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Element doping of biochars enhances catalysis of 
trichloroethylene dechlorination 
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A B S T R A C T   

Biochar (BC) is used for reductive dehalogenation and detoxification of chlorinated ethylenes, and its catalytic 
reactivity strongly depends on the type and composition of the biomass. This study aimed to alter the catalytic 
activity of biochar by using chemical amendments as an alternative to biomass feedstock screening. Three types 
of amendments including nonmetal elements (urea for N, sodium dodecyl sulfate for S), transition metal elements 
(MnSO4 for Mn, FeSO4 for Fe), and alkali/alkaline-earth metal elements (CaCl2 for Ca, NaCl for Na) were added 
to biomass substrate (peanut shell) before pyrolysis at 950 ◦C to produce 6 different chemically amended BCs. 
Structure, functional groups, sorption and redox properties of the BCs were characterized, and the catalytic 
reactivity of the BCs for trichloroethylene (TCE) reduction with a layered iron (II, III) hydroxide (green rust) as 
reductant was tested. 

Amending BC with transition metals increased the specific surface area (SSA) of BC and in turn the adsorption 
affinity, while nonmetals and alkali/alkaline-earth metal amendments decreased SSA. The TCE dechlorination 
rate increased by 3.5 and 2.5 times for BCs amended with N and S, respectively, compared with Raw-BC, while 
amendments with Mn, Fe, Ca, and Na had minor effects on reactivity. A second-order kinetic model for TCE 
reduction was developed, pointing out the critical role of the BC reactive site concentration and competing 
adsorption of TCE to inreactive surfaces. A conceptual model is proposed for TCE reaction with reactive sites and 
inreactive adsorptive surfaces on BC. This study suggested demonstrates that the reactive sites density is critical 
for BC catalytic reactivity, and N amendment is most efficient for improving BC reactivity.   

1. Introduction 

Biochar, a solid carbonaceous material produced by pyrolysis of 
biomass in absence of oxygen, has shown strong potential as a redox 
catalyst for oxidation and reduction of environmental pollutants [1,2]. 
The application of biochars as nonmetal catalysts is widely studied 
because of its low cost, abundance , and sustainability [3,4]. Biochar- 
catalyzed redox reactions have been widely reported, including the 
reduction of chlorinated ethylenes (CEs) [5], nitroglycerin, hexahydro- 
1,3,5-trinitro-1,3,5-triazine [6,7], dinitro herbicides pendimethalin 
and trifluralin [8], and 1,1,1-trichloro-2,2-di(4-chlorophenyl) ethane 
and its metabolites [9]. Biochar catalyzed dechlorination of CEs with 
green rust (GR)- a layered Fe(II)-Fe(III) hydroxide - has been reported in 
our previous studies, and the dechlorination was dramatically increased 
with a first-order rate constant of 2.0 h− 1 for TCE reduction [5,10]. The 
highest reactivity seen so far is with bone char pyrolyzed at 950 ◦C, and 
pyrolysis temperature and feedstock have been pointed out as critical 
factors for the catalytic reactivity of biochars [10]. In the reactions with 

GR and biochar, redox-active functional groups such as quinoid groups 
and graphitic structures are strongly associated with the reduction rate, 
indicating that BC serves both as an electron transfer mediator and 
electron conductor. Also, the porosity and surface area of BC, and the BC 
adsorption affinity to TCE may play a role for TCE reduction (Scheme 
1A) [5,10]. 

It is well established that feedstock composition has a significant 
impact on the structure, physicochemical and catalytic reactivity of 
biochars [11]. Plant biomass favors the production of highly graphitized 
biochar due to its thermally resistant components such as lignin, while 
inorganic salts and protein in animal and manure substrates facilitate 
the formation of porous structures and introduce heteroatoms (N, S, P) 
[12–14]. Because of different structures and surface compositions, 
animal-based biochars generally have a larger electron exchange ca-
pacity (EEC; 4 mmol e-/g char) [10] compared to plant-based biochars 
(up to 2 mmol e-/g char) [15], leading to a substantial difference in the 
catalytic reactivity of these two classes of biochars [16]. 

Despite the importance of feedstock to biochar properties, there is 
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little guidance to select the most reactive biochar for a given redox re-
action. One approach is to modify biochar with chemical amendments to 
obtain the desired properties [14,17] by altering the biochar physi-
ochemical properties, structures, and reactivity [18,19]. Typical ele-
ments for amendment include nonmetals, transition metals, and alkali/ 
alkaline metal (Scheme 1B). Substituting carbon atoms with nonmetal 
elements alters the electronic properties of the carbon matrix and 
composition of redox-active sites on biochar surfaces [20]. For example, 
N-amendment results in highly negatively charged N-centers in the 
graphite lattice due to the higher electronegativity of N compared with C 
(3.04 vs 2.55), while edge-functionalized pyridinic and pyrrolic N 
groups with unpaired electrons can serve as electron donors [21]. Sulfur 
with similar electronegativity as C (2.58 vs 2.55) but a larger covalent 
radius may introduce redox-active sulfone and sulfoxide groups, which 
has the potential of increasing catalytic reactivity of biochars [22–24]. 
Transition metals have been reported to stimulate biochar redox activity 
by affecting both functional groups and persistent free radicals, resulting 
in different electrochemical properties compared with O, N, and S 
containing functional groups [25–27]. For instance, electron transfer 
from phenol or quinoid moieties to transition metal ions/solids (e.g., 
Fe2O3, CuO, ZnO, and NiO) promotes generation of PFRs, leading to a 
high reactivity for Cr(VI) reduction [28] or persulfate/hydrogen 
peroxide activation [29,30]. Alkali/alkaline earth metals are known to 
affect biochar specific surface area (SSA) and the content of O-con-
taining functional groups [31]. The alkali/alkaline earth metals favor 
the formation of larger polyaromatic structures and O-functional groups, 
also leading to the re-arrangement of the functional groups on biochar 
surfaces [32]. Although a diversity of biochar amendment approaches 
has been studied, there is little insight on how the chemical amended 
biochars affect TCE dechlorination. 

