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ORIGINAL RESEARCH

Modulating biochar compositions 
to maximize synergy between contaminant 
binding and transformation: the critical role 
of carbonates and implications for in situ 
groundwater remediation
Lin Duan1, Zicui Gong1, Yang Li1, Tianchi Cao1, Tong Zhang1* and Wei Chen1*    

Abstract 

Dealing with groundwater impacted by persistent, low-concentration chlorinated solvents is a major challenge 
for site remediation, as technologies designed for fast contaminant removal or destruction often are not cost-effec-
tive. For long-term plume management, in situ contaminant sequestration using carbonaceous materials is a more 
viable strategy. Here, we prove the concept that the effectiveness of this approach can be improved by modulating 
the compositional and surface properties of carbonaceous materials to maximize the synergy between contaminant 
binding and abiotic transformation. We found that two pine wood biochars pyrolyzed at 600 and 700 °C exhibit 
not only faster adsorption kinetics for 1,1,2,2-tetrachloroethane than those prepared at lower temperatures (500 °C 
and below), but also greater efficacy in enhancing the dehydrochlorination of the contaminant. The higher catalytic 
efficiency is counterintuitive, as it is commonly accepted that surface carboxyl and phenolic groups are the cata-
lytic sites. With supplementary experiments carried out using modified materials and at varied pH values, we found 
that the surprisingly higher catalytic activities of these two samples are due to their higher carbonate contents. 
Interestingly, trichloroethylene, the hydrolysis product, is more adsorptive to the biochars than the parent compound. 
Thus, by promoting the abiotic transformation, these two biochars enable much more effective plume intercep-
tion than the less-reactive materials. The findings have important implications for dealing with long-term, persistent 
groundwater contamination, particularly, the “rebounding” problem often occurring post active site remediation.

Highlights 

•	 High-temperature biochars were more effective in catalyzing hydrolysis of TeCA.
•	 Carbonates were primary nucleophiles catalyzing hydrolysis of surface-bound TeCA.
•	 Biochar-mediated transformation of TeCA improved contaminant sequestration.
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1  Introduction
Groundwater contamination is a worldwide environmen-
tal problem, posing serious risks to the ecosystems and 
human health (Li et  al. 2024; Moran et  al. 2007; Zhang 
et  al. 2017). Dealing with groundwater impacted by 
chlorinated solvents, which often persist in subsurface 
for prolonged periods of time, is particularly challeng-
ing (Hou et  al. 2023; Stroo and Ward 2010). Currently, 
there are numerous sites contaminated with chlorinated 
solvents, including over 50% of the US Environmental 
Protection Agency’s Superfund sites (Hou et  al. 2023; 
Liang et  al. 2024; Moran et  al. 2007). Various technolo-
gies have been developed for the cleanup of chlorinated 
solvent-impacted sites. Some of the commonly adopted 
ones include in situ thermal desorption, in situ chemical 
oxidation or reduction, air stripping, soil vapor extrac-
tion, cosolvent and surfactant flushing, and enhanced 
biodegradation (Ellis and Hadley 2009; Stroo and Ward 
2010). Many of these approaches are effective for fast 
removal or destruction of large mass of contaminants, 
but are less cost-effective when dealing with persistent, 
low-concentration contamination, a common situation 
at the later stage of remediation (e.g., after the bulk of 

the contaminants is removed with aggressive approaches 
such as thermal desorption or chemical oxidation) (ITRC 
2011; Nivorlis et al. 2024; USEPA 2008). To avoid exces-
sive reagent consumption and high costs of field deploy-
ment, it is critical to develop cost-effective technologies 
for long-term plume management.

