
Effect of natural aging on biochar 
physicochemical property and 
mobility of Cd (II)
Cenwei Liu1,2, Jing Ye1,2, Yi Lin1,2, Xiaomei Wu3, G. W. Price4 & Yixiang Wang1,2

This project utilized both field experiment and laboratory analyses to address the gap in understanding 
regarding the alterations in properties and functions of biochar, and the impact of heavy metal 
passivation in soil over long-term natural field aging. The study aimed to examine the changes in the 
physical and chemical characteristics of biochar over an extended period of natural aging. Additionally, 
it sought to analyze the impact and mechanisms of biochar in reducing of the harmful effects of the 
heavy metal cadmium (Cd) during the aging process. Both original and aged biochar conformed to 
the pseudo-second-order kinetics model and the Langmuir model. The aging process enhanced the 
adsorption of Cd by biochar and mitigated the leaching of Cd2+ into the soil. These findings provide a 
scientific basis for evaluating biochar’s environmental behavior and its potential use in the remediation 
of soil contaminated with heavy metals.
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Cadmium (Cd) is widely recognized as a prominent hazard associated with heavy metals in soil1. Over recent 
years, agricultural soils have been extensively contaminated by Cd through mining2 and smelting activities, 
leading to toxic effects on ecosystems. The high toxicity and environmental persistence of Cd3 result in irreversible 
metal accumulation in humans, eventually causing diseases through the food chain4. Therefore, the development 
of environmentally friendly in-situ remediation techniques for Cd pollution is critical. Remediation methods 
for Cd-contaminated soil are categorized into physical, chemical, and biological technologies, though their field 
application has been limited5. Currently, fixation/stabilization technology is a highly successful remediation 
approach that significantly decreases the bioavailability of Cd6.

Biochar, generated through pyrolysis in the presence of limited oxygen, is a carbon-rich solid substance 
characterized by its porous structure, functional groups, substantial surface area, and low solubility7,8. Its use in 
the remediation of Cd-contaminated soil increased in recent years9. According to Huang et al. (2018)10, biochar 
can directly immobilize Cd through complexation, precipitation, and cation exchange processes. It also reduces 
the mobility and bioavailability of Cd in soil by improving soil properties, such as increasing soil pH11 and altering 
soil redox potential and microbial composition12, thereby minimizing Cd uptake by plants13,14. Field aging in 
soil affects biochar due to processes such as water erosion, photocatalysis, and microbial decomposition, altering 
its structure and physicochemical properties, which in turn, affects its interaction with heavy metals15,16. Recent 
studies have demonstrated the long-term stability of biochar in the remediation of heavy metal-contaminated 
soil17,18. The adsorption mechanisms of aged biochar, including adsorption, complexation, precipitation of 
surface functional groups with Cd, ion exchange19, and cation-π interaction20, remain unchanged. Aging does 
not activate the adsorbed Cd2+ on biochar but promotes the stability of Cd2+ adsorbed on its surface21, primarily 
through physical changes, increasing the quantity and variety of functional groups on the biochar’s surface, and 
dissolving substances (P, Fe, Ca) inside biochar that can adsorb and precipitate with Cd2+.

The field aging of biochar is a complex and gradual process, making it challenging and time-consuming to 
study its long-term effects on soil. To circumvent this issue, artificial aging methods such as chemical oxidation 
and freeze-thaw cycling are currently employed to mimic the natural aging of biochar22–25, thus accelerating the 
process. These studies have demonstrated that aging biochar through oxidation reactions enhances its capacity 
for metal adsorption and immobilization, influencing metal transport and transformation due to alterations in 
the micro-structure of biochar25–29. The surfaces of aged biochar consist of organic molecules combined with 
inorganic mineral phases, including carbon functional groups containing amino and oxygen. These contribute 
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to an expansion of the specific surface area of aged biochar30,31. Long-term application of biochar has been 
shown to enhance soil’s Cd capacity, reduce the desorption rate of Cd on soil particle surfaces, and decrease Cd’s 
bioavailability in soil32. Therefore, the process of aging can enhance biochar’s ability to adsorb heavy metals or 
decrease the availability of heavy metals.

