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Abstract 

Goethite nanoparticles modified biochar (FBC) could address the weak effectiveness of conventional biochar com-
monly to process heavy metal(loids)  (HMs) co-contamination with different charges. However, few studies have 
focused on the change of soil mechanical properties after stabilization. In this study, FBC was synthesized to stabilize 
simultaneously arsenic (As (V)) (anions) and cadmium (Cd (II)) (cations) in co-contaminated soils. Batch adsorption, 
leaching toxicity, geotechnical properties and micro-spectroscopic tests were comprehensively adopted to investi-
gate the stabilization mechanism. The results showed that FBC could immobilize As (V) mainly through redox and sur-
face precipitation while stabilizing Cd (II) by electrostatic attraction and complexation, causing soil agglomeration 
and ultimately making rougher surface and stronger sliding friction of contaminated soils. The maximum adsorption 
capacity of FBC for As (V) and Cd (II) was 31.96 mg  g−1 and 129.31 mg  g−1, respectively. Besides, the dosages of FBC 
required in contaminated soils generally were approximately 57% higher than those in contaminated water. FBC 
promoted the formation of small macroaggregates (0.25–2 mm) and the shear strengths of co-contaminated soils 
by 21.40% and 8.34%, respectively. Furthermore, the soil reutilization level was significantly improved from 0.14–0.46 
to 0.76–0.83 after FBC stabilization according to TOPSIS method (i.e., technique for order preference by similarity 
to an ideal solution). These findings confirm the potential of FBC in immobilizing As (V) and Cd (II) of co-contaminated 
soils and provide a useful reference for green stabilization and remediation of HMs co-contaminated sites.

Highlights 

• Goethite nanoparticles modified biochar (FBC) can make up the shortcoming of conventional biochar to immo-
bilize simultaneously arsenic (As (V)) and cadmium (Cd (II)) in co-contaminated soils.

• FBC is conducive to the formation of the soil small macroaggregates (i.e., 0.25–2 mm).
• FBC promotes soil shear strengths of As (V) and Cd (II) co-contaminated soils by increasing internal friction.
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1 Introduction
Heavy  metal(loid)s (HMs) contamination degrades the 
soil properties including the bio-availability, general sta-
bility, and soil strength, triggering failure disasters in the 
long term (Fan and Zhang 2018; Lin et al. 2020; Li et al. 
2021). In China, the proportion of soil exceeding the 
environmental standard reached 16.1%, of which  about 
500,000 were contaminated sites of more than 10,000 
 m2 (Xue et al. 2020), and the investment in soil remedia-
tion was about 15.66 billion yuan in the year 2021. Spe-
cifically, Arsenic (As) and Cadmium (Cd), as two priority 
HMs pollutants, mainly distribute in middle and upper 
reaches of the Yangtze River areas by co-contamination 
with a maximum HMs concentration of 7958 mg   kg−1, 
exceeding   the standard limit by 56 times (Yang et  al. 
2018). Consequently, it is urgent to develop a green and 
efficient technique for simultaneously treating As and Cd 
co-contamination in soils.

Biochar (BC), as a green-stabilizer, has attracted 
increasing  attention for remediation of contaminated 
soils and water for its high efficiency and low cost in 
recent decades (Xu et  al. 2018; Wang et  al. 2021; Zhou 
et  al. 2022). BC has a good adsorption capacity for 

cationic HMs pollutants owing to its rich functional 
groups and abundant pore structure (Xu et al. 2018; Fan 
et  al. 2020; Wang et  al. 2022) But BC commonly shows 
little effect on anionic contaminations as the electron-
egativity of surface (Vithanage et  al. 2017). For the tar-
get HMs in this study. As exists in the form of  is anion 
groups  (AsO2

−,  AsO4
3−,  HAsO4

2−) while Cd exists in the 
form of cations  (Cd2+) (Takeno 2005), which leaves  BC 
unable to satisfy simultaneous remediation of As and Cd 
co-contaminated soils. Goethite (α-FeOOH) nanoparti-
cles (NPs) exhibited excellent adsorption capac

ity for both As and Cd by their great reactivity (Faria et al. 
2014; Vinh et  al. 2019). Nevertheless, they were difficult 
to  directly apply in environmental engineering for their 
ultrafine nature and easy hardening in soil. The α-FeOOH 
NPs loaded BC can not only realize the remediation of As 
and Cd, but also ensure the uniform distribution and effec-
tiveness in soils (Zhu et al. 2020b; Wan et al. 2022).