One strategy to deal with groundwater contamination 
by persistent, low-concentration chlorinated solvents is 
using carbonaceous materials to sequester contaminants 
and intercept contaminant plume. Owing to their high 
surface areas, strong hydrophobicity, and porous struc-
tures, carbonaceous materials are effective adsorbents 
for many chlorinated compounds (Mauter and Elimel-
ech 2008; Pavlostathis and Jaglal 1991; Pignatello et  al. 
2017; Zhou et al. 2015). For example, it was reported that 
the adsorption coefficient of trichloroethylene (TCE)—
a common chlorinated compound in groundwater—to 
granular activated carbon can reach up to 17,000 L kg−1 
(Zhou et al. 2015), over four orders of magnitude larger 
than the values reported for mineral oxides (0.3–0.4 
L kg−1) and soils (0.1–12 L kg−1) (Pavlostathis and Jaglal 
1991). For in  situ remediation, these materials may be 
placed in a permeable reactive barrier (PRB) as fillings 
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(Stroo and Ward 2010; Zhang et  al. 2017), or injected 
into the contaminated sites in the form of colloidal sus-
pensions (Fan et  al. 2017; Simon 2015). Both have been 
shown to be effective in preventing contaminant migra-
tion. The commonly used carbonaceous materials for 
these purposes are activated carbons, whereas biochars 
and carbonaceous nanomaterials (e.g., graphene oxides 
and carbon nanotubes) have also been researched (Chen 
et al. 2008, 2015; Jiang et al. 2023; Lu et al. 2020; Qiu et al. 
2022; Shen et  al. 2015; Sizmur et  al. 2017; Twagirayezu 
et al. 2024; Zhu et al. 2022).

Besides of serving as adsorbents, carbonaceous materi-
als may also mediate abiotic or biotic degradation (Cao 
et  al. 2024; Chen et  al. 2014a, b, 2023; Ding et  al. 2018; 
Hsieh and Pignatello 2017; Khalili et  al. 2024; Li et  al. 
2022; Mackenzie et al. 2005; Pignatello et al. 2017; Seen-
thia et al. 2024; Xie et al. 2023; Xu et al. 2020; Yang et al. 
2022, 2016; Yuan et  al. 2017). For example, carbona-
ceous materials may serve as electron shuttles to enhance 
anaerobic dehalogenation of chlorinated solvents (Chen 
et al. 2023; Yuan et al. 2017), or enhance hydrolysis reac-
tions by providing acidic/basic sites (Chen et  al. 2014a, 
b; Hsieh and Pignatello 2017). Thus, by carefully design-
ing the surface properties of a carbonaceous material, 
one can maximize the performance of these materials 
through combined contaminant sequestration and trans-
formation. For instance, by converting a less adsorptive 
compound to a more adsorptive one, or turning a less 
biodegradable compound into one with higher microbial 
degradation potential, the efficacy in plume management 
can be greatly enhanced.

Here, It showed that tuning chemical compositions of 
biochars to enhance their capabilities in catalyzing the 
hydrolysis reactions of chlorinated solvents significantly 
enhances the performance of these materials. Specifi-
cally, two pine-wood biochars pyrolyzed at 600 and 700 
°C are more effective in promoting dehydrochlorination 
of 1,1,2,2-tetrachloroethane (TeCA), a common chlorin-
ate solvent in groundwater, than three biochars prepared 
at lower temperatures (300, 400 and 500 °C). Fitting the 
reaction kinetic data using a multi-step model indicates 
that the hydrolysis rate constants of TeCA on the sur-
face of the two high-temperature biochars are 2.6–3.0 
times higher than that observed in homogeneous aque-
ous solution. With supplementary experiments carried 
out using surface modified materials and at varied pH, 
we found that carbonates are the primary nucleophiles 
catalyzing the reaction. Notably, the high-temperature 
biochars exhibit much higher adsorption affinity for 
TCE, the hydrolysis product, than for the parent prod-
uct TeCA. Modeling results showed that when using 
these materials as the fillings of PRB, the wall thickness 
can be greatly shortened. Findings of this research have 

important implications for dealing with long-term, per-
sistent groundwater contamination, particularly, for pre-
venting “rebound” that commonly occurs post active site 
remediation.

2 � Materials and methods
2.1 � Chemicals and reagents
TeCA (above 99%) and TCE (above 99%) were purchased 
from Sigma Aldrich (St. Louis, MO, USA). The physico-
chemical properties of TeCA and TCE are presented in 
Additional file 1: Table S1. All organic solvents used were 
of chromatography grade and other chemicals used were 
of reagent grade.

