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A B S T R A C T

Biochar, a carbon-rich material, features a well-developed porous structure and abundant oxygen-containing 
functional groups that collectively facilitate efficient electron transfer. Upon environmental exposure, biochar 
generally undergoes aging processes like temperature fluctuations, water erosion, and natural oxidation, leading 
to significant changes in its physical and chemical properties. However, research addressing the impact of aging 
processes on biochar’s redox behavior remain limited. In this study, we systematically investigated the effects of 
three simulated aging processes (i.e., chemical oxidation, acidification, and freeze–thaw cycling) on the redox 
properties of wheat straw-derived biochar. Electrochemical analysis suggested that the oxidized biochar (OBC) 
presented higher redox-active performance and partial least squares modeling revealed that enhancements in 
electron transfer capacity (ETC) were closely linked to the enrichment of phenolic hydroxyl and quinone groups, 
increases in specific surface area, and the development of conjugated π–π* structures. Specifically, the electron 
donating capacity and electron accepting capacity of (OBC) increased from 0.051 to 0.066 mmol e–/gc and from 
0.083 to 0.151 mmol e–/gc, respectively. Functionally, biochar facilitated the reduction of Cr(VI) as an electron 
donor and it could mediate electron transfer as an electron shuttler when lactate was introduced. The combined 
system of biochar and lactate achieved Cr(VI) reduction rates approximately two to three times greater than 
those attained by either biochar or lactate alone. This synergistic enhancement was positively correlated with the 
ETC of biochar. This work provides critical insights into the aging-induced evolution of biochar’s redox prop
erties, highlighting its sustained and enhanced potential as a sustainable electron shuttle for long-term reme
diation of redox-sensitive environmental contaminants.

1. Introduction

Chromium (Cr) is a heavy metal frequently encountered in natural 
environments (Liu et al., 2019). This element, especially in its hex
avalent form (Cr(VI)), raises significant concerns due to its emissions 
and leakages from industrial activities and anthropogenic actions (Dhal 
et al., 2013). This Cr(VI) contamination negatively impacts aquatic 
ecosystems, threatening the survival and reproductivity of aquatic or
ganisms (McClain et al., 2017). Moreover, chromium pollution exhibits 
a propensity for bioaccumulation along the food chain, thereby posing 

severe health risks to humans (Dhal et al., 2013; Richard and Bourg, 
1991). The U.S. Environmental Protection Agency specifies that the total 
Cr concentration in drinking water should not exceed 100 μg L− 1 (Coyte 
et al., 2020). The reduction of Cr(VI) to Cr(III) is an effective strategy for 
remediating Cr(VI)-contaminated environment, as Cr(III) is less toxic 
and it can be stabilized by readily precipitating as Cr(OH)3 (Crean et al., 
2012; Deng et al., 2021). Various methods, including electrochemical 
processes, photocatalytic, bioremediation, and chemical reduction with 
redox-active agents (e.g., biochar, zero-valent iron, and sulfides), have 
been currently used to remove Cr(VI) (Du et al., 2019; He et al., 2024; 

* Corresponding author.
** Corresponding author.

E-mail addresses: zsfking@hotmail.com (S. Zhou), yyuan2017@gdut.edu.cn (Y. Yuan). 

Contents lists available at ScienceDirect

Environmental Research

journal homepage: www.elsevier.com/locate/envres

https://doi.org/10.1016/j.envres.2025.122549
Received 19 June 2025; Received in revised form 5 August 2025; Accepted 6 August 2025  

Environmental Research 285 (2025) 122549 

Available online 8 August 2025 
0013-9351/© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:zsfking@hotmail.com
mailto:yyuan2017@gdut.edu.cn
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2025.122549
https://doi.org/10.1016/j.envres.2025.122549
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2025.122549&domain=pdf


Liu et al., 2019; Yang et al., 2024; Zhang et al., 2023).
Biochar, a collection of carbon-rich materials derived from pyrolysis 

