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• Iron-based carbon foam is effective in 
simultaneously immobilizing As and 
metals. 

• Surface area, pH and functional groups 
of the carbon foam key to 
immobilization. 

• The iron-based carbon foam nano-
composite does not affect the Fe 
availability. 

• Phytotoxicity of soil is reduced as a 
consequence of As immobilization.  
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A B S T R A C T   

Although different amendments have been used for the immobilization of metals and metalloids in contaminated 
soils, in most of them there are still important challenges that need to be faced in order to achieve an optimal 
result. In this work, a new material based on a carbon foam impregnated with goethite nanoneedles has been 
developed with the aim of evaluating its effect on the mobility and availability of As, Cd, Cu, Pb and Zn in an 
industrial soil. For this purpose, leaching, sequential extraction and phytotoxicity studies have been carried out. 
The results were compared with the same carbon foam without goethite impregnation. When the soil was treated 
with goethite-based carbon foam nanocomposite, the mobility of metal(loid)s was markedly reduced, with the 
exception of Zn, which showed moderate immobilization. The presence of acid groups on the surface of the 
carbon foam, together with a high surface area, led to a strong immobilization of pollutants. Moreover, the 
modification of the foams using goethite nanoneedles, imply that the novel nanocomposite obtained is effective 
to remediate simultaneously metal and metalloid-polluted soils, without any relevant effect on soil toxicity.   
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1. Introduction 

Soil contamination by toxic metal(loid)s is one of the main envi-
ronmental concerns worldwide. When present in high concentrations, 
they can cause harmful effects on microorganisms, animals, plants and 
humans (Antoniadis et al., 2017; Tang et al., 2019). In Europe, 
approximately 342.000 contaminated sites have been identified (EEA, 
2014), with the release of chemicals used or produced in industrial, 
extractive and agricultural activities, products derived from fossil fuels 
and domestic and municipal waste being the most important anthro-
pogenic sources of metals in soils (He et al., 2015). In addition, localized 
contamination from single predominant sources, for example, a metal 
smelter, can have a marked effect on soils, vegetation and also on the 
health of the local population (Alloway, 2013). The metals that have 
reached the sediment from anthropogenic sources are mainly found in 
more readily bioavailable forms, making the soil the main source of 
metal(loid)s in the human food chain, introduced mainly through the 
absorption of plants and animal transfer (Rogival et al., 2007). 

Different technologies for the remediation of soils have been estab-
lished, which can be performed in-situ or ex-situ, and are usually clas-
sified in relation to the nature of the decontaminating agents (Gong 
et al., 2018; Khalid et al., 2017; Liu et al., 2018). Each of these tech-
nologies are based on different mechanisms with specific advantages 
and disadvantages (Bolan et al., 2014; Palansooriya et al., 2020). In 
general, the main challenge is to achieve high effectiveness at affordable 
costs when applied at the field scale. In recent years, many researchers 
have been focused on the development of methodologies for soil reme-
diation called nature-based solutions (NBS), to avoid the traditional 
method of digging and replacing the soil (IUCN, 2016; Song et al., 2019). 
These NBS are aimed at treating the soil in-situ, ensuring the specific 
preservation of natural ecosystems and their physicochemical and bio-
logical characteristics. The risks to the ecosystems are directly deter-
mined by the speciation of metal rather than its total concentration. 
Certain metals such as Pb, Ni, Zn and Cd can be found in the soil solution 
as complexed or free hydrated cations, whereas metalloids, such as As, 
are found as anionic metalloid species (Abou Jaoude et al., 2019; Mele 
et al., 2015). For this reason, it is not an easy task to select a remediation 
method able to retain both metals and metalloids. 

