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Abstract
Purpose Sediment contamination is complex, and it is challenging to find the solution that corresponds to treating different 
groups of pollutants effectively. The existence of potentially toxic elements and polycyclic aromatic hydrocarbons in co-
contaminated river sediment contributes serious toxic residues to the environment. Thus, it is crucial to involve remediation 
techniques that simultaneously remove these two complex groups of pollutants. Also, a significant challenge is due to the 
complex interactions between these groups of contaminants and the sediment matrix.
Methods Iron-based materials, such as green produced nano-zero-valent iron, are advantageous, environmentally friendly, 
and interest in their use is growing. This study demonstrates the potential of green nZVI supported by native clay and biochar 
for the simultaneous removal of potentially toxic elements and PAHs from co-contaminated river sediment.
Results It was indicated that potentially toxic elements removal was better than the removal of PAHs, but the removal of both 
groups of contaminants was noticeable with no further impact to the environment. The results showed which mechanisms played 
key roles in removal of pollutants from the river sediment. Additionally, extraction tests showed that sediment treated with modi-
fied iron nanoparticles is non-hazardous and that it represented promising results in removal of organic and inorganic pollutants.
Conclusion Green synthesis of nZVI by oak leaf extract (Quercus petraea) and supported materials (native clay and biochar) 
was valuable for recycling wastes and creating treated sediment for potential further beneficial sustainable use.

Keywords Sediment · Metals · PAHs · Green synthesized nZVI · Synergistic removal

1 Introduction

Sediment in rivers near industrial plants or large 
cities that do not have adequate wastewater treatment 
usually contains polycyclic aromatic hydrocarbons 

(PAHs) and potentially toxic elements together, among 
other compounds. Contamination by these hazardous 
contaminants draws attention globally, because of their 
cytotoxic effects (Staninska-Pieta et  al. 2020). The 
removal of these contaminants and the remediation 
of the sediment represent a decades-long challenge 
in terms of finding a treatment that is efficient, 
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economically acceptable and causes the least damage to 
the environment (Zhang et al. 2021; Maletic et al. 2022). 
The application of nanotechnologies, especially materials 
synthesized by “green” methods, in environmental 
remediation processes has been constantly increasing 
over the years due to low treatment costs and constant 
improvement of the quality of applied remediation 
processes. Nano zero-valent iron (nZVI) is considered 
as promising material for the elimination of contaminants 
from the environment including potentially toxic 
elements and/or organic compounds, as well as nitrates 
(Wang et al. 2017; Li et al. 2019; Guo et al. 2022). It has 
been established that nZVI can be synthesized in methods 
which require specific expensive costs, huge amounts 
of energy, and toxic chemicals like  NaBH4. Therefore, 
eco-friendly and non-hazardous, bio-based “green” 
synthesized methods for nZVI have been developed and 
used in this research. Previous studies have reported that 
green synthesized nZVI from plant extracts has been 
used for the removal of metals (Poguberović et al. 2016; 
Stefaniuk et  al. 2016; Francy et  al. 2020; Slijepčević 
et  al. 2021). However, nZVI alone has the tendency 
to aggregate so researchers developed new stabilized 
nZVI material using zeolite (Li et al. 2020), kaolinite 
(Lakkaboyana et al. 2021), activated carbon (Li et al. 
2022), and bentonite (Diao and Chu 2021). Clays have 
large specific surface area and high cation exchange 
capacity (CEC), which make it suitable for hosting nZVI 
and binding anions or cations of the pollutants through 
ion exchange or adsorption. Ions can also be adsorbed at 
the edges of the clay crystal lattice and exchange with 
other ions in the water/sediment (Patel et al. 2008). In the 
few last years, researchers have been using biochar (BC) 
as a supporter of nZVI for improving his dispersibility, 
due to BC porous structure, high adsorption capacity, 
and high specific surface area (Wang et  al. 2017; Li 
et  al. 2022,  2023). Some studies showed that BC on 
nZVI effectively enhances the removal efficiencies of 
pollutants (Liu et al. 2021; Ahmad et al. 2022). As has 
been stated before, co-contamination with potentially 
toxic elements and PAHs represents a major concern for 
the environment, and therefore, it is crucial to understand 
the mechanisms and influences associated with the use of 
green-synthesized nZVI from oak leaf extract (OL-nZVI) 
supported on biochar and clay in sediment. While some 
literature exists regarding such application in terms of 
one or two selected contaminants, a systematic view 
on this real situation where different mechanisms are 
included, and different compounds are competing for 
active place on nanomaterial, is lacking.

In this study, six potentially toxic elements and 16 EPA 
PAHs were selected as the targets. The aim of this study 
was to compare, determine, and investigate the effect of 

OL-nZVI (green nZVI) supported on biochar and native 
clay on the total and bioavailable content of metals and 
PAHs in river sediment. Additionally, the main objectives 
of this study were to (1) synthesize and characterize nZVI 
from oak leaf extract supported on biochar and clay; (2) 
examine of the current status of PAHs and potentially toxic 
elements concentration in river sediment; (3) investigate the 
efficiency of immobilization sediment treatment through 
sequential extraction, leaching tests on metals, and single 
step XAD-4 extraction on PAHs; and (4) explore the pos-
sible reaction mechanism for immobilization of potentially 
toxic elements and PAHs.