2.2 � Preparation and characterization of biochar samples
Pine wood was selected as the feedstock for biochar pro-
duction. Prior to pyrolysis, the pine wood was thoroughly 
washed with deionized water, then oven-heated at 60 °C 
overnight, and subsequently ball-milled to achieve a uni-
form size. The dried material was then transferred into 
a furnace and subjected to pyrolysis under a continuous 
nitrogen flow. The temperature was gradually increased 
at a rate of 5  °C min−1 until the desired target tempera-
ture (300, 400, 500, 600 and 700 °C) was reached, where it 
was held for 4 h. After pyrolysis, the samples were cooled 
to room temperature, then sieved through a 60-mesh 
sieve and stored in a desiccator for subsequent use (Chen 
et al. 2015; Fang et al. 2014). The resulting samples were 
labeled as BC300, BC400, BC500, BC600, and BC700, 
corresponding to the respective pyrolysis temperatures. 
Additionally, approximately 1  g of BC300 or BC700 
was subjected to acid treatment by immersion in 50 mL 
of 0.05 mM hydrochloric acid for 12 h to obtain “acid-
treated biochars”. After the acid treatment, the samples 
were thoroughly washed with deionized water until pH 
stabilized, then dried at 105 °C overnight (Chen et  al. 
2008; Xiao et al. 2020). The acid-treated biochar samples 
were referred to as ATBC300 and ATBC700.

The morphology and physical dimensions of the bio-
char samples were examined using scanning electron 
microscopy (SEM) (Nova Nano SEM 230, Hillsboro, 
USA). Fourier-transform infrared (FTIR) analysis was 
performed using a Bruker TENSOR 27 apparatus (Bruker 
Optics Inc., Germany). The elemental composition was 
determined using a Vario EL cube CHO element analyzer 
(Elementar, Germany). The surface organic alkalinity of 
biochar materials, including carboxyl groups (RCOOH) 
and phenolic hydroxyl groups (ROH), was quantified 
using the Boehm titration method. These groups contrib-
uted to alkalinity when deprotonated (Fidel et  al. 2013, 
2017). Inorganic alkaline species, including carbonates 
and other inorganic alkalis, were quantified and calcu-
lated according to previously reported methods (Fidel 
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et  al. 2017). Detailed information is presented in Addi-
tional file 1: Text S1.

2.3 � Hydrolysis reaction of TeCA in homogeneous solution 
and in biochar suspension

Reaction kinetic experiments were conducted in aque-
ous solution both in the absence and presence of biochar 
samples. Approximately 40 mL of an electrolyte (contain-
ing 0.05 M K2HPO4/KH2PO4 as the pH buffer) was added 
to each 40 mL amber glass vial. The pH of the solution 
was adjusted to 7, 8, or 9 with HNO3 or NaOH. The 
pH values and ionic strength were selected to represent 
typical solution chemistry conditions in groundwater 
(Hao et  al. 2025; Qureshi et  al. 2021). For the experi-
ment involving biochars, 0.1 g biochar was added to the 
vial before adding the electrolyte solution, and the mix-
ture was placed on an orbital shaker (7 rpm) for 24 h. 
Then, a TeCA stock solution (in methanol) was injected 
into the solution with a micro-syringe, to give an initial 
TeCA concentration of 5 mg L−1; this concentration was 
selected based on the field studies previously reported 
(Bekele et al. 2019; Wilkin et al. 2019). Next, the vial was 
full-filled with buffer solution, sealed immediately, and 
left on an orbital shaker (7 rpm) operated at 25 °C. At the 
predetermined time intervals, 1.0 mL of the supernatant 
was withdrawn, and transferred to a clean glass vial con-
taining a pH 3 buffer solution (0.05 mol L−1 KH2PO4, pH 
adjusted with HNO3) to terminate the reaction. The solu-
tion was filtrated through a 0.22-µm membrane filter and 
then extracted with n-hexane. The hexane extract was 
then analyzed to determine the concentrations of TeCA 
and TCE. The pH values of the solution were monitored 
during the sampling and were found to be essentially 
unchanged in all the experiments.

For the extraction of biochar-bound TeCA and TCE, 
a method modified from the EPA Method 3550c (Chen 
et al. 2014a) was used. Each sample was transferred to a 
20 mL glass vial, and 16 mL of acetone was added. The 
mixture was sonicated for 30 min, then centrifuged, and 
the supernatant was collected. This extraction process 
was repeated for three times with fresh acetone. The 
extracts from all three extractions were combined for 
the determination of the total mass of TeCA and TCE 
extracted from the biochar. The concentrations of TeCA 
and TCE in extracts were determined with an Agilent 
6890 N gas chromatography with electron capture detec-
tor (GC-ECD) (Agilent Technologies, Santa Clara, CA, 
USA) equipped with an HP-5 capillary column (30 m × 
0.32 mm × 0.25 µm).