This study aims to investigate how different chemical amendments 
affect BC properties, especially their catalytic reactivity in reductive 
dechlorination reactions. Peanut shell, a typical plant substrate con-
sisting of cellulose (35 ~ 50 wt%), lignin (30 ~ 35 wt%), and hemi-
cellulose (10 ~ 20 wt%) [35–37], was selected as model biomass which 
was amended with either nonmetal compounds, transition metal salts, 
or alkali/alkaline-earth metal salts before pyrolysis at 950 ◦C. By char-
acterizing the BCs amended with different elements and testing their 
reactivity on TCE reduction with GR, we expect i) to understand how the 
structural, sorptive, and redox properties of the BCs are affected by 
chemical amendments, ii) to identify the element(s) that enhance the BC 
catalytic reactivity the most, and iii) to identify key factors controlling 
the BC reactivity. 

2. Materials and methods 

2.1. Materials 

Peanut shell was bought from the local supermarket (Føtex, 
Denmark), and peeled manually. Chemicals for green rust synthesis 
including FeCl3, NaCl, and glycine were obtained from Sigma-Aldrich, 
and iron(0) powder to prepare Fe(II) solutions was from EMSURE 
(Denmark). Trichloroethylene (TCE) was purchased from Sigma- 
Aldrich. Urea (CH₄N₂O, ≥ 99.5 %, Millipore) and sodium dodecyl sul-
fate (CH3(CH2)11OSO3Na, ≥ 99.0 %, Sigma-Aldrich) were used for N and 
S amendments; manganese(II) sulfate monohydrate (MnSO4 H2O, ACS 
reagent, ≥ 98 %, Sigma-Aldrich) and iron(II) sulfate heptahydrate 
(FeSO4 7H2O, ACS reagent, ≥ 99.0 %, Sigma-Aldrich) were used for Mn 
and Fe amendments, and calcium chloride (CaCl2, anhydrous, powder, 
99.99 %, Sigma-Aldrich) and sodium chloride (NaCl, ACS reagent, ≥
99.0 %, Sigma-Aldrich) were used for Ca and Na amendments. The 
electron mediator zwitterionic viologen 4,4′-bipyridinium-1,1′-bis(2- 
ethylsulfonate) (ZiV) was synthesized based on a previous recipe (Text. 
SI. 3), and another mediator 2,2′-azino-bis(3-ethylbenzothiazoline-6- 
sulfonic acid) diammonium salt (ABTS) was bought from Sigma-Aldrich. 

All solutions were prepared with O2 free triply deionized water (TI 
water, resistivity ≥ 20 MΩ cm− 1, bubbled with Ar or N2 (purity greater 
than 99.9 %) for more than 3 h (~100 mL/min)). All chemicals were 
analytical grade or better, and used without further purification. 

2.2. Preparation 

2.2.1. Biochar preparation 
Peanut shell was ground to powder (particle size < 2 mm) using a 

kitchen blender for 30 min, then stored in Ziploc bags. For BC amend-
ments, six chemicals containing specific elements from three different 
element groups were selected (see above). Peanut shell powder (40 g) 
was impregated in 200 mL of solutions containing 20 g of the corre-
sponding element amendment compounds, and then dried at 60 ◦C (see 
details in Text. SI. 1) before pyrolysis at 950 ℃ for 1 h under an N2 
atmosphere with a temperature ramping speed of 150 ℃/h. The 
resulting chars were milled using an agate mortar, and then treated with 
1.0 M HCl and washed with deionized water to remove acid soluble 
impurities and inorganic components. The obtained BCs were dried at 
80 ◦C and then stored in polyethylene bottles for further use [10]. The 
yield of biochar after pyrolysis varied with different amendments 
ranging from 25 % to 50 %, and the mass loss during acid treatment 
ranged from 3 % to 60 % depending on salt contents in the pyrolyzed 
products (Table. SI. 1). 

Scheme 1. (A) Conceptual model for biochar (BC) catalyzed TCE dechlorination by green rust (GR), showing that electrons transferred from GR are mediated by 
functional groups on BC for reducing TCE to acetylene; (B) Schematic illustration of functional groups on biochars alteredby nonmetal elements (grey panel) [33], 
transition metals (green panel) [34], and alkali/alkaline metals (yellow panel) [32]. 
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2.2.2. Green rust preparation 
Chloride green rust (Fe(II)3Fe(III)(OH)8Cl⋅~1⋅.5H2O, GR, 422.5 g/ 

mol), which is used as the reductant for TCE reduction, was synthesized 
using a glycine-buffered method [38]. Briefly, 20 mL 0.5 M FeCl2 and 15 
mL 0.1 M FeCl3 solution was injected sequentially into 400 mL O2-free 
glycine/NaCl buffer (~5 g/L glycine, ~15 g/L NaCl) where pH was kept 
constant at 8.0 by a pH-stat (Metrohm, 719 Titrino). Argon (99.995 %) 
was purged into the headspace of the synthesis bottle to maintain an 
anaerobic atmosphere throughout the synthesis process. The resulting 
GR suspension was stirred for another 5 min before it was transferred to 
an anaerobic chamber (95 % N2 and 5 % H2, Coy Laboratories, Michi-
gan, USA), followed by centrifugation (4200 g) and washing with O2- 
free TI water as described previously [5,10]. The separated GR sludge 
was re-suspended in 100 mL O2-free TI water to obtain a GR suspension 
with a final concentration of ~ 6.3 g/L (containing ~ 44 mM FeII in GR). 

2.3. Characterization 

The BC morphology was examined by scanning electron microscopy 
(SEM, Quanta 200, FEI,) and high-resolution transmission electron mi-
croscopy (HR-TEM) using an FEI Tecnai T20 G2 operated at 200 kV. The 
Brunauer–Emmett–Teller (BET)–N2 surface area of BCs was measured 
using an F-Sorb 2400 N2 adsorption instrument (Gold APP Instruments, 
China) using mesoporous carbon black as reference (Sigma-Aldrich). 
The crystalinity of BCs was examined by powder X-ray diffraction (XRD) 
(PANalytical X’Pert Pro MPD, Co Kα radiation (Kα = 1.789 Å)) with 2θ 
ranging from 5◦ to 90◦ (10 s/step, 0.02◦ step size). Raman spectra were 
recorded at room temperature using Nd-YAG laser radiation as excita-
tion source (Bruker FRA 106/S spectrometer). X-ray photoelectron 
spectroscopy (XPS) with monochromatic Al-K radiation (300 W) was 
used to determine the surface elemental composition; peak deconvolu-
tion was performed using Thermo Advantage 5.52 software. 