2  Materials and methods

2.1  Sediment sampling

Sediment samples were taken from Danube-Tisa-Danube 
(DTD) river system, i.e., Great Bačka Canal according 
to the standard method SRPS ISO 5667–12 (SRPS ISO 
5667–12:2019). The Great Bačka Canal is part of the DTD 
drainage network, which connects the Danube and Tisa 
river flows in Northern Serbia (Vojvodina) at the Pannonian 
Basin’s southern margin. The canal is 118 km long and con-
nects the Danube at Bezdan to the Tisa at Becej. The canal 
became polluted in the second half of the twentieth century 
as a result of rapid industrial development and inadequate 
wastewater treatment, with effluents discharged directly into 
the recipient. The Eijkelkamp “core sampler” was used to 
collect undisturbed sediment by depth (water depth ranging 
from 2.0 to 5.5 m) in the middle of canal. Surface sedi-
ment profile was investigated for chemical characterization 
of the sediment. The criteria for selecting sampling points 
was based on previous studies of the spatial distribution of 
industries and related pollution (Krčmar et al. 2017). The 
samples were collected in glass jars (for analysis of PAHs) 
and plastic containers (for analysis of potentially toxic ele-
ments), kept in fridge on 4 °C, and also stored after deliv-
ery to the laboratory until they were ready for analysis. To 
minimize sample contamination, all materials were used for 
sampling, treatment, and storage of samples, and solutions 
were carefully selected, acid-cleaned, and conditioned (EPA 
2004). The sediment samples were air dried and homoge-
nized in accordance with ISO 11464:2006 method, and then 
they were passed through a 250 µm sieve (ISO 565:1990) 
and characterized for the following parameters: determina-
tion of pH value was measured according to method SRPS 
ISO 10390:2007, organic matter (also moisture) by method 
(SRPS EN 12879:2007), and clay content, fraction < 2 mm, 
was determined according to the standard method (ISO 
11277:2009). Metals extraction from sediment sample was 
performed according to microwave digestion (milestone 
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start E) by method of EPA 3051a (USEPA 2007a), and also 
sequential extraction was performed for metal distribution in 
sediment sample by Jamali et al. (2009) (RSD < 5%, n = 3). 
Concentration of PAHs in sediment was determined with fol-
lowing steps: after extraction using ultrasound (EPA Method 
3550B, USEPA 1995) and purification on silica gel (EPA 
Method 3630C, USEPA 1996a) then GC/MS analysis (EPA 
Method 8270D, USEPA 1996b) was performed. Results for 
PAH content and potentially toxic elements were calculated 
on dry sediment mass. The results of metals and PAHs con-
centrations are considered in reference to Serbian regulation 
(“Off. Gazette of RS,” No. 50/2012). Mean values was used 
and the RSDs (n = 3) have been below 5%.

2.2  Preparation of nanomaterials

Synthesis procedure of OL-nZVI is described and taken from 
Slijepcevic et al. (2021). In order to improve performance of 
this nanomaterial, some modifications were included in the 
procedure, addition of native clay and biochar as good adsor-
bents of pollutants. Preparation of NC-gnZVI implied dissolv-
ing native clay in 0.1 M  FeCl3*6H2O and stirring for 120 min 
(Soliemanzadeh and Fekri 2017) using a magnetic stirrer to 
form a homogenous suspension. The composition of the native 
clay which was used from the area of Vojvodina (locality of 
Potisje, Kanjiža, Serbia) was as followed (wt.%):  SiO2 (55.7), 
 Al2O3 (14.91),  Fe2O3 (5.78), MgO (2.86), CaO(5, 9),  Na2O 
(0.83),  K2O (0.14),  SO3 (0.22),  TiO2 (0.8), and loss on igni-
tion has been 10.58% (Kerkez et al. 2014). Biochar (BC) used 
in this study is commercially available from wholesale and 
has European Biochar Certificate (EBC 2012–2022). KonTiki 
system using hard wood with charring temperature around 680 
to 740 °C has made this biochar. Preparation of BC-gnZVI 
has started with dissolving biochar in 0.1 M  FeCl3*6H2O, and 
stirring for 30 min, using a magnetic stirrer. The mass ratio of 
biochar to Fe has been 1:2 (Zhang et al. 2020). During stir-
ring time in both cases, oak leaves extract was prepared by 
Machado et al. (2013). Subsequently, the filtered oak extract 
was added by drop wise to 0.1 M of  FeCl3*6H2O (native clay 
mixture) and also 0.1 M of  FeCl3*6H2O (biochar mixture at a 
volume ratio of 3:1 at room temperature with continuous stir-
ring). The black particles that appeared were centrifuged and 
washed three times with ethanol. Furthermore, wet paste was 
dried and used in the experiment.

2.3  Characterization of nanomaterial

The OL-nZVI, NC-gnZVI, and BC-gnZVI were charac-
terized by using BET, TEM, SEM/EDS, XRD, and FTIR 
techniques. The following Brunauer, Emmett, and Teller 
method (BET), was used to determine the specific sur-
face area using the Autosorb iQ Surface Area Analyzer 
(Quantachrome Instruments, USA). Images of transmission 

electron microscopy (TEM; Philips CM 10) and scanning 
electron microscopy (SEM/EDS; Hitachi S171 4700 TypeII) 
were reported to define morphology, size, and particle distri-
bution of the three different nanomaterials. X-ray diffraction 
(Philips PW1710 automated X-ray powder diffractometer, 
USA) was used to identify the mineral composition, i.e., 
metal oxides and metal hydroxides. Thermo-Nicolet Nexus 
670 apparatus was used for FTIR analysis.