However, the meta-analysis demonstrated that artificial aging techniques applied to biochar cannot completely 
replicate the natural aging process that occurs in soil33. Chemical oxidation, using agents like concentrated nitric 
acid and H2O2, induces alterations in the surface characteristics of biochar34. These alterations primarily involve 
a rise in the specific surface area and microporosity of biochar, a reduction in pH, and an elevation in oxygen-
containing functional groups35. However, these chemical treatments lead to a greater level of surface oxidation 
on aged biochar compared to natural aging. In contrast to natural aging processes, the physical aging method, 
including freeze-thaw cycling, only induces changes to the porous structure of biochar without significantly 
altering its elemental composition. Furthermore, research on the adsorption capability of Cd2+ by artificially aged 
biochar reveals contrasting results. For instance, the blocking of soil organic matter is considered to decreases 
the specific surface area of biochar, while the dissolution of ash and organic matter in biochar may increase it36.

The field of biochar study is rapidly expanding. Nonetheless, the long-term environmental behaviour of 
biochar is not as well understood as its short-term remedial efficiency. A crucial question for the effective use of 
biochar in polluted soils is whether it can maintain effective passivation against heavy metals, particularly during 
the aging process. Biochar aging is closely connected to alterations in its characteristics, which subsequently 
impact its ability to absorb Cd2+ from the soil. There is a lack of research on the natural aging process of biochar 
in actual environments, leading to an incomplete understanding of how naturally aged biochar interacts with 
soil Cd, including heavy metal release characteristics and influencing factors. In particular, there is a scarcity of 
publications that quantitatively analyze on how the properties of biochar change throughout natural aging and 
how these changes affect the heavy metal adsorption mechanism. The specifics of these characteristics evolve 
with aging and the mechanism of Cd adsorption by naturally aged biochar remain unclear. Understanding the 
relationship between changes in biochar characteristics and its aging process mode could provide theoretical 
guidance for the long-term use of biochar under natural conditions. Moreover, investigating the precise 
mechanism by which naturally aged biochar adsorbs and releases soil Cd can offer both theoretical and technical 
insights into the efficacy of biochar for remedying heavy metal polluted soil. This knowledge can also assist in 
the management, renewal, and replenishment of biochar. Therefore, this study presents a scientific hypothesis 
that during the process of natural aging, any changes in the characteristics of biochar may affect the absorption 
and immobilization of Cd by modifying how soil Cd is adsorbed. This, in turn, could reduce the bioavailability 
of Cd in the soil.

Materials and methods
Study area
The field experiment was conducted in a tea garden located in Anxi Village, Quanzhou City, Fujian Province, 
China, which experiences a subtropical monsoon climate. The average annual temperature is 18.5 °C and annual 
precipitation ranges from 1700 to 1900 mm. The tea garden soil is acidic red soil, characterized by a bulk density 
of 1.1 g cm−³, a pH of 4.2, total organic carbon (TOC) of 18.9 g kg− 1, total nitrogen (TN) of 1.8 g kg− 1, available 
phosphorus of 72.8  mg kg− 1, and available potassium of 101.5  mg kg− 1. Wheat straw biochar, produced by 
pyrolysis at 500 °C for 3 h, exhibited a TOC of 470.0 g kg− 1, TN of 10.2 g kg− 1, alkali-hydrolyzed nitrogen of 
24.4 mg kg− 1, available phosphorus of 254.2 mg kg− 1, ash content of 20.1%, and a pH of 9.3. The biochar was 
sieved to less than 2 cm and applied to the surface of the test plot, which was then tilled to a depth of 20 cm for 
thorough mixing in late March 2014, applying a total rate of 40 t ha− 1 over an area of 15 m². No biochar was 
applied to the control plot (CK). Unapplied biochar samples were sealed and stored in the laboratory, labeled as 
BC (original biochar).

Soil sample collection and preparation of aging biochar (AB)
In 2022, soil samples were collected from the surfaces layer (0–20  cm depth) of various sites within the tea 
garden using a manual gouge auger drill. These samples were sieved through a 2 mm sieve, and transferred 
to a beaker containing a saturated cesium chloride solution with a solution-to-soil ratio of 10:1 (v/w). After 
homogeneous mixing, the samples were centrifuged at 2500 rpm for 20 min. The supernatant was collected and 
filtered through an acetate fiber filter membrane. This process, which included the addition of cesium chloride to 
create a saturated solution for biochar separation and extraction post-centrifugation, was repeated for 3 times37. 
Subsequently, distilled water was added to the mixture, which was then centrifuged at 3500 rpm for 20 min. This 
step was repeated 3 times to fully remove cesium chloride. The cleaned biochar samples were freeze-dried for 
30 h to obtain the separated biochar, labeled as aging biochar (AB).