2.4 � Adsorption of TeCA and TCE to biochar
The adsorption of TeCA and TCE onto selected bio-
char samples was investigated using a batch adsorption 

method, as described in our previous studies (Chen 
et al. 2014b). The experiments were conducted in 40-mL 
amber EPA vials with Teflon-lined screw caps, and main-
tained at a pH of 3. Detailed experimental procedures 
are given in the Additional file 1: Text S2. Each adsorp-
tion isotherm contained of six individual data points, and 
each data point were measured in duplicate.

2.5 � Modeling of reaction kinetics data
A multistep kinetic model was developed and simulated 
using MATLAB software (The Mathworks, Inc.). The 
adsorption and reaction kinetic data were fitted using the 
Fmincon function. The optimized values were obtained 
by solving the differential equations using the function 
ode 45. The reaction rate constants were determined by 
minimizing the sum of squared error, and the goodness 
of fit to the model was assessed using an error distribu-
tion diagram (Additional file  1: Fig. S1). Besides, the 
breakthrough of TeCA and TCE from a PRB was simu-
lated at selected simulation time (100 d and 1000 d) using 
the one-dimensional advection–dispersion equation, 
which was also modeled in MATLAB software.

3 � Results and discussion
3.1 � Physicochemical characteristics of the biochar samples
The two biochar samples obtained at the higher tem-
peratures (BC600 and BC700) differed substantially from 
those obtained at the lower temperatures in terms of 
morphology, surface O-functionalities, and alkaline com-
ponents. The SEM images showed that the biochar sam-
ples obtained at the lower pyrolysis temperatures (i.e., 
BC300, BC400, and BC500) were composed of irregular 
particles with relatively smooth surfaces (Fig. 1a). In con-
trast, the surfaces of BC600 and BC700 were rough and 
wrinkled, with visible cracks (Fig.  1a). The FTIR spec-
tra (Fig. 1b) showed the O–C–O, C–O, C=O, and –OH 
stretching bands (at 1030, 1200, 1700, and 3400 cm−1, 
respectively) for BC300, whereas these peaks were not 
observed for BC600 and BC700. The elemental composi-
tion analysis further showed that the oxygen contents of 
the biochar samples decreased with pyrolysis tempera-
ture, whereas an opposite trend was observed for the car-
bon contents (Fig. 1b and Additional file 1: Table S2).

The pyrolysis temperature also affected the compo-
sitions of the alkaline species substantially. The rela-
tive contents of organic alkalis (i.e., RCOOH and ROH) 
decreased with pyrolysis temperature—while these were 
the predominant alkaline species of BC300 and BC400, 
they only accounted for a small fraction of the total 
alkalis for BC600 and BC700 (Fig.  1c, Additional file  1: 
Table S3). For BC600 and BC700, inorganic alkalis were 
the predominant alkaline species. In particular, carbon-
ates accounted for 55% of the total alkalis for BC600 and 
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52% for BC700 (Fig.  1c); for BC300 and BC400, these 
components only contributed to 5–7% of the total alka-
lis (Fig. 1c). The amounts of the other inorganic alkalin-
ity (primarily Fe/Al hydroxides (Fidel et  al. 2017)) were 
similar among all five biochar samples (Fig. 1c). Since the 
hydrolytic reaction of TeCA is base-promoted, the differ-
ences in the distribution of alkaline species among these 
samples indicate that their catalytic efficiencies likely will 
differ markedly.

3.2 � Biochars prepared at higher pyrolysis temperatures 
are more effective in catalyzing hydrolysis of TeCA

The two biochar samples obtained at 600 and 700 °C 
markedly enhanced the hydrolysis of TeCA, whereas the 
three samples prepared at lower pyrolysis temperatures 
(500 °C or below) inhibited TeCA degradation. The kinet-
ics of both TeCA degradation and TCE formation were 
faster in the presence of BC600 and BC700, compared 
with the rates observed for the reaction in homogeneous 
aqueous solutions (i.e., in the absence of a biochar sam-
ple); in contrast, the presence of BC300, BC400 or BC500 
resulted in slower degradation kinetics, with the effects 
more pronounced for BC300 and BC400 (Fig.  2a–d). 
The extents of TeCA degradation and TCE formation at 
the end of the experiments followed the order of BC700 
> BC600 > aqueous solution > BC 500 > BC400 > BC300.