The electron exchange capacity (EEC), i.e. the sum of electron 
accepting and donating capacity (EAC, EDC), was quantified by medi-
ated electrochemical reduction (MER) and oxidation (MEO), separately 
(Fig. SI. 1) [15]. The experimental set-up included a 9 mL glassy carbon 
cylinder as a working electrode, a Ag/AgCl electrode as a reference 
electrode and a platinum wire with a porous glass frit as a counter 
electrode. Applied potentials of + 0.61 V and − 0.49 V vs SHE were used 
for MER and MEO, respectively, with ZiV and ABTS as an electron 
mediator, respecitvely. Different amounts of biochar suspension were 
spiked into the electrolyte, and the current response was recorded and 
integrated and plotted versus the mass of biochar to estimate the EAC or 
EDC per mass of biochar (Text SI. 4). 

The adsorption of TCE to BCs was determined by sorption isotherm 
experiments. Briefly, a certain volume of TCE stock solution (4 mM in 
methanol) was spiked into 10 mL headspace vials containing 5 mL 1.2 g/ 
L BC suspension to obtain different TCE initial concentrations in the vials 
(3 to 60 μM). These vials were shaken on an orbital shaker for 48 h at 
room temperature before measured on a gas chromatography with a 
dual electron capture detector and flame ionization detector (GC-ECD/ 
FID; Trace1300, Thermoscientific). For each measurement, 200 µL 
headspace in the vial was withdrawn by a headspace autosampler (HS; 
Triplus300, Thermoscientific); the samples were sacrificed after mea-
surement. For further details on the analytical methods can be found in 
our previous study [10]. Adsorption data were fitted with the Freundlich 
model in OriginPro 9.1 (Text SI. 7). 

2.4. Kinetics of TCE dechlorination 

The rate of TCE reduction by GR in the presence of the BCs was 
quantified using batch experiments [10]. In short, 0.6 mL of BC sus-
pension (10 g/L), 2.5 mL GR suspension (6.3 g/L), and 1.9 mL O2 free TI 
water were mixed in a 10 mL headspace vial, which was then amended 
with 25 μL TCE stock solution (4 mM in methanol). The vials were then 
immediately sealed with PTFE/Silicone septa (20 mm, ML33176, 

Mikrolab, Denmark) by crimping. The final reaction suspensions con-
tained 3.2 g/L GR, 1.2 g/L BC, with ~ 0.1 µmol TCE. The vials were 
placed on an orbital shaker outside the glove box at room temperature, 
and shaken at 300 rpm. At certain time intervals during a period of 7 
days, duplicate or triplicate samples were measured on the HS-GC-FID/ 
ECD as mentioned above for quantification of TCE and reduction 
products [5]. 

Separate experiments were carried out to investigate the effects of 
initial TCE concentrations and BC concentrations on the rate of TCE 
reduction. The preparation procedures were similar to that described 
above. Different initial TCE concentrations in the reaction vials was 
obtained by spiking 0.05, 0.1, and 0.15 μmol TCE into the vials in the 
respective experiments where GR and BC concentration remained con-
stant at 3.2 and 1.2 g/L, respectively. Four different BC concentrations of 
0.3, 0.6, 1.2, and 2.4 g/L were tested, with a constant GR concentration 
of 3.2 g/L and an initial TCE mass of 0.1 μmol (Text SI. 5). 

2.5. Data treatment 

Data of TCE removal was fitted with a pseudo-first-order kinetic 
model (Eq. (1)) using OriginPro 9.1: 

CTCE(t)

CTCE(0)
= e− kappt (1)  

where CTCE (t) and CTCE (0) are the TCE concentrations at time t and time 
zero, and kapp (h− 1) is the first-order constant, refering to the apparent 
TCE removal rate. 

Similarly, the acetylene formation data were also fitted with the 
pseudo-first-order kinetic model (Eq. (2)). 

Cacetylene(t)

CTCE(active)
= 1 − e− kt (2)  

where Cacetylene (t) and CTCE (active) are the acetylene concentration at 
time t and the maximum concentration of active TCE (detailed expla-
nation in 3.3.1), and k is the first-order constant for TCE reduction. 

The correlation between different parameters was analyzed by IBM 
SPSS Statistics 27. Non-parametrical correlation analysis (Spearman’s 
correlation) was carried out at a significance level of 0.05 (two-tailed) 
since not all BC data were normally distributed. 

3. Results 

3.1. Physicochemical properties 

Yield of BC after pyrolysis and acid washing was 28.8 % for Raw-BC, 
and 19.7 ~ 28.5 % for the chemical amended BCs. Only approx. 10 % 
(by mass) of the amended elements were retained in the BCs (Table. SI. 
1). The doping efficiency of each element varied depending on the 
doping mechanism, thermal stability and solubility of the amendments. 
For instance, urea and sodium dodecyl sulfate decompose at high tem-
perature causing gaseous losses of N and S, while doping with metal salts 
leads to high amounts of soluble metal ions during acid washing. 
Nevertheless, compared to the Raw-BC, the content of N and S in N-BC 
and S-BC increased by 6 ~ 7 times to 4.63 % and 1.42 % (by mass), 
respectively. The content of the transition metals and alkali/alkaline 
earth metals in the amended BCs varied from 0.42 to 2.91 %, which are 
30 ~ 100 times higher (except for Ca-BC) than for Raw-BC (Table 1). 
EDS elemental mapping showed that all the amended elements were 
evenly distributed without noticeable agglomeration (Fig SI. 2). 