Goethite modified BC also has been employed in agri-
cultural research to solve the environmental problem 
(Abdelrhman et  al. 2022; Irshad et  al. 2022). Abdelrh-
man et  al. (2022) reported the goethite modified BC 
reduced Cd and As uptake by Chinese cabbage shoots 
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and roots through pot studies in co-contaminated paddy 
soil. The application of goethite modified biochar in soil 
showed promising results for the immobilization of both 
Cd and As (Zhu et al. 2020b). However, few studies have 
focused on the change of soil mechanical properties in 
As and Cd co-contaminated soils stabilized by goethite 
modified BC, which is important for geotechnical engi-
neering. Conventional BC has confirmed decreasing 
effect on the compressibility of clayey soils (Zhang et al. 
2020), the maximum dry density and shear strength 
(Ganesan et al. 2020). Therefore, the change in mechani-
cal properties of As and Cd co-contaminated soils treated 
by goethite modified BC needs further exploration to 
make up for blanks.

In this study, we propose a green, sustainable, and 
low-cost multifunctional adsorbent goethite NPs modi-
fied BC (FBC) through co-precipitation method for sta-
bilization of both As (V) and Cd (II) co-contaminated 
clayey soils. The specific objectives of this study are to: 
(1) clarify adsorption effect of FBC on As (V) and Cd (II) 
for both solution and co-contaminated soils; (2) explore 
the leaching toxicity and geotechnical properties of the 
stabilized soils; (3) investigate the corresponding stabi-
lization mechanism; and (4) evaluate the soil reusability 
after treatment via the evaluation of technique for order 
preference by similarity to an ideal solution (TOPSIS) 
method.

2  Materials and methods
2.1  Preparation of goethite NPs modified biochar
2.1.1  Preparation procedure
The scheme to prepare the goethite NPs modified bio-
char (denoted as FBC) is graphically described in Fig. 1. 

At first, the corn straws were washed with pure water 
and dried in the oven. The tube furnace was fed  N2 for 
0.5 h to provide an oxygen-free environment. Then the 
corn straws prepared above were placed into it and the 
pyrolysis temperature was set to 500 °C at a heating rate 
of 5 °C  min−1, followed by holding of 2 h. Afterwards, the 
residual solids were washed to obtain BC. After that, the 
BC was immersed into 5 mol  L−1 KOH solution, the vol-
ume of which was fixed to 1 L by adding 1 mol  L−1  FeCl3 
solution (Schwertmann and Cornell 2000). The mixes 
were subsequently agitated at 70  °C for 60 h. The poly-
ethylene container, instead of normal glass beaker, was 
carried out in the whole process to prevent silicate melt-
ing under strong alkali conditions. Finally, the separated 
solids were repeatedly rinsed by pure water and dried at 
60 °C to acquire FBC.

2.1.2  Characterization of FBC
The different surface functional groups and crystal min-
eral composition of BC and FBC are shown in Fig. 2. The 
bend vibration of ferrite bond (Fe–O) (580  cm−1) hydroxyl 
group (–OH) (3308  cm−1) and bond in the functional 
group (Zhu et al. 2020a, b), as well as new diffraction goe-
thite peaks (PDF# 29–0713) (2θ = 21.08° and 39.62°), con-
firmed the goethite NPs were successfully loaded onto BC. 
The porous structures and different forms can be observed 
in Fig. 2c–e. Compared with unmodified BC, goethite NPs 
were uniformly distributed on the surface of BC to enlarge 
the specific surface area (SSA). To determine chemical and 
biodegradation of BC, elemental analysis was conducted 
(Table  1). The H/C and O/C ratio of FBC was slightly 
higher than that of  BC, suggesting that the FBC was more 
beneficial to the long-term stabilization in soil.

Fig. 1 The preparation procedure of goethite nanoparticles modified biochar
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2.2  Preparation of co‑contaminated soils
Considering the extensive and heterogeneous sources 
of HMs contaminated soils, the co-contaminated soils 
of As (V) and Cd (II) were prepared in the laboratory to 
investigate the stabilization effect, and similar methods 
have been used in previous studies (Mohammad et  al. 
2020; Zhu et  al. 2022). The raw soil was collected from 
the excavation for construction in Wuhan, China (30° 52’ 
N, 114° 31’ E). After passing 2 mm sieve, the raw soil was 
dried to constant weight in the oven at the temperature 
of 105 °C and deposited in a sealed plastic drum for the 
experiments. The basic geotechnical properties of the 
raw soil are in Table  2. For the co-contaminated soils, 
five groups were set up with a total contaminant concen-
tration of 2000 mg  kg−1, but different proportions of As 
(V) and Cd (II). The As (mg  kg−1) to Cd (mg  kg−1) ratios 
were 0:2000, 500:1500, 1000:1000, 1500:500 and 2000:0, 

respectively (Zhu et al. 2022). Briefly, the analytical grade 
Cd  (NO3)2 and  Na3AsO4 were dissolved with deionized 
water for the stock Cd (II) and As (V) solution, which 
was sprayed onto the dry soil evenly. The FBC was then 
added to the contaminated soil according to the mass 
ratio, and the dosages were calculated according to the 
results of the adsorption experiments. Furthermore, 
the mixes were placed in sealed containers under 25 °C, 
60% humidity. After 7 days, the HMs leachability of the 
treated soil was tested.

