
Vol.:(0123456789)

Environmental Science and Pollution Research 
https://doi.org/10.1007/s11356-025-36052-9

RESEARCH ARTICLE

MOF‑biochar nanocomposite for sustainable remediation 
of contaminated soil

Vladimir Polyakov1 · Tatiana Bauer1 · Mikhail Kirichkov1 · Vera Butova1,2 · Maksim Gritsai1 · Tatiana Minkina1 · 
Alexander Soldatov1 · Ekaterina Kravchenko1 

Received: 11 November 2024 / Accepted: 30 January 2025 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2025

Abstract
Soil contamination by heavy metals represents a critical environmental risk. Innovative and sustainable remediation strate-
gies are urgently needed to address this global challenge. Biochar, derived from biomass pyrolysis, has gained attention 
as an eco-friendly material for heavy metal adsorption. However, its adsorption performance is highly dependent on the 
pyrolysis conditions and can be further enhanced through functionalization. In this study, wheat straw biochar was optimized 
for enhanced porosity, carbon content, and structural stability and further functionalized by incorporating metal–organic 
frameworks (MOFs) to create a high-performance nanocomposite. Three MOFs—ZIF-8, UiO-66, and MIL-100(Fe)—were 
evaluated for their Cu2⁺ and Pb2⁺ adsorption capacities. MIL-100(Fe) emerged as the most effective due to its high pore 
volume and iron-active sites. Coating biochar with MIL-100(Fe) increased its surface area sixfold, achieving 419 m2∙g−1, 
and doubled its sorption capacity for heavy metals in soil (142 mmol·kg−1 for Cu2⁺ and 156 mmol·kg−1 for Pb2⁺). Advanced 
characterization techniques, including XAFS, XRD, and SEM–EDX, revealed that the sorption mechanisms were dominated 
by complexation and cation exchange, with the nanocomposite demonstrating superior metal immobilization compared to 
neat biochar. These findings highlight the potential of the nanocomposite as an effective amendment for reducing heavy 
metal toxicity in soils.
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Introduction

Soil contamination by heavy metals (HMs) has become a 
global concern, largely due to ongoing urbanization and 
industrialization (Wuana and Okieimen 2011). Various 
industrial activities, along with the rapid expansion of 
urban areas, have significantly contributed to soil pollution 
(Thakur et al. 2022). A study on the spatiotemporal vari-
ability of cadmium in the soils of Guangxi, China, identified 
non-ferrous metallurgy and related non-ferrous metal mining 
as key contributors to HM enrichment in the region (Tian 

et al. 2023). Using a positive matrix factorization model, 
researchers Chandra et al. (2023) estimated the cancer risks 
of HMs entering the soil through agricultural activities and 
transport emissions. While fertilizers are crucial for enhanc-
ing crop productivity, their excessive use has altered the 
soil chemistry, leading to increased HM levels in the soil 
(Kravchenko et al. 2025). These metals, particularly copper 
(Cu) and lead (Pb), pose serious risks to plants, animals, and 
human health. Copper accumulation in soil impairs water 
and nutrient uptake, disrupts photosynthesis, and stunts plant 
growth (Rodrigues Cruz et al. 2022). Lead toxicity arises 
from its ability to inhibit porphobilinogen synthase, a key 
enzyme in heme biosynthesis, leading to anemia (Abadin 
et al. 2007). Consequently, developing effective methods 
for soil remediation is a critical challenge for researchers 
worldwide.

Carbon-based sorbents like biochar, activated carbon, 
graphene, graphene oxide, carbon nanotubes, and soot are 
effective for the remediation of HM-contaminated soil (Fu 
et al. 2022). Biochar, a solid carbon-rich material produced 
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via biomass pyrolysis, stands out due to its structural prop-
erties. Its high surface area enhances interaction with con-
taminants, while its porous nature physically traps ions. 
Biochar’s surface functional groups, both negatively and 
positively charged, attract and retain ions such as ammo-
nium (NH₄⁺), metal ions, phosphate (PO₄3⁻), and nitrate 
(NO₃⁻) (Vasseghian et al. 2024). Additionally, these groups 
form complexes with the adsorbed species, further boosting 
the adsorption capacity. These properties make biochar a 
highly effective adsorbent for the removal of HMs in soils. 
It has recently been widely used as a potential soil additive 
to improve its properties. It has been proven that biochar 
improves soil structure by reducing bulk density, increas-
ing porosity, and enhancing water retention, particularly 
under drought conditions (Kravchenko et al. 2023). It also 
enhances nutrient availability, supports microbial activity, 
and raises soil pH, leading to better plant growth and higher 
yields (Wu et al. 2023).

Biochar also reduces the bioavailability and mobility of 
HMs in contaminated soils, decreasing their uptake by plants 
(Anbalagan et al. 2023). Feedstock choice significantly influ-
ences biochar’s properties. Burachevskaya et al. (2023) stud-
ied biochars derived from wood, sunflower husks, and rice 
husks and noted that their adsorption capacities vary, with 
wood biochar demonstrating the highest efficiency due to 
its specific surface area and aromatic functional groups. 
Optimized pyrolysis conditions, such as those applied to 
rice husk biochar, further enhance its potential as a sorbent 
(Lobzenko et al. 2022). However, biochar has its limitations. 
When produced under suboptimal conditions, it may have 
low sorption capacities, reducing its effectiveness in envi-
ronmental applications like soil remediation. Enhancing the 
sorption properties of biochar remains a critical scientific 
challenge, necessitating further optimization of pyrolysis 
parameters and careful selection of feedstocks to fully real-
ize its potential in practical use.

Composite biochar materials show promise in overcom-
ing biochar limitations. Gouma et al. (2022) found that mag-
netic biochar allows for easy retrieval from soil, allowing 
for the removal of both contaminants and the sorbent. Simi-
larly, combining biochar with metal-tolerant bacteria has 
enhanced its performance in decontaminating zinc-contam-
inated soil, reducing zinc uptake by plants while improving 
their growth and health (Rajput et al. 2023). Gholizadeh and 
Hu (2021) provided a detailed analysis of various materi-
als based on biochar doped with metals, metal oxides or 
sulfides, and non-metals (sulfur and phosphorus), as well as 
various fertilizers (hydroxyapatite, calcium silicate, struvite, 
clay) and organic substances (chitosan). In addition, various 
mechanisms of HM binding by composites were considered. 
Mazarji et al. (2023) conducted a similar comparative study 
and showed that one of the most successful combinations is 
the combination of biochar with Fe3O4, FeS nanoparticles, 

graphene oxide, or chitosan. These advancements highlight 
biochar’s adaptability and potential for sustainable soil 
remediation.

One of the most promising modern approaches is com-
bining biochar with metal–organic frameworks (MOFs) 
(Butova et al. 2016b). MOFs are porous materials consist-
ing of metallic ions or clusters connected by organic mol-
ecules, forming stable, highly customizable structures with 
exceptional porosity (Tranchemontagne et al. 2009). Their 
modular design enables precise tuning of the pore size, 
functionality, and catalytic properties. These characteristics 
give the MOFs superior performance in HM adsorption. 
For instance, MIL-100(Fe) has demonstrated high sorp-
tion capacity for As5⁺ removal from aqueous systems, while 
Cu-BTC has effectively removed Hg2⁺ (Khan et al. 2013). 
Peng et al. (2018) developed a versatile HM ion trap using 
MOF-808 modified with ethylenediaminetetraacetic acid 
(EDTA), capable of removing 22 different metal ions. Rani 
et al. (2020) compared the efficiency of various MOFs in 
removing As5⁺/As3⁺, Cr3⁺, Cd2⁺, Hg2⁺, and Pb2⁺.