of diverse biomass under oxygen-limited conditions, has received 
intensive attention due to its versatile promising applications for tack
ling environmental issues such as carbon sequestration, soil remedia
tion, and contaminant adsorption (Lu et al., 2022; Yang et al., 2024). 
The pyrolysis process can yield biochar with a condensed aromatic 
carbon structure and an abundance of redox-active functional groups, 
including hydroxyl, quinone, and amino groups (Yuan et al., 2017; 
Zhang et al., 2019b). It has been extensively reported that Cr(VI) could 
be reduced to less toxic Cr(III) by biochar through phenolic− OH and 
quinone-type moiety (Yuan et al., 2017). In addition to be electron 
donor, recent studies have indicated that biochar could also act as a 
“shuttle” or “mediator” in biogeochemical and pollutant redox re
actions. For example, peanut shell biochar could mediate the reduction 
of Cr(VI) by small molecular weight organic acids (Xu et al., 2019). 
Therefore, biochar can effectively reduce highly toxic Cr(VI) and sta
bilize the resulting Cr(III) through adsorption and precipitation (Shang 
et al., 2021; Zhu et al., 2020). Additionally, organic acids are prevalent 
in the environment and participate in various redox-active reactions, 
biochar can accept electrons from small organic acids to complete the 
reduction of Cr(VI) (Xu et al., 2019). As a result, biochar exhibits 
considerable potential as a sustainable and effective Cr(VI) remediation. 
However, upon introduction into aquatic or terrestrial environments, 
biochar undergoes a range of physicochemical transformations, collec
tively termed “aging” driven by microbial activity, temperature fluctu
ations, and dynamic redox conditions (Xu et al., 2019; Lu et al., 2022). 
Previous studies have demonstrated that chemical aging enhanced the 
abundance of redox-active groups (e.g., hydroxyl, quinone, and carboxyl 
groups) and improved the microporous structure of biochar (Chen et al., 
2022; Mia et al., 2017a). Extensive evidence indicated that the electron 
transfer capacity (ETC) of biochar was strongly correlated with surface 
properties, encompassing both chemical structures (e.g., 
oxygen-containing functional groups) and physical architectures (e.g., 
specific surface area and conjugated domains). Notably, quinone and 
phenolic moieties serve as redox-active mediators that facilitate electron 
exchange, while an expanded specific surface area provides enhanced 
redox-active interfaces (Yuan et al., 2017). Based on these findings, it 
could be reasonably inferred that the aging process likely influences the 
redox activity of biochar and its capacity to adsorb and reduce Cr(VI). In 
this regard, a mechanistic understanding of how aging affects the redox 
dynamics of biochar is therefore essential for accurately evaluating its 
long-term efficacy in environmental pollutant remediation. Nonetheless, 
comprehensive studies addressing this relationship remain limited.

In this study, wheat straw-derived biochar was subjected to acidifi
cation, oxidation, and freeze-thaw cycles that mimicked natural aging 
processes of which the effects on biochar’s electrochemical properties 
were systematically evaluated. The ETC of the biochar before and after 
aging processes were investigated via a series of electrochemical 
methods including cyclic voltammetry (CV) and chronoamperometry. 
Concurrently, the structural properties were quantified by BET specific 
surface area (SBET), the surface functionalities including redox-active 
moieties were evaluated by the qualitative characterization of X-ray 
photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) 
spectroscopy. To further investigate the environmental impact of these 
redox properties, Cr(VI) was selected as the model pollutant to examine 
the capability of aged biochar functioning as both an electron donor and 
an electron mediator for the reduction of Cr(VI). The adsorption and 
reduction effects of aged biochar on Cr(VI) were systematically analyzed 
using a Partial Least Squares (PLS) model, which revealed key correla
tions between ETC performance and physicochemical characteristics of 
the biochars.

2. Materials and methods

2.1. Chemicals

The waste wheat straw for biochar preparation was collected from 
Yangjiang, JiangSu Province, China. Chemicals used in this study were 
purchased from Macklin Inc. (Shanghai, China) and Aladdin Chemical 
Reagent Co. Ltd (Shanghai, China). A complete list of chemicals is 
provided in Supporting Information (SI) Text S1.

2.2. Biochar preparation and aging processes

The wheat straw was air-dried at room temperature and then further 
ground to pass through a 100-mesh sieve. Afterwards, the biomass 
powders were pyrolyzed in a tube furnace under an oxygen-limited 
conditions with a continuous flow of nitrogen gas at 500 ◦C for 2 h, 
following a heating rate of 5 ◦C min− 1. The obtained powders were 
washed three times by deionized water, dried at 45 ◦C overnight, and 
collected as pristine biochar (BC) samples.