The detailed kinetic data (Fig.  2e–j) showed that the 
mass of TeCA adsorbed to the low-temperature biochars 
(BC300, BC400 and BC500) reached a maximum value in 
the early stage of the experiments (due to the fast adsorp-
tion kinetics) and then changed little with time (Fig. 2f–
h), indicating the low reactivity of TeCA adsorbed to 

these surfaces. For the experiments involving BC600 
and BC700, after the mass of the surface-accumulated 
TeCA peaked, it then decreased readily (Fig. 2i, j). The pie 
charts further showed that in the experiments of BC600 
and BC700, only 11–14% of the initially added TeCA 
molecules remained after 284 h; for the low-tempera-
ture biochars, this was as high as 50–60%. Additionally, 
in the experiments of BC300 and BC400, a large fraction 
of TeCA remained in the aqueous solution. The reaction 
product, TCE, exhibited a high tendency to absorb to the 
biochars (in all the experiments, the mass of TCE in the 
aqueous phase was negligible); the mass of adsorbed TCE 
continuously increased with prolonged reaction time, 
particularly for BC600 and BC700.

Hydrolysis of TeCA occurred both in the aqueous 
phase and on biochar (Fig.  3a), and the evolution of 
TCE mass on the biochars was controlled simultane-
ously by the degradation of surface-bound TeCA and the 
adsorption of TCE from the aqueous solution. To quan-
titatively discern the contribution of surface reaction vs. 
adsorption, the kinetics data in Fig. 2a were fitted with a 
multi-step kinetic model (the conceptual model and the 
differential equations in Fig.  3a; the model fitted curves 
and parameters are shown in Additional file 1: Fig. S2 and 
Table S4). Clearly, TeCA molecules adsorbed on the sur-
faces of BC600 and BC700 underwent faster degradation 
than those in the aqueous solution, as indicated by the 
model-fitted kr(s) and kr(aq) values; in contrast, degrada-
tion of TeCA adsorbed to BC300, BC400 and BC500 was 
slower than in homogeneous aqueous solution (Fig. 3b). 
The inability of these three biochars in enhancing TeCA 
hydrolysis was unexpected, as previous studies carried 

Fig. 1  Characterization of pine wood-derived biochar samples obtained at different pyrolysis temperatures. a Scanning electron microscope (SEM) 
images. The yellow arrows highlight the formation of cracks on the two biochars prepared at higher pyrolysis temperatures (BC600 and BC700). b 
Fourier transform infrared (FTIR) spectra. c Contents of different inorganic and organic alkaline species
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out using activated carbon (Chen et al. 2014a), function-
alized carbon nanotubes (Chen et  al. 2014b), graphene-
based nanomaterials (Li et al. 2016), and biochar-derived 
dissolved organic carbon (Chen et al. 2024) all indicated 
that the deprotonated RCOOH and ROH groups serve as 
the bases to promote the β-elimination reaction. Thus, 
the markedly different kinetics of surface-bound TeCA 
as observed in this study indicate that other compo-
nents, rather than O-functional groups, were the primary 
catalytic sites of the biochars (Notably, the adsorption 
kinetics of both TeCA and TCE, as indicated by the fit-
ted adsorption rate constants (ka), increased with the 
pyrolysis temperature of the biochars (Fig.  3c). Faster 
adsorption of TeCA to the biochars would facilitate its 
degradation at surface catalytic sites; however, the small 
differences in ka values indicated that this was only a 
minor cause).

