZVI were also employed as
amendments for mercury immobilization, reaching
satisfactory results.>®?” The leachability of mercury was
significantly reduced by 90-99% at dosages of 0.4% and
0.8% composite and 50-80% at a dose of 2.5% nZVI in
batch leaching tests. Nevertheless, the potential effects of
the nanoparticles on the environment and an increase in
the volume of waste must be taken into consideration when
this type of amendment is applied. Organic pollutants may
also be present in many of these abandoned sites along
with As.>?®

Although some studies have focused on both metal(loid)s
and organic pollutants,> ' remediation technologies that
can stabilize both types of contaminants have not yet been
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thoroughly evaluated. Nanoscale materials have been
evaluated for the immobilization of organic pollutants in
contaminated soils; in particular, activated carbon
nanoparticles and magnetite nanoparticles may adsorb PAHs
from soil, lowering their bioavailability and reducing their
concentration due to the sorption process.”> Iron-based
compounds have also showed to be effective in
simultaneously immobilizing As and PAHs.”® However, most
studies are based on a combination of remediation
technologies (microbial-plant or electrokinetics—
biostimulation combination, chemical oxidation-
bioremediation)*?***?* whose efficiencies depend on the
type of plant, metals, etc., and in many cases they are costly
and laborious techniques. Therefore, the remediation of
contaminated soils is an unquestionable requirement that
must be addressed from different fronts.

The innovative content of this study covers two main
aspects: (1) how to address the problem of immobilization
of As when metals, such as Hg, or organic contaminants,
such as PAHs, are also present, and (2) the development of
a new amendment to solve the problem, both approaches
framed within natural and environmentally sustainable
solutions. Although carbon foams prepared using coal as a
precursor have previously been used to reduce the
availability of Hg and As achieving efficiencies of 75-
100%,*>*® the fact that the carbon foams developed in this
study use a low-cost sustainable precursor and that their
preparation involves a low energy cost make them an
economically competitive product compared to other carbon
foams developed in the market.’” Furthermore, the use of
this new amendment could fill a gap in this field,
sometimes difficult to cover with biochars, such as the
remediation of soils contaminated with both metals and
metalloids.

In this study, the use of a carbon foam obtained from a
bio-precursor (sucrose) is proposed as a novel sustainable
approach for the remediation of soils co-contaminated with
PAHSs, Hg and As. The objective of the study was to evaluate
not only the efficiency of a new amendment for the
immobilization of several contaminants through leaching
tests but also the bioavailability of PAHs through extraction
techniques. A better understanding of this issue is helpful to
elucidate the interaction mechanism and optimize strategies
for in situ remediation.

2. Materials and methods

2.1 Soil samples and analysis methods

For the development of this work, two soils were used, one
from an abandoned Hg mining-metallurgy site, El Terronal
mine (T soil), and another from an old ammonia factory (M
soil) from two regions in the north and south of Spain,
respectively. The soils are located in areas of high industrial
activity with high levels of contamination by As and Hg, and
As and PAHSs, respectively.”®3®

This journal is © The Royal Society of Chemistry 2024
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The pH and electrical conductivity (EC) of the soils were
determined in a suspension of 1 g of soil and 2.5 ml Milli-Q
water.

The total content of As in the soils was determined by
inductively coupled plasma mass spectrometry (ICP-MS) after
digestion with 3:1:0.5 (v/v/v) concentrated HCI/HNO;/HF in
a microwave oven, whereas the total content of Hg was
directly determined using an AMA 254 automatic mercury
analyzer.

The mobility of As and Hg in the soils was evaluated by
using the toxicity characteristic leaching procedure (TCLP)
test.>® Additionally, the availability of As and Hg was also
assessed using two specific sequential extraction methods
proposed by Wenzel et al?® and the United States
Environmental Protection Agency (USEPA) Method 3200,"
respectively. The adopted sequential extraction method
proposed by Wenzel et al. provides the following fractions:
non-specifically sorbed As, specifically sorbed As, amorphous
hydrous oxide-bound As, crystalline hydrous oxide-bound As
and residual As. In turn, USEPA Method 3200 provides
mobile Hg, semi-mobile Hg and non-mobile Hg. The
resultant concentrations of As and Hg were analysed by ICP-
MS and AMA 254, respectively.

