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Abstract: This study investigated the potential of waste concrete fines and carbonated waste concrete fines as soil 
amendments for the remediation of copper-contaminated soils through adsorption and solidification experiments. 
The Langmuir equation indicated that both waste concrete fines and carbonated waste concrete fines achieved high 
adsorption capacities of 27.71 mg/g and 27.60 mg/g, respectively. These construction wastes were as effective as steel 
slag and fly ash in stabilizing copper in soils, primarily by converting copper from weakly acid-extractable forms to 
reducible and oxidized states, while exhibiting no significant effect on the residual state of copper. The results suggest a 
promising application of construction wastes in soil remediation; however, further investigation is needed to understand 
their long-term effects and the migration of potentially toxic metals in plants.
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ShareAlike 4.0 International Public License (CC BY SA 4.0, https:// creativecommons.org/licenses/by-sa/4.0/legalcode), 
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Introduction
Potentially toxic metal (PTM) pollution in soil is an 

increasingly serious environmental problem of global 
concern that jeopardizes soil health and food safety (Ma et 
al., 2023). In addition to natural releases, PTMs enter and 
accumulate in soil systems through human activities, such 
as mine drainage, smelting, and battery manufacturing, 
adversely affecting ecosystems (Liu et al., 2018). These PTMs 
include cadmium, lead, mercury, arsenic, chromium, copper, 
zinc, nickel, manganese, cobalt, etc. (Zhang et al., 2024). 
Beyond conventional industrial sources, recent studies have 
highlighted that military conflicts can also cause significant 
heavy metal contamination in soils, with copper being one of 
the predominant pollutants, alongside concomitant declines in 
soil microbial communities (Moliszewska et al., 2025).

Copper (Cu) is an essential trace element for the growth 
and development of living organisms; however, excess Cu can 
be toxic to plants and pose a threat to human health through 
the food chain (Rehman et al., 2019). In plants, elevated Cu 
levels can cause physiological disorders in the root system, 
inhibit growth, and even lead to chlorosis. In animals, 
excessive Cu exposure can cause damage to organs such as the 
liver and gallbladder, thereby disrupting normal metabolism. 

In addition, Cu pollution can negatively affect the growth of 
soil microorganisms and the activity of soil enzymes, thereby 
disrupting the soil ecological balance.  Anthropogenic activities, 
including copper mining, industrial wastewater discharges, 
and the use of copper-containing pesticides, can result in Cu 
concentrations in soils that exceed natural background levels, 
posing a threat to ecosystems (Zhou et al., 2005a; Zhou et al., 
2005b). 

In recent years, using various amendments to stabilize 
PTMs in soil and reduce their mobility has gained attention 
due to the simplicity, efficiency, in situ applicability, and cost-
effectiveness of this approach (Rinklebe and Shaheen, 2015). 
The mechanisms by which amendments reduce PTM mobility 
are complex; most amendments achieve this by lowering the 
concentration of soluble and exchangeable PTMs through 
chelation, adsorption of metal ions, or by altering soil pH (Lu 
et al., 2015). Industrial and agricultural by-products, such as 
steel slag (Kong et al., 2023), fly ash (Cui et al., 2016), and 
biochar (Nguyen et al., 2023), are commonly used materials 
for green soil remediation. In a study by Meier et al. (2017), 
it was revealed that biochar originating from chicken manure 
resulted in a decrease in Cu uptake in Cu-contaminated soil 
by Oenothera picensis. Specifically, Cu uptake decreased from 
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66.9 mg kg -1 to 36.6 mg kg -1. In addition, biochar application 
increased soil pH and key soil nutrients, resulting in a 
significant 3.5-fold increase in shoot biomass and a 3.1-fold 
increase in root biomass. Kong et al. (2023) used sulphur slag, 
a by-product of wet fuming sulphur, as a stabilizer and found 
that the application of sulphur slag reduced the levels of Cd, 
Cu, Zn, and Pb in the soil, but significantly increased the levels 
of Cr in the soil due to the presence of Cr. The sulphur slag 
changed the chemical composition of potentially toxic metals 
(Cu, Zn, and Pb) in the soil from exchangeable and reducible 
to oxidizable and residual states.