2.3  Environmental experiments
In this section, the remediation effect and process of FBC 
were preliminarily explored in contaminated water and 
soils through batch adsorption tests and soil leaching 
toxic tests.

Fig. 2 Spectroscopic characterization of FBC: a FTIR spectrum; b XRD pattern; c–e SEM images and EDS analysis ((c) BC of 500_ magnifications (c1) 
and 5000_ magnifications (c2), (d) FBC of 500_ magnifications (d1) and 5000_ magnifications (d2), and (e) EDS of FBC in (d2))

Table 1 Main elemental composition and physical properties of BC and FBC

Specimen C (%) H (%) O (%) Fe (%) pH D10 (μm) D50 (μm) D90 (μm)

BC 53.68 0.75 8.36 – 8.82 19.4 100 462

FBC 46.19 0.81 12.82 9.14 9.17 61.7 287 831

Table 2 The basic chemical and geotechnical properties of raw soil

Gs denotes specific gravity of raw soil; ωp and ωL denote atterberg limit;  Ip denotes plastic index; ωo denote optimal water content; ρdmax denotes maximum dry 
density (g  cm−3). The contents of other chemical compositions add up to 2.15%, and the relative content is less than 1%

Property Value

Main physical properties pH Gs ωp (%) ωL (%) Ip ωo (%) ρdmax

7.38 2.68 17.60 34.29 16.69 17.93 1.80

Main chemical compositions (%) SiO2 Al2O3 Fe2O3 K2O CaO MgO Others

66.34 16.92 8.17 2.85 2.04 1.53 2.15
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2.3.1  Batch adsorption
The batch adsorption tests were conducted to evaluate 
the adsorption capacities of FBC for Cd (II) and As (V). 
Cd and As solutions of different concentrations were pre-
pared with analytical grade Cd  (NO3)2 and  Na3AsO4. The 
initial pH of the mixture (7.0 ± 0.1) was coordinated by 
0.1 mol  L−1 NaOH or HCl. The FBC and HM solutions 
were mixed at a mass ratio of 1:1 in a polyethylene tube, 
which was oscillated at 120 revolutions per minute (rpm) 
to facilitate the reaction. The average value of three times 
was taken for each test results. The concentrations of As 
(V) and Cd (II) were measured by inductively coupled 
plasma (ICP Agilent 720ES) after reaction.

2.3.2  The leaching toxicity tests
The synthetic precipitation leaching procedure (SPLP) 
was applied to assess the toxicity of co-contaminated 
soils under the acid rain environment. For the SPLP test 
(US EPA Method 1312), the extraction was prepared 
by adding a 60/40 wt% sulfuric/nitric acid mixture and 
adjusting the pH to 4.20 ± 0.05. The concentration of As/
Cd/Fe was determined by ICP Agilent 720ES.

2.4  Geotechnical tests
The topographic characteristics of As (V) and Cd (II) co-
contaminated areas are mainly basins and hills. For the 
contaminated soil distributed on the slope, we focused 
on the geotechnical characteristics of aggregate distribu-
tion and soil shear strength.

2.4.1  Soil aggregate tests

The wet sieving test was conducted using Elliott’s (1986) 
method. The mean weight diameter (MWD) is a parameter 
to measure the structural stability of soil aggregates (Bis-
sonnais 1996). The MWD was calculated by Eq.  (1):

where Xi is the mean diameter (mm), Wi is the percent-
age of aggregates, and n is the sieves’ number.

2.4.2  Shear strength tests
A strain-controlled direct shear apparatus (ZJ Quad-
ruplex) was used to measure the shear strengths of the 
contaminated soils. The cutting ring specimens (61.8 mm 
in internal diameter and 20 mm high) were made by iso-
static pressing method within optimum moisture con-
tent. In each test, four vertical pressures were applied on 

(1)MWD =

n

i=1

Xi ×Wi

the soil samples (100 kPa, 200 kPa, 300 kPa and 400 kPa) 
with 0.8 mm  min−1 shear rate. The shear strength value 
was the stable value on shear stress–shear displace-
ment curve, or if  no stable value existed, it was the shear 
stress corresponding to the strain rate up to 20% (GB/T 
50123–2019).

2.5  Analytic spectroscopic tests
Spectroscopic tests aim to reveal the phase transition 
during the stabilization process. Before testing, the 
contaminated soil samples were taken in the 0.075 mm 
powder phase. The crystalline phases of contami-
nated soils were analyzed by X-ray diffraction (XRD, 
Rigaku SmartLab SE) with 5°  min−1 rate in the range 
of 10–80°. X-ray photoelectron spectroscopy (XPS, 
Thermo Scientific K-Alpha) was conducted to detect 
the elemental composition and chemical state of con-
taminated soils.