The total concentration of 16 PAHs, designated by the
USEPA as priority pollutants, was determined by gas
chromatography mass spectrometry (GC-MS) after an
exhaustive extraction technique. The analysis by GC-MS is
detailed in the ESL{ The extraction was carried out using an
acetone-hexane mixture in an orbital shaker, following a
procedure similar to that of Beesley et al**** The resultant
solution was filtered and subsequently concentrated by rotary
evaporation.

The bioavailable fraction of PAHs was determined by a
non-exhaustive technique using hydroxypropyl-p-cyclodextrin
(HPCD). This term defines the bioavailable amount of
contaminants that can be desorbed over time (not in a given
moment of time).** Briefly, 3 g of soil were mixed with a 45
ml solution of 60 mM HPCD in deionised water and shaken
for 20 h on an orbital shaker at 250 rpm.*>*® After extraction,
the mixture was centrifuged and the supernatant was
discarded. To determine the PAH concentration remaining in
the soil after HPCD extraction, the resultant soil was then
subjected to the acetone-hexane extraction described above.
After concentration and clean-up, the extract was analysed by
GC-MS.

The results of the HPCD extraction were divided into
two fractions, bioavailable and residual. The concentration
remaining in the soil after HPCD extraction represents the
residual  concentration measured (Cg). Thus, the
bioavailable  concentration (Cg) was calculated by
subtracting the residual concentration (Cg) from the total
concentration (Cp). Both total and HPCD extractions were
carried out in triplicate and included deuterated PAH
recovery standard (20 pl of pyrene-d10 from a 100 ug mL™"
stock solution). The recoveries ranged from 75% to 110%
for individual PAHs.

This journal is © The Royal Society of Chemistry 2024
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2.2 Soil amendment and characterization methods

Sucrose foams (SFs) were prepared by mixing 16 g of
sucrose with 0.32 g of iron nitrate nonahydrate
(Fe(NO3)3-9H,0), which acts as a foaming enhancer and
activating agent, in 5 ml of Milli-Q water. The mixture was
concentrated on a hot plate until it became a dark viscous
resin and foamed afterwards in an air oven at 300 °C for 3
h at a heating rate of 2 °C min~". The resultant foams were
ground and carbonized for 2 h at 800 °C in a horizontal
tubular furnace under an argon flow of 50 ml min™ at a
heating rate of 5 °C min . After that, the final foam was
ground to 0.2-0.5 mm. The SF was then impregnated with
5% and 10% Fe (SF5Fe and SF10Fe) using an aqueous
solution of iron sulfate heptahydrate (FeSO,-7H,O) and
sodium acetate (CH3;COONa), with the following
proportions: 1.5 g SF/0.28 g FeSO,/0.4 g CH3;COONa/5 mL
H,O. The solution was shacked in an ultrasonic bath and
then heated under reflux. Finally, the solution was filtered
and the solid was dried.*

The macroporosity of the foams was investigated using a
mercury porosimeter. The specific surface area (BET), total
pore volume (V;), micropore and mesopore volumes (Viicro
and Vieso) and the pore size distribution were determined
using N, adsorption. Elemental analysis was carried out
using a LECO CHN-2000 analyzer for C, H and N, and a LECO
VTF-900 analyzer for direct oxygen determination. The
morphology, distribution and particle size of the iron species
were studied by scanning electron microscopy (SEM),
whereas its crystalline structure was examined by X-ray
diffraction (XRD).

2.3 Batch experiments

An incubation experiment was carried out using subsamples
of soil with a 10% dose of foam using a total quantity of 20 g
total mass per treatment as well as a control with untreated
soil and washed sand in the same dose as the amendments.
They were incubated in an orbital shaker at 170 rpm for 72 h
and subsequently air-dried.

After soil incubation, EC and pH were measured following
the methodology described in section 2.1.

The mobility and availability of As and Hg after batch
experiments were evaluated by the TCLP test and the specific
sequential extraction methods detailed in section 2.1.

Total and bioavailable PAH concentrations (Cp and Cpg)
were also determined after incubation experiments according
to the methodology described in section 2.1, using 3 g of the
amended soil.