2.4  Treatment of sediment

The optimal mass percentage of green nanomaterials which 
was added to the sediment, and which has showed the most 
effective results is 5%, as was described by the research 
paper Slijepčević et al. (2018, 2021). Therefore, the men-
tioned mass percentages were also observed in this work. 
The mixtures of sediment with 5% by weight OL-nZVI, 
NC-gnZVI, and BC-gnZVI were further prepared accord-
ing to ASTM D1557-00 procedure. This test method covers 
laboratory method which was used to determine compac-
tion characteristics of soil/sediment using modified effort 
(56,000 ft-lbf/ft3 (2,700 kN-m/m3)). The mixtures after com-
paction were placed in inert plastic bags and left to stand for 
28 days at a temperature of 20 °C. After that, the mixtures 
were cut to obtain cubes with dimensions of 3 ± 0.3 cm × 3 
± 0.3 cm × 3 ± 0.3 cm. Then samples (cubes) were smashed 
and applied for various leaching tests for concentration of 
metals and a single step XAD-4 extraction, as method for 
bioavailability assessment of PAH, to determine the charac-
ter of the final material. Leaching tests which were used in 
this experiment are Toxicity Characteristic Leaching Pro-
cedure (TCLP) (USEPA 2002) and German standard test—
DIN 3841–4 S4 (1984); two single extraction methods have 
been performed to assess the metal bioavailability: extrac-
tion with diluted EDTA (Quevauviller et al. 1997) and HCl 
(Sutherland 2002). Microwave-assisted extraction procedure 
(MWSE) was also done for treated sediment samples as it 
was described by Jamali et al. (2009). A fast microwave-
assisted extraction procedure was developed and proposed 
by modified BCR protocol (the community Bureau of Refer-
ence now the European Union “Measurement and Testing 
Programme”). Optimization of MW power and extraction 
time was performed under carefully controlled conditions 
of extraction solution temperature, which has not been 
higher than 50 °C, and the solutions were never brought to 
boiling. The fine powdered sediment samples of 0.2500 g 
were mineralized using a microwave-assisted acid diges-
tion system. The extraction includes four steps of samples 
digestion (the first with addition of 0.11 M acetic acid solu-
tion, the second with 0.5 M hydroxylamine hydrochloride 
solution, the third with 5%H2O2 and 1 M ammonium ace-
tate, and the fourth includes addition of aqua regia (HCl/
HNO3, 3:1)). The microwave-based digestion conditions 
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have included microwave induced time from 90 to 120 s, 
800 psi pressure, and 1200 W power. Metals concentrations 
were analyzed on an atomic absorption spectrometer (Perkin 
Elmer AAnalyst ™ 700) according to the procedure EPA 
7010 (USEPA 2007c) and 7000b (USEPA 2007b). In the 
determination of desorption through XAD-4 extraction, we 
employed the method outlined by Cornelissen et al. (1997) 
with modifications as previously described in studies by 
Spasojevic et al. (2015, 2018) and Roncevic et al. (2016).

3  Results and discussion

3.1  Characterization of nanomaterials (OL‑nZVI, 
NC‑gnZVI and BC‑gnZVI)

Characterization of nano zero-valent iron synthesized from 
oak leaves extract has already been described in detail from 
previous research by Slijepčević et al. (2021), where results 
demonstrated that OL-nZVI is nontoxic and it is stabile nano-
material for application in the sediment remediation. The use 
of supporting agents like native clay and biochar in nanoparti-
cle synthesis enhance dispersion reduces potential agglomera-
tion and also improves adsorption capacity of nanoparticles. 
These two porous materials were chosen based on theirs many 
characteristics, as well as the efficiency that clays and biochar 
showed in the case of stabilizing iron nanoparticles and their 
further application in the treatment of contaminated environ-
ment matrixes (Slijepčević et al. 2018, 2021; Oleszczuk and 
Koltowski 2017; Soliemanzadeh and Fekri 2017; Tomašević 
Pilipović et al. 2018; Ruiz-Torres et al. 2018; Qiao et al. 2018; 
Wang et al. 2019a). Using BET structural analysis, a lower 
value of the specific surface area of   stabilized nanoparticles 
was observed than that of the native clay itself (Table S1). 
The lower value   of the specific surface is due to the fact that 
the surface of the green nanoparticles is covered with organic 
molecules that are an integral part of polyphenols and other 
macromolecules found in the extract of oak leaves (Slijepčević 
et al. 2021). The decreased specific surface area was also 
noticed in the case of biochar, and this may be because the 
pore structure of biochar was blocked by dispersed nanopar-
ticles. Similar aspect that biochar pore structure can affect the 
oxidation and crystallite size of nanoparticles was described 
in a review paper by Wang et al. (2019a).

The results showed (Fig. 1b) that nZVI in the range of 
40–60 nm were located on the surfaces of native clay, gen-
erally spherical in shape. When we look at the SEM micro-
graph of native clay (Fig. 1a) with smooth and glossy lay-
ers with a few gorges, it is logical that it represents a good 
supporting material for nano zero-valent iron. EDS analysis 
(Table S2) indicates the presence of O, Si, Al, and Mg, in 
the both samples. TEM image of the NC-gnZVI (Fig. S1) 
showed that Fe nanoparticle successfully supported on the 

native clay surface. Similar results have been reported in pre-
vious studies (Soliemanzadeh and Fekri (2017) and Husen 
and Iqbal (2019)).

Biochar (Fig. 2a) was characterized by porous and smooth 
surface structure (Zhang et al. 2019). After synthesis of BC-
gnZVI, formed nanoparticles were randomly located, evenly 
dispersed and roughened the biochar surface. These nano-
particles were spherical, discrete, and dispersed with a mean 
diameter of about 100 nm. The EDS data in Table S2 shows 
that the principal compositions in the biochar were C 56.32 
wt%; O 39.5 wt%; Mg 1.61 wt%, and Na 0.72 wt%. The Fe 
content in BC-nZVI was 21 times higher than in biochar 
alone, indicating that iron was successfully impregnated in 
BC. The high concentration of Cl in both nanomaterials is 
attributed to the  FeCl3 salt, which was used for the synthesis 
of nanoparticles. The elements potassium and calcium also 
present in NC-gnZVI and BC-gnZVI come from the plant 
extract. They are essential for plant growth and exist in every 
living plant cell (Kecic et al. 2018). Based on TEM image 
(Fig. S2), the nanoparticles were spherical and imbedded in 
biochar matrix, where the carbon support effectively inhibits 
agglomeration (Zhang et al. 2019). The X-ray patterns of 
NC-gnZVI and BC-gnZVI presented in Fig. 3 showed the 
presence of the main diffraction peak at a 2θ value of 44.9° 
which is associated with the load of nZVI to the native clay 
layers/biochar, respectively.