3  Results and discussion
3.1  Adsorption of FBC in solution
Figure 3 presents the adsorption isotherms for As (V) and 
Cd (II) by FBC. The calculated parameters of isothermal 
models are listed in Table  3. Math work found that the 
model parameters fitted better with the Langmuir model 
(R2 > 0.95 for As, R2 > 0.97 for Cd) than the Freundlich 
model (R2 > 0.92 for As, R2 > 0.97 for Cd), indicating that 
the adsorption process was a monolayer adsorption of As 
(V) and Cd (II). Based on Langmuir adsorption model, 
the maximum adsorption capacities of FBC for As (V) 
and Cd (II) were 31.96 and 129.31  mg   g−1, respectively. 
Compared to BC, the adsorption capacity of FBC for As 
increased by 34.19 times, while for Cd increased by 1.78 
times. Therefore, the 97% removal of As was depend-
ent on goethite NPs, while the another 3% removal was 
dependent on BC. Conversely, the 56% contribution of 
BC was stronger than the 44% contribution of goethite 
NPs for Cd removal.

The goethite NPs loaded on the FBC could obviously 
improve the adsorption capacities of BC for both Cd 
and As (Fig.  4). The immobilization of As is attributed 
to redox and complexation, while Cd is mainly domi-
nated by electrostatic attraction and surface precipita-
tion. For As (V) reaction on goethite, the goethite crystal 
must dissolve to facilitate Fe to build up binding sites 
(Wan et  al. 2022). Part of  AsO4

3− could be hydrated to 
 HAsO4

2− according to solution Eq. (2). Both  AsO4
3− and 

 HAsO4
2− were adsorbed on FBC surface to from newly 

inner-sphere monodentate and bidentate complexes 
without obvious XRD peaks (Zhu et al. 2020b). The reac-
tion of  Cd2+ on the goethite surface can be described 
by the surface precipitation model (Bradl 2004). Parfitt 
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(1976) classified the hydroxyl groups on the surface 
of goethite into A, B, and C classes. A class had higher 
activity by joining to one  Fe3+ ion, while B and C classes 
had lower activity with two and three  Fe3+, respectively. 
At first  Cd2+ formed surface complex on goethite Eq.   
(3a)  and then  Cd2+ precipitated as Cd (OH)2 hydrox-
ide  on the surface (Eq. (3b)). The subsequent XRD test 
showed a new peak appearing at 30.52°  belonging to Cd 
(OH)2 (PDF# 71–2137) in Sect. 3.4, supporting the above 

hypothesis on the Cd precipitate with hydroxyl group on 
the goethite surface.

(2a)AsO4
3− +H2O → HAsO4

2− +OH−

(2b)
S− FeOH+ AsO4

3− +H2O → S− FeAsO4
2− +OH−

(2c)
S− FeOH+HAsO4

2− +H2O → S− FeH2AsO4 + 2OH−

Fig. 3 Isotherm adsorption of As (V) and Cd (II) on FBC

Table 3 Langmuir and Freundlich parameters for the adsorption of As (V) and Cd (II) on BC and FBC

Adsorbent Contaminant Langmuir Freundlich

kL (L  MG−1) qm (mg  g−1) R2 KF  (mg(1−n)  Ln  g−1) n R2

BC As (V) 0.09 ± 0.02 1.07 ± 0. 48 0.94 0.25 ± 0.02 0.30 ± 0.02 0.99

Cd (II) 0.11 ± 0.02 72.32 ± 2.86 0.93 18.20 ± 3.06 0.27 ± 0.04 0.95

FBC As (V) 0.05 ± 0.01 31.96 ± 0.86 0.95 3.06 ± 1.25 0.51 ± 0.11 0.92

Cd (II) 0.12 ± 0.02 129.31 ± 1.24 0.97 26.53 ± 3.86 0.38 ± 0.04 0.97

Fig. 4 The adsorption contributions of biochar and goethite NPs in FBC
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Furthermore, the influence of HMs initial concentra-
tion on the FBC removal rate is presented in Additional 
file 1: Fig. S1. With an increasing As concentration from 
1 to 100 mg  L−1, the removal rate dropped from 64% to 
24.19%. It can be explained by the fact that  PO4

3−can dif-
fuse into the meso- and micro-pores of goethite, reducing 
specific surface area (Faria et al. 2014). Given the similar-
ity of  AsO4

3− and  PO4
3−, it seems reasonable to specu-

late that  AsO4
3− may block pores on goethite and hinder 

the diffusion. As a result, their adsorption capacities are 
affected. In Additional file  1: Fig. S1b, the adsorption 
quantity of Cd by FBC grew from 5.00 to 128.29 mg  g−1 
with the increase of initial concentration from 5 to 200 
mg  L−1. However, the removal rate maintained at 100% 
till 20 mg  L−1, then gradually decreased and reached 
64.02% at 200 mg  L−1. The FBC provided a fixed number 
of hydroxyl active sites for Cd adsorption, similar to the 
pattern for most adsorbent (Fan et  al. 2020). The more 
cadmium ions, the fewer corresponding adsorption sites.