The aged biochar was prepared following three different aging pro
cesses (i.e., acidification, oxidation, and freeze-thaw cycles). In the 
acidification process, 0.5 g pristine biochar and 40 mL acid solution (20 
% HNO3 and 60 % H2SO4 at a volume ration of 1:3) were mixed and 
continuously stirred at 70 ◦C for 6 h. The acidified biochar (ABC) was 
repeatedly rinsed with ionized water until a neutral pH was achieved. 
For oxidation of biochar, 0.5 g pristine biochar was mixed with 40 mL 
H2O2 (5 %, v/v) at 80 ◦C and continuously stirred for 12 h. Then the 
biochar was rinsed repeatedly with deionized water until the pH value of 
the filtrate stabilized. The resulted oxidized biochar (OBC) was dried at 
45 ◦C for 48 h prior to use. In the freeze-thaw process, 0.5 g pristine 
biochar was suspended in deionized water at a biochar-to-water ratio 
(w/v) of 1:25. The suspension was heated to 80 ◦C for 8 h, followed by 
freezing at − 20 ◦C for another 12 h. This freeze-thaw cycle was repeated 
four times. Subsequently, the obtained biochar (FBC) was rinsed with 
deionized water to neutral pH and dried in an oven. All biochar samples 
were dried at 45 ◦C for 48 h in a drying oven and subsequently ground to 
pass through a 200-mesh sieve.

2.3. Biochar characterization

The surface morphologies and elemental abundances of the pristine 
and aged biochar samples were examined XPS. The FTIR analysis pro
vides the bonding information of the organic molecules, which was 
implemented using an infrared spectrometer (Tensor 37, Bruker Corp., 
Germany) operated in transmission mode. The zeta potential was 
measured using a Malvern Zetasizer (Zetasizer NANO ZS, Malvern, UK). 
More characterization techniques and detailed information are 
described in SI Texts S2.

2.4. Electrochemical analysis

The qualification of biochar ETC was determined by the combination 
of electron donating capacity (EDC) and electron accepting capacity 
(EAC) (Kluepfel et al., 2014). In detail, a three-electrode system with a 
glassy carbon cylinder (10 mL) was employed as the working electrode, 
while a platinum plate (1 × 1 cm2) and an Ag/AgCl electrode (0.197 V 
vs. standard hydrogen electrode) served as the counter electrode (CE) 
and reference electrode (RE), respectively. Note that all potentials pre
sented in this work were read against this Ag/AgCl electrode. The 
reactor was filled with 5 mL of phosphate buffer (0.1 M) solution (PBS, 
pH = 7) containing 0.1 M KCl as the electrolyte. The mediated elec
trochemical reduction (MER) and oxidation (MEO) were anaerobically 
conducted under a poised potential of − 0.49V and +0.61V, respectively 
(Kluepfel et al., 2014). The diquat dibromide (DQ) monohydrate and 2, 
2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS) were chosen 
as the external mediators for MER and MEO reactions, respectively. The 
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system current was continuously recorded when gradient increasing 
amounts of biochar (0.1 mg–0.5 mg) were spiked into the cylinder after 
the system current stabilized. The values of EDC and EAC were calcu
lated following eqs (1) and (2) (Kluepfel et al., 2014). 

EDC=

∫ Ired
F

m
dt (1) 

EAC=

∫ Iox
F

m
dt (2) 

Where the Ired and Iox were the reductive and oxidative currents, 
respectively. F is the Faraday constant (96485 [C/mole-]), and m (g 
biochar) is the dosage amount of biochar added in the system. The 
values were calculated in duplicate.

The details of CV tests are described in SI Texts S3. All electro
chemical experiments were carried out at room temperature using an 
electrochemical workstation (CHI 660D, Chenhua, China).

2.5. Cr(VI) reduction by biochar

A Cr(VI) stock solution with an initial concentration of 50 mg Cr(VI) 
L− 1 was prepared by dissolving K2Cr2O7 in a 0.1M KCl solution. The Cr 
(VI) reduction experiments were conducted in a 50 mL centrifuge tube 
containing 20 mg biochar and 20 mL stock solution, unless otherwise 
stated. The stock solution contained 10 mM sodium lactate as the elec
tron donor. Experiments without biochar or sodium lactate were set as 
control groups. The pH value of the mixture was adjusted to pH = 4.0 
using 1 mM HCl and 1 mM KOH solutions. The solution was incubated at 
25 ◦C, 125 rpm for 70 h. Samples were taken out at regular time intervals 
and filtered using a 0.45-μm filter. The concentrations of Cr(VI) were 
measured using a UV–vis spectrometer at a wavelength of 540 nm (Zhu 
et al., 2020). The total Cr concentrations were measured using a flame 
atomic absorption spectrometer (AAS) and the Cr(III) concentrations 
were calculated by abstracting the Cr(VI) concentration from the total Cr 
concentration. The differences between the final and initial total Cr 
concentrations in solution were recognized as the amounts of Cr(VI) 
adsorbed by biochar. All experiments were conducted at least duplicate.