2.4 Accuracy and precision of the analytical methods

Sample blanks were included through all stages of
preparation and analysis. Triplicates were used to monitor
analytical precision. Two certified reference soils, SRM 2709
and CRM170, were tested to monitor the accuracy of Hg, As
and PAHs, respectively. The precision of the analysis was
evaluated from the results of standard deviation (SD) and
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relative standard deviations (% RSD). RSD values lower than
11% were found for all elements and compounds (Tables S1
and S27).

2.5 Statistical analysis

The obtained data were statistically treated using SPSS
version 24.0 for Windows. Analysis of variance (ANOVA) and
test of homogeneity of variance were carried out. A post hoc
least significant difference (LSD) test or Dunnett's T3 test was
performed if there was homogeneity or no homogeneity,
respectively.

3. Results and discussion
3.1 Amendment characterization

Sucrose carbon foams have a 3D open cellular structure
mainly composed of macropores*>*® (Fig. S17). In this work,
the sample was sieved at 0.2-0.5 mm for batch experiments;
consequently a huge amount of macropores were partially
destroyed (over 80%), but a fraction of pores in the range 20—
1 um was preserved (Fig. S21). The nitrogen isotherms and
pore size distribution of the raw SF and the impregnated SFs
(SF5Fe and SF10Fe) are shown in Fig. S3.f All samples
present type IV isotherms, with a well-defined capillary
condensation step at p/p, ~0.6-0.8, evidencing the presence
of a certain mesoporosity, while the nitrogen adsorbed at a
low pressure range (p/p, <0.2) is related to microporosity.

Sample SF has a BET surface area and total pore volume
of 306 m* g”* and 0.24 cm® g, respectively, displaying a
similar volume of micro- (0.13 cm® g™*) and mesopores (0.11
em® ¢7") (Table 1). It is to be expected that the impregnated
foams will show a reduction in their textural properties with
respect to the parent foam, being more pronounced as the
percentage of the iron increases. However, the results shown
in Table 1 and Fig. S3f suggest that the textural
characteristics of the foams have not been compromised by
the presence of the inorganic phase. Thus, similar pore
and pore size distributions are obtained in
comparison with the raw SF, showing a wide distribution of
mesopores in the range of 2-50 nm in all of them (Fig. S37).
In addition, the reduction in BET surface is rather slight,
decreasing from 306 to 283 m” g~ for SF5Fe and to 276
m? g™* for SF10Fe (Table 1).

As can be seen in the SEM image (Fig. 1a), iron deposited
on the surface of the sucrose foam had different
morphologies, mainly in the form of nanoneedles, nanorods
and pseudocubic crystals. The particle size for the different

volumes

Table 1 Textural properties of the sucrose foams

SBET Vt Vmicro Vmeso

(mgh)  (m'g)  (m'g)  (m'g))
SF 306 0.24 0.13 0.11
SF5Fe 283 0.23 0.12 0.11
SF10Fe 276 0.21 0.11 0.10
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morphologies is shown in Fig. S4.f These morphologies are
characteristic of the iron hydroxides (FeOOH) and magnetite
(Fe30,4). XRD (Fig. 1b) also indicated the presence of FeOOH
and Fe,O, (maghemite/magnetite). The results of the
magnetic characterization (Fig. S5T) confirmed the presence
of magnetite and not maghemite. The transition temperature
at approximately 115 K, corresponding to the Verwey
transition, is characteristic of magnetite.

3.2 Soil analysis

The soils T and M showed pH and EC values of 7.44 + 0.11
and 9.20 + 0.02 and 0.43 + 0.00 and 0.73 + 0.04 dS m,
respectively. The T soil is characterized by its high
concentrations of As (>5000 mg kg ') and Hg (>1000 mg
kg™'), whereas the M soil is characterized by its high
concentrations of As (>2000 mg kg ') and PAHs (Y 16 PAHs
= 46 mg kg™'). Both soils exceed the maximum levels
permitted by regional and international regulations for
metal(loid)s.*””"*® The total PAH concentration (3,16 PAHs)
measured in the M soil also indicated a high level of
contamination.” It is worth noting the differences found in
As availability between both soils, being higher in soil M. Soil
T and soil M show an availability of 8% (380 mg kg™') and
50% (1000 mg kg™), respectively. On the other hand, Hg
availability in soil T (<0.1%) is much lower than As
availability, as this element tends to be less mobile despite
its high toxicity.