3.2  Leaching characteristics of treated co‑contaminated 
soils

In untreated samples (Fig. 5), the As leaching concentra-
tion gradually increased with the increase of As content 
in co-contaminated soils from As: Cd = 0: 2000 to 2000: 0 
(0, 4.72, 21.73, 43.67, 74.50 mg  L−1), implying that  AsO4

3− 
had sufficiently reacted with the soil. The soil particles 
have a fixing effect on As (0, 81.11%, 56.54%, 41.77% 
and 25.50%), which was gradually weakened with the As 
content rising. On this basis, incorporation of 2% FBC 
reduced by 25.31% on average of the As leaching con-
centration (0, 3.31, 17.13, 28.20, 63.50 mg  L−1). When the 

(3a)
S−OH+ Cd2+ +H2O ↔ S−O− CdOH2

+ +H+

(3b)

S−O− CdOH2
+ + Cd2+ + SH2O

↔≡ S−O− CdOH2
+ + Cd(OH)2 ↓ +2H+

FBC content increased to 6%, the As leaching concentra-
tion was decreased by 79.30% as a whole (0, 0, 2.43, 9.21, 
31.83 mg  L−1), not entirely disappeared yet. As leaching 
concentration was less than 0.02 mg  L−1 until the dos-
age of FBC was increased to 10%, meeting the regulation 
limit of China’s ground/surface water (GB/T 14848-2017; 
GB 3838-2002). Cd leaching concentrations of untreated 
contaminated soils were 81.88, 56.66, 29.69, 11.08, 0 mg 
 L−1, proving that the mobility of Cd was greater than As 
under the same action time while the fixing effect of soil 
particles was poor (18.12%, 24.45%, 40.62%, 55.68% and 
0). When 2% FBC was added, the Cd leaching concen-
tration could be completely controlled below 1 mg  L−1, 
which indicated that the 2% FBC-treated contaminated 
soil might not pose the risk to the surrounding water/soil 
under acid rain erosion. For co-contaminated soil with 
As: Cd = 1000: 1000, the leaching  concentrations of As 
(V) and Cd (II) were 21.73 and 29.69 mg  L−1 in untreated 
soils, 17.13 and 0.02 mg  L−1 in 2% FBC-treated soils, 2.43 
and 0 mg  L−1 in 6% FBC-treated soils, while 0.02 and 0 
mg  L−1 in 10% FBC-treated soils. In addition, the leach-
ing concentration of iron (Fe) in soil was below 0.02 mg 
 L−1, indicating that iron on FBC would not escape into 
soil to avoid extra environmental burden.

The theoretical demands of FBC for stabilization of co-
contaminated soils should be the FBC requirement for As 
(V) and Cd (II) immobilization. According to the calcu-
lated amount of FBC for As (V) and Cd (II) in solution 
from Sect.  3.1, the theoretical needed demands of FBC 
for stabilizing 2000 mg   kg−1 single Cd or As contami-
nated soils should be 1.5% and 6%, while the actual dos-
ages were 2% and 10%, respectively. The actual dosages 
were greater than the theoretical demands because FBC 
contacted with HMs ions as well as soil particles at the 
same time. The interface between goethite and kaolin was 
cemented by the formation of hydrogen bond, which con-
sumed strong adsorption sites  binding  to HMs (Parfitt 
1989). Consequently, part of the highly active potentials 

Fig. 5 SPLP leaching concentrations of As and Cd with different FBC dosages in co-contaminated soils: a no FBC, b 2% FBC dosage, and c 6% FBC 
dosage
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reacted with clay minerals, leading to the actual dosages 
required for stabilization generally being on average 57% 
higher than the theoretical values. Moreover, in co-con-
taminated soils of As (V) and Cd (II), the actual dosages 
of FBC were not the simple addition of the As demands 
and the Cd demands, but a cross relationship determined 
by the  concentrations of contaminants. The formula for 
calculating the actual dosages (Dac) of FBC is as follows 
Eq.   (4). When the As concentration exceeds 4 times 
that of Cd, the actual dosages of FBC depend on the As 
demands, and vice versa on the demands of Cd.

where Dac is the actual dosages of FBC, Dac(As) and 
Dac(Cd) are the FBC demands of As (V) and Cd (II), 
respectively,cAs and cCd are the concentrations of As (V) 
and Cd (II) in soils, respectively.