With exceptionally high surface areas, MOFs enable 
strong interactions with heavy metal ions, thereby enhanc-
ing adsorption. For example, UiO-66 derivatives, with their 
high porosity and Lewis acid–base interactions, achieved 
adsorption capacities of 232 mg·g−1 for Pb2⁺, 303 mg·g−1 
for As(V), and 769 mg·g−1 for Hg(II). MIL-100(Fe) provides 
unsaturated metal centers essential for adsorption, showing 
composite capacities of 286 mg·g−1 for Cr(VI) and 143–115 
mg·g−1 for As(III). ZIF-8, known for its high porosity and 
surface area, exhibited a remarkable sorption capacity of 
1120 mg·g−1 for Pb2+, facilitated by hydrogen bonding, 
acid–base interactions, and surface hydroxyl groups.

Combining MOFs with other materials often results in 
synergistic performance improvements. Bui et al. (2025) 
found that a composite of UiO-66, BiVO₄, and Mo₂CTₓ 
significantly enhanced photocatalytic atrazine degradation 
by leveraging light absorption and excellent conductivity. 
Similarly, a combination of UiO-66-NH₂, polyvinyl alcohol, 
and graphene oxide showed superior adsorption of pollutants 
like perfluorooctanoic acid compared to any individual com-
ponent (Van Thang et al. 2024). This synergy arises from 
multiple mechanisms such as electrostatic and hydropho-
bic interactions, working together to improve contaminant 
capture.

While MOFs exhibit remarkable potential for HM adsorp-
tion, their structure and properties are highly influenced by 
the synthesis and post-synthetic treatment methods used. 
Even the same type of MOF can display significant vari-
ations in properties across different studies, depending on 
the protocols applied. Additionally, the scalability of MOF 
synthesis can be challenging for certain structures due to 
complex multi-step processes or the need for custom-made 
linkers.
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Given the extensive range of MOF structures, three 
well-studied and representative MOFs—ZIF-8, UiO-66, 
and MIL-100(Fe)—were selected for this study. These 
MOFs were chosen for their reproducible synthesis proto-
cols, commercial availability, and established scalability as 
demonstrated in prior works: UiO-66 (Ragon et al. 2014), 
ZIF-8 (Quan et al. 2023), and MIL-100 (Ahmed et al. 
2023). A comparative analysis of these MOFs allowed 
the evaluation of key factors such as pore size and shape, 
active site accessibility, stability, and porosity in relation 
to their HM adsorption performance.

UiO-66 is constructed from Zr6O4(OH)4 clusters con-
nected by 1,4-benzenedicarboxylate (terephthalate) link-
ers, resulting in a porous 3D framework with tetrahedral 
pores of approximately 8 Å and octahedral pores of about 
11 Å (Cavka et al. 2008). ZIF-8, on the other hand, is built 
from zinc-nitrogen tetrahedra (ZnN4), where the nitro-
gen atoms are part of the imidazole ring of the 2-meth-
ylimidazolate linker. This gives ZIF-8 a sodalite topol-
ogy with spherical pores roughly 11 Å in diameter (Park 
et al. 2006). MIL-100(Fe) consists of iron (III) octahe-
dral trimers linked by trimesic acid, creating a framework 
with mesoporous cages. These cages feature apertures of 
approximately 25 and 29 Å, which are accessible through 
microporous windows of approximately 5.5 and 8.6 Å 
(Horcajada et al. 2007).

The goal of this research was to develop an effective 
composite for the adsorption of Cu2⁺ and Pb2⁺ ions. Wheat 
straw biochar is selected as the base material for the com-
posite, and pyrolysis conditions are optimized to maximize 
yield and porosity. To enhance the composite’s sorption 
performance, the introduction of one of three MOFs—
UiO-66, MIL-100, or ZIF-8—was considered. The optimal 
MOF was selected based on its stability and HM adsorp-
tion capacity. These two optimized components are then 
combined to create a composite for remediating soil con-
taminated with Cu2⁺ and Pb2⁺ ions.

Materials and methods

Materials

Zirconium(IV) chloride anhydrous, iron powder, zinc 
nitrate hexahydrate, lead(II) nitrate, copper(II) nitrate 
trihydrate, hydrofluoric acid, nitric acid, 1,4-benzenedi-
carboxylic (terephthalic) acid, 1,3,5-benzenetricarboxylic 
(trimesic) acid, 2-methylimidazole, dimethylformamide 
(DMF), and isopropanol were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Deionized water (18 
MΩ·cm) was obtained from the Simplicity UV water puri-
fication system.

Synthesis

Optimization of wheat straw biochar properties

Wheat straw (WS) was used as feedstock. Before pyroly-
sis, the straw was washed with deionized water and subse-
quently dried at room temperature. The samples were then 
successively heated at 105 °C in an oven to ensure complete 
moisture removal. Dried and partially chopped straw was 
loaded into a laboratory pyrolysis unit and placed in a muf-
fle oven, passing a flow of nitrogen at a flow rate of 50 ml/
min to create an inert atmosphere. The standard pyrolysis 
conditions were applied, which included a pyrolysis tem-
perature of 500 °C, a heating rate of 10 °C∙min−1, and a 
retention time of 60 min (Abbas et al. 2018). To optimize 
these conditions, a systematic approach was employed by 
varying one parameter at a time: temperature ranging from 
300 to 900 °C, retention time from 10 to 75 min, and heating 
rate from 5 to 30 °C∙min−1. Throughout these optimizations, 
two other parameters were kept constant in accordance with 
the standard procedure (Table S1).

UiO‑66 synthesis

The synthesis followed a previously described procedure 
(Butova et al. 2019). Initially, 504.2 mg (2.16 mmol) of 
zirconium (IV) chloride ZrCl4 was dissolved by stirring in 
50 ml of DMF. Subsequently, 116.7 μl of deionized water 
was added to the solution. Then, 359.1 mg (2.16 mmol) 
of terephthalic acid was added. The resulting mixture was 
stirred using a magnetic stirrer until complete dissolution. 
The resulting solution was transferred to a glass flask and 
placed in a muffle furnace preheated to 120℃ for 24 h. After-
ward, the flask was then allowed to cool to room tempera-
ture, and the resulting white precipitate was washed twice 
with DMF and twice with isopropanol via centrifugation. 
Finally, the powder was dried in an oven at 60℃.

ZIF‑8 synthesis

ZIF-8 was synthesized using a method previously developed 
by Butova et al. (2016a). Initially, 0.2658 g (0.669 mmol) 
of zinc nitrate hexahydrate Zn(NO3)2·6H2O was dissolved 
in 10 ml of DMF. Separately, 0.2194 g (2.676 mmol) of 
2-methylimidazole was dissolved in another 10 ml of DMF. 
Both solutions were combined and transferred into a Teflon 
ampoule, which was then inserted in a CEM Mars6 micro-
wave oven. The resulting solution was heated to 140 °C for 
15 min under magnetic stirring and a microwave irradia-
tion power of 600 W. Once the reaction was complete, the 
ampoule was cooled to room temperature, and the resulting 
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white precipitate was washed twice with DMF and once with 
isopropanol via centrifugation. Subsequently, the sample 
was dried at 60 °C.