Determination indexes and methods of BC and AB
The pH of soil samples, both with or without biochar and biochar samples (both original and aged) suspended 
in water (1:10 w/v) was measured using a pH meter (Mettler Toledo, Switzerland) after a 30-minute equilibrium 
period. The surface morphology of the original and aged biochar was examined by scanning electron microscopy 
(SEM, Quanta 250, FEI, Germany), and their specific surface area and pore size were characterized by Brunauer-
Emmett-Teller (BET) method (Tristar II 3020, Micromeritics, USA). The crystal structure of biochar was analyzed 
using an X-ray diffractometer (XRD, D8 Advance, Bruke, Germany) with CuKα radiation38. X-ray diffraction 
patterns were analyzed using Jade 6.5 software. Fourier transform infrared (FTIR) analysis was conducted using 
a spectrometer (Nicolet iS10, Thermerfey, USA) with OPUS 2.0 software, at a resolution of 2 cm− 1 and within 
the wavenumber range of 400 to 4000 cm[− 1 [39.
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Batch adsorption of Cd by biochar
The equilibrium characteristics of Cd2+ on both BC and AB were determined using a Cd(NO3)2 solution in a 
0.01 mol L− 1 NaNO3 background electrolyte. The pH was adjusted to 6.0 using 0.5 mol L− 1 sodium hydroxide 
(NaOH) or hydrochloric acid (HCl). The mixture was shaken at 120 rpm at a constant temperature of 25 ℃ for 
24 h. Adsorption equilibrium was monitored at various time points, followed by filtration through a 0.45 μm 
water filtration membrane.

Adsorption isotherms of Cd on both BC and AB were obtained by dissolving of Cd (NO3)2·4H2O in double-
distilled water to create stock solution of Cd2+. The experiment was conducted in a 50 mL plastic centrifuge 
tubes, each containing 0.05 g of BC or AB with 25 mL of different concentrations of Cd ranging from 0 to 200 mg 
L− 1. The tubes were shaken at 120 rpm at 25℃ for 24 h, with the pH adjusted to 6.0 at equilibrium. The residual 
concentration of Cd2+ in the filtrates was measured using a flame atomic absorption spectrometer (PE-AA800, 
USA). Each study was arranged in a randomized design with three replications.

Release kinetic of Cd2+from saturated adsorbed biochar before and after aging
Preparation of biochar with saturated adsorption of Cd
A 0.5 g sample of BC or AB was mixed with 25 ml of a 200 ml L− 1 Cd (NO3)2·4H2O solution, and shaken at 
120 rpm at 25℃ for 24 h. The mixture was then centrifuged at 4000 rpm for 30 min, passed through a 0.45 μm 
filter membrane, and dried at 35 ℃, resulting in samples labeled as BC + Cd and AB + Cd, respectively.

Release kinetic
A 0.05 g sample of BC + Cd or AB + Cd was mixed with 10 mL of 0.1 mol L− 1 NaNO3 solution (simulating a soil 
solution environment)40 and shaken at 200 rpm at 25 ℃ for 24 h. The mixture was then centrifuged at 1500 rpm 
for 10 min, passed through a 0.45 μm filter membrane, and this process was repeated by adding another 10 mL of 
0.1 mol L− 1 NaNO3 solution to the residual solid. The adsorption-desorption cycles were conducted seven times. 
The concentration of Cd2+ was measured using a flame atomic absorption spectrometer.

Data analysis
The equilibrium adsorption capacity (qe) and percentage removal (R, %) of BC or AB were calculated as follows:

	
qe =

(C0 − Ce)V

w
� (1)

	
R% =

C0 − Ce

C0
∗ 100� (2)

where C0 and Ce are the initial and equilibrium concentration of Cd2+ (mg L− 1), respectively, V (L) is the volume 
of solution, w(g) is the mass of BC or AB.