The N-BC and S-BC exhibited a less porous structure compared with 
Raw-BC as seen from SEM images (Fig. 1). Correspondingly, N- and S-BC 
presented a smaller SSA (0.23 and 8.47 m2/g, respectively) than Raw-BC 
(25.8 m2/g). The Mn- and Fe- amendments resulted in BCs with a more 
fragmented structure, while larger particles were seen with Ca- and Na- 
amendments. These observations are consistent to the change of SSA: a 
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marked increase was seen for Mn-BC (56.1 m2/g) and Fe-BC (47.3 m2/g) 
compared with Raw-BC, while Ca- and Na-amendments caused SSA 
decreases to 10.6 m2/g and 1.01 m2/g, respectively (Fig. 1A). 

All BCs showed similar XRD patterns with two broad peaks at approx. 
28.2◦ and 51.5◦, representing the (0 02) and (101) planes of graphite 
(PDF#41–1487; Fig. SI. 5). It is noteworthy that the (0 0 2) reflection of 
N-BC and Ca-BC slightly shifted towards higher angles, reflecting a 
smaller distance between stacked graphite layers. Apart from graphite 
reflections, small sharp peaks at ~ 40◦ and ~ 60◦ were also detected in 
Mn-BC and Fe-BC, which are attributed to traces of manganosite MnO 
(PDF # 04–0326) and maghemite γ-Fe2O3 (PDF # 40–1139) (Fig. SI. 6). 
The distinct peaks for Na-BC are attributed to NaCl (PDF# 05–0628) 
trapped within the biochar. 

The defects of the graphitic structure caused by non-sp2 hybridized 
carbon can be identified by Raman spectroscopy (Fig. SI. 5) [39–41]. 
The Raman spectra were deconvoluted into five peaks including trans-
polyacetylene (TPA) (~1200 cm− 1), D (~1351 cm− 1), A (~1503 cm− 1), 
G (1589 cm− 1) and D’ (1620 cm− 1) bands [42–44]. A lower intensity 
ratio of the D and G bands (ID/IG) represents a higher degree of graph-
itization with fewer defects [45], while a higher intensity ratio of the A 
and G bands (IA/IG) infers a higher fraction of amorphous carbon [42]. 
Raw-BC exhibited the lowest ratios of both ID/IG and IA/IG (1.01 and 

Table 1 
Elemental composition (mass %) of raw and chemically amended BCs.  

% Raw- 
BC 

N-BC S-BC Mn- 
BC 

Fe- 
BC 

Ca- 
BC 

Na- 
BC 

C  83.86  79.93  76.77  77.88  78.37  70.69  77.51 
H  0.77  1.04  1.02  0.97  0.65  1.08  0.93 
O  6.89  9.29  11.81  9.87  7.62  10.19  8.68 
N  0.80  4.65  1.10  0.84  0.48  0.63  0.99 
S  0.18  0.20  1.42  0.36  0.30  0.00  0.21 
Mn  0.01  0.02  0.01  1.18  0.00  0.01  0.02 
Fe  0.02  0.07  0.02  0.02  2.91  0.02  0.02 
Ca  0.47  0.64  0.22  0.06  0.04  0.42  0.16 
Na  0.03  0.15  0.79  0.04  0.09  0.08  1.08 
Recovery 

a  
93.0  96.0  93.2  91.2  90.5  83.1  89.6  

a Recovery is calculated by the sum of all the measured elements shown in the 
table. The full elemental analysis is shown in Table. SI. 3. 

Fig. 1. Specific surface areas and SEM micrographs for BCs with different amendments.  

H. Ma et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 428 (2022) 132496

5

0.46), and ID/IG and IA/IG increased ranging from 1.30 to 1.41 and 0.69 
to 0.79 for the chemically amended BCs (Fig. 2B). However, the varia-
tion of the ID/IG and IA/IG ratios among different amended BCs was 
small, with < 30 % deviation from Raw-BC, implying that the type of 
chemical amendments only had a limited effect on the degree of 
graphitization. 

The EEC of Raw-BC was 0.57 mmol e-/g, and the value varied be-
tween 0.38 mmol e-/g for N-BC to 0.71 mmol e-/g for Fe-BC (Fig. 2 C). 
Specifically, an increase in EEC was seen for BC amended with the 
transition metals, i.e., Fe-BC and Mn-BC, while N-BC and Na-BC 
exhibited the lowest EEC. The surface chemical speciation analyzed by 
XPS showed that C in the BCs can be distributed to C–C/C=C (284.8 eV), 
-C-O(H) (285.6 eV), >C=O (287.0 eV), -COOH (289.3 eV), and a sat-
ellite structure (shake-up satellite caused by π-π* transition) (~291.7 
eV) (Fig. SI. 7). The C–C/C=C component is dominant in all chars, which 
is attributed to sp2-hybridized C in graphite-type structures (Fig. 2 D). 
However, N-BC exhibited a relative low C–C/C=C component and 
relative high proportion of -C-O(H) (Fig. 2D). In comparison, BCs 
amended with other elements showed a higher C–C/C=C content and a 
lower -C-O(H) content compared with Raw-BC. The quinoid groups 
(>C=O) showed limited changes after chemical amendment (Fig. 2D). 
Although N-BC exhibited the highest >C=O content among all the 
amended BCs (10.5 %), it was only 1.4 % higher than in Raw-BC 
[46–49]. Additionally, pyridinic and quaternary N (or graphitic N), 
pyrrolic and pyridine-N-oxide (Fig. SI. 8A) were identified in N-BC, and 
thiophene sulfur and/or sulphide bridges were identified in S-BC 
(Fig. SI. 8B). 

3.2. TCE adsorption 

TCE adsorption isotherms were well fitted by the Freundlich model 
for all BCs. In general, amending BC with N, Na and Ca decreased BC 
adsorption affinity (expressed by KF) compared with Raw-BC, and N-BC 
showed the lowest adsorption affinity, which was approximately 10 
times lower than Raw-BC (Table 2). In contrast, the TCE adsorption 
affinity for Mn-BC and Fe-BC increased by 2 ~ 4 times compared with 
Raw-BC (Table 2), with Fe-BC showing the highest KF. It is worthy 
mentioning that the biochar adsorption affinity to TCE was found 
positively correlated with SSA (r = 0.857, p < 0.05) (Fig. 2A). 