Soil stabilization is an in-situ remediation process in which organic 
or inorganic amendments are added to contaminated soils to reduce the 
mobility and bioavailability of toxic metal(loid)s via adsorption, 
complexation, precipitation and redox reactions (Palansooriya et al., 
2020). In this sense, organic wastes, with or without pyrolisis treatment 
(biochar), have been widely employed as organic amendments, which 
not only limit the bioavailability of some contaminants and provide 
nutrients to the soil favouring plant growth, but are also easy to obtain 
(Nie et al., 2018; Park et al., 2011; Zhao et al., 2019). However, after the 
application of these amendments, the original properties of the soil may 
be altered through the increase of the availability of some metal(loid)s, 
such as As, Pb, Cu and Zn or the increase of the polycyclic aromatic 
hydrocarbons (PAHs) contents (El-Naggar et al., 2019, 2020; He et al., 
2019; Wang et al., 2018; Zhao et al., 2019), which is a potential risk to 
the environment. Therefore, the stabilization of soils containing con-
current pollution of metals and arsenic is challenging (Baragaño et al., 
2020b, 2020c, 2020b). In the case of inorganic amendments, com-
pounds based on different iron species have proven to be effective in 
immobilizing simultaneously elements such as As, Cr, Hg, Pb and Zn, 
both at laboratory and field scale (Baragaño et al., 2020b; Frick et al., 
2019; Gil-Díaz et al., 2019). The limitations of some of these materials 
come from the heterogeneity of their structural properties, the potential 
negative effects on soil quality, their rapid degradation and their 
possible toxicity for living organisms, caused by the alteration of the 
natural levels of Fe (II) in the soil (Vanzetto and Thomé, 2019; Vítková 
et al., 2018). A different option for soil chemical stabilization is the 
combination of organic amendments with iron-based compounds that 
can be improved by activation, functionalization, and incorporation of 

heteroatoms, and even nanoparticles, to their physical or chemical 
structure. This not only can favor an improved versatility for metal and 
metalloids immobilization, but also a better control of pH, soil fertility, 
etc. (Mitzia et al., 2020; Sun et al., 2019). In addition, the iron speciation 
in the carbon structures must be taken into account, as it may have an 
influence on the mechanism of metal(loid)s immobilization (Xu et al., 
2021). Following the preceding considerations, this study aims to 
develop a novel amendment to remediate contaminated soils by metal 
(loid)s, avoiding the drawbacks of the organic and inorganic materials 
that have been evaluated in the past. 

For this purpose, the work addresses the challenge of preparing a 
material based on the formation of a carbon foam impregnated with 
goethite nanoparticles, aimed to reduce concurrently the availability 
and mobility of As and metals without affecting the natural properties of 
the soil. 

2. Materials and methods 

2.1. Soil sampling and characterization 

A composite soil sample was taken from a site severely affected by As 
and metals pollution. This site is located in a complex area in the estuary 
of Avilés, north of Spain, where multiple pollution sources were detec-
ted, including a Zn smelter, coaly particles and waste disposal (Baragaño 
et al., 2022). 

Before characterization, the sample was air-dried and sieved to <2 
mm. The pH and electrical conductivity (EC) were determined in a soil: 
water ratio of 1:2.5 (g mL− 1). The contents of As, Cd, Cu, Pb, Zn and Fe 
were determined by Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) after sample digestion with 3:1:0.5 (v/v) concentrated HCl/ 
HNO3/HF using a microwave oven. 

2.2. Carbon foam preparation and characterization 

A carbon foam (CF) was elaborated following the procedure 
described in detail in a previous work of the authors (Rodríguez and 
García, 2012). The coal used as precursor was added to a solution of the 
chemical activating agent (ZnCl2) in ethanol (coal/ZnCl2 mass ratio of 
1:1) giving rise to a suspension. The mixture was loaded into a 
cone-trunk-shaped stainless-steel reactor. The foaming process was 
carried out for 2 h, at the temperature of maximum fluidity of the coal 
(450 ◦C). The resultant foam was carbonized for 2 h at 500 ◦C in a 
horizontal tubular furnace, under an argon flow of 300 mL min− 1, with a 
heating rate of 5 ◦C min− 1. The CF was washed with a 0.5 M HCl solution 
to eliminate any ZnCl2 residue, and washed in Soxhlet extractor with 
Milli-Q water to further remove chloride ions. The CF was then loaded 
with goethite (FeO(OH)) on its surface (CFGo), by impregnation with a 
solution of FeSO4 7H2O and CH3COONa in water (Janeiro-Tato et al., 
2021). The amount of reagent used was that necessary to obtain a carbon 
foam with 4 wt % Fe. The solution was refluxed for 2 h, filtered and dried 
at 60 ◦C for 4 h. 