The XRD diffractogram (Fig. 3a) also identified peaks 
corresponding to the structure of kaolinite, montmorillon-
ite, and smaller peaks originating from the internal struc-
ture of clay (Shi et al. 2011; Soliemanzadeh and Fekri 
2017; Slijepčević et al. 2021), and also a large diffraction 
peak at 29.5° in XRD pattern of biochar (Fig. 3b) cor-
responds to CaMg(CO3)2/dolomite (Siligardi et al. 2017), 
which shows that the native clay or biochar structure is not 
demolished after the reaction with green nanoparticles. The 
FTIR spectrum (Fig. S3) shows tetrahedral sheet of Si-O-Si 
stretching at 470 and 1031  cm−1, Si-O-Al deformation at 
526  cm−1, Al-O and Si-O stretching at 693.9  cm−1, Si-O 
(quartz and silica) deformation at 798 and 779  cm−1, O-H 
deformation mode of water at 1634 and 3429  cm−1, and 
vibration of structural O-H group stretching at 3624  cm−1. 
A wide peak (Fig. S4) at 3440   cm−1 was assign to the 
adsorption of water molecules as result of an O-H stretch-
ing mode of hydroxyl groups, where the peaks at 2923 and 
2852  cm−1 can be attribute to the presence of aliphatic 
C-H vibration (Zhang et al. 2013; Liu et al. 2018), and 
then C=O or C=C can be from carboxyl acids (1635  cm−1) 
(Choudhary et al. 2017) and C-O from carboxylate, at 
peaks 1435 and 1091   cm−1 (Zhang et  al. 2020). After 
synthesis of BC-gnZVI, some variations can be observed 
from Fig. S4(b), the –OH group at 3440  cm−1 was tapered 
and right-shifted to 3375  cm−1. The characteristic peaks 
at 1640, 1230 and 1065  cm−1 correspond to C=O, C=C, 
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C-N, and C-O (Leng et al. 2015), which indicated that both 
BC and BC-gnZVI contained plentiful organic functional 
groups (Liu et al. 2018), and basic chemical composition 
was not changed by the immobilization of OL-nZVI. The 
obtained characterization results indicate that green nano 
Fe(0) particles can be support on native clay or biochar, 
stable and with minimal agglomeration and that they rep-
resent an alternative to chemical synthesis because they act 
as reducing and stabilizing agents.

4  Characterization of sediment

The main characteristic of examined sediment are given in 
Table S3. The risk assessment of river sediment was deter-
mined by Serbian national legal act (“Off. Gazette of RS” 
No. 50/2012) and given in Table 1. Based on the fact that the 
quality criteria is given for standard sediment with a content 
of 10% organic matter and 25% clay, it was necessary to 
make correction for metals concentrations. For concentration 

Fig. 1  SEM images of a NC 
and b NC-gnZVI
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of PAHs, no correction is necessary. Results for sum of PAH 
(2.70 ± 0.05 mg  kg−1) indicate that untreated sediment cor-
responds to class 2. Class 2 sediments are slightly polluted. 
A pseudo-total concentration for Cu, Cd, and Ni indicates 
that sediment corresponds to class 4 + . The fourth class 
according to Serbian legislation classifies the sediment as 
extremely polluted. For that sediment, there is a need for 
dredging, or there is a need for different sediment cleanup 
measures (“Off. Gazette of RS” No. 50/2012).

Stabilization with nanomaterials as remediation technique 
was used in this study. After the application of nanomateri-
als as immobilization agents, to evaluate the efficiency of 
the treatment, leaching and bioavailability tests were used 
(Fig. S7 Schematic diagram of treatment procedure). The 
aim of these tests is to simulate the conditions under which 
the treated mixtures may be exposed if they are disposed in 
the environment, as well as the classification of the treated 
sediment as inert, hazardous, or non-hazardous.

Fig. 2  SEM images of a BC and 
b BC-gnZVI



515Journal of Soils and Sediments (2024) 24:509–524 

1 3

Fig. 3  XRD spectra of a NC-
gnZVI and b BC-gnZVI

Table 1  Pseudo-total concentrations of metals and sum of PAHs (mg  kg−1)

Parameter Cu Cd Cr Pb Ni Zn As Sum of PAHs
mg kg−1

Measured value 312.92 ± 9.02 14.83 ± 0.47 297.63 ± 7.85 477.54 ± 19.10 289.11 ± 8.67 748.42 ± 22.5 62.78 ± 1.06 2.70 ± 0.05
Corrected value 259.15 ± 6.02 12.65 ± 

0.26
252.23 ± 5.6 416.53 ± 16.05 229.97 ± 6.54 608.56 ± 18.5 53.58 ± 

0.96
-

Target value 36 0.8 100 85 35 140 29 1
Limit value 36 2 380 530 35 480 55 1
Verification level 90 7.5 380 530 45 720 55 10
Remediation value 190 12 380 530 210 720 55 40
Classification 4+ 4+ 1 1 4+ 2 1 2
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5  The effectiveness of the stabilization 
technique from the aspect of metals

5.1  Sequential extraction of an untreated sediment

Sequential extraction was performed in an untreated sedi-
ment sample aiming to determine the potential risk of 
the sediment to the environment. The following decrease 
in metal mobility can be observed: Zn > Pb > Cu > Ni > C
d > Cr > As (Fig. 4). The difference in percentages in the 
exchangeable phase for Cu, Cd, Cr, Pb, and Ni is small, but 
with all the examined metals, their percentage is the highest 
in the exchangeable phase, which makes them extremely 
mobile. According to the risk assessment code—RAC (Jain 
2004), the percentage of extracted, more easily mobile met-
als in this phase of extraction ranges from 33.99% for As to 
43.74% for Zn of the total metal concentration; thus, this 
sediment sample is classified as a high-risk category for the 
environment. A significant percentage of metals are also 
present in the oxidable and reducible phases. In the oxidable 
fraction, metals are associated with organic components of 
the sediment, and the immobilization of metals depends on 
the characteristics of organic matter and the oxidation con-
ditions of the environment. In the reducible fraction, most 
metals are present above 20% in which the metals bind to 
iron and manganese (and sometimes aluminum) oxides 
that would be released if the solid matrix were subjected 
to anoxic (reduced) conditions, which also makes them 
potentially mobile. The presence of potentially toxic ele-
ments in reducible phase is a consequence from discharging 
of industrial wastewater into rivers and canals, according to 
our previous research (Slijepčević et al. 2021).