MIL‑100(Fe) synthesis

According to the synthesis technique (Gorban et al. 2020), 
0.33 g (5.893 mmol) of iron powder and 0.84 g (4 mmol) of 
trimesic acid were added to 30 ml of deionized water. This 
mixture was stirred for 30 min, after which concentrated 
hydrofluoric acid HF (0.2 ml) and concentrated nitric acid 
HNO3 (0.15 ml) were added. The resulting mixture in a Tef-
lon ampoule was then placed in a steel autoclave and heated 
at 120℃ for 20 h. After cooling, the resultant orange pre-
cipitate underwent three washes with deionized water before 
being dried at 60℃. The sample is referred to as MIL-100 
in the following text.

Sorption experiments

Solutions of Cu(NO3)2 and Pb(NO3)2 were prepared at con-
centrations of 0.005, 0.02, 0.06, and 0.1 M. MOFs were 
activated at 150 ℃ for 2 h in a vacuum oven. Subsequently, 
25 mg of the respective MOF powder was added to 25 ml of 
the respective HM solution. The suspensions were stirred for 
4 h. Subsequently, MOFs were washed once with ice-cold 
water, separated by centrifugation, and dried at 60℃.

WSB@MIL‑100 nanocomposite synthesis

A total of 0.33 g (5.893 mmol) of iron powder, 0.84 g 
(4 mmol) of trimesic acid, and 2.3 g of biochar were added 
to 30 ml of deionized water. After the formation of the black 
suspension, stirring was continued for 30 min. Subsequently, 
0.2 ml of concentrated hydrofluoric acid (HF) and 0.15 ml 
of concentrated nitric acid (HNO3) were introduced. The 
resulting mixture was transferred to a Teflon ampoule, which 
was then placed in a steel autoclave and heated at 120℃ for 
20 h. Upon cooling, the resultant black precipitate under-
went three washes with deionized water, was separated via 
centrifugation, and dried at 60℃.

Characterization

Biochar characterization

The yield of biochar was determined by calculating the mass 
ratio of biochar to feedstock as per the following equation:

(1)Yield =
Wbiochar

Wbiomass

⋅ 100%

where Wbiochar and Wbiomass are biochar and biomass weight 
in kilogram.

The potentiometric method was employed to measure the 
pH values of both plant materials and their respective biochars. 
This involved mixing 1 g of sample with 20 ml of deionized 
water, shaking the mixture on a shaker for 10 min, and allow-
ing it to settle for 5 min before conducting pH measurements 
(Bordoloi et al. 2015). The ash content was estimated from the 
residual mass after burning the biochar samples in a muffle fur-
nace at 750°C for 6 h. The element compositions (C, H, N) of 
the biochars were analyzed using the PE 2400 Series II CHN 
Analyzer (Perkin Elmer, USA). Oxygen (O) was determined 
by the difference in mass, considering that the whole biomass 
is composed of C, H, N, O, and ash.

The results of the elemental composition study were used 
to calculate the atomic H/C and O/C ratios, characterizing 
the degree of aromaticity and carbonization of the obtained 
materials (Tu et al. 2020).

The specific surface area (SSA) was determined using 
the Brunauer–Emmett–Teller (BET) model. These isotherms 
were measured using a Micromeritics ASAP 2020 instru-
ment (Micromeritics, USA). Prior to measurements, sam-
ples underwent activation at 150 °C for 10 h under dynamic 
vacuum conditions. The total pore volume was determined 
from the adsorption branches of the isotherms at a point near 
a relative pressure P/P0 of 0.97.

Characterization of the MOFs and WSB@MIL‑100 composite

The phase composition of the synthesized MOFs and the 
WSB@MIL-100 composite sample was analyzed using a 
Bruker D2 Phaser X-ray diffractometer (XRD) equipped 
with a Lynxeye detector, operating with Cu-Kα radiation 
(1.541874 Å). Diffraction patterns were recorded over a 
range of 5° to 90°, with a step size of 0.01°. X-ray diffraction 
pattern analysis was conducted using the COD2016 data-
base (version COD-inorg 2022.06.29) and the ICSD (Inor-
ganic Crystal Structure Database). Phase identification was 
performed with the software package Match! Version 3.15 
(Crystal Impact GbR, Bonn, Germany).

Fourier transform infrared (FTIR) spectra were obtained 
using a Vertex 70 spectrometer (Bruker, Germany) with 
ATR (attenuated total reflectance) geometry, utilizing an 
MCT detector and a Bruker Platinum ATR accessory. Spec-
tra were recorded between 5000 and 500 cm−1 at a resolution 
of 1 cm−1 with 64 scans. A reference spectrum was recorded 
under atmospheric conditions.

Transmission electron microscopy (TEM) images were 
taken with a Tecnai G2 Spirit BioTWIN microscope (FEI, 
Netherlands) to examine the morphology and size of the 
synthesized crystallites. Additionally, SEM–EDS elemental 
distribution maps of the biochar and composite were cap-
tured using a Helios Nanolab 660 microscope (Center for 
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Collective Usage “Systems for Microscopy and Analysis,” 
Skolkovo, Moscow, Russia). The elemental composition was 
further assessed through micro-X-ray fluorescence (XRF) 
using an M4 TORNADO spectrometer (Bruker, Billerica, 
MA, USA).

Sorption of HMs in soil amended with biochar 
and the WSB@MIL‑100 nanocomposite

The soil used in this research was gathered from the top-
soil layer (0–20 cm) of a Haplic Chernozem (Clayic) soil 
type sourced from an undisturbed protected natural area 
located in the Rostov region (Russia). The soil had a pH of 
7.3 (water/soil = 2.5:1.0, v/w), Corg of 3.6%, CaCO3 of 0.5%, 
cationic exchange capacity of 41.1 cmol+∙kg−1; exchange-
able cations (cmol+∙kg−1): Ca2+ of 33.4, Mg2+ of 4.6; silt 
particles (< 0.01 mm) of 52.1% and clay particles (> 0.001 
mm) of 25.2%. The fresh soil samples were air-dried, and 
the plant roots were removed and passed through a 2-mm 
sieve before use.

The biochar and nanocomposite were integrated into the 
soils by mixing the soil with the measured amounts of sor-
bents on a rotary shaker for 5 days. The sorbent ratio (w/w) 
in the amended soils was set to 2% (intermediate applica-
tion rate). Metal sorption was investigated through batch 
experiments on both sorbent-free soil and sorbent-amended 
soils to comprehensively examine the impact of biochar and 
nanocomposite amendments on HM sorption in soil.

The sorption experiments were conducted in 150-ml 
Erlenmeyer flasks at a temperature of 25 ℃. Cu2+ and Pb2+ 
solutions were prepared by dissolving their respective nitrate 
salts in deionized water. The initial HM concentrations in 
the solutions were 0.5, 1, 2, 4, 6, 8, and 10 mM. Although 
10 mM is a relatively high concentration of heavy metals 
in soils, industrialized regions often exhibit extreme levels 
of Pb and Cu contamination (Hou et al. 2023; Nunn et al. 
2025). We used single HM solutions rather than combina-
tions because previous studies have shown that in contami-
nated soils, despite the presence of multiple metals, one 
dominant metal often far exceeds threshold levels, some-
times by several orders of magnitude compared to others 
(Linnik et al. 2022; Minkina et al. 2018). The concentration 
of this dominant pollutant is the primary factor influencing 
the ecological condition of soils.

Five grams of either soil, biochar-amended soil, or nano-
composite-amended soil was combined with 50 ml of HM 
solution in the flasks. The initial pH of the solutions was 
adjusted by adding dilute solutions of 0.1 M KOH and HNO3. 
The flasks were sealed with silicon caps and agitated at 200 
rpm on a rotary shaker for 1 h, followed by 24 h of quiescent 
settling to achieve apparent equilibrium, as previous investi-
gations have indicated that equilibrium was attained within 
this time frame (Burachevskaya et al. 2023). Subsequently, 

the solutions were filtered, and the concentrations of Cu2+ 
and Pb2+ in the supernatant were determined using an 
atomic absorption spectrophotometer (AAS, MGA-915 AA, 
Lyumeks, Russia).