Metal(loid)s contents, pH and EC of CF and CFGo were determined 
using the same methods described previously for soil characterization. 
The functionalized groups present on the surface of the carbon foams 
were identified by temperature programmed desorption (TPD). The 
specific surface area was determined by the standard BET method using 
N2 adsorption data. The total pore volume, Vt, was obtained from the 
amount of N2 adsorbed at a relative pressure of 0.975, and the micropore 
volume, Vmicro, was determined by fitting the Dubinin-Radushkevich 
(DR) equation to the N2 adsorption isotherm. The mesopore volume, 
Vmeso, was calculated as the difference between Vt and Vmicro. The pore 
size distributions based on the N2 isotherms were obtained by applying 
the nonlocal density functional theory (NLDFT). The carbon content 
analysis was carried out on a LECO analyzer (CHN 2000). The distri-
bution and particle size of iron on the surface was studied by scanning 
electron microscopy (SEM) whereas the crystalline structure was 
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examined by X-ray diffraction (XRD). 

2.3. Experimental design 

An incubation experiment was performed using 20 g of soil per 
treatment, using CF and CFGo, and also the untreated soil as a control. 
The soil (A), amended with CF and CFGo at a rate of 20% (w/w), was 
named A + CF and A + CFGo, respectively. This rate has been found to 
be suitable for other soils using similar organic amendments (Baragaño 
et al., 2020a, 2020b, 2020a). All treatments were watered to field ca-
pacity. The mixtures were filled into 50 mL Falcon tubes and shaken at 
170 rpm for 72 h. After this time, the samples were air dried. 

The mobility and availability of metals in soil was evaluated by the 
toxicity characteristic leaching procedure (TCLP) test following the 
USEPA Method 1311. As, Cd, Cu, Pb, Zn and Fe concentrations were 
analysed in the liquids by ICP-MS. EC and pH were also measured to 
evaluate the effect of the carbon foam amendment on soil properties. In 
addition, the availability of the metals was also assessed by the 
sequential extraction method introduced by Tessier et al. (1979). The 
sequential methods consist of extracting fractions of the metals 
depending on the solubility of each species in the different reagents, 
namely: exchangeable (EX), bound to carbonates (CB), bound to Fe–Mn 
oxides (OX), bound to organic matter (OM), and residual (RS). 

The phytotoxicity of the soil samples was evaluated using Lepidum 
sativum seeds in a modified version of the Zucconi test (Zucconi et al., 
1985) after 72 h of incubation in the dark at 25–26 ◦C. The germination 
index (GI) was calculated using the equation: GI (%) = G Ls/Lc where G 
is the percentage of germination with respect to the control values, Ls is 
the mean root length in the treated soil samples and Lc is the mean root 
length in the control. 

2.4. Statistical analysis 

The SPSS program (version 24.0 for Windows) was used for the 
statistical study of the data, including the analysis of variance (ANOVA) 
and test of homogeneity. Least significant difference (LSD) and Dun-
nett’s T3 tests were also performed. 

3. Results 

3.1. Soil and carbon foam characterization 

The concentrations of Cd, Pb and Zn in the soil exceed the Spanish 
environmental standards and other international regulations (Table 1), 
whereas the concentration of As and Cu can be also considered slightly 
high (BOPA, 2014; CCME, 2001; CEDEX, 2007; MEF, 2007). In the case 
of the amendment studied, the high concentration of Zn is remarkable as 
a consequence of the carbon foam preparation procedure in which the 
activation with ZnCl2 was carried out. This increase has to be taken into 
account from the point of view of the availability of Zn in the soil with 
this treatment. On the other hand, it is worth noting the acidic nature of 

carbon foams. 
The main textural characteristic of the carbon foams is its bimodal 

porosity (macro- and microporosity) with an open network of inter-
connected macropores (Table 2, Fig. 1). 