3.3 � Carbonates are the primary components catalyzing 
hydrolysis of surface‑bound TeCA

The fact that the biochars obtained using high pyroly-
sis temperatures enhanced TeCA degradation to much 
greater extents was attributable to their high carbon-
ate contents. The hydrolysis of TeCA is a base-catalyzed 

reaction, in that, a nucleophile (e.g., OH−) attacks the 
hydrogen atom attached to the β-carbon atom, which 
facilitates the leaving of the Cl atom from the α-carbon 
and the formation of a π bond, with TCE being the sole 
degradation product (Chen et al. 2014b; Mackenzie et al. 
2005). Besides of OH− ions, surface alkaline groups (e.g., 
deprotonated RCOOH and ROH) have also been shown 
to act as nucleophiles to promote the reaction (Chen 
et al. 2014a, b, 2024; Li et al. 2016; Xu et al. 2017). Indeed, 
the surface reaction constants of TeCA (kr(s)) correlated 
closely with the total concentrations of alkalis of the bio-
chars (R2 = 0.915) (Fig.  4a). However, a closer examina-
tion on the correlation between kr(s) and the contents of 
individual alkaline species of the biochars revealed that 
a linear correlation was only observed for carbonates, 
with an even higher R2 value (0.967) than that observed 
for total alkalis (Fig.  4b). In contrast, the correlation 
between kr(s) and the content of other inorganic alka-
lis was poor (R2 = 0.464), so was the correlation with 
the surface carboxyl groups (Fig. 4c, d). Thus, the linear 
regression results suggest that carbonates were the pre-
dominant constituents of the biochars catalyzing TeCA 
degradation. Within the pH range of the TeCA hydroly-
sis experiments, carbonates (i.e., salts of bicarbonate 

Fig. 2  Biochars prepared at higher pyrolysis temperatures are more effective in catalyzing hydrolysis of TeCA. a–d Kinetic of TeCA degradation 
and TCE formation. The histograms show the efficiency TeCA degradation and TCE formation at 284 h. e–j Changes of the mass of different TeCA 
and TCE species with time. The pie charts show the mass fractions of TeCA and TCE species at 284 h. Error bars indicate variances of duplicates. 
The concentration of biochar was 2.5 g L-1, the initial mass of TeCA was 1.2 μmol, solution pH was 8.0 with 0.05 M K2HPO4/KH2PO4 as the pH buffer, 
and the reaction was carried out at 25 °C in the dark
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Fig. 3  The higher catalytic efficacies of BC600 and BC700 are mainly due to surface-enhanced TeCA degradation. a The reaction scheme 
and the multi-step kinetic model used to fit the reaction kinetic data. b Comparison of model-fitted surface hydrolysis rate constants of TeCA (kr(s)) 
in the presence of different biochars. The dashed line represents the reaction rate constant of TeCA (kr(aq)) in homogeneous aqueous solution. c 
Comparison of model-fitted adsorption rate constant of TeCA (ka_TeCA) and TCE (ka_TCE) to different biochars

Fig. 4  Carbonates are the primary component catalyzing hydrolytic degradation of adsorbed TeCA. a–d Correlations between hydrolysis 
rate constants of adsorbed TeCA at pH 8.0 and the contents of total alkalis, as well as the contents of individual alkaline components 
including carbonates, other inorganic alkalis, and carboxyl groups
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and carbonate) could consume protons and increase the 
concentrations of the nucleophilic OH− ions: CO3

2− + 
2H2O ↔ H2CO3 + 2OH−; HCO3

− + H2O ↔ H2CO3 + 
OH−. Moreover, at pH 8 carbonates were mainly in the 
form of HCO3

−, a nucleophile nearly as potent as OH− 
(Schwarzenbach et al. 2017). The high concentrations of 
HCO3

− and OH− on the surfaces of the biochars would 
have promoted the transformation of adsorbed TeCA. 
(Notably, the increase of carbonate contents with biochar 
pyrolysis temperature was consistent with the literature 
Fidel et  al. 2017; Stratford et  al. 2014; Xiao et  al. 2018; 
Yuan et al. 2011)).