5.2  Sequential extraction after treatment 
with nanomaterials

The geochemistry of trace metals in sediment can have an 
impact on their transport dynamics, as well as on their poten-
tial availability to aquatic organisms (Heltai et al. 2018). 
Based on the results (Fig. 4) of the sequential extraction for 
all three nanomaterials, the following metals Cu, Cd, Pb, Ni, 
Zn, and As are the most abundant in the residual fraction in 
which the metals are occluded in the layers of the crystal lat-
tice of silicates and well-crystallized oxide minerals and are 
considered the most stable, less reactive, and less bioavailable 
fraction (Choleva et al. 2020). Percentages of metals found 
in this fraction for all three nanomaterials were above 50% 
and are not expected to be released into the solution under 
conditions encountered in nature. The treatment of sediment 
with 5%wt BC-gnZVI was more successful in terms of As 
(94%), Pb (66%), Cd (57%), and Cu (76%). However, very 
small differences were observed in the application of these 
three amendments as immobilization agents of the contami-
nated sediment. The results show that organic matter has a 
stronger geochemical affinity for chromium, which leads to 
the formation of organic complexes and a higher percentage 
of this metal in the oxidable fraction (Choleva et al. 2020). If 
conditions are changed and the degradation of organic matter 
is happened, then it can point to the release and to the leaching 
of bound metals from this fraction in the sediment (Choleva 
et al. 2020). These changes in metal speciation suggest that 
sediment treatment using green synthesized nZVI from the 
oak leaf extract and also supported by native clay and bio-
char has had results in the mitigation of direct toxicity and in 
reduction of potential environmental risk.

Fig. 4  Sequential extraction (%) before and after the treatment
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The risk assessment established on the percentage of 
metals in the exchangeable (carbonate) fraction of the sedi-
ment confirms that none of the examined metals repre-
sents a risk to aquatic systems, as their values have been 
below 10% (Jain 2004). Comparing the percentage shares 
of the examined metals in the sediment which were treated 
with green nano zero-valent iron, their significant reduc-
tion in the exchangeable and in the reducible fraction is 
observed in relation to the untreated sediment. The results 
presented in Fig. 4 provide a useful guide in assessing the 
long-term potential risk of potentially toxic elements in 
the environment.

5.3  Assessment of the metal bioavailability using 
HCl, EDTA and the first phase of BCR

Bioavailability with hydrochloric acid and EDTA is 
certainly a faster and an easier method for determining 
the current state of the sediment quality. Comparing the 
results of the first phase of sequential extraction (acetic 
acid has been used as an extraction agent) and bioavail-
ability with HCl and EDTA shown in Fig. S5(a–c), we 
can conclude that the leached concentrations of potentially 
toxic elements are higher with the use of HCl and with the 
use of EDTA just in case of Cu, Pb, and Zn. These three 
metals have deep affinity for Fe oxides and hydroxides 
and can be remobilized because of the complexation of 
Fe with EDTA (log K = 25.1). (Žemberyová et al. 2007). 
Compared with HCl, EDTA ligand has had less capacity 
to remove acid extractable and reducible Cu and Zn. On 
other hand, it has had great ability to remove the oxidiz-
able Cu than Zn (Wang et al. 2017). Based on the pre-
sented results (Fig. S5), in sediment mixtures with 5%wt 
OL-nZVI, 5%wt NC-gnZVI, and 5%wt BC-gnZVI, we can 
observe higher percentages (72–82%) of chromium leach-
ing in comparison with other examined potentially toxic 
elements, which we can attribute to the acidic character-
istics and chelating properties of  Cl− (Wang et al. 2017). 
Acetic acid, as a weak acid, is used to simulate the effects 
of the input of acidic properties (through acid rain or acci-
dental low-pH spills or discharges) to the sediment (Wang 
et al. 2017). Therefore, it is normal to expect that the first 
phase of sequential extraction contains easily mobile and 
bioavailable metal fractions, which are released into the 
solution with a slight change in the pH value of the sedi-
ment. In the case of stronger acids, such as HCl, under the 
influence of  H+ attack, the destruction of hydro(oxides) 
in the sediment occurs, which are primarily hosts of metal 
ions, which demonstrates the greater capacity of the 
HCl solution to remove/leach metals from the sediment. 
EDTA was also proved to be very adequate organic ligand 
in mobilizing solid-bound metals (Leleyter et al. 2012), 
due to its strong attracting abilities for potentially toxic 

elements (Shahid et al. 2014) via direct complexation and 
indirect dissolution of reducible and oxidizable sediment 
components (Wang et al. 2017).

5.4  Assessment of toxic characteristic using one 
step extraction tests

To test the effectiveness of S/S treatment based on leached 
concentrations of potentially toxic elements, the TCLP 
leaching test was applied, in order to characterize waste 
as hazardous or non-hazardous. In all three mixtures 
(Table S4), the obtained results do not exceed the limit 
values according by Serbian regulations (Official Gazette 
56/2010) and those set by the EPA (40 CFR Parts 261 
2005). Therefore, it can be concluded that the three mix-
tures do not have toxic characteristics and such waste is 
considered non-hazardous in terms of leached concentra-
tions of Cu, Cd, Cr, Pb, Ni, Zn, and As. The obtained pH 
values   after applied extraction were from 7.13 and 7.16 to 
7.18 pH units for 5%wt OL-nZVI, 5%wt NC-gnZVI, and 
5%wt BC-gnZVI, respectively, which is in accordance 
with the prescribed values   when disposing of such treated 
waste/sediment at sanitary landfills. The German standard 
leaching test (DIN 38414–4) simulates real conditions in 
nature, using deionized water as a leaching agent. Based 
on the obtained concentrations (Table S5) of Cu, Cd, and 
Zn, all three mixtures are classified as inert waste, while 
from the aspect of the leached concentrations of Cr and 
Ni, it represents a non-hazardous waste. Other two metals 
(Pb and As) have different classification, based on concen-
trations of Pb, mixture with 5% OL-nZVI has been con-
sidered inert waste, but other two mixtures have exceeded 
values for waste which is considered as (Table S5). If we 
observe concentrations of As, only mixture with 5% NC-
gnZVI has exceeded the limit value of inert waste. This 
mixture does not exhibit toxic effects and can be disposed 
of safely, as it is considered as non-hazardous waste based 
on the all above criteria. The pH values   for all mixtures 
(8.22; 8.30; 8.26) are in accordance with the prescribed 
values, while the leached solutions have showed slightly 
alkaline properties. The results from both leaching tests are 
in good agreement with mentioned above conclusions from 
sequential extraction, that after treatment with nanomateri-
als, metals are safely stabilized with leaching concentrations 
below 10% (Table S6) of total metals from mixtures and 
thus do not represent a threat during disposal of mixtures 
into the environment. After conducting the TCLP test, the 
lowest percentage was observed in the mixture containing 
5% BC-gnZVI (0.42%), while the highest percentage was 
found in the mixture with 5% NC-gnZVI. In the case of the 
DIN test, the lowest percentage was observed with 5% OL-
nZVI (0.20%), and again, the highest was recorded with 5% 
NCgnZVI (1.65%).
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5.5  Removal mechanisms of potentially toxic 
elements with green iron nanoparticles

The final valence state and the main mechanism for heavy 
metal removal are related to the standard redox potential 
 (E0). The mechanism between nano zero-valent iron and 
potentially toxic elements mainly involves adsorption, reduc-
tion and precipitation/co-precipitation (Fig. 5).