Construction waste, especially waste concrete that contains 
a large amount of cement constitutes the largest proportion of 
solid waste in the city (Li et al., 2023). Its resource utilization 
has attracted much attention and is commonly used in road 
paving, recycled brick production, artificial wetlands, soil 
improvement, etc.; however, research on its use as a soil 
stabilizer is still relatively limited. The alkali-activated mixture 
contained in construction waste improves and stabilizes soil 
through cation exchange, hydration reactions, and enhanced 
pozzolanic reactions (Ho et al., 2021). 

Certain components in waste concrete share similarities 
with the primary constituents of common inorganic passivators, 
such as Ca (OH)₂ and silicates, demonstrating potential as a 
passivator for soil contaminated with potentially hazardous 
metals. The application of waste concrete in soil remediation 
remains limited but holds significant potential. The application 
of waste concrete in soils contaminated with PTMs could 
significantly reduce the cost and difficulty of remediation. 
The objective of this study was to assess the feasibility of 
waste concrete fines and carbonated waste concrete fines as 
amendments to copper-contaminated soils and to investigate 
the stabilization performance of construction waste compared 
to other amendments, such as steel slag and fly ash. The results 
of this research can provide technological support for broader 
applications of construction waste.

Materials and methods
Material acquisition
Modifier preparation

The amendments used in this study included fly ash (FF), 
steel slag (SS), waste concrete fines (WW), and carbonated 
waste concrete fines (CC). Fly ash and steel slag were procured 
online, while waste concrete fines were sourced from Jiangsu 
Shunjia Construction Co., Ltd. Carbonated waste concrete 
fines were obtained by leaving the waste concrete fines indoors 
to naturally air-dry and carbonate for six months. During this 
period, the carbon dioxide concentration was approximately 
0.10%, the temperature fluctuated between 20 and 26°C, and 
humidity ranged from 30 to 60%.). All samples were dried and 
passed through a 100-mesh sieve.

Soil samples
Surface soil samples (0-20 cm) were collected in the 

winter of 2023 from roadside farmland in Lingkun Island, 
Wenzhou City, Zhejiang Province, China. The physicochemical 
parameters of the soil are shown in Table 1, and the 
concentrations of PTMs are shown in Table 2. According to 
the “Risk Control Standards for Soil Pollution in Agricultural 
Land” (GB 15618-2018), the risk screening value for copper 

contamination in agricultural land soil is 200 mg/kg. Therefore, 
the soil was air-dried, pulverized, and mixed with a copper 
sulfate solution (700 mg CuSO₄/kg soil) and kept at 70% of its 
maximum water holding capacity for two weeks to reach a Cu 
concentration of 221.35 mg/kg, thereby creating contaminated 
soil. The treated soil was then air-dried and pulverized again, 
and subsequently passed through a 100-mesh sieve.

Adsorption experiments
A copper standard solution at a concentration of 1000 

mg/L was prepared using 3.929 g of CuSO4 and 1L of 
deionized water. A 0.01 mol/L NaNO3 solution was used as 
the supporting electrolyte, and the pH of the solution was 
adjusted to 5.5 using either 1 mol/L HNO3 or 1 mol/L NaOH. 
The gradient concentrations of Cu standard solutions required 
for the experiments were 10, 20, 40, 80, 160, and 220 mg/L, 
respectively. Accurately  0.5±0.01 g of each amendment 
was weighed and placed separately into 50 ml polyethylene 
centrifuge tubes. For each amendment, 18 portions were 
prepared. A 30 ml solution of copper (Cu) at different 
concentrations, prepared from the Cu standard solution, was 
added to each centrifuge tube, and each amendment was tested 
in triplicate at each concentration. The centrifuge tubes were 
then placed in an incubator at (25 ± 1) °C and shaken at 150 r/
min for 24 hours. After equilibration, the tubes were centrifuged 
at 4000 r/min for 10 minutes. Subsequently, the supernatant 
was filtered through a 0.22 μm membrane and transferred to 
a plastic bottle, to which one drop of concentrated nitric acid 
was added. The samples were then stored in a refrigerator at 4 
°C for further testing.