The adsorption kinetic data were fitted to Pseudo-first-order and Pseudo-second-order rate expression by 
the following equations:

Pseudo-first-order: qt = qe(1− e−kf t) (3)
Pseudo-second-order: qt = Ksq

2
e t

1+Ksqet
 (4)

Where qe and qt (mg g− 1) are the adsorption capacities at equilibrium and time t, respectively. Kf and Ks are 
the rate constant of the pseudo-first-order and pseudo-second-order kinetic equation, respectively.

Sorption isotherm were analyzed using Langmuir and Freundlich models to quantify the sorption capacity 
of the BC and AB samples using the following equations:

Langmuir: Qe =
QmKLCe
1+KLCe

 (5)
Freundlich: Qe = KFC

n
e  (6)

where Qe (mg g− 1) is the amount of Cd2+ adsorbed at equilibrium, Ce (mg·L− 1) is the equilibrium 
concentration of unadsorbed Cd2+, Qm is the maximum adsorption capacity (mg g− 1), and KL is Langmuir 
adsorption characteristic constant (L mg− 1). KF and n are Freundlich constants.

Release kinetics were assessed to study the process of Cd2+ release from biochar in a simulated soil 
environment. The results were fitted with the first-order kinetic equation, the modified Elovich equation, and 
the double constant rate equation, respectively. The formulas are as follows:

First-order kinetic: lnQt = a1 + b1t (7)
Kinetic Elovich: Qt = a2 + b2lnt (8)
Double constant rate: lnQt = a3 + b3lnt (9)
Where Qt is the quantity of released heavy metals (mg kg− 1) at time t, a and b are constants, and t (h) is the 

time.
All tests were conducted in triplicates, with error bars in figures representing standard errors. One-way 

analysis of variance (ANOVA) followed by the Fisher test at a significance level of p < 0.05 was used to detect 
the difference in the sorption capacity of biochar. All data analysis and model fitting were carried out using 
Microsoft Excel 2010 and Origin 8.0 (OriginLab, Northampton, USA).

Results
Soil properties changes with biochar treatment in tea plantations
The application of biochar significantly influenced the soil pH in the tea plantation. Initially, the soil pH 
was 4.11. After eight years of biochar application, the soil pH increased by 1.04. In contrast, the soil without 
biochar treatment showed a slight decrease in pH by 0.07. Soils amended with biochar exhibited substantial 
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improvements, with TOC and TN increasing by 61.9 and 26.0%, respectively, compared to soils without biochar. 
This difference in pH values between the soils with and without biochar was statistically significant (P < 0.05).

Surface morphological characteristics of BC and AB before and after adsorption Cd2+

The morphological changes in biochar, both in its original state (BC) and after aging (AB), as well as following 
Cd2+ adsorption, were analyzed using scanning electron microscopy (SEM) at 1000x magnification (Fig. 1). The 
SEM images revealed notable alterations in biochar’s surface morphology due to aging. Initially, BC displayed 
rough asymmetric pores and a sparse distribution of surface pores (Fig. 1a), indicating a more uniform pore 
distribution.

Upon aging (Fig. 1b), AB predominantly retained its tubular structure without complete collapse. However, 
the surface structure was partially fragmented and exfoliated, leading to irregularly shaped pores and some 
damage to the micropore structure. Despite these changes, the overall pore structure remained largely intact. 
The partial disintegration and thinning of the pore walls, along with the formation of numerous mesoporous 
structures, contributed to an increased specific surface area. These findings suggest that natural aging, while 
altering the surface structure of biochar, does not destroy its structural integrity but causes surface splitting.

Further SEM analysis of BC and AB post-Cd2+ adsorption revealed that the aperture structure of BC was 
partly compromised, resulting in a smoother surface. Conversely, the pore structure of AB was nearly destroyed, 
leading to a much smoother surface. The emergence of granular crystals on the biochar surface after Cd 
adsorption likely indicates the crystallization of Cd-containing minerals remaining after the adsorption process. 
Additionally, small particles, likely ash components formed during biochar pyrolysis, were observed adhering to 
the interior and surface of the pores.