To verify that carbonates were the primary catalytic 
sites for TeCA degradation, supplementary experi-
ments were carried out using biochar samples treated 
with hydrochloric acid to partially remove the car-
bonates (Additional file  1: Fig. S3). The kr(s) values of 
adsorbed TeCA on the acid-treated BC700 (referred to as 
ATBC700) was over 30% lower than that of TeCA on the 
pristine BC700 (Fig. 5a). In comparison, the kr(s) values of 
TeCA adsorbed on the acid-treated BC300 (ATBC300) 
and on the untreated BC300 were comparable (Fig. 5b). 
This corroborated the important role of carbonates in 
catalyzing the reaction – BC700 had a higher carbonate 
content, thus, removing carbonates through acid treat-
ment substantially compromised its catalytic efficacy; 
in comparison, the carbonate content of BC300 was 
low, therefore, the loss of carbonates had a much lower 
impact on its ability to catalyze the reaction. Moreover, 
the pH-dependent experiments carried out within a pH 

range of 7–9 (Additional file 1: Fig. S4) showed that the 
difference in kr(s) between TeCA on BC700 and on BC300 
was substantial at pH 7 and 8, 16 and 6.0 times, respec-
tively (Fig.  5c, d), but was considerably smaller at pH 9 
(in this case, the kr(s) value of BC700 was only 1.6 times 
that of BC300; Fig. 5e). This was consistent with the low 
carbonate contents of BC300 – the organic alkaline sites 
on BC300 (e.g., RCOOH and ROH) would only become 
deprotonated and nucleophilic at relatively higher pH 
(Chen et al. 2014b).

Notably, metal atoms on the surface of metal oxides 
may react with water molecules, generating metal-
hydroxo species that serve as nucleophiles to catalyze 
the hydrolysis reactions (Li et  al. 2018; Xu et  al. 2017). 
However, the correlation between kr(s) and the content 
of other inorganic alkalis (primarily Fe/Al hydroxides) 
was poor (Fig. 4c), indicating these metal oxides played a 
much lesser role than carbonates in promoting hydrolysis 
of surface-adsorbed TeCA.

3.4 � Biochar‑mediated transformation of TeCA significantly 
improves contaminant sequestration

The transformation of the less adsorptive TeCA to the 
more adsorptive TCE significantly improves contami-
nant sequestration by biochars. Taking BC600 as an 
example, the calculated distribution coefficients (Kd) 
of TCE are over two orders of magnitude higher than 
that of TeCA (Fig. 6a; Additional file 1: Table S5). This 
observation was remarkable, as the two contaminants 
have similar hydrophobicity and molecular diameters 

Fig. 5  The high reaction rates of TeCA adsorbed to the high-temperature biochars are in line with the high carbonate contents of the materials. a, b 
Comparison of hydrolysis rate constants of TeCA adsorbed on pristine as-prepared biochars (BC300 and BC700) and acid treated biochars (ATBC300 
and ATBC700), confirming the catalytic role of carbonates. c–e Comparison of hydrolysis rate constants of TeCA adsorbed to BC700 vs. BC 300 
at different pH values, confirming that the difference is the largest when carbonates are the primary catalytic sites (i.e., at lower pH)
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(Additional file 1: Table S1). The stronger adsorption of 
TCE likely was the result of the pore-filling effects, an 
important driving force for the adsorption of hydropho-
bic organic compounds to carbonaceous materials con-
taining rigid micropores (Chen et al. 2023; Kilduff and 
Wigton 1999; Qiu et al. 2022). With its planar configu-
ration (Fig. 6b), TCE molecules were prone to enter the 
slit pores of carbonaceous materials, as the interaction 
with multiple sidewalls of the micropores would result 
in stronger binding of the molecules (Chen et al. 2023; 
Xiao et al. 2018). The likelihood of entering micropores 
was lower for the nonplanar TeCA molecules (Fig. 6c), 
due to steric hindrance (Li et  al. 2022; Lu et al. 2016). 
Similar observations have been made for nonplanar 
ortho-substituted polychlorinated biphenyls and pla-
nar ones with similar hydrophobicity; for example, the 
planar 4-chlorobiphenyl exhibited much higher extent 
of adsorption than the nonplanar 2,2-dichlorobiphenyl 
(Cornelissen et  al. 2005; Pignatello et  al. 2017). More-
over, the three chlorine atoms in TCE molecule have 
an electron induction effect that lowers the electron 
density in the carbon double bonds (Chen et  al. 2018; 
Freeborn et al. 2005; Zhou et al. 2015). This would have 
promoted the electron donor–acceptor interactions 
between the electron-depleted carbon double bonds 

of TCE (π electron acceptors) and the electron-rich 
regions on the surfaces of the high-temperature bio-
char (π electron donors). It has been reported that π-π 
electron donor–acceptor interactions were a major 
cause for the enhanced adsorption of TCE, tetrachlo-
roethylene and dichloroethylene to graphene materials 
(Zhou et al. 2015).