3.3. Catalytic reactivity 

3.3.1. TCE dechlorination - kinetics and products 
No product formation or TCE removal was seen in reactions with GR 

alone, and no products were detected with BCs alone either [5]. Acet-
ylene was identified as the major reduction product in all reactions with 
GR and BCs together, except for N-BC which had a small amount of cis- 

Fig. 2. Graphite crystallinity, elemental speciation and electron mediation capacity of BC. (A) The FWHM (full width at half maximum) of (002) and (101) graphite 
reflections in the XRD patterns of BCs (full XRD patterns are shown in Fig. SI. 6); (B) The ID/IG and IA/IG ratios of BCs derived from Raman spectra (Fig. SI. 5); (C) The 
measured EAC and EDC of all BCs; (D) Relative C speciation of BCs based on C1s XPS analysis (Fig. SI. 7). 

Table 2 
Adsorption isotherm coefficients derived from Freundlich fitting of adsorption 
data.    

Raw- 
BC 

N- 
BC 

S- 
BC 

Mn- 
BC 

Fe- 
BC 

Ca- 
BC 

Na- 
BC 

Coefficients of 
Freundlich 
parameters 

KF  4.00  0.43  4.13  7.73  15.42  1.87  0.70 
1/ 
n  

0.45  0.53  0.50  0.44  0.54  0.36  0.54 

R2  0.97  0.94  0.99  0.99  0.99  0.94  0.99  
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DCE produced amounting to < 10 % of total products (Fig. 3 B-H). 
The kapp based on Eq. (1) was used to estimate the apparent TCE 

removal rate. Fast TCE removal was observed in all the reactions with 
GR and BCs (Fig. 3B-H). Specifically, the TCE concentration dropped 
dramatically within the first h in presence of Raw-BC, resulting in a TCE 
removal rate constant kapp of 1.3 h− 1. The kapp of BCs varied significantly 

with amendments, ranging from 0.19 h− 1 for N-BC to 5.1 h− 1 for Mn-BC 
(Fig. 3 A). 

However, both TCE reduction and adsorption contributed to the 
apparent TCE removal, and thus kapp express both TCE adsorption and 
reduction. In order to measure the “true” reactivity in terms of TCE 
reduction, we introduce the reduced fraction (αTCE reduced) and the 

Fig. 3. Kinetics of TCE removal and products formation in the BC catalyzed TCE reduction by GR. (A): Summary of first-order kinetic rate constants for TCE reduction 
(k, left y-axis) and removal (kapp, right y-axis) by different BCs, with error bars representing the standard error of first-order kinetic fitting (Fig. SI. 14); (B-H): TCE 
and products mass balance in the TCE reduction reaction using GR (3.2 g/L) and RAW-BC, N-BC, Mn-BC, S-BC, Ca-BC, Fe-BC, and Na-BC (0.6 g/L). The initial TCE 
dose (nTCE (0)) was 0.1 µmol in the reaction. Error bars represent standard deviation of triplicates or duplicates. The full lines represent first-order fitting of TCE 
removal (kapp, Eq. (1) and acetylene formation (= TCE reduction). The k was obtained by fitting the acetylene production with Eq. (2), and the fitting result is shown 
in Fig. SI. 14. 
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adsorbed fraction (αTCE adsorbed): 

αTCE adsorbed =
nTCE adsorbed(eq)

nTCE(0)
× 100%

=
nTCE(0) − nTCE remained(eq) − nacetylene(eq)

nTCE(0)
× 100% (3)  

αTCE reduced =
nacetylene(eq)

nTCE(0)
× 100% (4)  

where nTCE (0) refers to the amount (in mole) of TCE added to the vials, 
and nTCE adsorbed (eq), nacetylene (eq) and nTCE remained (eq) refer to the 
amount of TCE adsorbed on BC, acetylene produced (assumed to equal 
the amount of TCE reduced as acetylene is the major product), and the 
TCE remaining in reactor at equlibrium. In most cases, TCE removal and 
acetylene production reached a plateau after 48 h, which was considered 
as equilibrium. The average of the data measured between day 2 and day 
7 were used to calculate nTCE adsorbed (eq), nTCE remained (eq) and nacetylene 

(eq). 
Given that BC possesses both adsorptive and catalytic properties, and 

that a significant fraction of TCE was adsorbed without further reaction 
(Fig. 3B-H), only the fraction of TCE that was not immobilized by 
adsorption on BC should be regarded as active for the reduction 

reaction. Therefore, the rate of acetylene formation was used as a 
measure of TCE dechlorination (i.e., the “true” BC reactivity) , and the 
pseudo-first order kinetic model (Eq. (2)) for fitting acetylene formation 
was modified using the amont of “active” TCE for reduction, which was 
calculated by substracting the adsorbed portion of TCE from the initially 
added TCE (Eq. (5)). 

nTCE active = nTCE(0)*(1 − αTCE adsorbed) (5)  

where nTCE active corresponding to the maximum acetylene produced, 
was determined by the average (from day 2 to day 7) of TCE that is not 
adsorbed on BC. 

Based on acetylene formation rate, BC reactivity for TCE reduction 
markedly increased for N-BC and S-BC, with k increased by 3.5 and 2.5 
times to 0.14 and 0.10 h− 1, respectively, compared to 0.04 h− 1 for Raw- 
BC. Although the transition metal and alkali/alkline earth metal 
amendments resulted in different structure changes of BCs to the 
structure, SSA and kapp, the reactivity k was only little affected with < 30 
% increase of k compared with Raw-BC (Fig. 3A). 