Stabilization experiments
Based on previous experiments, soil stabilization tests 

were designed to investigate the effectiveness of different 
amendments in stabilizing Cu in contaminated soil. Different 
types of amendments were added to each 300 g portion of 
contaminated soil prepared as described in Section 2.1.2 at 
3%, 5% and 10% mass ratios, corresponding to 9 g, 15 g, 
and 30 g of amendments, respectively. Each amendment was 
tested in triplicate at each dosage. The soil and amendments 
are thoroughly mixed through a blender. Water was added to 
each portion of soil to achieve 70% of the maximum water-
holding capacity, and the mixture was transferred to a beaker. 
The beaker was sealed with a film containing small holes to 
maintain air-water equilibrium. Incubation was conducted in 
an automatic incubator at a temperature of 25 ± 2 °C for 28 
days. After this period, soil samples were collected, thoroughly 
pulverized, air-dried, and analyzed for pH and potentially toxic 
metal forms.

Analytical methods
Adsorption isotherm analysis

The Cu content in the supernatant from the adsorption 
experiments was determined using inductively coupled plasma 
mass spectrometry (ICP-MS, NexION 300X, PerkinElmer, 
USA).

  The adsorption of Cu by different amendments was 
modeled using the Langmuir and Freundlich equations. The 
Langmuir equation is given as:

A feasibility assessment of remediating copper-contaminated soils with construction waste
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Q K Ce
C K C

L e
m L e= +( )1     			    (1)

(1) where Qe represents the adsorption amount of potentially 
toxic metals by the amendment at adsorption equilibrium 
(mg/g); Cm is the maximum adsorption capacity of the 
amendment (mg/g), KL is the constant related to the adsorption 
binding energy, and Ce is the concentration of potentially toxic 
metals in the solution at adsorption equilibrium (mg/L).

The Freundlich equation is as follows:

 Q K Ce F e
n=       			   (2)

(2) where Qe indicates the amount of potentially toxic 
metal adsorbed by the amendment at adsorption equilibrium 
(mg/g); KF and n are the Freundlich adsorption constants, and 
Ce represents the concentration of potentially toxic metal in the 
solution at adsorption equilibrium (mg/L).

Analysis of potentially toxic metal forms
The chemical forms of potentially toxic metals were 

analyzed through sequential chemical extraction. The 
modified BCR sequential extraction method provides good 
reproducibility and high extraction accuracy, producing data 
comparable to standardized references; thus, it is widely 
recognized and used internationally (Zou et al., 2022). The 
procedure for the modified BCR sequential extraction method 
is presented in Table 3. The extract was filtered through a 0.22 
μm filter membrane and subsequently analyzed using ICP-MS.

Analysis of the Valence State of Metals
X-ray photoelectron spectroscopy (XPS) (Thermo 

Scientific K-Alpha, USA) was employed to analyze the 
valence states of potentially hazardous metals. The parameters 
were as follows: Al Kα radiation (hv=1486.6 eV) was used as 
excitation source, with a 400 μm spot size. Under laboratory 
vacuum conditions exceeding 5.0 × 10⁻⁷ mbar, the instrument 
operated at a working voltage of 12 kV and a filament current of 
6 mA. Full-spectrum scanning was performed over an energy 
range of 150 eV with 1 eV increments, while narrow-scan 
measurements were performed over an energy range of 50 eV 
with 0.1 eV increments. Final charge correction was performed 
using C1s = 284.80 eV as the binding-energy reference. The 
XPS results were further analyzed and fitted using Avantage 
software.

Statistical analysis
The experimental data were processed using Excel. 