Fig. 1.  Scanning electron microscope images of original biochar (a) and aged biochar (b) before adsorption of 
Cd, and original biochar (c) and aged biochar (d) after adsorption of Cd2+.
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BET analysis results of biochar (Table 1) indicated that the specific surface area followed the order: BC + Cd 
(45.7  m² g− 1) > AB + Cd (42.3  m² g− 1) > AB (13.2  m² g− 1) > BC (2.9  m² g− 1). After aging, the pore sizes, 
mesoporous ratio, and specific surface area of biochar increased significantly, with the specific surface area of 
biochar expanding by 4.6 times compared to the original biochar. This enhancement suggests that the surface 
properties of biochar are significantly improved post-aging. The natural aging process, driven by fluctuations 
in temperature and humidity, leads to the deterioration of the micro-pore structure on the biochar surface. 
Additionally, oxidation promotes the opening of internal pore channels, augmenting the pore structure and 
providing more adsorption sites for heavy metals, thereby enhancing the physical adsorption capacity of biochar 
for heavy metals. After adsorption, a large number of Cd oxide particles enriched on the surface increasing the 
surface area of the biochar.

FTIR spectra characteristics of original and aged biochar
The FTIR spectra of original (BC) and aged biochar (AB) before and after Cd2+ adsorption are shown in Fig. 2. 
The peak patterns of the FTIR spectra for both BC and AB were similar, though the peak intensities differed. 
The peaks of BC were mainly at wavenumbers of 3417 cm− 1, 2923 –2856 cm− 1, 1618 cm− 1, 1384 cm− 1, and 

Fig. 2.  FTIR spectra of BC and AB before and after adsorption of Cd2+ (BC: original biochar; AB: aged 
biochar before adsorption of Cd2+; BC + Cd: original biochar after adsorption of Cd2+; AB + Cd: aged biochar 
after adsorption of Cd2+).

 

Sample a BET-specific surface area (m² g− 1) pore volume (cm³ g− 1)
pore diameter
(nm)

Before adsorption
BC 2.9 0.003 2.2

AB 13.2 0.017 4.6

After adsorption
BC + Cd 45.7 0.046 3.7

AB + Cd 42.3 0.044 3.8

Table 1.  BET analysis of original biochar (BC) and aged biochar (AB) before and after Cd2+ adsorption. a BET, 
Brunauer-Emmett-Teller.
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466 cm− 1. The signals at 3417 cm− 1 represented –OH stretching vibrations of phenol hydroxyl or lipid groups, 
primarily arising from biomass carbohydrates35. Asymmetric and symmetric stretching vibrations of aliphatic –
CH3 and –CH2 groups were observed at 2923, 2856 cm− 1, respectively41. The signals at 1615 cm− 1 and 1384 cm− 1 
represent C = O stretching vibration in carboxyl group and -OH bending of phenol42, respectively, and the Si-O 
symmetric stretching vibration peak of inorganic mineral Si-O-Si was at 466 cm− 1. For AB, the prominent peaks 
were at 3433 cm− 1 (-OH), 1615 cm− 1 (C = O), 1384 cm− 1 (-OH) and 466 cm− 1 (Si-O-Si). The –OH stretching 
vibrations increased, and the form and intensity of the signals remained almost unchanged before and after the 
aging process. An aromatic C-O-C bond was found at 1100 ~ 1260 cm[− 1 [43, with the peak strength of biochar 
increasing after natural aging.

The FTIR spectra of BC and AB after Cd2+ adsorption showed some differences. The intensity of the peaks for 
–CH3 and –CH2 groups (2923 and 2856 cm− 1) followed the order: BC > AB > BC + Cd > AB + Cd, indicating that 
the content of fatty substances in biochar decreases after aging and Cd2+ adsorption. The intensity of the peaks 
for -COOH and C = O around 1615 cm− 1 decreased in the order of BC > AB > AB + Cd > BC + Cd. After Cd2+ 
adsorption, the vibration peaks of aromatic O-H (1384 cm− 1) were enhanced, suggesting that Cd2+ adsorption 
mainly occurs on the hydroxyl functional group of biochar. The C-H out-of-plane deformation vibration 
absorption peak of the benzene ring at 763 ~ 787 cm− 1 in BC and AB was reduced after Cd2+ adsorption. In AB, 
the vibration absorption peak of Si-O-Si near 466 cm− 1 was significantly enhanced, indicating more pronounced 
stretching vibration after Cd2+ adsorption. The –OH vibration band could be attributed to hydroxyl groups 
formed upon water adsorption on biochar44. The intensity of the –OH vibration band increased after Cd2+ 
adsorption.