2.6. PLS modeling and data analysis

The Partial least squares (PLS) modeling is utilized to determine the 
relationship between the redox properties (EDC and EAC) of biochar and 
the ratio of functional groups and structural indexes. Cross-validation 
was used to find the optimum component index for PLS (Tuppurainen 
et al., 2000). To assess modeling, the diagnostic criteria such as quan
titative measurement parameters were used to for explain variation (R2) 
and anticipated variation (Q2), as well as the outlier index (DCrit) 
(Tugizimana et al., 2016). SIMCA 14 software (Umetrics AB, Umeå, 
Sweden) was used for PLS modeling.

3. Results and discussion

3.1. Physicochemical properties of the aged biochar

The aging processes significantly induced changes of surface chem
istry. The alterations in surface functional groups of biochar after 
different aging processes were analyzed using FT-IR spectroscopy, as 
illustrated in Fig. 1. Notably, the -OH stretching vibrations around 3400 
cm− 1 were significantly stronger in ABC and OBC compared to BC and 
FBC, indicating the enrichment of hydroxyl groups during acidification 
and oxidation treatments (Chen et al., 2008). The bands corresponding 
to phenolic-OH stretching (1400 - 1450 cm− 1) were substantially 
stronger in OBC than those in BC, while ABC exhibited a reverse trend 
with reduced intensity (Chen et al., 2012). Previous research established 
a correlation between the phenolic hydroxyl groups and the 

electrochemical properties of biochar, emphasizing their potential 
importance in electron transfer dynamics (Kluepfel et al., 2014). In 
addition, the C=O stretching vibrations at 1670 cm− 1 were notably 
intensified in ABC, and quinone-related C=O stretching bands (1610 
cm− 1) displayed higher absorption intensities in both ABC and OBC 
compared to BC and FBC (Qian and Chen, 2014; Zhu et al., 2020). 
Compared with BC, there were both stronger C-O and C-H stretching 
vibrations at respective 1100 and 800 cm− 1 in ABC and OBC (Chen et al., 
2008; Qian and Chen, 2014). These findings suggested that the acidifi
cation and oxidation aging processes significantly increased the abun
dance of oxygen-containing functional groups on the surface of biochar, 
which might be advantageous for electron transfer and adsorption ca
pacity of biochar.

Particularly, the formation of hydrophilic and polar functional 
groups was changed by altering the elemental compositions and surface 
constructions of biochar, as evidenced by the changes in C, N, and O 
concentrations in XPS analysis, as well as the specific surface area (SSA) 
and pore structure from Brunauer-Emmett-Teller test (Table S1). 
Compared with untreated biochar, both ABC and OBC exhibited a 
similar increase in oxygen contents, whereas the carbon contents 
decreased significantly. Among all the biochar samples, the OBC expe
rienced the most pronounced elemental changes, with increases in O, N, 
O/C, and (O + N)/C by 37.84 %, 32.72 %, 33.33 %, and 36.84 %, 
respectively. These changes suggested that oxidative aging promoted 
the incorporation of oxygen- and nitrogen-containing functional groups, 
potentially enhancing the biochar’s hydrophilicity and polarity (Mia 
et al., 2017a). In contrast, the nitrogen content in FBC decreased that 
was likely due to the removal of volatile compounds and N-containing 
fractions during the freeze-thaw aging process. The SSA of FBC 
decreased from 25.59 (BC) to 17.84 m2 g− 1 after freeze-thaw aging 
process, while the SSA of ABC and OBC increased to 26.12 m2 g− 1 and 
30.03 m2 g− 1, respectively. However, the micropore area (MPA) and 
micropore volume (MPV) of all biochar samples decreased after aging 
processes, indicating that aging processes inevitably compromised the 
pore structure to some extent. These findings were consistent with 
previous studies that suggested oxidation process would lower the SSA 
of biochar, partly due to the blocking of pores in the oxidized biochar 
with biochar-derived dissolved organic matter (Mia et al., 2017b).