CF and CFGo have BET surface areas of 461 and 585 m2 g− 1, and Vt of 
0.27 and 0.34 cm3 g− 1, respectively. SBET and Vmicro underwent an in-
crease after the impregnation of CF to render CFGo, indicating that the 
formation of goethite nanoparticles generated area by the increase of 
microporosity. Both carbon foams showed type I isotherms, character-
istic of microporous materials (Fig. 2). 

Fig. 3 presents the XRD pattern and a representative SEM image 
obtained for CFGo. The major peaks at 2ϴ values of 20.8◦, 33.2◦, 35.6◦, 
36.7◦, 54◦ and 59.2◦ are assigned to the primary peaks of the goethite 
(FeO(OH)). As shown in Fig. 3b, well-dispersed and uniform goethite 
nanoneedles have been embedded in the outer surface of the carbon 
foam. The formation of iron oxy-hydroxides in aqueous solutions in-
volves nucleation and crystal growth, thus a wide range of particle sizes 
and morphology can be obtained depending on the synthesis conditions 
(Schwertmann and Cornell, 2000). The method of oxidative hydrolysis 
used in this study favored the formation of acicular goethite particles, 
which tended to precipitate perpendicular to the plane of the carbon 
foam. 

The analysis of oxygenated groups on the surface of the carbon foams 
by TPD showed a higher presence of carboxylic acid-type groups ac-
cording to the desorption of CO2 at low temperature (200–400 ◦C) in 
CFGo than in CF (Fig. 4). On the other hand, the desorption of CO mostly 
at high temperatures indicated the presence of phenolic and/or ethers 
groups (600–800 ◦C) in both carbon foams, whereas carbonyl and 
quinone groups (maximum peak at 800 ◦C) were only identified in CFGo 
(Fig. 4). 

3.2. Treatment effects on metals and As availability 

The amount of leachable metal and As revealed the following 
decreasing order: Zn > Cd > Cu > Pb > As (Fig. 5, Table 1). In general, 
the TCLP tests showed a reduction of metal leachability in the soil when 
CF and CFGo were applied (Fig. 5a), with the proportion of this reduc-
tion being different depending on the element. The exceptions to this 
decrease were: 1) As leachability when the soil was treated with the 
carbon foam without goethite, and 2) Zn leachability. On the other 
hand, the Tessier experiments showed a great increase in the non- 
available fraction (RS) for all the contaminants studied after the treat-
ment with CFGo (Fig. 5b), not observed when the soil was treated with 
CF. 

The mobile fraction (EX + CB) was reduced for Cd and Pb after the 
treatment with the carbon foams. This reduction was more pronounced 
when CFGo was applied to the soil. In the case of As and Cu, the 
application of CFGo involved a decrease in the less mobile fractions, OX 
and OM fractions, respectively, and a notable increase of the residual 
(RS) non-available fraction as mentioned above. Taking into account the 
content of Zn in the CF and CFGo (2068 and 4902 mg kg− 1, respectively, 
Table 1), the proportion of leachable Zn slightly increased in the soil 
treated with CF, whereas it was similar in the soil treated with CFGo 
compared with the untreated soil (Fig. 5a). Table 1 

Characteristics and metal concentrations of the soil (A), the carbon foam (CF) 
and the carbon foam impregnated with goethite (CFGo).   

Soil A CF CFGo 

pH 7.8 ± 0.0 2.7 ± 0.0 4.2 ± 0.0 
EC (dS m− 1) 0.18 ± 0.00 1.17 ± 0.02 0.76 ± 0.00 
Fe (%) 0.93 ± 0.05 0.04 ± 0.04 2.5 ± 0.1 
As (mg kg− 1) 19 ± 0.2 3.0 ± 0.2 3.8 ± 0.3 
Cd (mg kg− 1) 11 ± 2 0.01 ± 0.00 0.04 ± 0.01 
Cu (mg kg− 1) 40 ± 4 3.0 ± 0.2 3.8 ± 0.4 
Pb (mg kg− 1) 262 ± 16 0.37 ± 0.05 0.71 ± 0.09 
Zn (mg kg− 1) 2250 ± 248 2068 ± 199* 4902 ± 78* 

Standard deviation is represented by ±; *Variability due to the process of 
washing the carbon foam before impregnation. 