3.3  Geotechnical properties of treated co‑contaminated 
soils

3.3.1  Soil aggregate distribution
Grades of aggregates include small macroaggregates 
(1–2 mm and 0.25–1 mm), microaggregates (0.053–0.25 
mm), and mineral fraction (0–0.053 mm) (Elliott 1986). 
As showed in Fig.  6, small macroaggregates of raw soil 
increased by 27% after addition of 10% FBC, which 
was consistent with the prior research results (Sun and 
Lu 2014). The untreated single Cd contaminated soil 
(As:Cd = 0:2000) had the most aggregates in the range of 
1–2 mm, while the untreated single As contaminated soil 

(4)

Dac = max[Dac(As),Dac(Cd)] =

{

Dac(As), cAs ≥ 4cCd
Dac(Cd), cAs < 4cCd

(As:Cd = 2000:0) had the most soil particles of microag-
gregates and mineral fraction. Simultaneously, the higher 
As content, the worse stability of the soil aggregates with 
smaller MWD. Both As (V) and Cd (II) can redistribute 
soil aggregates by changing charge potential, and bound 
water film of soil particle surface. The  Cd2+ contributed 
soil particles to soil aggregates, while  AsO4

3− dispersed 
aggregates in clayey soils (Elliott 1986; Du et  al. 2014). 
After 10% of FBC addition, 0.25–1 mm and 0.053–0.25 
mm aggregates were the major fractions present, with the 
small macroaggregates (0.25–1 mm) growing by 18.8% 
and microaggregates reducing by 16.4%. The MWD 
was enhanced by about 0.15 mm as a whole and nearly 
remained the same level with different concentration 
ratios of As (V) and Cd (II) in the contaminated soils 
(Table  4). Additionally, the content of mineral fraction 
increased with As concentration and caught the maxi-
mum in As: Cd = 2000: 0.

Fig. 6 Soil aggregates of As (V) and Cd (II) co-contaminated soils: a untreated co-contaminated soils and b co-contaminated soils stabilized by FBC

Table 4 The MWD (mm) of As (V) and Cd (II) co-contaminated 
soils

Soil sample Untreated 
co‑contaminated soil

Co‑contaminated 
soils stabilized by 
FBC

Raw soil 0.46 0.62

0:2000 0.48 0.61

500:1500 0.4 0.53

1000:1000 0.4 0.51

1500:500 0.38 0.51

2000:0 0.33 0.49
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3.3.2  Direct shear strengths
The shear strengths for different co-contaminated 
soils before and after  treatment with FBC are shown 
in Fig. 7. The shear strengths of co-contaminated soils 
stabilized by FBC with different As (V) and Cd (II) 
ratios were found to be closer compared to untreated 
co-contaminated soils, with the difference controlled 
to 8.77–33.1 kPa instead of 42.98–78.32 kPa. This 
revealed that FBC weakened the effect of HMs on soil 
properties. In particular, the shear strength of stabi-
lized soil As:Cd = 0:2000 slightly decreased by 3.29%, 
whereas increased by 8.34% on the average in the soil 
samples containing As (the other four soils). As dis-
cussed later in Sect. 4.2. FBC is beneficial for increas-
ing the shear strength of the contaminated soils with 
anions. Nevertheless, the change in shear strength 
for contaminated soils containing cations depends on 
the extent to which the substitution of cations by FBC 
affects the soil particle aggregation. The calculated 
shear strength parameters of the contaminated soils 
are shown in Table 5. The cohesions of stabilized soil 

decreased but the internal friction angles grew. The 
intervention of FBC blocked the damage of HMs to 
the soil and balanced the charge system in soils, which 
reduced the electrostatic attraction between parti-
cles and led to the decrease of cohesions. At the same 
time, the internal friction angles increased because 
the aggregate distribution of soil particles was changed 
to be larger, making the occlusal friction stronger. Fur-
thermore, as a small particle, the uneven surface of 
FBC expanded the sliding friction.

3.4  Phase transition and microstructure in stabilization 
process

The XRD patterns and XPS spectra of the FBC stabilized 
As (V) and Cd (II) co-contaminated soils are shown in 
Fig.  8. After stabilization, newly formed mineral crys-
tals were found in the XRD pattern, including angelel-
lite  (Fe4O3  (AsO4)2, PDF# 83–1554), cadmium hydroxide 
(Cd (OH)2, PDF# 71-2137) and cadmium arsenate  (Cd3 
 (AsO4)2, PDF# 71-2080) as shown in Fig. 8a. These min-
erals could effectively bind the aggregates, increase the 
surface roughness and internal friction between the soil 
particles, thereby enhancing the shear strength. The full 
spectrums of the samples display the main core level 
peak for C 1 s, Fe 2p, Cd 3d, and As 3d. High-precision 
narrow region spectra of As 3d, Cd 3d, Fe 2p, and O 1 s 
were collected to further explore the chemical states 
and reaction mechanisms. The deconvolution results 
of As 3d fine-spectrum indicated that As was divided 
into two chemical states, As (V) at 44.9 eV and As (III) 
at 45.7  eV (Ma et  al. 2022). Despite the initial As (V) 
was partially reduced to As (III) caused by  the redox of 
surface Fe (II) (Perez et  al. 2019), the immobilized As 
was stably bound to FBC and clay minerals during the 

Fig. 7 Shear strength of As (V) and Cd (II) co-contaminated soils: a untreated co-contaminated soils and b co-contaminated soils stabilized by FBC

Table 5 The cohesion and internal friction angle of As (V) and 
Cd (II) co-contaminated soils