Data analysis

The adsorption capacity, denoted as Cad (mmol∙kg−1), was 
determined using the following equation:

where Ci and Ceq (in mM) represent the initial and equilib-
rium solution metal concentrations, respectively. V (in ml) 
denotes the volume of the solution, while m (in g) represents 
the mass of the sorbent. This data was utilized to generate 
the Ceq–Cad plot.

The removal efficiency was calculated by determining the 
percentage sorption using the following equation:

The adsorption isotherms were modeled using the Lang-
muir and Freundlich equations:

where Cm (mmol∙kg−1) represents the maximum adsorp-
tion capacity for the metal, while Ceq (in mM) denotes the 
concentration of metal at equilibrium. KL (in L∙mmol−1) is 
the Langmuir model constant, reflecting the affinity of the 
binding sites (Cui et al. 2016).

where KF (L∙kg–1) stands for the Freundlich adsorption con-
stant, and 1/n represents the Freundlich exponent related to 
adsorption intensity (Cui et al. 2016).

Sorption isotherm experiments were performed in tripli-
cate, and the standard deviation was calculated using descrip-
tive statistics with the STATISTICA software package. The 
sorption isotherms were then fitted using the Origin Pro 8.0 
software package, and the correlation coefficient (R2) values 
were used to assess and compare the performances of the 
Langmuir and Freundlich models.

Mechanisms of HM sorption by biochar‑ 
and nanocomposite‑amended soils

To discern the mechanisms of interaction between HM and 
both the sorbents and the mineral and organic phases of soil, 

(2)Cad =
(Ci − Ceq) × V

m

(3)Removal =
Ci − Ceq

Ci

∙ 100%

(4)Cad = Cm

KLCeq
(

1 + KLCeq

)

(5)Cad = KFC
1∕n
eq
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we conducted XRD analysis on three sample groups: soil 
samples without sorbent additives, soil samples with WSB 
additives, and soil samples with nanocomposite additives. 
For reference, we also included soil samples without any 
sorbent additives and those not uncontaminated with metal 
nitrates. The mineral phase concentrations were calculated 
using the Reference Intensity Ratio method (Madsen et al. 
2019). The relative intensity of the X-ray diffraction patterns 
was automatically set such that the intensity of the most 
prominent diffraction peak was equal to 1000 conventional 
units.

X-ray absorption spectroscopy (XAS) measurements 
were conducted at the National Research Center Kurchatov 
Institute using the experimental station “Structural Materi-
als Science” STM (K1.3b). The local atomic structure of 
the soil samples with sorbents was measured in the region 
of the K-edges of Cu (8979 eV) and the LIII-edge of Pb 
(13,035 eV). The analysis included both X-ray absorption 
near edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS). The near-edge region of the 
XANES spectra is particularly sensitive to bond geometry. 
The method was applied for a preliminary qualitative analy-
sis of the environment of metals in samples of contaminated 
soil without adding sorbents and soil and with the addition 
of biochar and nanocomposite. Compounds of metal nitrates 
in which the nearest coordination spheres of metal atoms 
are formed by oxygen and nitrogen atoms (Me(NO3)2) were 
used as reference samples. The experimental spectra were 
normalized, after which the oscillating part of the EXAFS 
function χ(k) was separated from the absorption spectra by 
the Fourier transform.

SEM–EDX analysis of soils was carried out at ITMO 
University Core Facility Center “Nanotechnologies” (St. 
Petersburg, Russia) using FEI Quanta Inspect with the EDX 
attachment microscope at an accelerating voltage of 20 kV. 
Elemental mapping and element identification were carried 
out in a semi-automatic mode using the energy-dispersive 
X-ray spectroscopy database.

Results and discussion

Optimization of biochar synthesis

The physicochemical properties of the biochars obtained 
under various pyrolysis conditions are summarized in 
Table S1. Optimizing these conditions is crucial because 
they significantly influence product yield distribution. A 
notable observation is that increasing the pyrolysis tem-
perature reduced the biochar yield from 53.47 to 24.7% 
(Table S1). The most substantial mass loss occurred between 
300 and 700°C, primarily due to dehydration and the release 
of volatile substances and non-condensable gases (Brassard 

et al. 2019). Above 700°C, the reduction in biochar yield 
slowed because this range was associated with the complete 
thermal decomposition of hemicellulose, cellulose, and 
lignin. In contrast, the effects of pyrolysis time and heat-
ing rate were less pronounced: increasing the retention time 
from 10 to 75 min and the heating rate from 5 to 30°C/
min resulted in weight losses of only 4.82% and 3.37%, 
respectively.

The initial pH of wheat straw was neutral (pH 7.14). 
However, as the temperature, retention time, and heating 
rate of pyrolysis increased, the pH values of the result-
ing biochars also increased from 9.27 to 10.42 (Table S1). 
Among the parameters considered, temperature played 
a pivotal role in the alteration of the pH values of the 
obtained samples. This phenomenon is attributed to the 
destruction and loss of acidic functional groups (such 
as phenolic and carboxylic groups) as the temperature 
increases (Kaur et al. 2023).

According to the analysis results of the feedstock ele-
mental composition, it has been shown that the ash content 
of wheat straw is 5.43%, carbon content 46.34%, oxygen 
42.36%, hydrogen 5.16, and nitrogen 0.71% (Table S1). The 
ash and C contents of the biochar increased with pyrolysis 
temperature and time, whereas the H, N, and O contents 
declined.

The increase in the carbon (C) content of biochar with 
increasing pyrolysis temperature can be explained by the 
higher rate of carbonization and the development of aro-
matic carbon structures (Zhang et al. 2020). The increase in 
the C content with the extended pyrolysis time was due to 
the accelerated loss of long-chain aliphatic groups through 
the homolytic dissociation of C–C and C-H bonds. The 
result of prolonged thermal exposure exceeds the energy 
threshold for bond dissociation, leading to the formation 
of more stable structures (Cimò et al. 2014). The decrease 
in hydrogen (H) and oxygen (O) content with increasing 
pyrolysis parameters is likely due to the loss of water vapor 
and volatile substances (CO2, H2, and CO) as lignocellulose 
decomposes. The nitrogen (N) content in biochar generally 
depends more on the feedstock type than on the pyrolysis 
conditions (Zhao et al. 2018). The slight reduction in nitro-
gen at higher temperatures can be attributed to the loss of 
volatile nitrogenous compounds, such as NH4

+ and NO3
−, 

as well as the NH2 groups of organic compounds (Khanmo-
hammadi et al. 2015).

The effect of heating rate on the elemental composition of 
biochar differed from that of temperature and time parame-
ters. As the heating rate increased from 5 to 15 °C∙min−1, the 
C and ash contents increased, and the O, H, and N contents 
decreased. At higher heating rates (20 and 30 °C∙min−1), 
the opposite trends were observed. Similar effects of heating 
rates (5, 10, 20, and 30 °C∙min−1) on the elemental composi-
tion of pyrolysis products from Moso bamboo were reported 
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by Chen et al. (2014). It was found that as the heating rate 
increased, ash and oxygen contents increased, while carbon 
content in the biochar decreased. The quality of the resulting 
biochar can be assessed by calculating the atomic ratios of 
H/C and O/C, showing the product’s degree of aromaticity, 
carbonization, and oxidation stability (Leng et al. 2019). 
Changes in the H/C and O/C ratios of biochar can be used 
to indicate possible chemical reaction pathways during bio-
char production.