Table 2 
Textural properties and carbon content of the foams CF and CFGo.   

SBET Vt Vmicro Vmeso C 

(m2 g− 1) (cm3 g− 1) (cm3 g− 1) (cm3 g− 1) (wt%) 

CF 461 0.27 0.21 0.06 79.7 
CFGo 585 0.34 0.27 0.07 77.6  
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3.3. Potential negative effects in soil: Fe availability, pH, EC and 
phytotoxicity monitoring 

TCLP tests showed a decrease in the available Fe in the treated soil 

(Table 3). On the other hand, the addition of CF and CFGo decreased the 
pH of the soil from 8.3 to 6.7 and 7.3, respectively, and induced a 
moderate increase of EC from 0.24 to 1.9 and 1.3 dS m− 1, respectively 
(Table 3). All these issues have to be taken into consideration when 

Fig. 1. SEM images of the carbon foam CF.  

Fig. 2. N2 adsorption isotherms at − 196 ◦C and pore size distribution of CF and CFGo.  

Fig. 3. XRD pattern (a) and SEM image (b) of the carbon foam impregnated with goethite (CFGo).  
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evaluating, not only the effectiveness of CF and CFGo to mobilize/ 
immobilize toxic metals, but also the effect on the biological activity of 
the soil for its generalized use. 

According to Zucconi et al. (1985), GI values below 50% indicate 
high phytotoxicity, between 50% and 80% represent moderate phyto-
toxicity, and above 80% imply no phytotoxicity. As can be observed 
(Table 3), the phytotoxicity is higher when the soil is treated with the 
carbon foam without goethite, whereas the CFGo treatment implied an 
explicit phytotoxicity decrease. 

4. Discussion 

This study evaluates the effectiveness of a novel amendment based 
on a carbon foam impregnated with goethite on the leaching and frac-
tionation of metals by TCLP and sequential extractions (Tessier), 
accompanied by an evaluation of the soil phytotoxicity and the possible 
effects on soil characteristics. To better understand the role of the 
goethite nanoneedles impregnated on the carbon material in the 
immobilization of metals, the results are shown together with those 
obtained with the carbon foam without goethite. 

Tessier tests in the untreated soil showed that As was mainly asso-
ciated to the non-available fraction (RS) (60%); for the rest of the metals 
studied, the percentage of leaching follows a competitive adsorption 
pattern in the order: Zn > Cd > Cu > Pb. The adsorption of these ele-
ments can be controlled by adsorption isotherms and it was previously 
found, in accordance with this study, that Pb and Cu can be more 
strongly adsorbed than Zn and Cd, when all of these metals are present 
in soil (Lu and Xu, 2009). Regardless of the amendment to be used, this 
competitive adsorption plays an important role to determine the toxicity 
to plants and the leachability of these metals in soils. 

Soil amending with unmodified CF, and especially with CFGo, ach-
ieved notable effects on pollutants availability and soil properties. 
Specifically, the decrease in the pH of the soil is due to the application of 
the acidic amendment itself (Table 1). In this sense, it is well known that 
the pH of the soil determines the solubility and availability of metals, 
because their adsorption-desorption is strongly affected by the charge of 
the soil surface (which is not completely true for metalloids such as As). 
Furthermore, the remarkable immobilization of As, Cd, Cu, Pb and Zn 
observed after the treatment with CFGo might be attributed to two 
factors: i) the addition of the carbon foam could reduce the bioavail-
ability of certain metals by forming strong metal complexes (Shaheen 
and Rinklebe, 2015; Srivastava et al., 2008), and ii) the presence of 

goethite nanoparticles in a 4–8 pH range could favor the adsorption of 
As, due to the electrostatic attraction between the negative oxoanions 
and the positive charge of the goethite nanoparticles (Baragaño et al., 
2020a; Mele et al., 2015). 