The C 1s and O 1s peak spectra of the original and aged biochar are 
shown in Fig. S1 (a)–(h). The C 1s spectrum of biochar is deconvoluted 
into five distinct peaks corresponding to sp2, sp3, hydroxyl groups (C- 
OH), carbonyl or carboxyl groups (i.e., C=O, COOR, and COOH), and 
π-π* conversion, respectively (Okpalugo et al., 2005). Similarly, the O 1s 
spectrum is resolved into four peaks attributed to quinone groups, 

Fig. 1. Fourier transform infrared spectra of all biochar samples.
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carbonyl groups (C=O), ether/hydroxyl groups (C-O/C-OH), and car
boxylic acid groups (Zhang et al., 2025). The relative proportions of 
these functional groups, calculated based on the C 1s and O 1s peak 
spectra, are presented in Fig. 2(a) and (b). The surface of the original 
biochar was predominantly composed of carbon in the form of sp2 and 
sp3 bonds. However, all aging processes significantly reduced the pro
portion of sp2 carbon, especially the acidification and oxidation exerted 
the most pronounced effects on the structure of sp2 carbon. This sug
gested that the aging process disrupted the aromatic structure of bio
char, likely through oxidative degradation of the sp2 hybridized carbon 
network. Notably, the fitting results of both C 1s and O 1s spectra 
indicated a decrease in carboxyl group content in FBC, while the 
carboxyl (-COOH) and hydroxyl (C-OH) group contents increased in 
ABC and OBC. This observation is consistent with the FTIR spectra re
sults, further confirming that acidification and oxidation introduced 
additional oxygen-containing functional groups onto the biochar sur
face. These findings demonstrated that chemically aged biochar resulted 
in higher oxygen content compared to unaged biochar. Additionally, the 
content of redox-active quinone groups decreased after freeze-thaw 
aging, whereas acidification and oxidation increased the quinone 
group content. Since quinone groups are primarily responsible for bio
char’s EAC (Kluepfel et al., 2014), these changes suggested that 
freeze-thaw aging might reduce the redox activity of biochar which is 
discussed in the following section. Furthermore, all aging processes 
accelerated the π-π* transitions in biochar, indicating changes in the 
conjugated carbon structure. The XPS analysis results collectively indi
cated that freeze-thaw aging had a minimal impact on surface functional 
groups, while acidification and oxidation aging promoted the conver
sion of C-C/C=C bonds to oxidized states, leading to an increase in 
oxygen-containing functional groups on the biochar surface.

The surface electrical properties of biochar were reflected by Zeta 
potential. As shown in Fig. S2, the Zeta potentials of biochar signifi
cantly varied with pH. At pH = 2, the Zeta potentials of BC, FBC, ABC 
and OBC were 10.15, 3.32, − 13.77, and − 6.92 mV, respectively. The 
observed changes in Zeta potential were consistent with the introduction 

of oxygen-containing functional groups during acidification and oxida
tion aging, which increased the negative surface charge density. This 
implied that the Cr(VI), primarily in anion forms in aqueous solution, 
could integrate with biochar due to the electrostatic repulsion (Yang 
et al., 2022). In contrast, freeze-thaw aging had a less pronounced effect 
on the Zeta potential, further supporting the notion that aging via 
variation of temperatures had a limited impact on surface functional 
groups. These findings highlighted that different aging processes 
distinctly altered the surface chemistry and electrical properties of 
biochar. Acidification and oxidation aging significantly increased the 
oxygen content and negative surface charge, enhancing the biochar’s 
capacity for cation adsorption. In contrast, freeze-thaw aging primarily 
affected the physical structure and redox-active groups, with minimal 
impact on surface functionalization. These insights were critical for 
understanding the environmental behavior and applications of aged 
biochar in pollutant adsorption and redox-related processes.

3.2. Mediated electrochemical properties of the aged biochar

The mediated electrochemical properties of biochar were connected 
with the values of ETC. As shown in Fig. 3 and S3, the EDC and EAC 
values of pristine biochar were 0.051 mmol e–/gc and 0.083 mmol e–/gc, 
respectively. After aging, the EDC values of FBC and ABC slightly 
decreased to 0.042 and 0.045 mmol e–/gc, respectively, while the EDC 
value of OBC significantly increased to 0.066 mmol e–/gc. On the other 
hand, the EAC value of FBC slightly decreased to 0.081 mmol e–/gc, 
whereas the EAC values of ABC and OBC increased by 65 % and 81 %, 
respectively, reaching 0.137 and 0.151 mmol e–/gc, respectively. These 
results demonstrated that oxidation aging process enhanced both EAC 
and EDC, attributed to the formation of oxygen-containing quinoid 
structures. Conversely, acidification aging process manifested a trade- 
off effect with EDC reduction coinciding with EAC augmentation. 
Notably, the disruption of the aromatic carbon network during freeze- 
thaw aging process might reduce both EDC and EAC of FBC. Gener
ally, the oxidation aging process realized higher abundant of redox 
moieties in OBC which enabled the higher total electron transfer ca
pacity (ETC = EAC + EDC) to the OBC compared with other aging 
processes.