As: Cd Untreated 
co‑contaminated soil

Co‑contaminated soil 
stabilized by FBC

c (kPa) φ (°) c (kPa) φ (°)

0:2000 121.10 19.29 97.81 22.78

500:1500 104.76 17.22 102.35 22.78

1000:1000 105.21 14.57 96.1 19.80

1500:500 107.30 15.64 82.8 21.30

2000:0 92.38 12.95 86.8 21.80
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Fig. 8 Spectroscopic of As (V) and Cd (II) co-contaminated soils stabilized by FBC: a XRD pattern, b XPS full spectrum, and c–f high-precision 
narrow region spectra of As 3d, Cd 3d, Fe 2p, and O 1s
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stabilization reaction. Therefore, the stabilization effect 
would not be compromised because As was prevented 
from being released into the environment from start to 
finish. Besides, the XPS spectra of Cd 3d consisted of the 
peak at 406.2 eV and 412.9 eV, associated with Cd 3d5/2 
(Cd–Fe hydroxide or Cd–As) and Cd 3d3/2 (Cd (OH)2) 
(Zhu et  al. 2022). Two main components of Fe 2p were 
considered to be 54.19% Fe (III) and 45.81% Fe (II). The 
O 1s XPS spectra were deconvoluted into C–O/Fe–O–
C, Si–O/O–H, and M–O, respectively. The M–O peak of 
10.77% may be due to the Al–O or Cd–O/As–O. Mean-
while, the Fe–O–C/C–O  content was 2.66%, mainly 
attributed to the formation of Cd/As–Fe inner-sphere 
complex (Fan and Zhang 2018). To sum up, the changes 
in chemical form and crystalline phase of HMs occur 
during the stabilization process caused by chemical pre-
cipitation, redox and complexation reactions.

3.5  Stabilization mechanisms of FBC to HMs 
contamination in soils

Comparison of the HMs adsorption of FBC in solution 
and soils revealed that the actual dosages required for 
stabilization for co-contaminated soils was generally 57% 
higher on average than the theoretical values in solution, 
indicating that FBC in soil was not target binding with 
HMs. Some FBC interacted directly with soil particles. 

According to the analysis of soil aggregate change in 
the raw soil and treated raw soil, FBC promoted the soil 
macroaggregates (1–2 mm and 0.25–1 mm) by 27%, but 
reduced the microaggregates (0.053–0.25 mm) by 16.6%, 
and mineral fraction (0–0.053 mm) by 10.4%. It may be 
caused by electrostatic attraction between soil particles 
and FBC as well as hydrogen bonding of the hydroxyl 
group on the surface of FBC. Among the untreated soils, 
the Cd contaminated soil (As:Cd = 0:2000) had the larg-
est amount of small macroaggregates (1–2  mm and 
0.25–1  mm), which was related to  the fact that  Cd2+ 
could compress the diffusion double layer (DDL) thick-
ness of clay particles, making it easier to agglomerate into 
larger soil aggregations (Spielman and Friedlander 1974). 
After stabilization by FBC, the agglomeration effect of 
 Cd2+ on the soil particles was destroyed. As a result, the 
aggregate change (1–2  mm) of the treated Cd contami-
nated soil was the smallest (1%), and the shear strength 
decreased slightly by 3.29%. In contrast, the  AsO4

3− can 
thicken the DDL of clay particles, dispersing soil particles 
to small aggregates with relative flocculation structure, 
which reduces the friction coefficient between soil par-
ticles and the shear strengths (Foad and Haddad 2015). 
As a consequence, the mineral fraction (0–0.053  mm) 
of As contaminated soil (As:Cd = 2000:0) was the most 
in the untreated soils. The contents of largest particles 

Fig. 9 Three modes of FBC in the co-contaminated soils
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(1–2  mm) in the four soil samples containing As (the 
other four soils) increased by about 4.25% after stabili-
zation, enhancing the force between adjacent particles 
and leading to the shear strength increase by 8.34% on 
average.

The intervention of FBC prevented the damage of 
HMs to the soils. The effects of FBC added into the con-
taminated soils comprised three modes (Fig. 9): (A) FBC 
combining soil particles, (B) FBC adsorbing HMs, and 
(C) FBC acting on both soil particles and HMs. Mode A 
served as the central nucleation site for the agglomera-
tion of soil particles through the pore effect of biochar 
and the hydrogen bonding of goethite NPs on the surface, 
which improved aggregate stability and  soil cohesion. 
Mode B prevented the damage of HMs ions on soil parti-
cles through physical adsorption, chemical complexation 
and precipitation. However, since the surface charge of 
FBC was equilibrated after adsorption, this mode of FBC 
existed in the form of electrically neutral small particles 
to fill the pores. In mode C, FBC was attached to soil par-
ticles, which enhanced the friction between the adjacent 
aggregates due to the rough and porous microstructure 
of BC surface. Also, this part was the most unstable when 
suffering external forces or environmental erosion. In 
summary, the FBC can effectively stabilize As (V) and Cd 
(II) co-contaminated soils through two ways: one is that 
FBC immobilizes the As (V) and Cd (II) to reduce the 
toxicity of soils, including electrostatic attraction, pre-
cipitation, complexation and redox, thus achieving stabi-
lization effect; and another is that newly formed crystal 
minerals and FBC bind aggregates and increase the sur-
face roughness of soil particles, thereby improving the 
strength of soil.