In the same context, the immobilization of the metals with organic 
amendments may be a consequence of high surface negative charge, 
physical adsorption or precipitation (Hamid et al., 2020). The efficiency 
of the carbon foams studied suggests metal immobilization mechanisms 
similar to those of other organic amendments used in polluted soils, such 
as biochar (Arabi et al., 2021; El-Naggar et al., 2020). In order to deci-
pher these mechanisms, subsequent studies by means of XAS analysis 
should be addressed. In our case, the presence of acid groups on the 
surface of the foam (carboxyl, quinone and phenolic groups) together 
with a high surface area (Antuña-Nieto et al., 2020; Rodríguez and 
García, 2012) can lead to a significant number of binding sites and 
cation exchange capacity, improving metal immobilization. This is in 
agreement with the fact that a greater immobilization of metals was 
achieved with CFGo, which contains a greater number of carboxylic 
acid-type groups and carbonyl and quinone groups, and a greater BET 
surface area than CF (Table 2, Fig. 4). This strong bond between the 
metals and metalloids and the soil treated with the impregnated carbon 
foam is clearly reflected in the Tessier tests, which revealed that RS, i.e., 
the most non-available fraction, is much higher in A + CFGo than in A +
CF, in every case. 

As mentioned above, Cd, Cu, Pb and Zn bound to soil particles could 
be involved in a competition phenomenon with the functional groups of 
the carbon foam, leading to a higher release of Cd and Zn in solution. 
TCLP tests also showed that the impregnation with goethite prevented 
the release of excessive Zn, a consequence of the foam preparation 
method. 

The carbon foam used in this study displays a combined macro- and 
microporous structure, with enhanced macroporisity, compared to 
conventional carbon foams (Rodríguez and García, 2012), in which 
microporosity and specific surface area were created in the chemical 
activation step carried out at 500 ◦C (Table 2). The structure of inter-
connected macroporous cells (Fig. 1) allows a good accessibility for the 
metals and metalloids (As: 1.33 Å; Zn: 1.53 Å; Cu: 1.57 Å; Cd: 1.71 Å; Pb: 
1.81 Å), resulting in a greater physical entrapment and redistribution of 
pollutants to the non-available fractions. 

Goethite is an iron oxide with a great affinity with metals, and can 
adsorb them on its surface (Chen and Li, 2010). In fact, the effect of 
goethite nanoparticles on the availability of certain pollutants, mainly 

Fig. 4. TPD profiles of CO and CO2 evolution in CF and CFGo.  
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Fig. 5. a) Concentration of metals in TCLP extracts and b) Fractionation of metals following the Tessier Method (EX: Exchangeable metal, CB: Metal bound to 
carbonates, OX: Metal bound to Fe–Mn oxides, OM: Metal bound to organic matter, RS: residual) in the untreated and treated soil. Bars with the same letter do not 
differ significantly (p < 0.05). 
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As, has been previously reported in other soils (Baragaño et al., 2020a). 
In this case, the adsorption takes place in the oxoanions, e.g., H2AsO4

−

and/or HAsO4
2− , and in the surface of protonated goethithe (FeO(OH)+) 

(Giménez et al., 2007; O’Reilly et al., 2001). Competition and/or syn-
ergies between the carbon foam matrix and the goethite nanoneedles 
should be also addressed in future studies. In the case of the 
non-impregnated carbon foam, the negative charge on its surface, due to 
the aforementioned functional groups, would repel oxoanions, leading 
to a slight increase in As availability (Fig. 5). This effect is counteracted 
using the nanocomposite, when the foam is impregnated with goethite. 
Therefore, in spite of the competitive adsorption that can occur when a 
soil is concurrently contaminated with As and metals, the CFGo treat-
ment supplied As immobilization capabilities not present in CF. The 
nanocomposite has also a higher surface area than the carbon foam 
(Table 2), thereby achieving As immobilization without a reduction of 
the metal immobilization yields. 