XRD analysis of original and aged biochar
The XRD spectra of BC and AB before and after adsorption of Cd2+ are shown in Fig. 3. In BC, the peak at 29.5° 
corresponds to the crystal structure of CaCO3

45. The strong peak at 26.6° is the characteristic diffraction peak 
of SiO2

45, indicating an amorphous carbon structure, along with characteristic diffraction peak of Al2SiO5 and 
KAlCl3O8. After aging, the characteristic diffraction peak of KCl decreases, primarily showing SiO2, indicating 
that aging promotes the formation of inorganic components.

After Cd2+ adsorption, CdCO3 and Cd(OH)2 characteristic diffraction peaks were observed in the original 
biochar, while in the aged biochar, these peaks indicate that during the aging process, the soluble anion CO2

3− 
can form mineral precipitation with Cd2+ along with the oxidation reaction. Previous studies have demonstrated 

Fig. 3.  XRD spectra of BC and AB before and after the adsorption of Cd2+ (BC: original biochar; AB: aged 
biochar before adsorption of Cd2+; BC + Cd: original biochar after adsorption of Cd2+; AB + Cd: aged biochar 
after adsorption of Cd2+).
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that mineral components in biochar can precipitate with Cd2+. Ion exchange has been confirmed as a crucial 
method for removing heavy metals from biochar, and the presence of Cd(OH)2 in aged biochar suggested 
that it is abundant in oxygen-containing functional groups and organic carbon. These properties enable the 
adsorption, complexation, and precipitation of heavy metal Cd with these functional groups, thereby reducing 
its bioavailability. The data suggest that even as it ages, biochar remains effective in adsorbing Cd from soil, 
highlighting its potential for long-term use in soil remediation.

 Adsorption isotherms, kinetics and desorption of Cd with BC and AB
Adsorption isotherms and adsorption kinetics
Figure 4a shows the effect of initial metal ions concentration (0-200 mg L− 1) on adsorption capacity. As the initial 
ion concentration increased, the adsorption capacity of Cd2+ rose to a maximum of 13.6 mg g− 1 for BC and 14.9 
mg g− 1 for AB, with AB exhibiting a higher capacity than BC. However, when the initial ion concentration 
increased further, the adsorption capacity of Cd2+ decreased to 9.6 mg g− 1 for BC and 10.4 mg g− 1 for AB.

The isotherm data from batch sorption experiments were analyzed by using Langmuir and Freundlich 
models (Fig. 4b) to determine the most suitable model for this study. The calculated values of the Langmuir 
and Freundlich model parameters are presented in Table 2. The correlation coefficients (R2) for the Freundlich 
equation were lower than those for the Langmuir equation, suggesting that the Langmuir isotherm provides 
a better description of Cd2+ sorption onto BC and AB. The maximum adsorption capacities (Qm) for Cd2+ 
indicated that AB had a better adsorption capacity than BC. The theoretical maximum adsorption capacity of 
Cd2+ by naturally aged biochar increased from 15.3 mg g− 1 before aging to 17.6 mg g− 1 after aging, an increase of 
13.1%. Furthermore, the n value obtained from the Freundlich isotherm was higher than 1, indicating favorable 
adsorption of metal ions on the biochar surface.

Fig. 4.  Effect of the initial Cd2+ concentration on the corresponding adsorption isotherms (a); Langmuir 
and Freundlich adsorption isotherms of Cd2+ of original biochar (BC) and aging biochar (AB) (b). Effects of 
contact time on adsorption capacity and removal percentage of Cd2+ of original biochar (BC) (c) and aging 
biochar (AB) (d).
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The effect of contact time on adsorption ability and removal efficiency was analyzed as shown in Fig. 4c 
and d. The removal efficiency of Cd2+ increased with contact time, with rapid adsorption occurring from 20 
to 360 min. Equilibrium adsorption capacity was reached at the 360th min for both BC and AB, with minimal 
changes afterward. AB exhibited a greater adsorption capacity (22.3 mg g− 1), 2.8 times higher than BC. A removal 
efficiency of 50.8% for Cd2+ by AB at the 900th min was observed, compared to 19.8% by BC at the 360th min.

The adsorption mechanism of Cd2+ onto biochar was investigated using Lagergren pseudo-first order and 
pseudo-second order equations (Table 2). Maximum adsorption was achieved at the 360th min, after which 
the capacity decreased. The R2 of the pseudo-second-order model was higher than that of pseudo-first-order, 
indicating a better fit with the experimental data for Cd2+ ion adsorption.