A mediated electrochemical method involved (dimethylaminome
thy) Ferrocene (FcDMAM) and hexa-ammineruthenium(III) chloride 
(Ru3+) as redox probes were conducted for visualizing redox properties 
of biochar samples (Kim et al., 2014; Yuan et al., 2018). Biochar 
generally mediated redox reactions of FcDMAM and Ru3+ in a wide 
range of potential (Eh) (Kim et al., 2017). Fig. 4a and b show small 

Fig. 2. Dominant functional groups of (a) C-bond class and (b) O-bond class 
calculated from XPS spectra of biochar samples. Fig. 3. EDC and EAC values of modified biochar.
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FcDMAM and Ru3+ oxidation and reduction currents at 0.34 V and 
− 0.21 V, respectively, when the potential cycled between 0.6 Vand 
− 0.4 V at a scan rate of 100 mV s− 1. Compared to the BC, the OBC and 
ABC shown weaker FcDMAM oxidation peaks, probably due to their 
reduced Zeta potential causing electrostatic repulsion toward the 
negatively charged FcDMAM and imposing kinetic barriers to interfacial 
electron transport processes. Notably, OBC exhibited an enhancement in 
Ru3+ reduction current compared to pristine BC, whereas ABC and FBC 
displayed suppression of Ru3+ reduction efficiency. This divergence 
aligned mechanistically with values of EDC, suggesting that surface 
charge modulation governed redox pathway selectivity in aged biochar. 
Notably, the OBC presented superior redox performance with the 
highest amplification current among the four BCs. These findings are 
consistent with previous studies that evidenced chemical aging process 

could alter the structural properties of biochar by introducing some 
oxygen-containing functional groups as redox-active sites (Cai et al., 
2025).

3.3. Correlation between the biochar redox activity and the surface 
structure

Assessing the electron transfer capacity of biochar solely on the 
characterization of functional groups may be insufficient. Previous 
studies have demonstrated that the electron transfer capacity of biochar 
was not exclusively dependent on quinones and phenolic groups (Li 
et al., 2020). Therefore, the PLS model was employed to explore the 
relationships between the redox activity, structure characteristics, and 
surface properties of biochar.

Fig. 4. Cyclic voltammetry (CV) curves of all biochars in (a) FcDMAM solution and (b) [Ru(CN)6]3+ solution at a scan rate of 100 mV s− 1.

Fig. 5. PLS model diagram (a) Correlation coefficient of independent variables, with red emphasizing VIP coefficients greater than or equal to 1; (b) DModX plot, 
where the dashed line represents the critical distance with a 95 % tolerance interval (DCrit0.05); (c) Cumulative explained variance parameter R2 value and cu
mulative predicted variance parameter Q2 value. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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In the PLS model, the EDC and EAC were designated as dependent 
variables, while the specific surface area (SBET) and contents of func
tional groups were set as independent variables. The relative pro
portions of functional groups on the biochar surface were determined by 
fitting the C 1s and O 1s spectra obtained from XPS. The regression 
coefficients corresponding to independent variables influencing EDC 
and EAC are displayed in Fig. 5a. Particular attention was given to 
variables with a variable importance in projection (VIP) score ≥1, which 
indicated a significant contribution to the predictive power of the model 
(Wei et al., 2015). The DModX plot (Fig. 5b) indicated no discernible 
outliers at a significant threshold of 0.05, confirming the robustness of 
the PLS model. As shown in Fig. 5c, the values of cumulated explained 
variation parameters (R2) for the EDC and EAC were 0.97 and 0.96, 
respectively, whereas the values of cumulated predicted variation 
parameter (Q2) were 0.81 and 0.79, respectively. The results presented 
in Fig. 5a indicate that the most significant independent variables (VIP 
≥1) are SSA, quinone groups, sp3 carbon phase, π-π* structure, and 
O-containing groups (C–O and O–C=O or C=O bondings). The SSA had a 
positive correlation with both EDC and EAC, likely attributed to the 
increased exposure of redox-active sites. Quinone groups showed a 
positive correlation with EAC, consistent with their well-established role 
as potent redox mediators. Previous studies demonstrated that the EAC 
of biochar was largely governed by the abundance and types of quinone 
groups (Kluepfel et al., 2014). Similarly, the sp3 hybridized carbon 
content associated with aliphatic structures, and C–O groups which were 
prone to oxidation, showed a positive correlation to EDC. The π-π* 
structure, primarily derived from poly-condensed aromatic carbons, was 
positively correlated with both EDC and EAC values. Furthermore, the 
observed relationship between lactone groups and electron storage ca
pacity aligned with results aforementioned, reinforcing their relevance 
in biochar redox functionality (Li et al., 2020).