TCLP tests also showed that, unlike other Fe-based amendments 
(Vanzetto and Thomé, 2019), the application of CFGo decreased the 
concentration of leachable Fe, thus preventing the taxonomic and 
functional composition of the soil microbiota from being altered. In 
coherence with the lesser Fe availability observed, the EC of the soil is 
less affected by the CFGo treatment (Table 3), and this also is reflected in 
a decrease of phytotoxicity. In addition, the higher availability of As in 
A + CF than in A + CFGo that was observed in both the TCLP and Tessier 
experiments, led to a higher release of As, causing a higher phytotoxicity 
in A + CF (Table 3). Moreover, this increased phytotoxicity could also be 
due to the higher release of Zn in CF than in CFGo. These observations 
open the gate to specific studies of plant physiology, in order to address 
hybrid soil remediation approaches, including nano- and 
phytoremediation. 

5. Conclusions 

The application of a nanocomposite (carbon foam impregnated with 
goethite) reduced As, Cd, Cu and Pb availability in a polluted soil, 
whereas Zn mobility was slightly decreased. A priori, the characteristics 
of the carbon foam including its high surface area, low pH and appro-
priate functional groups, made it a suitable source to immobilize metals. 
However, to concurrently immobilize As and metals, the modification of 
the carbon foam using goethite nanoneedles was successful due to the 
coexisting immobilization mechanisms provided by iron-oxides and 
carbon foams, also improved by an increase of surface area obtained 
when carbon foam is impregnated with goethite. Furthermore, the 
nanocomposite does not affect the Fe availability in soil and it has a 
temperate impact on soil pH and electrical conductivity, whereas 
phytotoxicity was reduced as a consequence of As immobilization. 
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CEDEX, 2007. Ficha Técnica. Clave 6.1. Materiales de Dragado, Madrid, Spain.  
Chen, Y.H., Li, F.A., 2010. Kinetic study on removal of copper(II) using goethite and 

hematite nano-photocatalysts. J. Colloid Interface Sci. 347, 277–281. https://doi. 
org/10.1016/J.JCIS.2010.03.050. 

EEA, 2014. Progress in Management of Contaminated Sites (LSI 003). European 
Environment Agency. Progress in management of contaminated sites. European 
Environment Agency, Copenhagen, Denmark. . I [WWW Document]. URL. https 
://www.eea.europa.eu/data-and-maps/indicators/progress-in-management-of-co 
ntaminated-sites-3/assessment. accessed 5.18.21.  

El-Naggar, A., El-Naggar, A.H., Shaheen, S.M., Sarkar, B., Chang, S.X., Tsang, D.C.W., 
Rinklebe, J., Ok, Y.S., 2019. Biochar composition-dependent impacts on soil nutrient 
release, carbon mineralization, and potential environmental risk: a review. 
J. Environ. Manag. https://doi.org/10.1016/j.jenvman.2019.02.044. 

El-Naggar, A., Lee, M.H., Hur, J., Lee, Y.H., Igalavithana, A.D., Shaheen, S.M., Ryu, C., 
Rinklebe, J., Tsang, D.C.W., Ok, Y.S., 2020. Biochar-induced metal immobilization 
and soil biogeochemical process: an integrated mechanistic approach. Sci. Total 
Environ. 698, 134112. https://doi.org/10.1016/j.scitotenv.2019.134112. 

Table 3 
Concentration of Fe, pH and EC values in TCLP extracts, and phytotoxicity re-
sults (GI values) in the untreated and treated soil.   

pH EC (dS m− 1) Fe leachability (mg kg− 1) GI (%) 