The concentration of PAH compounds grouped according
to the number of rings (six- and five-member rings) in the M
soil: 2/3-ring PAHs (Nap, Ace, Acy, Flu, Phe and Ant), 4-ring
PAHs (Flt, Pyr, BaA and Chr), 5-ring PAHs (BbF, BKF, BaP,
DahA), 6-ring PAHs (IcdP and BghiP), and individual PAHs
are included in the ESIf (Fig. S6 and S7).

The most abundant PAHs found in the soil correspond to
those with 4 and 5 rings, accounting for 82% of the total
content. Among these compounds, benzo[a]pyrene (BaP) is
considered one of the most toxic and carcinogenic PAHs and
is often used as the main marker of soil pollution by
PAHs.”"? Its concentration in the soil (4.41 + 1.09 mg kg ')
exceeds the maximum acceptable level stablished by Spain
and other European countries. In addition, high contribution
to the overall PAH content was found for the seven
carcinogenic PAHs (> 7-car PAHs) (BaA, BaP, BbF, BKF, Chr,
BghiP, IcdP) (25.01 + 0.59 mg kg '), accounting for 55% of
the total PAHs (Fig. S6aft).

As mentioned in the introduction, risk presented by
hydrophobic organic contaminants in soils depends not only
on the total concentration but also on their bioavailability,
which is typically low in aged soils such as the one used in
this study. The Cp determined on soil M after HPCD
extraction was 17.63 = 0.91 mg kg ', accounting for 38% of
the concentration initially present in the soil. The results
plotted in Fig. S6bf show that the heavier 6- and 5-ringed
PAHs were the most bioavailable compounds (56% and 44%,
respectively), while 4- and 2/3-ringed PAHs were less

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3en00927k

Open Access Article. Published on 07 Mel 2024. Downloaded on 2025-08-04 2:36:13 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

View Article Online

Paper

b) o Fe,0,

° FeOOH

3

8

2 . SF10Fe

2

£

10 20 30 40 50 60 70

26 (°)

Fig. 1 (a) SEM image (detail of the nanoneedles at 500 nm) and (b) XRD pattern of SF5Fe and SF10Fe.
bioavailable, below 35% (Fig. S6bf). These results are  hydrous Fe oxides (70-71%) (Fig. 2b). The fraction of As

consistent with the fact that lighter compounds experience
aging processes to a greater extent than heavier compounds™
as well as with their concentration, in such a way that
compounds present less bioavailability as their concentration
increases.”® The Cy and Cg for individual PAHs are also
presented in the ESIf (Fig. S7).

3.3 Effect of amendments on As and Hg availability (T soil)

The leachability of As was significantly reduced after the
treatment with the SFs impregnated with iron nanoparticles
(Fig. 2a). The impregnation with 10% Fe (SF10Fe) did not
show higher efficiency than 5% Fe. The immobilization of As
through adsorption and surface complexation on iron-based
compounds is well known. In particular, iron hydroxides
such as goethite (FeO(OH)) (Fig. 1) may favor As retention by
sorption processes.>®

The analysis of As speciation in the raw and treated T soil
revealed that As is mainly associated with amorphous

(@)

400

300
200
100

0

T+SF  T+SF5Fe T+SF10Fe

[As] (mg kg™)

Fig. 2

extracted in the second step represented 17-18% of total As,
providing an estimation of specifically sorbed As in the soil
which may be mobilized due to changes in pH.*° The
concentration of As in the non-specifically bound, ie., the
easily exchangeable As, was approximately 1%. In general,
this fraction represents the one with the greatest
environmental risk.

Table 2 shows pH and EC values together with the Fe
concentration in TCLP extracts. In general, no changes in Fe
leachability, pH and EC were observed after the addition of SFs.

When the availability of Hg was also studied in the T soil
(Fig. 3a) it was found that the three treatments with SFs
notably reduced Hg leachability. Immobilization percentages
of 50-60%, irrespective of the foam used, were observed. The
analysis of Hg speciation by the USEPA Method 3200 (Fig. 3b)
revealed that most of the mercury in the raw and treated soil
was extracted from the semi-mobile fraction, ie., Hg>"
complexes and/or Hg’-metal amalgam."" Mercury was also
found in the non-mobile fraction, i.e., HgS. The percentage of

m Residual As
Crystalline hydrous oxide-bound As (b)
Amorphous hydrous oxide-bound As
Specifically-sorbed As
Non-specifically-sorbed As

100% e e

80%

40%

20%

0%

T T+SF T+SF5Fe T+SF10Fe

(a) Concentration of As in TCLP extracts and (b) fractionation of As following an adopted sequential extraction method proposed by

Wenzel et al.:*° non-specifically sorbed As, specifically sorbed As, amorphous hydrous oxide-bound As, crystalline hydrous oxide-bound As and
residual As in the untreated and treated T soil. Bars with the same letter do not differ significantly (p < 0.05).