Analysis of the obtained data showed that as the pyrol-
ysis temperature increased, the atomic ratios of H/C and 
O/C decreased from 0.74 to 0.26 and from 0.28 to 0.03, 
respectively. The progressive decrease in the H/C and O/C 
ratios with increasing pyrolysis temperature indicates a 
trajectory associated with the dehydrogenation and deoxy-
genation reactions of cellulose and lignin (Zhou et al. 2021). 
Pyrolysis time has a similar but less pronounced effect: as 
the time increases from 10 to 75 min, the atomic ratios of 
H/C and O/C decrease from 0.63 to 0.27 and from 0.18 to 
0.03. Increasing the heating rate led to different effects. As 
the heating rate increased from 5 to 15 °C∙min−1, the H/C 
and O/C ratios are 0.43–0.28 and 0.05–0.04, respectively. 
A further increase in the heating rate increased in the H/C 
and O/C ratios.

According to The International Biochar Initiative (2022) 
and the European Biochar Certificate (2012–2022), the mini-
mum H/C and O/C ratios for carbonized products should be 
0.7 and 0.4, respectively, to distinguish them from unmodi-
fied or slightly charred biomass (Zhang et al. 2020). All 
samples were obtained at a temperature of 300–900 °C, 
10–75 min, and a heating rate of 5–30 °C∙min−1 met these 
requirements (Table S1).

The prediction of the half-life of biochar made by Spokas 
(2010) suggests that an O/C ratio < 0.2 produces a stable 
carbonized material whose half-life can be > 1000 years. 
According to the results obtained, almost all samples fall 
into this category. The exception is the sample obtained 
at 300 °C. This suggests that the pyrolysis temperature of 
wheat straw primarily influences the stability of biochar.

Pyrolysis induces significant transformations in the raw 
feedstock, resulting in biochar as the final product. Beyond 
this stage, additional heating does not cause major struc-
tural changes. However, extended pyrolysis can degrade 
the functional groups on the biochar’s surface, hinder-
ing subsequent MOF grafting for composite production. 
Therefore, the optimal pyrolysis conditions lie in the range 
where the feedstock has been fully converted to biochar 
while retaining the surface functional groups essential for 
further modification. In this study, biochar production was 
optimized based on several characteristics, including yield, 
pH, ash content, and elemental composition. As a result, 
we determined that the optimal pyrolysis conditions were a 
temperature of 700°C, retention time of 45 min, and heating 

rate of 10°C∙min−1. Under these conditions, the resulting 
material is fully converted to biochar, free of transient com-
ponents such as water and volatile organics, yet retains the 
functional groups critical for composite production. The 
resulting biochar, designated as WSB, had an SSA of 72 
m2∙g−1 and a total pore volume of 0.046 cm3∙g−1 (Fig. S1 
in supplementary materials).

MOF basic characterization

The three synthesized MOFs were thoroughly characterized. 
Powder XRD profiles (Fig. S2 in supplementary materials) 
confirmed that all MOFs are single-phase, highly crystalline 
compounds. UiO-66 was identified with an Fm-3m face-
centered cubic structure (Cavka et al. 2008), ZIF-8 with 
cubic symmetry and the I-43m space group (Butova et al. 
2017), and MIL-100 with the Fd-3m space group (Horcajada 
et al. 2007), consistent with previously reported data. FTIR 
spectroscopy (Fig.S3 in supplementary materials) further 
validated the purity of the MOFs. TEM images (Fig. 1a, 
Fig.S4a in supplementary materials) revealed that UiO-66 
consists of octahedral nanoparticles around 150 nm in size. 
ZIF-8 showed a narrower particle size distribution, ranging 
from 40 to 100 nm, with an average size of 55 nm (Fig. 1b, 
Fig.S4b in supplementary materials). In contrast, MIL-100 
formed larger particles ranging from 0.1 to 3 µm (Fig. 1c, 
Fig.S4c in supplementary materials).

The N₂ adsorption–desorption isotherms of the samples 
are shown in Fig. 1d. According to the IUPAC classifica-
tion, the isotherms confirmed the microporous nature of all 
three materials. The MIL-100 isotherm exhibits two distinct 

Fig. 1   Representative TEM images of the synthesized ZIF-8 (a), 
UiO-66 (b), and MIL-100 (c) samples. Part (d)shows the N₂ adsorp-
tion/desorption isotherms for the synthesized MOFs: UiO-66 (square 
markers), ZIF-8 (circle markers), and MIL-100 (triangle markers). 
Filled markers represent the adsorption branches of the isotherms, 
while empty markers indicate the desorption branches
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microporous windows and mesoporous cages, resulting in 
two notable uptake points (Horcajada et al. 2007). ZIF-8 
shows a pronounced hysteresis loop, which is attributed to 
capillary condensation of N₂ molecules in the uniform-sized 
particle spaces, as indicated by the narrow particle size dis-
tribution. A smaller hysteresis loop was observed for UiO-
66, whereas no such loop was observed for MIL-100, likely 
due to the broader particle size distribution.

All three MOFs demonstrated high SSA: UiO-66 with 
806 m2∙g−1 (pore volume 0.33 cm3∙g−1), ZIF-8 with 1739 
m2∙g−1 (pore volume 0.96 cm3∙g−1), and MIL-100with 1807 
m2∙g−1 (pore volume 0.77 cm3∙g−1) (Fig. S5, Table S2 in 
supplementary materials).

HM adsorption by MOFs

After completing the basic characterization of the MOFs, 
we evaluated their specific HM adsorption performance. A 
key factor to consider is the stability of the sorbent in the 
solution. The stability of the MOF samples was assessed by 
analyzing their structure after exposure to the most concen-
trated (0.1 M) solutions of Cu2⁺ and Pb2⁺ salts. The XRD 
powder patterns before and after the sorption experiment 
are shown in Fig. 2.

The ZIF-8 phase was destroyed upon interaction with 
both HM salts. This breakdown can be attributed to the 
acidic environment produced by the hydrolysis of Cu2⁺ and 
Pb2⁺ ions. The dynamics of changes in the pH of Cu2+ and 
Pb2+ nitrate solutions before and after sorption are shown in 
Figure S6 (in supplementary materials). At pH ≤ 6, 2-meth-
ylimidazole detaches from the ZIF-8 framework, leading to 
its complete decomposition (Avci et al. 2015). After Cu2⁺ 
adsorption, the XRD pattern revealed the formation of the 
Cu4(NO3)2(OH)6 phase (Nowacki and Scheidegger 1952), 
while Pb2⁺ adsorption led to the appearance of Pb(NO3)2 
(Nowotny and Heger 1986) and Pb3(OH)2(CO3)2 (Siidra 
et  al. 2018) (Fig.S7 in supplementary materials). This 

indicates that the ZIF-8 framework reacted with Cu2⁺ and 
Pb2⁺ ions, resulting in the formation of precipitates.

While this reaction could be considered an alternative 
decontamination mechanism, it was not optimal for creating 
a stable composite with biochar, as our goal was to develop 
a durable sorbent for multiple uses. Therefore, we focused 
on the sorption capacities of the two other MOFs, which 
demonstrated high stability under acidic conditions.

Figure 3 shows the correlation between the sorption 
capacity (SC) of the UiO-66 and MIL-100 samples and 
the concentrations of the corresponding Cu2+/Pb2+ solu-
tions. The HM content in the MOF sample after the sorp-
tion experiment was evaluated according to XRF analy-
sis in (at.%) units (Table S3 in supplementary materials) 
and, for further clarity, converted to mmol per kg of MOF 
(mmol·kg−1).