When the redox potential of the metal is much higher 
(positive) than the redox potential of iron, the metal is gen-
erally removed through reduction, such as Cu(II). When 
the redox potential of the metal is lower (negative) or close 
to  Fe0, the metal is mainly removed by adsorption, such 
as Zn(II), Cd(II), and As(V). In the case when the redox 
potential of the metal is slightly higher (positive) than the 
redox potential of iron, the metal can be removed by the 
dual effects of adsorption and reduction (for example, Pb(II), 
Ni(II), and Cr(VI)) (Huang et al. 2017). The native clay 
used in this work to stabilize iron nanoparticles behaves as 
a chelating agent for potentially toxic elements and also for 
Fe(0) nanoparticles, which is in good correlation with the 
BET specific surface area of   native clay previously men-
tioned and shown in papers by Soliemanzadeh and Fekri 
(2017), Tomašević Pilipović et al. (2018), Slijepčević et al. 
(2018), Ye et al. (2021), and Yang et al. (2021). Although 
supports with native clay have showed good results, there 

are some disadvantageous due to the complications of sepa-
ration, recovery, and less ability for reactions with organic 
pollutants (Wang et al. 2019a). Carbonaceous materials like 
used biochar have excellent reactivity with potentially toxic 
elements or organic pollutants and thus supply green nano 
zero-valent iron with higher catalytic capacity. BC also sup-
plies nZVI with suitable matrix (with pores, and large SA) to 
lodge nZVI particles (Wang et al. 2019a). Removal mecha-
nism of potentially toxic elements by BC-gnZVI includes 
ion exchange, electrostatic attraction, surface complexa-
tion, and π-π interactions (Dong et al. 2011). Removal by 
BC-gnZVI can be refer to role of oxygen atoms in the O-H 
groups and C = O of BC and the Fe-O groups of nZVI that 
may form coordination complexes with metal ions by addi-
tion pairs of free electrons (Yang et al. 2018). In a few stud-
ies, surface complexion of Pb, Cu, and Zn was validated 
(Diao et al. 2018; Yang et al. 2018). Knowing that BCs are 
described by high point of zero charge values, these proper-
ties also support electrostatic attraction with anionic HMs, 
governing to the design of inner-sphere complexes. BC also 
provide active surface sites for the removal of HMs by redox 
reactions (Wang et al. 2019a). Su et al. (2016) has found that 
biochar and ZVI have symbiotic effects on the immobiliza-
tion of Cd(II) and As(V) from solid matrixes. In another 
study (Qiao et al. 2018), use of nZVI (0.4%) and nZVI/BC 
(0.8%) has immobilized about 100% Cr(VI) from soil.

Fig. 5  The removal mechanisms of metals and PAHs
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6  The effectiveness of the stabilization 
technique from aspect of PAHs

6.1  The estimation of the bioaccessible fraction 
of PAH in an untreated sediment

The initial concentrations of PAHs in untreated sediment 
sample were in range of 6.09 ± 0.22 for acenaphthylene to 
393.78 ± 12.3 µg  kg−1 for pyrene (Table 2). Low-molecu-
lar-weight/high-molecular-weight ratio were used for the 
description of sediment pollution source (Kuppusamy et al. 
2017).  LMWPAH/HMWPAH in the untreated sediment sam-
ple was 0.08 indicating a pyrogenic source for the PAHs 
present. In the literature (Han et al. 2019), for more informa-
tion about potential sources of PAHs, the most commonly 
used are ratios including Flu/(Flu + Py) and Ant/(Ant + Phe). 
The first ratio was 0.49 and the second 0.38 which suggest-
ing that fuel combustion (Flu/(Flu + Py) in range 0.4–0.5) 
and pyrogenic (Ant/(Ant + Phe) > 0.1) as the main sources. 
The combustion origin is most likely from liquid fossil fuel 
from river sediment activities. In the current study, XAD-4 
extraction was used for indicating bioavailable fraction in 
untreated sediment sample. Results (Table 2) show that the 
sum of the stripped/desorbed PAHs was 3.30% of all total 
PAHs in the untreated sediment sample.

Cui et al. (2013) state that this extraction technique can be 
good predictors for bioavailability of PAHs which contains 
octanol/water partition coefficient (Kow) values < 6.0. In 
Posada-Baquero et al. (2019), a recommendation was given 
that the single time point can be a reliable tool for bioavail-
ability assessment.

6.2  Total content and bioavailability of PAHs 
after sediment treatment with nanomaterials

The content of PAHs after stabilization of the sediment 
sample with 5%wt OL-nZVI, 5%wt NC-gnZVI, 5%wt BC-
gnZVI, and after 24 h of extraction with XAD-4 resin was 
represented in Table 3.