The implication of this enhanced binding on the 
remediation of chlorinated solvents-impacted ground-
water is illustrated with a scenario wherein a PRB is 
used to intercept a TeCA plume. The effluent concen-
trations of contaminants can be estimated with a solute 
transport equation:

where C is the effluent concentration (mg L−1) of TeCA 
or TCE; D is the hydrodynamic dispersion coefficient 
(m d−1); v is the seepage velocity of groundwater (m 
d−1); ρb is the bulk density of the porous media (kg L−1); 
θ is the effective porosity (dimensionless); λ is the first-
order decay coefficient (d−1); x is the PRB wall thickness 
(m) and t is the simulation time (d); and Kd (L kg−1) is 
the adsorption coefficient of TeCA or TCE. The profiles 

(1)
(

1+
ρb

θ
Kd

)∂C

∂t
= D

∂2C

∂x2
− v

∂C

∂x
− �C

Fig. 6  Biochar-mediated transformation of TeCA significantly improves contaminant sequestration. a Comparison of sorption capacities of TeCA 
and TCE to BC600. b, c Configurations of planar TCE and nonplanar TeCA. d, e Model simulation of concentrations of TeCA and TCE in an effluent 
from a BC600-filled permeable reactive barrier, as affected by wall thickness from continuous constant source input at selected simulation time (100 
d and 1000 d), showing that converting TeCA to the more adsorptive TCE greatly reduces the wall thickness required for contaminant sequestration
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of effluent concentrations as a function of wall thickness 
clearly showed that a much thinner wall would be needed 
to intercept the contaminants if TeCA can be converted 
into TCE within the wall (Fig. 6d, e; the detailed param-
eters used in the solute transport equation are sum-
marized in Additional file  1: Table  S6). For instance, to 
keep an effuluent concentration below 0.001 mg L−1, the 
required wall thickness needed would be 3.6–5.8 times 
smaller if TeCA is transformed to TCE inside the wall 
(two simulations, one for 100 d of PRB deployment time, 
and one for 1000 d are shown in Fig.  6d, e). Obviously, 
such increased binding capacities of biochars not only 
enhance the removal efficiency of contaminants, but also 
greatly reduce the capital and maintenance costs associ-
ated with PRB implementation.

4 � Conclusions
Carbonaceous materials have shown great promise for 
in situ remediation of chlorinated compounds. Besides of 
serving as strong adsorbents, carbonaceous materials also 
mediate abiotic or biotic degradation. In this study, we 
demonstrate that biochars pyrolyzed at 600 °C and above 
exhibit greater efficiencies in catalyzing the dehydrochlo-
rination reaction of TeCA than those prepared at lower 
temperatures (500 °C or lower). This is due to their higher 
contents of carbonates, the primary reactive components 
in catalyzing the reaction. We show that this catalytic reac-
tion can be exploited to improve the performance of PRBs, 
by substantially reducing the amounts of carbonaceous 
fillings needed. Our work advances the understanding on 
the reactivity of biochars in environmental systems. Made 
from biomass such as stalks and wood chips, biochars are 
low-cost and readily available. The previously unrecog-
nized roles of inorganic residues of biochars indicate that 
for the treatment of certain contaminants, biochars may 
even be more preferable materials than activated carbons 
and engineered carbonaceous nanomaterials. This advan-
tage may be further exploited by choosing the right sources 
of biochar feedstocks. Moreover, to optimize the overall 
remediation efficiency of a contaminated site, biochars 
can be used in combination with other technologies, such 
as bioremediation and chemical oxidation/reduction tech-
nologies, as a preconditioning step that transform parent 
compounds to the ones that can be degraded more eas-
ily. Future studies should be carried out to understand the 
influences of co-existing groundwater constituents (e.g., 
dissolved organic matter and coexisting contaminants), to 
access the long-term stability, and to develop approaches to 
regenerating the capacity of the biochars. To ensure their 
sustainability in practical applications, the potential nega-
tive effects of biochars in the environment, especially the 

potential impact of the degradation products on the eco-
system, should also be considered. 
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