According to the results, MIL-100 exhibited the high-
est Cu2+ (2134.4 mmol·kg−1) and Pb2+ (346.4 mmol·kg−1) 
ion sorption capacities. This correlation is believed to be 
associated with the available pore volume of this material. 
The high SSA and relatively large open pores provide ample 
sites for the adsorption of HM ions (Horcajada et al. 2007). 
Furthermore, in acidic media, negatively charged active 
sites are formed within the MIL-100 framework (Wu et al. 
2023). This facilitates cation adsorption via electrostatic 

Fig. 2   XRD powder profiles 
of UiO-66 (a), ZIF-8 (b), and 
MIL-100 (c) samples before 
and after contact with 0.1 M 
solutions of Cu(NO3)2 (blue 
patterns) and Pb(NO3)2 (gray 
patterns)

Fig. 3   The sorption capacity of UiO-66 and MIL-100 samples as a 
function of Cu2+ (a) and Pb2+ (b) solution concentrations
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interactions. In addition, surface complexation and ionic 
exchange with H+ previously described mechanisms are 
proposed (Forghani et al. 2020). In this scenario, Cu2+ and 
Pb2+ could bind to the organic fragments of the MIL-100 
crystals. Copper forms stronger bonds than Pb according 
to this mechanism, which could explain its higher sorption 
capacity (Joseph et al. 2021).

In summary, although the ZIF-8 sample possesses high 
SSA, its framework is unstable under acidic conditions 
induced by the hydrolysis of Cu2+ and Pb2+ salts. Both 
UiO-66 and MIL-100 demonstrated high stability. How-
ever, MIL-100 exhibited higher sorption capacity due to its 
higher porosity and specific active sites, which are capable 
of bonding with HM ions. Therefore, MIL-100 was selected 
to fabricate the nanocomposite.

Nanocomposite study

To create the nanocomposite, we used the WSB sample 
obtained under optimized synthesis conditions. Since MIL-
100 was selected from the three MOFs under consideration, 
the WSB sample was incorporated during the MIL-100 
synthesis, resulting in the formation of the WSB@MIL-100 
composite. The XRD powder pattern of the WSB@MIL-
100 sample shows characteristic peaks of MIL-100, confirm-
ing successful MIL-100 phase formation in the presence of 
WSB biochar (Fig. 4a).

Modifying the WSB surface with MIL-100 particles sig-
nificantly increased the SSA. Figure 4b shows the N2 adsorp-
tion/desorption isotherms of the WSB and the synthesized 
WSB@MIL-100 composite. The presence of the MOF frac-
tion significantly affected the structure of the composite sur-
face. First, the SSA of the WSB@MIL-100 nanocomposite 
was 419 m2∙g−1, with a total pore volume of 0.194 cm3∙g−1 
(Fig. S8, Table S4 in supplementary materials). Therefore, 
coating the biochar with MIL-100 resulted in a sixfold 
increase in SSA. Secondly, the shape of the composite iso-
therm can be attributed to type I. This result was attributed 
microporous nature of MIL-100 and its extremely high SSA. 

Its crystals covered the WSB particles, providing most of the 
active surface for the composite. Consequently, the compos-
ite acquired micropores from the MOF. However, unlike that 
of pure MIL-100, the isotherm of the composite contained 
an H4-type hysteresis loop. This suggests that the mesopore 
contributed to the composite by the WSB component.

The increase in porosity of biochar-based composites 
after grafting MOFs is an expected outcome. For instance, 
the CBZ@UiO-66@ZnO/biochar composite reported by Ly 
et al. (2023) demonstrated SSA of 41 m2∙g−1, while the ZIF-
67/BC pyrolysis product achieved an SSA of 219 m2∙g−1 
(Zhang et al. 2023). Similarly, the BC/Mg-MOF-74 com-
posite had an SSA of 146 m2∙g−1 (Wang et al. 2024), and the 
composite based on MIL-53(Fe) and date palm stem biochar 
exhibited an SSA of approximately 96 m2∙g−1 (Chakhtouna 
et al. 2023). A comparable SSA of 557 m2∙g−1 was achieved 
by the ZIF-8 pyrolysis product applied to bamboo biochar 
(Zhang et al. 2024).

The WSB@MIL-100 composite demonstrated a notably 
high SSA of 419 m2∙g−1. The value is significantly greater 
than the reported porosities of other similar composites, 
such as the waste rice straw biochar and MIL-100(Fe) 
composite (133.9 m2∙g−1) (Yuan et al. 2024) or the waste 
bamboo biochar and MIL-100(Al) composite (44 m2∙g−1) 
(Sun et al. 2025). These results highlight the exceptional 
performance of the WSB@MIL-100 composite developed 
in this research, underscoring its potential for advanced 
applications.

The WSB and WSB@MIL-100 samples were analyzed 
by scanning electron microscopy (SEM) analysis along with 
energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping (Fig. 5).

Figure 5a shows the shape of the WSB particles, which 
retained the characteristic tissue structure of the original raw 
material. In Fig. 5c, elemental mapping reveals the absence 
of iron ions on the biochar surface, with only elements typi-
cal of such compounds present. The SEM images of the 
WSB@MIL-100 sample (Fig. 5b) reveal the formation of 
new particles on the WSB surface. EDS mapping was used 

Fig. 4   a XRD patterns of the 
WSB, WSB@MIL-100, and 
MIL-100. b N2 adsorption/
desorption isotherms of WSB 
and WSB@MIL-100 samples. 
Filled markers represent the 
adsorption branches of the 
isotherms, while empty markers 
indicate the desorption branches
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to understand the composite’s composition better. Most ele-
ments, such as carbon and oxygen, are common in both WSB 
and MIL-100. However, nitrogen was present only in the 
WSB biochar (Fig. 5e), whereas MIL-100 lacked this ele-
ment. Conversely, iron ions were found only in the MIL-100 
MOF, which the original biochar did not contain. Nitrogen 
and iron were thus used as indicators for distinguishing 
between the two phases—WSB and MIL-100. Figure 5e 
clearly shows Fe-containing particles on the biochar sur-
face, while Fig. 5d highlights this surface by N-mapping. 

Combined with powder XRD data, these results confirm the 
formation of uniformly distributed MIL-100 nanoparticles 
on the biochar surface.

In summary, the composite exhibits both micro- and 
mesopores, combining the surface properties of its individual 
components. The coexistence of mesopores and micropores in 
the WSB@MIL-100 composite enhances its sorption capac-
ity. The micropores aid in the physical adsorption of HMs, 
whereas the mesopores facilitate the diffusion of pollutants, 
thus speeding up adsorption kinetics (Yang et al. 2019).

Fig. 5   SEM images of WSB (a) and WSB@MIL-100 nanocomposite 
(b). Part c shows EDS mapping the WSB sample, showing the distri-
bution of C, N, O, F, Si, S, Cl, and Ca. Parts d–f represent selective 

element distribution: Fe (d) and N (f) in WSB@MIL-100 and N (e) 
in WSB samples
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HM adsorption by nanocomposite

Characteristics of Cu2+ and Pb2+ adsorption on biochar‑ 
and WSB@MIL‑100‑amended soil

The efficiency of the Cu2+ and Pb2+ adsorption from soil, 
both without and with sorbents, is shown in Fig. 6. The effi-
ciency of HM removal from soil at the studied metal concen-
trations in solution (ranging from 0.5 to 10 mM) was shown 
to be for Cu 99–60% and for Pb 99–65%. It should be noted 
that the efficiency of HM removal decreased with increasing 
concentration of the initial solutions. The addition of bio-
char and nanocomposite to soil increased the HM removal 
efficiency. At low HM concentration (4 mM), both sorbents 
achieved high removal efficiency (> 98%). However, with 
the highest concentration (10 mM) of metal in solution, the 
efficiency decreased (to 82–89%, respectively) in the case 
of soil with biochar, which can be attributed to the occupa-
tion of free adsorption sites. In contrast, the soil with the 
WSB@MIL-100 nanocomposite exhibited a high removal 
efficiency (> 99%), even at high Cu2+ and Pb2+ concentra-
tions in solution.