Previous studies had established that the electron transfer capacity of 
biochar was predominantly governed by oxygen-containing functional 
groups (Kluepfel et al., 2014). Through systematic investigation, this 
study elucidated distinct quantitative structure-activity relationships 
between the intrinsic structural characteristics (including specific sur
face area and π-π*) and its electrochemical properties of biochar. The 
SSA had a positive correlation with both EDC and EAC, likely attributed 
to the increased exposure of redox-active sites. It was possibly because of 
the aging processes would induce significant changes in surficial struc
ture (e.g., collapse of internal pore spaces), as the SSA and FTIR-related 
analysis indicated. This would accordingly result in more microporous 
structures as potential active sites to promote electron transfer capa
bilities of biochar, indicating that the pore structure had an indirect 
relationship with the electron transfer ability of biochar. Furthermore, 
the π-π*, functioning as electron delocalization pathways, exhibited 
synergistic enhancing effects on both EDC and EAC, substantiating the 
pivotal regulatory role of the carbon matrix configuration in charge 
transport dynamics.

3.4. Cr(VI) removal by different aged biochar

The initial pH significantly affected the removal efficiencies of Cr 
(VI), as it influenced both the adsorption efficiency of biochar and the 
reducing rate of Cr(VI). As shown in Fig. S4, the aged biochar exhibited 
maximum Cr(VI) removal efficiency (46 %–76 %) at an initial pH 2.0. 
The removal efficiency decreased as the pH increased, which was pri
marily attributed to the lower reducibility of biochar at higher pH. 
Under acidic conditions, biochar contained a substantial number of 
oxygen-containing functional groups (e.g., -COOH) as electron donors to 
convert Cr(VI) into less toxic Cr(III) through a reduction reaction, given 
that the Cr(VI) mainly exists in the form of HCrO4

− in this environment 
due to protonation. The lower negative charge density and smaller 
molecular size of Cr(VI) made it more easily being adsorbed by biochar 
through electrostatic attraction and coordination (Zhang et al., 2019a). 
This interaction facilitated the adsorption and subsequent reduction of 

Cr(VI) on the biochar surface.
The effects of lactate on Cr(VI) reduction was presented in Fig. S5. It 

shows that the lactate could slightly reduce Cr(VI) without biochar, 
resulting in observed accumulation of Cr(III). That evidences lactate 
could be the electron donor for Cr(VI) reduction. However, this effect 
was incomparable with that of group in which aged biochar was added, 
which was consistent with previous studies (Xu et al., 2019). Never
theless, the increase of Cr(III) accumulation in the presence of aged 
biochar indicated the electron flow to Cr(VI) was enhanced.

The Cr(VI) removal rates, utilizing biochar as the electron donor for 
reduction, were presented in Fig. 6a. The OBC significantly enhanced 
the Cr(VI) removal efficiency to 76 %, while 66 % Cr(VI) were removed 
in BC-group. In contrast, the ABC and FBC decreased the Cr(VI) removal 
efficiencies to 61 % and 57 %, respectively. As shown in Fig. 6b, the 
reduction efficiency of Cr(VI) (referred as the generation of Cr(III)) was 
18 % in BC-group, while those in the presence of FBC, ABC, and OBC 
were 16 %, 22 %, and 25 %, respectively. The reduction process fol
lowed first order kinetics, suggested that the reaction rate was propor
tional to the concentration of Cr(VI). Previous characterizations of 
biochar’s ETC indicated that the EDC correlated with Cr(III) generation, 
confirming that biochar could act as an electron donor, directly sup
plying electrons for the reduction of Cr(VI).

To further investigate the potential of biochar as electron shuttles, 
lactate was introduced as an electron donor for the reduction of Cr(VI). 
The results are shown in Fig. 6 c and d. The coexistence of lactate and 
biochar efficiently facilitated Cr(VI) reduction to Cr(III). The Cr(VI) 
removal efficiencies of BC, OBC, and ABC were strengthened to 57 %, 93 
% and 71 %, respectively, while it reduced to only 33 % in the FBC- 
group. Among the removed Cr(VI), 25 %, 18 %, 33 %, and 43 % of 
the total Cr(VI) were removed via reduction in the groups of BC, FBC, 
ABC, and OBC, respectively. These results suggested that biochar could 
serve as an electron shuttle as well to mediate electron transfer from 
lactate to Cr(VI). The enhanced performance in OBC-group might be 
attributed to its higher electron transfer capacity and additional redox- 
active functional groups introduced during oxidation aging process.