The ratio between  LMWPAH and  HMWPAH and Flu/
(Flu + Py) and Ant/(Ant + Phe) remained the same as in 
the untreated sediment. Although the mentioned ratios stay 
the same, the concentrations as we can see in Table 3 were 
decreased compared to the beginning. These three sediment 
mixtures based on concentrations for sum of PAHs belong 
to class 0 where sediments are at the level of non-pollution. 
The percentage of desorbed PAHs after 24 h of extraction 
with XAD-4 resin was slightly higher than in the untreated 
sample, for mixture of 5%wt OL-nZVI 7.6%, 5%wt NC-
gnZVI 9.8%, and 5%wt BC-gnZVI 9.5% (Fig. S6). This 
could have been caused by the percentage of organic matter, 
by the proportion of biochar and clay as supporting agents 
and by the reaction of PAHs with them. Individual con-
centrations for PAHs after extractions in all three mixtures 
were smaller, indicating that there was still less bioavail-
ability of PAHs after sediment stabilization. For example, 
concentration of phenanthrene in untreated sediment sam-
ple was 80.65 µg  kg−1, and after the treatment with 5%wt 
OL-nZVI, it was 80.59 µg  kg−1; with 5%wt NC-gnZVI, 
it was 77.91 µg   kg−1, and with 5%wt BC-gnZVI, it was 
74.50 µg  kg−1. If we observe concentrations after 24 h of 
extraction with XAD-4 resin, then these concentrations have 
been 27.13, 16.16, 19.49, and 16.09 µg  kg−1, respectively. A 

Table 2  PAH concentration 
(µg  kg−1) in untreated sediment 
sample before (start) and after 
single step extraction (24 h 
XAD-4) with resin XAD-4

Analyzed PAHs Number of 
rings

Start 24 h XAD-4 Log Kow

Naphthalene 2 31.48 ± 1.13 0.19 ± 0.01 3.32
Acenaphthylene 3 6.09 ± 0.22 1.14 ± 0.05 3.93
Acenaphthene 3 9.02 ± 0.25 0.30 ± 0.01 4.33
Fluorene 3 32.45 ± 0.99 0.51 ± 0.01 4.18
Phenanthrene 3 80.65 ± 3.22 27.13 ± 0.44 4.57
Anthracene 3 49.08 ± 1.15 11.44 ± 0.22 4.54
Fluoranthene 4 371.75 ± 10.5 14.85 ± 0.22 5.18
Pyrene 4 393.78 ± 12.3 13.38 ± 0.22 5.22
Chrysene 4 311.07 ± 11.6 6.97 ± 0.13 5.91
Benzo(a)anthracene 4 307.49 ± 10.8 6.65 ± 0.15 5.91
Benzo(b)fluoranthene+ 5 607.73 ± 15.2 3.86 ± 0.12 5.80/5.90
Benzo(k)fluoranthene 5
Benzo(a)pyrene 5 78.82 ± 2.66 3.49 ± 0.12 6.00
Dibenzo(a, h)anthracene+ 5 221.24 ± 3.65 0.00 6.75/6.50
Indeno (1,2,3 cd) pyrene 6
Benzo(g,h,i)perylene 6 199.67 ± 2.82 0.00 6.50
Sum PAH - 2700.32 ± 50 89.91 ± 3.52 -
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similar trend is noticeable with other PAH compounds. Bio-
availability of PAHs as the potential factor of successively 
reducing the nZVI application was excluded (Oleszczuk and 
Koltowski 2017), because its weak removal of PAHs could 
have been by the constraining activity of nZVI in a complex 
compound such as sediment.

6.3  Removal mechanisms of PAHs with green  
iron nanoparticles

According to the above discussions and Fig. 5, it can be 
established that the removal mechanism of organic pollutants 
and nZVI are mainly under the influence of the following: (1) 
adsorption and coprecipitation with iron oxide/oxyhydroxide; 
(2) redox reactions on nZVI surface; and (3) fabrications of 
ionic species (free radicals) in order to chemically degrade 
organic pollutants (Li et al. 2021). The one of the most essen-
tial processes for organic pollutants removal is adsorption. 
Two steps are included in the adsorption, i.e., the first appear 
individually on the surface of oxidation coat of nZVI or on 
its compounds. The synergistic effect is referred to by the 
second step between the supporting porous material (such 
as native clay/biochar in this research) and nZVI (Li et al. 
2021). The reduction has also got a prominent role thanks to 
core–shell structure of green nZVI which is provided by the 
reductive properties of  Fe0 and  Fe2+ (Ahmed et al. 2017). The 
hydrogenation, hydrogenolysis, and coupling processes are 
the reduction processes which appear (He et al. 2018). Green 
synthesis of nanomaterials was applied in order to remove 

organic pollutants like in research Hassan et al. (2018) (using 
pomegranate peel extract for production of nanoparticles) and 
also by Rani and Shanker (2018), Husen and Iqbal (2019), 
Sivodia and Sinha (2022), and Mirzaee and Sartaj (2023). 
The removal of organic pollutants by BC-gnZVI is attrib-
uted also to the adsorption process, reductive/catalytic and 
mass transfer capacities of biochar, and its synergy with nZVI 
(Wang et al. 2019a). Organic molecules from (poly)aromatic 
and aliphatic compounds can be mainly adsorbed and then 
by hydrophobic and electron attraction processes between 
BC surface and organic pollutants and diffusion through the 
pores of biochar. In recent studies, it was found that BC-nZVI 
treatments have decreased the content of PAH by more than 
82% (Oleszczuk and Koltowski 2017). Although the PAHs 
were adsorbed by sorptive sites onto biochar surface and 
they are less available, the existence of biochar in the soil/
sediment can enhance the number of microorganisms in solid 
matrixes and encourage degradation of PAHs, decreasing the 
half-lives of PAHs in solid matrixes (Kusmierz et al. 2016).

7  The impact of the simultaneous presence 
of contaminants (potentially toxic 
elements and PAHs) in the sediment

Based on the results and discussion mentioned above, 
special attention should be paid on reaction mechanism 
for the stimulations removal of potentially toxic elements 

Table 3  PAH concentration (µg  kg−1) in sediment mixtures with nanomaterials before (start) and after single step extraction (24 h XAD-4) with 
resin XAD-4