Figure 7 illustrates the results of sorption data fitting 
using the Langmuir and Freundlich models (Table S5 in 
supplementary materials). The Langmuir equation provided 
a better fit to the data than the Freundlich equation, with 
R2 values ranging from 0.976 to 0.999. The superior fit of 
the experimental data to the Langmuir model suggests the 
homogeneous nature of the adsorbent surface, indicating that 
HM adsorption occurs at surface sites with similar binding 
energy levels (Cui et al. 2016).

The maximum adsorption (Cm) of HMs in soil increased 
after sorbent amendment, rising from 60.9–61.9 in untreated 
soil to 82.0–155.5 mmol∙kg−1 in sorbent-amended soils. 
This suggests that biochar and nanocomposite are more 
effective for metal sorption than bare soil. The Langmuir 
sorption affinity (KL) value increased by 2.7–5.7 times for 
Cu2+ and 2.6–5.1 times for Pb2+, depending on the added 
materials (Table S5 in supplementary materials). In all 
cases, the highest Cm and KL values were observed for Pb2+.

With the addition of the WSB sample, the Freundlich 
adsorption affinity (KF) of HMs increased by 1.6-fold for 
Cu2+ and 1.7-fold for Pb2+ compared with the original 
soil. The KF value of soil amended with WSB@MIL-100 
was 1443.1 L∙kg−1 for Pb2+ and 2220.1 L∙kg−1, which 
was much higher than that of soil with biochar, indicat-
ing promising application potential. This could be attrib-
uted to the larger SSA of WSB@MIL-100 (419 m2∙g−1) 
compared to WSB biochar (72 m2∙g−1), suggesting that 
the pore-filling effect was one of the main mechanisms 
of HM adsorption. The order of adsorbate positioning, 
determined by the Cm and KF values, demonstrates the 
similarity between the Langmuir and Freundlich models 
(Table S5 in supplementary materials). However, across 
all cases, the KF values exceeded the calculated Cm values, 
which is particularly notable in soils amended with the 
WSB@MIL-100 nanocomposite.

Fig. 6   Removal efficiency 
of Cu2+ (a) and Pb.2+ (b) by 
untreated soil (green curves), 
soil with WSB sorbent (gray 
curves), and soil with WSB@
MIL-100 nanocomposite 
(orange curves). Error bars 
represent ± SD (standard devia-
tion). Each experiment was 
conducted in triplicate (n = 3)

Fig. 7   Adsorption isotherms of Cu2⁺ (a, b) and Pb2⁺ (c, d) by 
untreated soil (green curves), soil with WSB sorbent (gray curves), 
and soil with WSB@MIL-100 nanocomposite (orange curves). Error 
bars represent ± SD (standard deviation). Each experiment was con-
ducted in triplicate (n = 3). Solid lines indicate the Langmuir fitting of 
the sorption data, while dotted lines represent the Freundlich fitting. 
The graphs use logarithmic concentration axes for better visualization
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Thus, the nanocomposite with a high SSA and micropo-
rous structure displayed a strong affinity for HMs. Incorpo-
rating nanocomposite into the soil resulted in improved HM 
adsorption, thereby reducing the concentration of metals in 
the soil solution and their bioavailability.

Mechanisms of Cu2+ and Pb2+ adsorption

The XRD analysis results (Figure S10 in supplementary 
materials) of a non-contaminated soil sample indicated the 
presence of several mineral phases commonly found in the 
standard group, including quartz (SiO2), enstatite (MgSiO3), 
vaterite (CaCO3), and titanomagnetite (Fe2TiO4). Addition-
ally, the diffraction pattern of this sample shows contribu-
tions from an additional mineral phase, magnesium titanite 
(MgTi2O4). In the soil sample with the addition of WSB 
alongside the typical mineral phases found in the entire 
group (quartz, pyroxene, vaterite, and titanomagnetite), syl-
vite (KCl) was also identified (Fig. S11 in supplementary 
materials). The soil sample combined with the WSB@MIL-
100 composite revealed the presence of quartz, pyroxene, 
calcite, and titanomagnetite. Notably, no contributions from 
other mineral phases were detected.

One of the mechanisms of the HM immobilization in 
soil may be the binding of HMs in the form of insoluble 
sediments. Literature analysis of studies of soils contami-
nated with Pb2+ suggests that soil samples may contain 
different mineral phases such as hydroxypyromorphite 
(Pb5(PO4)3(OH)), cerussite (PbCO3), and hydrocerus-
site (Pb3(CO3)2(OH)2). Other studies have confirmed the 
formation of pyromorphite-like minerals in lead-contam-
inated soils under the influence of phosphorus (Cao et al. 
2002). In addition to those listed, anglesite (PbSO4) and 
galena (PbS) are also common (Burt et al. 2003). Copper-
contaminated soil typically contains mineral phases such 
as covellite (CuS) and other Cu-Fe sulfide-like minerals: 
moykhukite (Cu9Fe9S16), talnakhite (Cu9(Fe,Ni)8S16) 
(Mantha et al. 2019). There are also references to chalco-
pyrite (CuFeS2) (Kříbek et al. 2010) and chalcocite (Cu2S) 
(Ettler et al. 2014). However, XRD analysis of soil sam-
ples contaminated with Cu and Pb (Fig. S10 in supplemen-
tary materials) did not reveal new phases of HMs insolu-
ble sediments. Weak differences in the intensity of the 
main peak do not allow us to talk about the appearance of 
additional mineral phases. In samples contaminated with 
Cu2+ and Pb2+, only mineral soil phases such as quartz, 
pyroxene, and goethite (α-FeO(OH)) were detected. This 
could be for two reasons. Firstly, the large number of min-
eral phases in the soil, the low concentration of injected 
HMs ions, and the “noisiness” of the baseline may mask 
the presence of small amounts of HM-containing phases. 

Secondly, this may be due to the predominance of ion 
exchange or complexation/sorption mechanisms. In this 
case, HM ions are strongly bound to sorbents or soil par-
ticles and cannot form their own mineral phases.

According to the EDX spectra, the addition of WSB and 
WSB@MIL-100 sorbents to the soil resulted in noticeable 
changes in the soil composition (Table S6). Specifically, the 
carbon concentration in the samples increased while the con-
centrations of other ions decreased. This is likely due to the 
fact that EDX detects only elements from the surface layer 
and can penetrate only a few micrometers into the sample. 
The porous WSB and WSB@MIL-100 materials adsorbed 
cations, reducing their surface concentration, while the bio-
char’s carbon matrix increased the carbon content. A similar 
trend was observed when WSB and WSB@MIL-100 were 
added to soils contaminated with Cu2+ or Pb2+, further sup-
porting the occurrence of adsorption.

Figure 8 shows the distribution of Cu and Pb after adsorp-
tion by soil containing the WSB sample. It is evident that 
the HM ions are predominantly located on the surface of the 
sorbent, demonstrating effective decontamination by biochar 
adsorption.