Immobilization kinetics
The release of Cd from biochar, both before and after aging, was highest at the first extraction, significantly 
surpassing the release at the second extraction (Fig. 5). As the number of extractions increased, the release of 
Cd gradually declined, continuing to a lesser extent until the 7th extraction. The quantity of Cd extracted from 
aged biochar (AB) was generally lower than that from original biochar (BC), with the exception of the second 
extraction. This suggests that BC has a higher potential for Cd release. Initially, the active acid-soluble heavy 
metals in biochar rapidly dissolve into the extraction solution. As the reaction progresses, these active heavy 
metals are depleted, and other, more exchange-resistant forms of heavy metals in biochar are released more 
slowly.

The cumulative release of heavy metals in biochar (where cumulative release represents the sum of the 
amount released in the current and all previous extractions) was modeled using a kinetic approach (Table 3). 
According to the data, the modified Elovich equation effectively simulates the cumulative release behavior of 
heavy metals from biochar, with an R2 ranging from 0.82 to 0.99. The b value in the modified Elovich equation 
represents the release rate of heavy metals in biochar; a higher b value indicates a faster release rate. This suggests 

Biochar

First-order 
kinetic equation

Modified Elovich 
Equation

Double constant 
rate equation

a1 b1 R2 a2 b2 R2 a3 b3 R2

BC 3.35 0.17 0.96 24.61 28.54 0.95 3.37 0.54 0.99

AB 3.42 0.12 0.82 28.61 18.74 0.99 3.39 0.42 0.97

Table 3.  Elovich kinetic parameters for the extraction of Cd2+ on original biochar (BC) and aging biochar 
(AB).

 

Fig. 5.  Effect of extraction frequency on the amount of Cd2+ released of original biochar (BC) and aging 
biochar (AB). Different letters in the same treatment indicate significant difference at 0.05 level.
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that the release mechanism of heavy metals from biochar into the soil environment is not a simple, singular 
reaction process but rather a complex series of reactions with significant variations in activation energy.

Discussion
Physical and chemical characteristics of biochar after natural aging in soil
Meta-analysis results from Li et al. (2019)36 suggest that chemical aging significantly reduces the surface area of 
biochar, while physical aging methods (e.g., freeze-thaw) increase it. In contrast, previous research has shown 
that the surface area of biochar remains unaffected by natural aging. However, this study found that aging 
significantly increased the surface area due to structural ruptures caused by surface oxidation46. The specific 
surface area and pore structure of biochar are critical factors determining the efficacy of physical adsorption. 
An increase in surface area during aging provides additional sites for heavy metal adsorption. Investigations 
into the isolated simulated aging processes of biochar have shown that physical factors, such as rain erosion, 
temperature fluctuations, and humidity changes, alter its physical and chemical properties. These changes 
include a decrease in specific surface area, deterioration of pore structure, reduced pore numbers, and slight 
acidification47. These findings concur with our results, demonstrating that aging affects biochar’s acidity and 
basicity, notably increasing its negative surface charge48, and thereby enhancing the electrostatic adsorption 
between biochar and Cd2+. Scanning electron microscopy (SEM) analysis also reflect the surface structure of BC 
and AB before and after Cd2+ adsorption. The images showed a rough porous structure and granular impurities 
on the biochar surface, indicating that Cd2+ has been successfully adsorbed by biochar. The physical properties 
of biochar surface changed after natural aging, which may have increased the adsorption sites for Cd2+, and 
facilitated conductive to the oxidation of biochar49.