This journal is © The Royal Society of Chemistry 2024
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Table 2 Concentration of Fe, pH and EC values in TCLP extracts in the
untreated and treated T soil

pH EC (dSm™)  Fe leachability (mg kg ™)
T 7.45+0.03b  0.11 £ 0.02b  0.69 + 0.09a
T+ SF 7.71+0.01a 0.11 +0.02b  0.45 + 0.04a
T + SF5Fe 7.69 £ 0.09a 0.10 £ 0.01b  0.38 + 0.18a
T + SF10Fe  7.72 £ 0.07a 0.16 + 0.02a  0.75 £ 0.32a

For each column, samples with different letters indicate significant
differences (p < 0.05). Standard deviation is represented by +.

Hg in the semi-mobile fraction decreased after the treatment
with SFs (Fig. 3b), which implied a lower leachability
(Fig. 3a). The results suggest a lower availability of mercury
bound to humic acid species®® as a consequence of treatment
with the SFs and their 3D structure composed of macro-,
micro- and mesopores which favour the Hg adsorption
(Table 1 and Fig. S27).

The results show that the application of sucrose foams to
this brownfield soil significantly reduced the availability of
Hg in the soil. The effectiveness of the Hg immobilization is
comparable to that achieved in a previous study using nZvI
and carbon foams prepared from coal at a higher dose (20%)
in the same soil.*> Although the application of nZvI and
similar nanocomposites can be more effective at reducing As
availability than sucrose foams at 10% dose in this industrial
soil, as seen in previous studies,?’ it should be considered
that the As and Hg immobilization capacity using the
sustainable material at lower doses is a key factor when
considering a larger-scale remediation.

3.4 Effect of amendments on As and PAH availability (M soil)

Fig. 4 shows the As concentration in TCLP extracts in the
untreated and treated M soil. The leachability of As was

(@)
0.20

o
-
o

o
py
o

[Hg] (mg kg™)

0.05

Iin

T+SF  T+SF5Fe T+SF10Fe

0.00

Fig. 3
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Fig. 4 Concentration of As in TCLP extracts in the untreated and
treated M soil. Bars with the same letter do not differ significantly (p <
0.05).

[As] (mg kg'')

slightly reduced after the treatment with the SFs impregnated
with iron nanoparticles (SF5Fe and SF10Fe). As already
mentioned, the immobilization of As may occur through
adsorption and surface complexation on iron hydroxides
such as goethite (FeO(OH)) (Fig. 1). However, the surface
chemistry of FeO(OH) can vary with pH, which affects
adsorption. In general, a lower pH enhances As
immobilization. The electrostatic interactions between the
negatively charged As oxyanions and the protonated groups
of the Fe hydroxides are mainly favoured at the 4-8 pH
range.>® As can be observed in Table 3, the pH values in M
soil are approximately 9.5, which led to a lower As
immobilization.

In relation to the possible negative effects on EC soil
values and Fe availability, the treatment with SFs, as in T soil,
did not lead to significant changes on EC and the TCLP tests
did not show an increase in available Fe (Table 3).

Mobile-Hg

Semi-mobile Hg (b)
Non-mobile Hg

100%

80%

40%

20%

0%

T T+SF  T+SF5Fe T+SF10Fe

(a) Concentration of Hg in TCLP extracts and (b) fractionation of Hg following the USEPA Method 3200: mobile Hg, semi-mobile Hg and

non-mobile Hg in the untreated and treated T soil. Bars with the same letter do not differ significantly (p < 0.05).
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Table 3 Concentration of Fe, pH and EC values in TCLP extracts in the untreated and treated M soil

pH EC (dS m™) Fe leachability (mg kg ™)
M 9.55 £ 0.03a 0.46 + 0.01b 0.95 £ 0.09a
M + SF 9.49 + 0.03a 0.46 + 0.04b 0.83 + 0.41a
M + SF5Fe 9.46 £ 0.07a 0.45 + 0.01b 0.77 £ 0.45a
M + SF10Fe 9.48 + 0.02a 0.57 £ 0.02a 0.46 + 0.20a

For each column, samples with different letters indicate significant differences (p < 0.05). Standard deviation is represented by =.