Figure 9 displays soils with the WSB@MIL-100 compos-
ite after Cu/Pb exposure. Both ions were primarily found on 
the surface of the sorbents. A comparison of the distribution 
of Fe and the HMs reveals that higher concentrations of Cu 
and Pb coincide with Fe-rich regions, indicating adsorption 
by the MIL-100 MOF. However, the biochar support also 
contains HM traces.

To gain insights into the adsorption mechanisms, deter-
mine the composition and reveal the molecular structure 
of immobilized metals in soil with sorbents, in addition 
to traditional methods of adsorption estimation, such as 
X-ray absorption spectroscopy (Wang et al. 2022), chro-
matography (Ahmad et al. 2016), or inductively coupled 
plasma optical emission spectrometry (ICP-OES) (Lu et al. 
2017); their combination with advanced X-ray spectral 
methods based on synchrotron radiation is more efficient 
(Liu et al. 2016). Synchrotron research techniques repre-
sent cutting-edge tools for providing detailed information 
on the bonding characteristics at the molecular level, the 
spatial environment of absorbed metals, and their inter-
relationship with neighboring elements, forming the local 
environment and coordination. In particular, Minkina et al. 
(2016) developed an approach to estimate the forms of 
interaction of Cu(II) and Zn(II) ions with soil components 
using fractionation techniques and XANES (extended 
X-ray absorption fine structure) spectroscopy. For the 
first time, data were obtained on the near-fine structure of 
X-ray spectra of HMs in Haplic Chernozem X-ray absorp-
tion near edge structure (XANES) that is widely used to 
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study the electronic structure of matter. It helps determine 
the symmetry and energy of vacant molecular orbitals in 
molecules. The region of the far-edge fine structure of 
the X-ray absorption spectrum is characterized by the 
EXAFS method, which offers insights into the specific 
geometry surrounding the absorbing metal atom, detailing 
parameters such as coordination spheres and coordination 
numbers (Nevidomskaya et al. 2015). A weak absorption 
peak near the K-edge of the Cu(NO3)2 XANES spectra 
(Fig. 10a) was caused by the 1s → 3d electron transition 
due to the bonding of Cu2+ in octahedral and tetrahedral 
positions.

The intensity of this peak depends on distortions that 
break the symmetry. The appearance of a shoulder in the 
absorption-edge region is linked to the 1s → 4p dipole tran-
sition of the electron. The position of the EXAFS peaks 
(Fig. 10b) of a Cu-contaminated soil sample aligns with the 
proportional distances (without correction for phase shift) 
between the Cu2+ ion and atoms in local coordination shells, 
and the intense peak lies between 1.16 and 2.02 Å, due to 

the O atoms of the first shell. Analysis of the spectra showed 
that the Cu2+ ions are encircled by four equatorial oxygen 
atoms and two axial oxygen atoms. The relatively short axial 
Cu–O distance suggests that ligands such as carboxylic acids 
or phenolic compounds replace equatorial molecules with 
Cu2+. The main adsorption mechanism is the formation of 
surface copper complexes.

For the XAFS spectra of the Pb LIII edge (Fig. 10c, d) in 
the energy range 13,000–13,150 eV, the highest absorption 
intensity was observed at ~ 13,042 eV due to the 2p3/2 → 6d 
transition. Thus, Pb2+ is involved in the formation of dis-
torted complexes since adsorbed Pb ions can have different 
O–Pb–O bond angles (Jiang et al. 2023). The spectra of con-
taminated soil are characterized by a change in the param-
eters of the local environment, which indicates an increase in 
the length of the Pb–O bond and indicates the coordination 
of Pb in the form of a ligand. Note that the immobilization 
of Pb2+ during the introduction of biochar is carried out 
by organic carbon groups with the formation of cerussite 
PbCO3 or hydrocerrusite Pb3(CO3)2(OH)2.

Fig. 8   SEM images of contaminated Haplic Chernozem with WSB admixture polluted with Cu2⁺ (a) and Pb2⁺ (b). Parts c and d show the area of 
the sample used for EDX mapping, with Cu (c) and Pb (d) distribution
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XRD analysis revealed no new crystalline phases of Pb2⁺ 
or Cu2⁺ after adding WSB and WSB@MIL-100 to HM-con-
taminated soil. Element mapping showed that HM ions were 
distributed across both sorbents—the WSB biochar and the 
WSB@MIL-100 composite. To investigate the adsorption 
mechanism, element-sensitive techniques were employed. 
XANES and EXAFS spectra indicated that HM adsorp-
tion occurred primarily through bonding with functional 
groups on the surface of the WSB biochar. The biochar’s 
dominance likely masked MIL-100’s contribution; however, 

EDX mapping revealed higher HM concentrations near Fe-
rich regions, suggesting that MIL-100’s active Fe centers 
also participated in adsorption. The quantitative changes 
in HM content with biochar and the nanocomposite reflect 
the complex nature of adsorption in multi-contaminant sys-
tems. A decrease in Na⁺, Mg2⁺, K⁺, and Ca2⁺ cation content 
further indicated an ion-exchange process. Overall, the pri-
mary decontamination mechanisms were adsorption and ion 
exchange, with HM retention driven by biochar’s functional 
groups and the Fe centers of MIL-100.

Fig. 9   SEM images of contaminated Haplic Chernozem with WSB@MIL-100 admixture polluted with Cu2⁺ (a) and Pb2⁺ (b). Parts c and d 
show the area of the sample used for EDX mapping, with Cu, Fe, and O (c) distribution and Pb, Fe, and O (d) distribution
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Conclusions

This study presents a novel technique for developing 
an effective composite for soil decontamination. The 
approach involved optimizing the synthesis conditions 
for wheat straw biochar (WSB), resulting in a material 
with enhanced porosity. To further improve its sorption 
capacity, the incorporation of MOFs into the composite 
was explored. Three MOFs—ZIF-8, UiO-66, and MIL-
100—were evaluated for their performance. Although 
ZIF-8 exhibited high SSA, its framework was unstable in 
acidic conditions. Both UiO-66 and MIL-100 were stable 
during the adsorption of Pb2+ and Cu2+, with MIL-100 
demonstrating superior sorption capacity due to its higher 
porosity and active surface sites, which facilitated HM 
adsorption.

The nanocomposite was synthesized by incorpo-
rating WSB into the MIL-100 synthesis process. The 

characterization techniques, including XRD, TEM, and 
EDX, confirmed the formation of the nanocomposite. The 
composite combined the microporosity of the MOF with 
the mesoporosity of biochar, showing sustained sorption 
efficiency even at high HM concentrations, which was not 
achievable with pure WSB.

When applied to contaminated soil, the nanocompos-
ite significantly enhanced HM adsorption, reducing the 
concentration of metals in the soil solution and lower-
ing their bioavailability. Mechanistic insights into HM 
adsorption were gained through a combination of XRD, 
SEM, EDX, and synchrotron EXAFS analyses, revealing 
two main interaction mechanisms: complexation and cat-
ion exchange. Overall, the nanocomposite demonstrated 
greater efficiency compared to pure biochar, highlighting 
its potential as an effective material for remediating soils 
contaminated with HM. Further research is needed to pro-
vide clear evidence of its long-term effects.

Fig. 10   XANES spectra of Cu K-edge (a) and Fourier transforms of 
EXAFS spectra (b) of contaminated Haplic Chernozem without and 
with the addition of biochar (WSB) and nanocomposite (WSB@MIL-
100), as well as the reference Cu(NO3)2. Experimental XANES spec-

tra of the Pb LIII edge (c) and Fourier transforms (FT) of the EXAFS 
spectra (d) of contaminated Haplic Chernozem without and with the 
addition of biochar and nanocomposite, as well as the reference com-
pound Pb(NO3)2
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