As illustrated in Fig. S6 a and b, the removal of Cr(VI) by all biochar 
primarily proceeded via adsorption. However, the introduction of 
lactate led to divergent responses among the biochar. The removal ef
ficiency of FBC remained unchanged, whereas BC exhibited a notable 
decline in Cr(VI) removal, accompanied by a substantial decrease in 
adsorbed Cr(VI). This phenomenon might be attributed to lactate 
competitively occupying the active adsorption sites on BC, thereby 
limiting its adsorption capacity. In contrast, both OBC and ABC 
demonstrated remarkably enhanced Cr(VI) removal efficiency in the 
presence of lactate, with reduction process becoming the dominant 
removal pathway. These findings suggested that the aging processes of 
oxidation and acidification promoted the formation of stable electron 
transfer pathways in OBC and ABC, enabling them to function effectively 
as electron shuttles and facilitate electron transfer from lactate to Cr(VI). 
While FBC retained partial Cr(VI) removal capacity via adsorption, its 
reductive capabilities were significantly impaired due to the loss of 
active sites during aging process.

Based on the aforementioned results, it is reasonable to conclude that 
the enhanced reduction of Cr(VI) could be attributed to electron transfer 
capacities of biochar. The correlations between Cr(III) accumulation and 
the EDC/EAC of biochar during Cr(VI) reduction are shown in Fig. S7 a 
and b. The strong correlation between EDC and Cr(III) accumulation in 
lactate-free systems suggested that biochar primarily functioned as an 
electron donor to directly reduce Cr(VI). On the other hand, when 
lactate was introduced as an exogenous electron source, the ETC 
exhibited a strong correlation with Cr(III) accumulation (R2 = 0.95, 
Fig. S7 b). This shift indicated a mechanistic transition in which the role 
of biochar transitioned from a direct electron donor to an electron 
shuttle, mediating electron transfer from lactate to Cr(VI) in the pres
ence of organic substrates. These findings highlight biochar’s dual role 
in Cr(VI) reduction, demonstrating its versatility in redox processes and 
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potential for contaminant remediation.

3.5. Environmental implication

Biochar is increasingly used in environmental remediation due to its 
redox activity and surface reactivity. However, biochar’s redox behav
iors and their pollutant remediation capacities are strongly influenced 
by environmental aging processes, such as oxidative weathering, and 
seasonal freeze–thaw cycles commonly occurring in natural soils and 
sediments. These conditions potentially promote chemical trans
formations that influence surface functionality, π–π* conjugation, and 
electron transfer capacity (ETC) of biochar. In this study, we demon
strated that aged biochars after different aging processes showed 
differentiated performance in Cr(VI) reduction as electron donors or 
shuttles. For a long-term perspective, strategies for optimizing biochar 
performance for targeted remediation should be in accordance of bio
char’s specific application environment. For example, pre-oxidation 
treatments for tailoring surface modifications can be implemented to 
enhance redox-active functional groups or adjusting the application 
environment (e.g., co-adding organic electron donors) can amplify 
electron shuttling effects. These findings suggest that a better under
standing and manipulation of biochar’s aging trajectory can improve the 
precision and efficiency of redox-sensitive contaminant control in 
diverse environmental settings.

4. Conclusions

The objective of this study aimed to investigate the effects of various 
aging processes on the redox activity of biochar. The freeze-thaw cycle 
significantly disrupted the microporous structure of the biochar surface, 
leading to a reduction in its specific surface area. In contrast, both 
oxidation and acidification aging enriched the abundance of oxygen- 
containing functional groups on the biochar surface, including 

carboxyl, carbonyl, quinones, and phenolic groups. This increase in 
functional groups subsequently elevated the polarity of biochar and 
facilitates π-π* interactions. Changes in surface structure and functional 
groups directly influenced the redox activity of biochar, thereby 
improving its electron transfer capacity. Consequently, the Cr(VI) 
reduction efficiency of aged biochar (i.e., OBC) was nearly doubled. The 
PLS model analysis revealed that the redox activity of biochar was 
closely associated with the surface redox-active functional groups and 
the increase in specific surface area, along with enhanced π-π* in
teractions, further augmented the electron transfer capacity of oxidized 
biochar.
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