Less than 10 % of TCE was reduced (αTCE reduced) using Raw-BC, and 
~ 90 % of TCE was adsorbed (αTCE adsorbed). In comparison, the most 
reactive N-BC showed that ~ 70 % of TCE was reduction and 20 % was 
adsorbed. S-BC also exhibited a high reduction rate k but only ~ 10 % of 

Fig. 4. Distribution of TCE in different phases at end of the reaction (left y-axis), and rate constants for acetylene formation (k, right y-axis) as a function of initial 
TCE dose (0.05, 0.10 and 0.15 μmol at a constant BC dosage of 1.2 g/L and GR of 3.2 g/L, and as a function of BC dosage (0.3, 0.6, 1.2 and 2.4 g/L of BC, with a 
constant initial TCE mass of 0.10 μmol and 3.2 g/L GR) using N-BC (A, B), Mn-BC (C, D), and Ca-BC (E, F). The error bars on each TCE fraction represents the standard 
deviation of data obtained from day 2 to 7 where the reactions were regarded as equilibriated, and error bars of k value represent the standard error of the first-order 
kinetic fitting (Fig. SI. 15 and Fig. SI. 16). 
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TCE was reduced, with about 80 % of TCE adsorbed. For Fe-BC and Mn- 
BC showing the strongest sorption affinities, almost all TCE was adsor-
bed within the first hour, followed by reduction of ~ 10 to 30 % of the 
adsorbed TCE. The fraction of reduced TCE at the end of the reactions 
with Ca- and Na-BCs ranged from 10 to 30 %, with the remaining 
fraction of TCE ascribed to adsorption. 

To understand the adsorption/reduction behavior of different BCs, 
one BC from each of the chemical amendment groups (N-BC, Mn-BC, and 
Ca-BC) was selected and applied in the following study of the effect of 
TCE and BC dosage. 

3.3.2. Biochar reactivity with variable TCE and BC dosage 
The fractions of TCE that was reduced (αTCE reduced) and adsorbed 

(αTCE adsorbed) at equilibium varied with the initial TCE mass, and the 
variation depended on the specific BC applied. With N-BC, ~ 30 % of 
TCE was reduced when 0.05 µmol TCE was added, and the value 
increased to ~ 70 % when the initial TCE mass increased to 0.15 µmol; 
accordingly, the fraction of adsorbed TCE decreased from ~ 40 % to ~ 
20 % (Fig. 4 A). TCE adsorption was dominant in the reactions with Mn- 
BC and Ca-BC, making up ≥ 70 % of TCE removal regardless of initial 
TCE mass; ~ 30 % of TCE was reduced at the end of the reactions (Fig. 4 
E, C). However, with initial TCE mass increasing from 0.05 to 0.15 µmol, 
the TCE dechlorination rate constant k did not change significantly for 
any of the tested BCs (Fig. 4. A). 

High BC doses resulted in a high fraction of TCE adsorbed to the BCs 
and influenced the fraction of TCE reduced, especially for N-BC. Spe-
cifically, only ~ 25 % of TCE was reduced at the end of the reaction with 
0.3 g/L N-BC, but the value increased to ~ 55 % when 0.6 g/L N-BC was 
applied; with the BC concentration increasing further to 2.4 g/L, a 
maximum of 70 % of TCE was reduced. The fraction of TCE adsorbed 
was only 20 % at the low N-BC dosage (≤ 0.6 g/L), and increased to 30 % 
at the highest dose (Fig. 4 B). The Ca-BC showed a similar pattern as the 
N-BC in terms of the reduced and adsorbed fractions as a function of BC 
dosage, but a much smaller propotion of TCE (< 30 %) was reduced 
while a high fraction of TCE was adsorbed (< 80 %; Fig. 4 F). For Mn-BC, 
~ 20 to ~ 30 % of TCE was reduced regardless of BC dosage, and ~ 70 % 
of TCE removal was due to adsorption (Fig. 4 D). 

Compared with the intial TCE dosage, the BC dosage posed a more 
noticeable impact on the TCE reduction rate, and a significant increase 
in k was observed for all three BCs when increasing BC dosages from 0.6 
g/L to 2.4 g/L. Specifically, k increased approximately 2 times from 
0.045 to 0.072 h− 1 when the N-BC dosage increased from 0.3 g/L to 0.6 
g/L, and again doubled when the BC dosage further increaseed to 1.2 g/ 
L (k = 0.14 h− 1), but then levelled off at 0.12 h− 1 when 2.4 g/L BC was 
added. Similarly, k gradually increased from 0.040 to 0.090 h− 1 with Ca- 
BC dosage increasing in the same range. However, the increase of k was 
< 30 % in tests with Mn-BC under the same conditions, varying in a 
limited range from 0.038 to 0.050 h− 1. 

4. Discussion 

4.1. Biochar physiochemical properties and critical variables for 
dechlorination 

The physiochemical properties of the biochar were clearly altered by 
the chemical amendments but in different ways. Nonmetal and alkali/ 
alkaline earth metal amendments reduced biochar SSA, whereas the 
biochar amended with transition metals exhibited an increased SSA 
(Fig. 1A). The amendments also resulted in very different adsorption 
affinities for TCE, which can be partly explained by the modification of 
the pore structures and SSA during pyrolysis, as a significant correlation 
was observed between the TCE adsorption affinity KF and SSA (r =
0.857, p < 0.05). A significant correlation between KF and TCE removal 
rate constant kapp was also observed (r = 0.821, p < 0.05). However, 
neither KF nor SSA was correlated with the TCE dechlorination rate 
constant k, implying that the different TCE removal rates in the GR-BC 

systems could be mainly attributed to different adsorption affinities of 
the BCs, which however had little impact on TCE dechlorination 
reactivity. 

Quinoid groups have often been identifed as critical functional 
groups in biochar mediated redox processes, and hence, higher content 
of quinoid functional groups was expected to correlate with higher 
reactivity [15,50]. However, biochars with different chemical amend-
ments showed a very similar content of quinoid groups, varying from 9.1 
% to 10.5 %, and the quinoid content of the most reactive N-BC was only 
1.4 % higher than that of Raw-BC. Hence, we cannot ascribe the 
enhanced reactivity by chemical amendments to the increased content 
of quinone functional groups alone. 