Statistical analysis of the BCR data was performed using IBM 
SPSS Statistics 25, with the significance level set at 0.05. 
Visualization graphs were generated using Origin 2023b. 

Discussion and analysis
Analysis of the adsorption capacity of amendments 
on Cu

As shown in Fig. 1, the adsorption of Cu by the four 
amendments gradually increased with the concentration of the 
Cu solution. As the Cu concentration rose from 10 mg/L to 
220 mg/L, the adsorption capacity of steel slag (SS) increased 
from 0.62 mg/g to 12.99 mg/g, while those of carbonated 
waste concrete fines (CC) and waste concrete fines (WW) 
both increased from 0.62 mg/g to 13.07 mg/g. The adsorption 
capacity of Cu by fly ash (FF) increased from 0.62 mg/g to 
8.41 mg/g.

At low Cu concentrations, the four amendments 
exhibited similar adsorption capacities; however, differences 
became apparent at higher concentrations, with the order of 
effectiveness being CC ≈ WW > SS > FF. Both carbonated 
waste concrete fines and waste concrete fines demonstrated 
the highest Cu immobilization capacities, with no significant 
difference between the two amendments (p > 0.05).

The Langmuir and Freundlich equations were used to fit 
the Cu adsorption isotherms  for the different amendments, as 
presented in Table 4 and Fig. 1. As shown in Table 4, SS, WW, 
and CC were fitted with correlation coefficients (R²) greater than 
0.90, indicating that both Langmuir and Freundlich equations 
effectively describe the adsorption behavior of SS, WW, and 
CC toward Cu. However, the adsorption behavior of FF is 
better described by the Langmuir equation. The parameter Cm 
in the Langmuir equation represents the maximum monolayer 
adsorption capacity of the amendment for pollutants, which 
can be used to compare the potential adsorption capacities 
of different amendments (Dai et al., 2009). According to the 
Langmuir equation, the maximum adsorption capacities of Cu 
were 20.90 mg/g for SS, 27.60 mg/g for CC, and 27.71 mg/g 
for WW, while the maximum adsorption capacity for FF was 
only 7.89 mg/g. 

The Freundlich equation is often applied to describe the 
adsorption behavior of solids with heterogenous surfaces, 
where KF reflects the magnitude of the adsorption binding 

Steps Extracted copper form
(1) 40 m L 0.11 mol·L-1 HOAc solution, continuous shaking at (22±5) °C for 16 hand then 
centrifuging.

F1 (Weak acid extraction 
state)

(2) 40 mL 0.5 mol·L-1 NH2OH·HCl, adjusted with HNO3 to pH=2, continuously oscillate at 
(22±5) °C for 16 h and then centrifuging. F2 (Reducible state)

(3) 10 mL 8.8 mol·L-1 H2O2(pH=2.0 ~ 3.0), digested at room temperature for 1 h, then 
heated to (85±2) °C, digested for 1 h and evaporated to dryness; then add 10 mL 8.8 
mol·L-1 H2O2(pH=2.0), digested for 1 h at (85±2) °C, and evaporated to dryness; finally 
add 50 mL 1 mol·L-1 NH4Ac (pH=2.0), at (22±5) °C, continuous shake for 16 h, then 
centrifuge for 20 min.

F3 (Oxidizable state)

(4) 20 m L aqua regia digestion. F4 (Residual state)

Table 3: Copper species extraction by Improved BCR Extraction

A feasibility assessment of remediating copper-contaminated soils with construction waste
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energy of the amendment for the pollutant (Arias et al., 
2005). In the Freundlich equation, the KF value for SS in Cu 
adsorption is 4.21, which is higher than those of CC, WW, and 
FF, indicating that the adsorption binding energy of SS for Cu 
is greater than those of the other three amendments.