3.6  Evaluation of soil reutilization
Soil reutilization quality can be described in terms of 
environmental safety and geotechnical reliability. The 
leaching toxicity of HMs can be applied to characterize 
environmental safety of soil. The indexes of geotechnical 
reliability included the cohesion, internal friction angle, 
and the MWD of aggregates. In this section, the TOP-
SIS method (Hwang and Yoon 1981; Li et  al. 2022) was 
employed to evaluate the relative advantages of soil reu-
tilization based on four sub-indices. The detailed calcu-
lation steps are shown in Additional file 1 with relevant 
calculation data shown in Additional file  1: Table  S1. 
The index values of various soil samples are calculated by:

(5)Si =
D
−
i

D
+
i
+ D

−
i

where Si is index value between zero and one. Soil reutili-
zation quality increases as Si approaches 1. D+

i
and D−

i
 are 

the distance to the positive/negative ideal solution from 
row vector (i) to the ideal solution.

The evaluation results are shown in Additional file  1: 
Fig. S2. Soil reutilization quality increased significantly 
after stabilization of FBC. The index  values of co-con-
taminated soils stabilized by FBC were between 0.76 and 
0.83 with a “Satisfactory” or “Good” level, even better 
than raw soil with a value of 0.62. In contrast, the index 
values of untreated co-contaminated soils were between 
0.16 and 0.46 with a “Poor” or “Fair” level, with the lowest 
0.16 in As: Cd = 1000:1000, showing that the co-contami-
nation caused more severe geo-environmental problems. 
Furthermore, the change trends of four sub-indices are 
shown in Fig.  10. For untreated contaminated soils, the 
reduction of environmental safety was the main reason 
for the decline of soil reutilization quality. However, FBC 
stabilized contaminated soils had higher environmental 
safety, MWD of aggregates and internal friction angle, 
resulting in the increasing of soil reutilization quality.

4  Conclusions
The main conclusions are drawn as follows:

1. The FBC could immobilize As (V) and Cd (II) in both 
polluted water and contaminated soils. The dosages 
of FBC required in contaminated soils generally are 
about 57% higher than those in polluted water. When 
the concentration of As exceeds 4 times that of Cd, 
the dosage of FBC is determined by the concentra-
tion of As; otherwise, it is determined by the concen-
tration of Cd.

2. After stabilization by FBC, soil aggregates trans-
formed from mineral fraction (0–0.053 mm) and 
microaggregates (0.053–0.25 mm) to small macro-
aggregates (0.25–2 mm). The shear strength of sta-
bilized soils containing As is increasing,  while the 
opposite is true for soils contaminated by single Cd.

3. The stabilization mechanisms include: (1) HMs 
immobilization. FBC immobilizes the As (V) and Cd 
(II) to reduce the soil toxicity by electrostatic attrac-
tion, precipitation, complexation and redox; and (2) 
soil agglomeration. Newly formed crystal minerals 
and soil particles bound with FBC increase the fric-
tion of adjacent aggregates, thereby improving the 
shear strength of soils.

4. The soil reutilization was evaluated through TOP-
SIS method, where four geo-environmental factors, 
including cohesion, internal friction angle, mean 
weight diameter, and leaching toxicity of HMs are 
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incorporated. Soil reutilization quality increased sig-
nificantly after stabilization by FBC, from 0.16 to 0.46 
with a “Poor” or “Fair” level to 0.76–0.83 with a “Sat-
isfactory” or “Good” level.

The study findings confirm the potential of reusing 
agricultural wastes in the field of HMs-contaminated 
soil stabilization, so as to achieve the purpose of treating 
the wastes with wastes and carbon sequestration. How-
ever, there are still some limitations about this research, 
including: (1) The experimental time conducted was rel-
atively short, and long-term effects were not taken into 
account. Additionally, the stabilization of heavy metal 
contaminated sites is necessary to perform to explore 
FBC’s engineering applicability; (2) The actual engineer-
ing often suffers from complex environmental effects 
(e.g., drying–wetting and freezing–thawing cycles), 
and the impact of these factors on the deterioration of 
FBC’ stabilization effectiveness is unknown;  (3) The co-
contaminated sites often exist multiple HMs, including 
zinc (Zn), copper (Cu), nickel (Ni), etc., and it is crucial 
to explore the coupling stability mechanism of FBC on 
them. Generally, the contamination situation and reme-
diation standard of the site need to be comprehensively 
considered before stabilizing with FBC.
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