Biochars with N and S amendments showed a marked increase of 
reactivity by a factor 3.5 and 2.5 compared to Raw-BC. It has been re-
ported that introduction of heteroatoms in the carbon matrix may 
generate defects in the graphitic structure, which then may serve as 
active sites for redox reactions [21]. In comparison, transition metal and 
alkali/alkaline earth amendments increased the BC reactivity < 30 % 
compared with Raw-BC, and hence had minor effect on reactivity, 
although they increased SSA and the TCE adsorption affinity. The degree 
of graphitization has also been proposed to play a key role in biochar 
mediated redox reactions as graphitic structures facilitate electron 
conduction [10]. However, the degree of graphitization of all the tested 
BCs was barely affected by the chemical amendments. Hence, the dif-
ference in reactivity cannot be explained by the variation of extent of 
graphitization of BCs. 

4.2. Reactive sites and dechlorination kinetics 

For the BC-mediated TCE reduction, excessive GR serves as reduc-
tant, BC as a catalyst, and TCE as the oxidant [10]. Based on the pseudo- 
first-order kinetics (Eq. (2)), the reaction rate should only depend on 
CTCE active (μmol/L) with reaction rate constant k. The reaction rate 
constant k should be independent with reactant concentration, and as 
we observed, the k was almost invariant of the initial TCE concentration 
CTCE (Fig. 4 A, C, E). However, when the BC concentration was 
increased, k increased (Fig. 4 B, D, F). This demonstrates that BC is also a 
rate-limiting factor. BC provides reactive sites for electron transfer 
mediation, and clearly, the concentration of reactive sites which changes 
with the biochar dosage should be included in the rate equation as 
another variable. Therefore, a preliminary second-order-kinetic model is 
proposed (Eq. (6)) to describe the TCE reduction rate affected by both 
the active TCE and reactive sites concentrations, and the reaction rate 
constant k0 would then reflect the BC intrinsic reactivity which is in-
dependent with the BC dose. Acetylene formation within the first hour of 
reaction was used to determine the initial reaction rate (r1h) (Eq. (7)). 
The CTCE active was calculated as discussed in 3.3.1 by Eq. (5). The EAC 
measured by MER is here used as a proxy for Creactive sites (mmol e-/L)(Eq. 
(8)). 

r1h = k0* CTCE active* Creactive sites (6)  

r1h = ΔCTCE reduced/Δt = (nTCE initial − nTCE(1h))/VΔt =
(
nacetylene/V

)
/Δt

(7)  

Creactive sites = EAC*[BC]dose/V (8) 

In the variable TCE dose experiments, the CTCE active varied with the 
initial TCE dose. After plotting r1h versus CTCE active (Fig. 4A, C, E), a 
linear correlation was seen (Fig. 5A). The slope obtained is k0 * Creactive 

sites according to Eq. (6), and with a known value of Creactive sites from EAC 
(mmol e-/g char) of each biochar (Fig. 2C), the k0 value estimated for N- 
BC, Mn-BC, and Ca-BC were 0.209, 0.092, and 0.089 L/(μmol e- h), 
respectively. The N-BC exhibited a k0 at least 2-fold higher than Mn-BC 
and Ca-BC, suggesting a higher intrinsic catalytic reactivity of N-BC, 
which is consistent with the BC reactivity discussed in 4.1, and further 
suggests that the heteroatom N is critical for enhancing the intrinsic 
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reactivity of BC. 
Based on the second-order kinetic model discussed above, these k0 

values are expected to be independent of catalyst dosage and reflect the 
intrinsic property of BCs. In the BC dose experiment, both CTCE active and 
Creactive sites changed with different BC dose. To validate this model, r1h 
was first predicted by applying k0 with the different CTCE active and 
Creactive sites, and the predicted results were further compared with the 
experimental results calculated based on the acetylene production (Eq. 
(7)). The comparison showed that the predicted r1h were close to the 
experimental r1h at a BC dosage up to 1.2 g/L (Fig. 5 B), confirming the 
second-order kinetic model, and thus that the TCE reduction rate is 
determined by both CTCE active and Creactive sites. However, a marked 
overestimation was seen for N-BC and Mn-BC at the highest BC dose. 
One explanation for the overestimation is that BC particles tend to 
aggregate to a larger extent at higher BC concentrations, which may lead 
to a lower Creactive sites than the estimate based on EAC. 

The above analysis demonstrates that the reactive BC site concen-
tration (Creactive sites) and the available TCE concentraton (CTCE active) are 
critcial for controlling the reduction rate as verified by the second-order 
kinetic model. Additionally, TCE adsorption is also pointed out as a 
determining factor for the extent of reduction as it controls the fraction 
of TCE available (CTCE active) for reaction (Eq. (5)). 

Recall the effects of different BC dosages on the reactivity and TCE 
adsorption: for N-BC with the lowest adsorption affinity to TCE, the TCE 
reduction rate constant (k) continuously doubled when N-BC dosage 
increased from 0.3, 0.6 to 1.2 g/L, and only levelled off at 2.4 g/L; 
meanwhile, the fraction of adsorbed TCE rised from 20 % to 30 % at the 
highest BC dose (Fig. 3B). For Mn-BC which has the highest TCE 
adsorption affinity among all amended BCs, nearly all of TCE was 

adsorbed to BC within the first hour of the reaction even at the lowest BC 
dosage (0.6 g/L; Fig. SI. 14). With increasing extent of reaction, ~ 30 % 
of adsorbed TCE was gradually converted into acetylene while ~ 70 % of 
TCE remained adsorbed. However, the reduction rate constant k hardly 
increased with the BC dosage. This difference in adsorption/reduction 
behavior between N-BC and Mn-BC is probably because of the very 
different TCE adsorption affinities. For N-BC, the reaction rate constant k 
increased with BC dose due to the increase of Creactive sites. However, for 
the highly adsorptive Mn-BC, all TCE was adsorbed to BC immediately, 
making the TCE inaccessible for reaction to reactive sites. For Ca-BC 
with moderate adsorption affinity, the TCE reduction rate constant k 
gradually increased by a factor of 2 with increasing Ca-BC dosage. The 
increase of k with BC dosage is generally inversely related to TCE 
adsorption affinity for BC, implying a competition between adsorption 
and reduction. 