With the aim to determine if the incubation experiments
may affect the PAH concentration, before evaluating the
effect of the developed amendments on total and bioavailable
PAH concentrations in M soil, exhaustive and non-exhaustive
extractions were carried out on the control sample employed
in batch experiments (untreated soil + sand) (M) as well as
on the isolated amendment (SF) to study its potential risk. A
reduction of 30% was determined on both total and
bioavailable PAH content compared with the bulk sample
(Fig. S8f). These results suggest that some biological
degradation is likely to take place during incubation
experiments as a consequence of shaking after reaching the
water-holding capacity, so the results obtained for the
amended soils were compared to this control sample. For the
isolated amendments, the bioavailable fraction was below the
analytical limit of detection and the total concentration was
very low (~1 mg kg™"), identifying only low molecular weight
PAHs (Fig. S8t). Therefore, it could be inferred that carbon
foams did not represent a potential risk for soil in terms of
PAH addition when compared with products such as some
biochars.”®

Fig. 5 compares the total PAH concentration found in the
untreated and treated M soil. The treatment based on carbon
foam amendments was highly effective for PAH
immobilization. The Cr was reduced between 96% and 90%
depending on the amendment. With regard to the PAH
groups, the percentage of reduction was similar for all them.
The huge reduction caused by the amendments can be

40

[ ®M_©OM+SF_oM+SF5Fe_mM+SF10Fe |

35
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b b &

4 rings

o b b by
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b b b b b b,

5 rings

6 rings
Fig. 5 Total PAH concentration of 2/3-ringed (2-3 rings), 4-ringed (4
rings), 5-ringed (5 rings), and 6-ringed (6 rings) in the untreated and
treated M soil. Bars with the same letter do not differ significantly (p <
0.05) within each PAH group.

This journal is © The Royal Society of Chemistry 2024

attributed to the sorption properties of the carbonaceous
amendment. The chemical structure of SFs is mainly
composed of condensed aromatic sheets. Thus,
interactions between 7 electrons of aromatic rings in PAHSs
and n bonds are highly favorable, providing a relatively
strong adsorption. In addition, the low H/C (=0.14) and O/C
(=0.01) ratio of the SFs can improve hydrophobic
interactions by intermolecular dipole-dipole interactions. It
should be mentioned that apart from the iron species
deposited by impregnation, the parent foam presents a small
amount of iron oxide nanoparticles embedded in the carbon
structure (0.3% wt.), which are introduced during foaming
through the blowing agent.*® These nanoparticles may be
involved in m-complexation bonds with aromatic rings of
PAHSs. Apart from chemical characteristics, SFs also have a
porous structure suitable for removing PAHs (Fig. S1f).
Several studies have demonstrated that large-sized pores
provide fast transfer paths for adsorption. Therefore, the
presence of mesopores and macropores (Table 1 and Fig. S1
and S21) in the SFs may improve the adsorption rate,
whereas micropores (Table 1) act as active sites for PAH
adsorption.”” Although all the amendments led to a high
reduction in the amount of total extractable PAHs, it can be
observed that the amendment SF10Fe showed a minor
reduction, with the differences being statistically significant
for the Y 16PAHs in comparison with amendments SF and
SF5Fe. These results suggest that the iron oxides/hydroxides
on the surface of the carbon substrate may prevent the

T—T

IEN M+SF_E M+SF5Fe_m M+SF10Fe]

b

2
a 5 b b ggﬂ
o LHS oy | c ool c be b ey |

37-car PAHs 316 PAHs

Bioavailable PAHs concentration (mg kg 1)

2-3rings 4 rings 5 rings 6 rings

Fig. 6 Bioavailable PAH concentrations of 2/3-ringed (2-3 rings),
4-ringed (4 rings), 5-ringed (5 rings), and 6-ringed (6 rings) in the
untreated and treated M soil. Bars with the same letter do not differ
significantly (p < 0.05) within each PAH group.
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adsorption of PAHs onto the carbon structure; however,
n-complexation bonds may counteract this effect to a certain
degree at low concentrations (<5%).