These findings were verified by FTIR analysis, which revealed that naturally aged biochar exhibited a greater 
abundance of C = O and C-O groups. This elevation in oxygen-bearing functional groups in aged biochar 
compared to the BC is likely due to the oxidation of C-C or C-H bonds during aging50. Aging also modifies the 
prevalence of surface functional groups on the biochar, such as -OH, C = O, and –COOH35. The FTIR spectra 
revealed that AB contained larger amount of oxygen-bearing functional groups than BC, presumably due to the 
oxidation of C-C or C-H50. These groups are thought to strengthen hydrogen bonds and Van der Waals forces 
between biochar and Cd2+ 51. Other studies reported that biochar possesses abundant oxygen-bearing functional 
groups (e.g., -OH & -COOH), which can complex with Cd2+52. After Cd2+ adsorption, the FTIR spectra of 
aged biochar show shifts of the stretching vibration peaks of -OH and C = O, indicating their interactions with 
Cd2+. Additionally, a new -COOH stretching vibration peak emerges. The Cd2+ adsorption on AB may involve 
coordination and physical adsorption of Cd2+-π electrons53, attributable to electrostatic interactions with the 
aromatic ring of basic carbon. Biochar’s aromatic nature aids in Cd2+-π coordination with metal cations acting 
as electron donors. The appearance of a C = C stretching vibration peak in the FTIR analysis of Cd2+ adsorption 
implies that Cd2+-π electron coordination is an additional adsorption mechanism for aged biochar.

XRD analysis following Cd2+ adsorption disclosed new peaks and Cd mineral formation in aged biochar, 
including KAlCl3O8, CdCO3, CaSO4, and Cd(OH)2, hinting at the precipitation of CdCO3 subsequent to Cd2+ 
adsorption. These outcomes align with the research of Usman et al. (2016)54, which proposes Cd adsorption 
occurs through precipitation, complexation, and ion exchange processes. Typically, metal cations (e.g., K+, Cd2+, 
Na+) adhere to the negatively charged biochar surface via electrostatic interactions, and form complexes with 
oxygen-containing functional groups on the surface. Biochar may effectively collect Cd2+ through ion exchange 
during the process of adsorption.

Cd2+ adsorption and remobilization
The results of biochar adsorption, accurately characterized by the pseudo-second order kinetics, indicate that 
the adsorbates form a monolayer on the surface of the sorbent and that hydrogen bonding is present55. The 
Langmuir isotherm equation accurately represents the adsorption features of both BC and AB by indicating 
homogenous adsorption and the formation of a monolayer of Cd2+ on the surface of biochar56. The sorption 
of Cd2+ was significantly higher in AB compared to BC (p < 0.05), indicating that the aging process improves 
the adsorption characteristics of the biochar. The Cd2+ adsorption capacity of biochar typically increases with 
elevated temperatures and through freeze-thaw aging cycles but may slow or even diminish in the later stages of 
aging; nevertheless, it remains higher than that of unaged biochar57.

Both BC and AB demonstrated increased adsorption capacity as the initial concentration of Cd2+ ions 
in solution increased. When the initial concentration exceeded 100  mg L-1, the adsorption capacity of the 
adsorbents continued to rise until equilibrium was reached, at which point the rate of adsorption equaled the 
rate of desorption. In contrast, when the initial concentration was below 100 mg L-1, the adsorption capacity 
increased due to the availability of unoccupied binding sites. As more cadmium ions occupied these sites, the 
adsorption rate gradually slowed until the adsorbents reached saturation, at which point, no further adsorption 
could occur, and the adsorbents could no longer accommodate additional cadmium ions58.

The leaching behavior of heavy metals is likely associated with their morphological distribution within 
biochar. Initially, soluble heavy metals may leach during the process, but with prolonged extraction, the release 
of these metals from biochar gradually reduced. For example, the leaching of Cu from biochar tends to stabilize 
over time59. The majority of Cd is released during the first two extraction phases for both BC and AB, with 
minimal subsequent release from AB. In contrast, BC continues to release Cd. This pattern suggests that active, 
acid-soluble heavy metals in biochar are quickly solubilized in the early stage of reaction. As the reaction 
progresses, the readily available metals are depleted, and the release of more leaching-resistant forms occurs 
gradually60,61.
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Conclusion
Aging of biochar in natural fields entails a complex array of processes. While artificial aging can simulate natural 
biochar aging, it cannot fully replicate every aspect of the aging that occurs in soil environments. Field studies 
of natural aging provide deeper insights into the effectiveness of biochar in adsorbing heavy metals. The aging of 
biochar can have both beneficial and adverse effects on sustainable agriculture. On the positive side, it supports 
the sustained, slow release of nutrients, contributing to long-term soil fertility. Additionally, enhanced surface 
complexation aids in the prolonged immobilization of potentially toxic metals within the soil, underscoring 
biochar’s value in environmental remediation efforts.

Data availability
Data provided in a supplementary file.
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