Characterization of Cu adsorption by various 
amendments

High-resolution XPS spectra of the Cu2p region for the 
different amendments were deconvoluted to identify the 
corresponding chemical species and fitted with component 
peaks. The different amendments showed distinct Cu2p peaks 
after Cu adsorption. It was observed that the Cu2p 3/2 peaks 
appeared at approximately 933.1, 935.1, and 943.30 eV for 
the different amendments, corresponding to Cu (OH)2, CuO, 
and CuCO3, respectively (Qian et al., 2023). These results 
indicate that the Cu adsorbed on the surface of the amendment 
existed as Cu (II) and that the amendment did not change the 
oxidation state of Cu. In SS, the relative proportions of Cu 
(OH)2, CuO, and CuCO3 were 64.69%, 5.25%, and 30.06%, 
respectively. The CC treatment had the highest proportion of 
CuO at 18.78% (Table 5), while the highest proportion of Cu 
(OH)2 was 64.94% in the FF treatment. Cu (OH)2 accounted 
for the largest proportion in each amendment, indicating 
that hydroxyl groups (-OH) on the amendment surfaces  and 
hydroxide ions (OH-) in the solution play important roles in  Cu 

(II) adsorption. Cu(II) was  chemisorbed onto the amendment 
surfaces, promoting the formation of Cu (OH)2.

Effect of amendments on soil pH
The four amendments used in this study have a large specific 

surface area and are alkaline, which can increase the pH of the 
system and promote the formation of potentially toxic metal 
precipitates (Cui et al., 2016). As shown in Fig. 3, compared 
to the original contaminated soil, the soil pH increased with 
increasing dosages of the different amendments. The highest 
pH of 8.52 was observed with the addition of 10% FF, followed 
by the addition of WW, which reached a pH of 8.30 at a 10% 
dosage. The pH for CC and SS varied less, reaching 8.17 and 
8.07 at a 10% addition, respectively.

 The addition of amendments, especially alkaline 
amendments, will enhance soil pH. Alkaline environments 
may cause soil compaction and inhibit microbial activity, 
as well as plant growth and development. Existing studies 
indicate that alkaline stress exerts a greater negative impact 
on soil crop yields than saline stress (Liu et al., 2024). The 
appropriate application of amendments can improve soil pH 
and physical conditions while providing essential nutrients 
such as calcium (Ca), potassium (K), and magnesium (Mg) 
to promote plant growth (Rinklebe and Shaheen, 2015). In 
practical applications, it is essential to balance the agronomic 
benefits with the potential impacts of amendments.

Fig 1. Adsorption isotherms of Cu by four amendments (SS: steel slag; CC: carbonated waste concrete fines; WW:  
waste concrete fines; FF: fly ash)

Rixiu Zhou, Quan Zhou, Chaozhen Xie, Zhenzhou Zhang, Furong Wu, Qiming Li, Fangze Shang, Yifan Hu...
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Effect of amendments on the distribution of soil Cu 
chemical forms

The changes in the chemical forms of soil Cu after 28 
days of treatment with different doses of different amendments 
are illustrated in Fig. 4. In the control treatment, Cu was 
predominantly found in the weak acid extractable state 
(46.76%), with the distribution pattern of the four Cu forms 
as follows: weak acid-extractable state (99.88 mg/kg) > 
oxidizable state (70.87 mg/kg) > reducible state (32.03 mg/kg) 
>residual state (10.79 mg/kg). The addition of amendments 
resulted in a significant (p<0.05) decrease in Cu content in the 
weak acid-extractable state and an increase in Cu content in 
the oxidizable state across all treatments. The treatment with 
10% WW recorded the lowest Cu content in the weak acid-
extractable state at 25.13 mg/kg (11.73%), while the treatment 
with 5% WW had the highest Cu content in the oxidizable 
state at 160.31 mg/kg (69.34%). Additionally, the treatment 

with 10% FF exhibited the highest Cu content in the reducible 
state at 39.34 mg/kg (20.41%). All four amendments are rich 
in calcium, iron and aluminum, which play important roles 
in the stabilization of PTMs (Rehman et al., 2019; Shu and 
Sasaki, 2022). The effects of different amendments vary with 
the amount added. At a 3% amendment addition, the best 
stabilization was achieved with FF, which showed the lowest 
Cu content of 27.90 mg/kg in the weak acid-extractable state. 
As the addition increased to 5% and 10%, WW provided the 
best stabilization, with Cu contents of 29.36 mg/kg and 25.13 
mg/kg in the weak acid-extractable state, respectively.