Mixtures 5%wt OL-nZVI 5%wt NC-gnZVI 5%wt BC-gnZVI

Analyzed PAHs Start 24 h XAD-4 Start 24 h XAD-4 Start 24 h XAD-4

Naphthalene 28.33 ± 1.13 1.40 ± 0.05 25.33 ± 0.12 1.42 ± 0.05 23.53 ± 1.15 0.39 ± 0.02
Acenaphthylene 1.14 ± 0.05 0.03 ± 0.01 1.44 ± 0.05 0.08 ± 0.01 1.50 ± 0.05 0.15 ± 0.01
Acenaphthene 3.99 ± 0.12 0.83 ± 0.01 7.50 ± 0.22 0.13 ± 0.01 6.03 ± 0.15 0.13 ± 0.01
Fluorene 18.49 ± 0.16 0.75 ± 0.01 23.07 ± 1.20 2.98 ± 0.11 25.48 ± 1.07 4.11 ± 0.20
Phenanthrene 80.59 ± 3.22 16.16 ± 0.30 77.91 ± 3.03 19.49 ± 0.22 74.50 ± 1.88 16.09 ± 0.80
Anthracene 25.67 ± 1.25 4.50 ± 0.11 30.88 ± 1.13 8.06 ± 0.32 32.76 ± 1.22 6.74 ± 0.34
Fluoranthene 107.36 ± 4.29 10.25 ± 0.33 95.02 ± 2.85 12.70 ± 0.12 88.05 ± 2.64 11.20 ± 0.15
Pyrene 105.15 ± 3.66 9.55 ± 0.29 92.97 ± 3.30 11.65 ± 0.12 89.18 ± 2.43 10.49 ± 0.15
Chrysene 73.18 ± 2.88 3.58 ± 0.10 62.71 ± 2.16 4.32 ± 0.13 70.40 ± 2.10 3.82 ± 0.12
Benzo(a)anthracene 74.58 ± 2.90 3.57 ± 0.11 63.69 ± 2.06 4.29 ± 0.10 69.48 ± 2.07 3.67 ± 0.12
Benzo(b)fluoranthene+ 168.71 ± 4.03 2.91 ± 0.10 143.29 ± 3.88 3.28 ± 0.09 157.11 ± 3.62 3.32 ± 0.12
Benzo(k)fluoranthene
Benzo(a)pyrene 17.15 ± 0.32 0.31 ± 0.02 21.71 ± 1.10 0.37 ± 0.03 15.46 ± 0.23 1.87 ± 0.03
Dibenzo(a, h)anthracene+ 0.00 0.00 0.00 0.00 0.00 0.00
Indeno (1,2,3 cd) pyrene
Benzo(g,h,i)perylene 0.00 0.00 58.95 ± 2.62 0.00 0.00 0.00
Sum PAH 704.34 ± 28.2 53.83 ± 2.80 704.46 ± 68.78 ± 2.74 653.47 ± 26.1 62.00 ± 1.88
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and PAHs and on the influence of environmental factors 
on removal efficiency (Fig. 5). This removal takes part 
in the direct reduction by  Fe0 and also in both adsorption 
and co-precipitation (Kang et  al. 2018) by iron(hydro)
oxides or biochar and native clay. For example, Liu et al. 
(2018) investigated the mechanism of  Cu2+ and BPA 
(bisphenol A) removal, where first  Cu2+ was adsorbed on 
the surface of BC-nZVI (BPA also is partially adsorbed). 
Then, it was co(precipitated) with carboxyl and hydroxyl 
groups, and subsequently, it was reduced to  Cu0 whereby 
 Fe2+ would be released under acidic conditions and would 
activate the removal of BPA by presence of surfactants like 
persulfate (PS). The use of surfactants in the removal of 
pollutants has few limitations, including that they are readily 
biodegradable, as well as massive quantities of surfactants 
could have serious effects on the ecosystem. The pH 
factor and organic matter can affect nZVI performance by 
increasing the solubility of organic pollutants, which form 
complexes with metals and other organic pollutants, thereby 
impacting the passivation of nZVI (Zhao et  al. 2016). 
Biochar itself can also contribute to the additional amount of 
carbon, which can have negative or positive influence on the 
sediment organic matter (Zimmerman et al. 2011). Due to 
their characteristics, particular pollutants can be antagonistic 
to, or coactive with, or neutral with tribute to the target 
pollutants. For example, neutral organic composites were 
not affected to the glyphosate removal, but they were 
raised by metal which formed inner-sphere structures with 
the carboxyl groups of biochar and hydroxyl groups of Fe 
oxides (Wang et al. 2019b). Some cationic potentially toxic 
elements have different affinities for sorption sites, and 
some sorption sites surface on nZVI were blocked by newly 
formed metal-hydroxides or compounds (Wang et al. 2010). 
Unfortunately, their simultaneous removal is not as simple 
as a single or a specific contaminant removal. Looking 
ahead, research about antagonistic effect of one pollutant 
over another should be aimed to ways of minimizing it, 
because numerous organic pollutants and potentially toxic 
elements co-exist already in the environment causing serious 
toxicological residues (Ajiboye et al. 2021).

8  Conclusion

The present study showed that co-application of sup-
ported material like native clay and biochar with green 
nano zero-valent iron synthesized from oak leaves extract 
and iron(III)salt are promising material for simultaneous 
immobilization of PAHs and potentially toxic elements 
in sediment. These nanomaterials (NC-gnZVI and BC-
gnZVI) successfully showed good dispersion on native 
clay or biochar surface by SEM/EDS, TEM, XRD, FTIR, 
and BET methods, while not affecting the structure of 

supported materials. It was clearly demonstrated that 
removal of potentially toxic elements was better than 
removal of PAHs, because all metals across from mobile/
available phase to residual good stabilized phase in sedi-
ment matrix, where they do not pose a threat to the envi-
ronment. Certainly, the concentrations of PAHs were also 
low in the initial sediment sample, but even on this basis, 
the removal after remediation using NC and BC-gnZVI 
was noticeable. Future work should focus on (i) immobi-
lization of sediment in different mass proportion of sup-
ported native clay and biochar nZVI, because in this study 
it showed only 5%wt; (ii) potential toxicity of nanomateri-
als; (iii) how supported material effects on the long-term 
effectiveness of green nZVI; and (iv) how to established 
maximum removal capacity for organic and inorganic 
contaminants. Developing the green nZVI procedures has 
been improved over the last few years. However, new path-
ways have to be implemented in order to achieve circular 
economy goals. Production of nZVI and his modification 
represent a challenge; therefore, science must response 
with reduction of the cost of synthesis and by expanding 
the possibility of applying these nanomaterials.
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