A 8.26 ± 0.17a 0.24 ± 0.08c 2.94 ± 0.05a 68 
±6a 

A + CF 6.70 ± 0.08c 1.90 ± 0.16a 1.83 ± 0.18b 49 
±6a 

A + CFGo 7.33 ± 0.21b 1.32 ± 0.03b 1.26 ± 0.51b 73 
±7a 

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

I. Janeiro-Tato et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.apsoil.2019.06.011
https://doi.org/10.1016/j.apsoil.2019.06.011
https://doi.org/10.1007/978-94-007-4470-7_2
https://doi.org/10.1016/j.earscirev.2017.06.005
https://doi.org/10.1016/j.cej.2020.124151
https://doi.org/10.1016/j.cej.2020.124151
https://doi.org/10.1016/J.ENVPOL.2021.117199
https://doi.org/10.1016/J.ENVPOL.2021.117199
https://doi.org/10.1016/j.chemosphere.2019.124624
https://doi.org/10.1007/s11356-020-09586-3
https://doi.org/10.1007/s11356-020-09586-3
https://doi.org/10.1038/s41598-020-58852-4
https://doi.org/10.1038/s41598-020-58852-4
https://doi.org/10.1016/J.JHAZMAT.2021.127413
https://doi.org/10.1016/J.JHAZMAT.2021.127413
https://doi.org/10.1016/j.jhazmat.2013.12.018
https://doi.org/10.1016/j.jhazmat.2013.12.018
http://sede.asturias.es/bopa/2014/04/21/2014-06617.pdf
https://ccme.ca/en/resources/water-aquatic-life
https://ccme.ca/en/resources/water-aquatic-life
http://refhub.elsevier.com/S0045-6535(22)01138-9/sref13
https://doi.org/10.1016/J.JCIS.2010.03.050
https://doi.org/10.1016/J.JCIS.2010.03.050
https://www.eea.europa.eu/data-and-maps/indicators/progress-in-management-of-contaminated-sites-3/assessment
https://www.eea.europa.eu/data-and-maps/indicators/progress-in-management-of-contaminated-sites-3/assessment
https://www.eea.europa.eu/data-and-maps/indicators/progress-in-management-of-contaminated-sites-3/assessment
https://doi.org/10.1016/j.jenvman.2019.02.044
https://doi.org/10.1016/j.scitotenv.2019.134112


Chemosphere 301 (2022) 134645

8

Frick, H., Tardif, S., Kandeler, E., Holm, P.E., Brandt, K.K., 2019. Assessment of biochar 
and zero-valent iron for in-situ remediation of chromated copper arsenate 
contaminated soil. Sci. Total Environ. 655, 414–422. https://doi.org/10.1016/j. 
scitotenv.2018.11.193. 

Gil-Díaz, M., Rodríguez-Valdés, E., Alonso, J., Baragaño, D., Gallego, J.R., Lobo, M.C., 
2019. Nanoremediation and long-term monitoring of brownfield soil highly polluted 
with as and Hg. Sci. Total Environ. 675 https://doi.org/10.1016/j. 
scitotenv.2019.04.183. 
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Peláez, A.I., Gallego, J.R., Martínez-Tarazona, M.R., 2021. Immobilization of 
mercury in contaminated soils through the use of new carbon foam amendments. 
Environ. Sci. Eur. 2021 331 33, 1–11. https://doi.org/10.1186/S12302-021-00569- 
W. 

Khalid, S., Shahid, M., Niazi, N.K., Murtaza, B., Bibi, I., Dumat, C., 2017. A comparison of 
technologies for remediation of heavy metal contaminated soils. J. Geochem. Explor. 
182, 247–268. https://doi.org/10.1016/j.gexplo.2016.11.021. 

Liu, L., Li, W., Song, W., Guo, M., 2018. Remediation techniques for heavy metal- 
contaminated soils: principles and applicability. Sci. Total Environ. https://doi.org/ 
10.1016/j.scitotenv.2018.03.161. 

Lu, S.G., Xu, Q.F., 2009. Competitive adsorption of Cd, Cu, Pb and Zn by different soils of 
Eastern China. Environ. Geol. 57, 685–693. https://doi.org/10.1007/s00254-008- 
1347-4. 

MEF, 2007. Ministry of environment Finland. Gov. Decree Assess. Soil Contaminat. 
Remediat. Need. March 1.  

Mele, E., Donner, E., Juhasz, A.L., Brunetti, G., Smith, E., Betts, A.R., Castaldi, P., 
Deiana, S., Scheckel, K.G., Lombi, E., 2015. In situ fixation of metal(loid)s in 
contaminated soils: a comparison of conventional, opportunistic, and engineered soil 
amendments. Environ. Sci. Technol. 49, 13501–13509. https://doi.org/10.1021/acs. 
est.5b01356. 
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