Overall, the changes in Cu forms 28 days after the addition 
of amendments primarily involved a transition from the weak 
acid-extractable state to the oxidizable state, with some 
treatments showing an increase in Cu content in the reducible 
state. This indicates a gradual transformation of Cu from active 
states to potentially active and inactive states. However, there 
was no significant difference in residual-state Cu among the 
treatments. Notably, with increasing amendment additions, 
the Cu content in the residual state did not show a significant 
increase across the different treatments, indicating that changes 
in the amount of amendment added had little effect on the 
transformation of Cu forms.

Conclusion
Waste concrete fines and carbonated waste concrete fines 

demonstrate effective stabilization of Cu in contaminated 
soil. Based on the Langmuir model, the maximum adsorption 

Fig 2. XPS curves of Cu2p after adsorption of Cu by different amendments ((A) SS: steel slag; (B) CC: carbonated waste concrete 
fines; (C) WW: waste concrete fines; (D) FF: fly ash).

langmuir Freundlich

Cm KL R2 KF n R2

SS 20.90 0.27 0.97 4.21 0.63 0.94 
CC 27.60 0.18 0.98 4.07 0.74 0.97 
WW 27.71 0.18 0.98 4.09 0.74 0.97 
FF 7.89 0.84 0.95 2.69 0.25 0.89 

Amendment Cu(OH)2 CuCO3 CuO

SS 64.69 30.06 5.25
WW 52.73 30.93 16.33
CC 51.76 29.45 18.78
FF 64.94 28.25 6.81

Table 4: Langmuir and Freundlich adsorption fitting parameters (R2: correlation coefficients of nonlinearly fitted curves)

Table 5: XPS quantitative results of surface elements after 
adsorption of Cu by the amendments

A feasibility assessment of remediating copper-contaminated soils with construction waste
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capacities for Cu were determined to be 20.90 mg/g for SS, 
27.60 mg/g for CC, and 27.71 mg/g for WW, whereas FF 
exhibited a significantly lower capacity of only 7.89 mg/g. The 
stabilization efficiency follows the order: carbonated waste 
concrete ≈ waste concrete > steel slag > fly ash.

Cu adsorbed onto the surfaces of these four amendments 
predominantly exists in the form of Cu(II), with no alteration in 
its valence state observed. The hydroxyl groups (-OH) present 
on the amendment surfaces, along with hydroxide ions (OH-) 

in the solution, play a critical role in the adsorption of Cu(II).
The addition of alkaline amendments elevates soil pH, 

although controlling their dosage can mitigate substantial 
impacts on pH levels. This process promotes the transformation 
of Cu from a weakly acid-leachable state to an oxidizable state, 
thereby gradually converting it from a mobile to a more stable 
form.

The secondary use of waste concrete as a soil amendment 
appears feasible for Cu stabilization. However, the 

Fig 3. Effect of different amendments on soil pH (SS: steel slag; CC: carbonated waste concrete fines; WW: waste concrete fines; 
FF: fly ash) (legend: different passivator additions)

Fig 4. Effect of different amendments on the chemical form of soil Cu (SS: steel slag; CC: carbonated waste concrete fines; WW: 
waste concrete fines; FF: fly ash. 3: 3% addition; 5: 5% addition; 10: 10% addition) 
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contaminated soil used in this study was artificially prepared. 
In actual contaminated soils, the stabilization of Cu may 
be more complex, requiring further investigation into the 
behavior of waste concrete. Additionally, despite its short-
term effectiveness, the long-term stability of immobilized Cu 
and the potential uptake of potentially toxic metals by plants 
require further experimental investigation.
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