With regard to the bioavailable fraction, the treatment
with SFs also caused a significant decrease of PAH content,
with the exception of the lightest compounds (2-3 rings)
(Fig. 6). The reduction in the sum of 16 PAHs for the treated
soils ranged from 94% to 82%, and similar reductions were
observed for the sum 7-carcinogenic (97-88%). As can be
observed in Fig. 6, a slight decrease in the sorption capacity
was found in the soil treated with SF10Fe. This trend was
similar to that found for total PAH concentration.

To better understand if the carbon-based amendments
can modify PAH biodegradation, the ratio Cy/Cr was
calculated for the treated soils (M + SF, M + SF5Fe, and M +
SF10Fe) and compared with that obtained for the raw soil
(M) (Fig. 7). For the sum of 16 PAHs, the addition of carbon
foams SF and SF5Fe did not produce a significant change in
the Cg/Cr, with values ranging from 0.32 to 0.38; however,
this ratio was increased up to 0.61 for the soil treated with
SF10Fe (Fig. 7), suggesting a higher mobility of contaminants
and iron particles. On the other hand, several changes were
produced in the Cy/Cr ratio when comparing the PAHs
grouped by the number of rings. The control soil (M) showed
the lowest value of Cg/Cy for 2-3 ringed compounds (0.18)
and the highest for 5-ringed (0.62), whereas the opposite
trend was observed for all the amended soils. Thus, the
amended soils showed the highest Cg/Cr values (0.63-0.74)
for the lightest compounds (2-3 ringed), and the lowest for
5-ringed compounds, the ratio for the amendment SF being
significantly lower (0.19) (Fig. 7). This finding suggests that
the heavier compounds which remained in the soil were less
bioavailable than the lighter ones. These results also confirm
that the carbon foam is the portion really reactive with the
PAHSs.

As occurred in the T soil, As leachability was slightly
reduced with the application of sucrose foams at 10% dose.
The basic character of the sucrose foams developed in this
study (pH 9.0) must be taken into account unlike other
carbon foams of acidic character (pH 4.2) previously used for

As immobilization.>® Nevertheless, sucrose foams are

1.0

‘ BM M+SF O M+SF5Fe DM+SF10Fe|

0.8

0.6 —

Co/Cr

0.4

"]

2-3rings

4rings 5rings 6rings Y7-car PAHs 316 PAHs

Fig. 7 Calculated ratio between the bioavailable concentration (Cg)
and the total concentration (Cy) for the untreated and treated soils.
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sustainable materials with controlled physicochemical
properties for their use which would allow greater
immobilization of As in field applications. Although the
toxicity of nanoparticles is under discussion, As
immobilization was found to be higher in a very similar soil
using nZVI and magnetite and goethite nanoparticles.”*® In
contrast, the application of the sucrose foams has led to a
strong fixation of the organic compounds, achieving a great
reduction in the amount of total extractable PAHs.”® The
effect of the studied amendments on the bioavailable fraction
of PAHs variable, which could facilitate the
bioremediation or reduction of soil toxicity.

was

4. Conclusions

Several types of amendments have been used to immobilize
metals and metalloids. However, some of them are capable
of immobilizing metals but are not effective for immobilizing
metalloids or can even mobilize them. The remediation
becomes a greater challenge if the soil is polluted with
metal(loid)s and organic compounds. The results of this
study showed the efficiency of a new amendment based on
biosustainable carbon foams for the immobilization of As in
two soils co-contaminated with Hg and PAHs. Although
further investigation will be carried out to determine the
stability of the new amendments and to validate the results
in other types of soils, the textural properties of the sucrose
foams (macro-, meso- and microporosity), which could
improve metal adsorption, their chemical structure
(condensed aromatic sheets), which could favour PAH
adsorption, and the possibility of depositing Fe nanoparticles
(Fe,Oy/FeO(OH)), which could favour metalloid adsorption,
make them promising and versatile amendments for the
remediation of multi-contaminated soils. In addition, the
application of this nanocomposite did not affect the pH and
EC or Fe availability in any of the soils tested. It should also
be considered that the carbon foams developed in this study
use a low-cost sustainable precursor with a low-energy cost
preparation method that makes them an economically
competitive material.
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