With a noticeable fraction of TCE remained at the end of reaction due 
to adsorption, we propose a conceptual model of the biochar surface 
comprised of reactive sites and inreactive adsorptive surfaces (Fig. 6). 
TCE dechlorination takes place on reactive sites, which is associated 
with redox-active functional groups/structures as they can mediate 
electron transfer, and only the fraction of TCE that has access to the 
reactive sites (i.e., CTCE active in the second-order kinetic model, section 
4.2) can be reduced. On the other hand, the fraction of TCE that strongly 
adsorbs to the inreactive surfaces is assumed to be immobilized at BC 
surfaces, which are not in reach of electrons transferred from GR, and 
thus no reduction takes place at these surfaces. Due to the co-existence of 
the reactive sites and inreactive surfaces, reduction and adsorption 
would compete for TCE, and thus the observed reduction rate is a result 
of the interplay between reduction and adsorption. 

Fig. 5. The initial reaction rate (r1h) in the second-order kinetic model calculated based on acetylene formation rate within the first hour of the reaction (calculated 
from Eq. (7)) as a function of the concentration of TCE available for dechlorination CTCE active (calculated from Eq. (5)) and BC reactive site concentrations Creactive sites 
(Eq. (8)). (A) Correlation between CTCE active and r1h according to Eq. (6), where the dashed lines refer to linear regressions; (B) Comparison between the predicted r1h 
at different biochar dosages using Eq. (6) and the experimental r1h from Eq. (7); the arrows indicate the difference between the predicted and experimental r1h at the 
highest BC dosage; (C) The SSA normalized EAC (EAC/SSA) and SSA normalized rate constant (k/SSA) for different BCs.; (D) Correlation between SSA normalized 
EAC and SSA normalized reaction rate constants; TCE reduction and adsorption. 
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With this conceptual model, the increase of inreactive adsorptive 
surface, namely, the increase of SSA without a proportional increase of 
reactive sites, may only favor TCE adsorption instead of reduction. To 
verify this hypothesis, the reactive site density (reactive sites per unit 
surface area) of BCs was calculated by normalizing EAC by its corre-
sponding SSA. The highest reactive site density is seen for the most 
reactive BC (N-BC), meaning that there is a high probability for TCE to 
access the reactive sites and then to be reduced, while only a small 
fraction of TCE would be trapped by the inreactive adsorptive surfaces 
(Fig. 6 A). In contrast, Mn-BC with a large surface area results in a low 
reactive site density (~150 times lower than N-BC). Thus, the reactive 
sites are less likely accessed by TCE, i.e., only a small fraction of TCE is 
reduced, and a large fraction would be allocated to the inreactive 
adsorptive surfaces without reduction (Fig. 6 B). A strong correlation 
between the reactive site density and the SSA-normalized TCE dechlo-
rination rate constant was observed (r = 0.964, p < 0.05; Fig. 5 D), 
which further verifies our conceptual model and also underlines that the 
BC catalytic reactivity is closely associated with the reactive site density 
of the BC. 

5. Conclusion 

Biochar physiochemical properties including structure, SSA, EEC, 
and redox reactivity can be altered by chemical amendments. Nonmetal 
element (N and S) doped BCs show the highest rectivity towards TCE 
dechlorination by GR. Transition metals and alkali/alkaline earth metals 
amended BCs have higher SSAs and adsorption affinities for TCE, but 
with little impact on the BC dechlorination reactivity compared to Raw- 
BC. A conceptual model of reactive sites and inreactive adsorptive sur-
faces on BC is presented highlighting that adsorption of TCE to inreac-
tive surfaces reduces the fraction of TCE available for dechlorination and 

hence the rate and extent of dechlorination. The reactive site density is 
pointed out as a critical factor controlling the BC catalytic reactivity. It is 
demonstrated that the rate of dechlorination is a function of both the 
fraction of “active” TCE and the BC reactive site density which may be 
formulated as a second-order-reaction with a rate constant k0 repre-
senting the intrinsic reactivity of the BCs. Thus the highest k0 for N-BC 
among all the chemically amended BCs demonstrates the N-BC as a 
superior catalyst for TCE dechlorination. Chemical amendments that 
increase BC SSA may come with risks of enlarging the fraction of 
inreactive surfaces on BC and in turn immobilizing a high proportion of 
TCE without further reduction. This study provides practical guidance 
for designing biochars with desired catalytic activity and optimizing 
biochar properties. 
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Fig. 6. A conceptual model of reactive sites and inreactive adsorptive surfaces on BC for reaction with TCE. (A) N-BC type of BC with high reactive site density, where 
a large fraction of TCE is reduced by the reactive sites. (B) Mn-BC type of BC with low reactive site density but large adsorptive SSA, where a large fraction of TCE 
adsorbs to inreactive surfaces and does not access to reactive sites for dechlorination reaction. 
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[25] Y. Yuan, N. Bolan, A. Prévoteau, M. Vithanage, J.K. Biswas, Y.S. Ok, H. Wang, 
Applications of biochar in redox-mediated reactions, Bioresour. Technol. 246 
(2017) 271–281. 

[26] S. Joseph, E.R. Graber, C. Chia, P. Munroe, S. Donne, T. Thomas, S. Nielsen, 
C. Marjo, H. Rutlidge, G.X. Pan, L. Li, P. Taylor, A. Rawal, J. Hook, Shifting 

paradigms: development of high-efficiency biochar fertilizers based on nano- 
structures and soluble components, Carbon Management 4 (2013) 323–343. 

[27] Z. Wan, Y. Sun, D.C.W. Tsang, D. Hou, X. Cao, S. Zhang, B. Gao, Y.S. Ok, 
Sustainable remediation with an electroactive biochar system: mechanisms and 
perspectives, Green Chemistry 22 (9) (2020) 2688–2711. 

[28] D. Zhong, Y. Zhang, L. Wang, J. Chen, Y. Jiang, D.C.W. Tsang, Z. Zhao, S. Ren, 
Z. Liu, J.C. Crittenden, Mechanistic insights into adsorption and reduction of 
hexavalent chromium from water using magnetic biochar composite: Key roles of 
Fe3O4 and persistent free radicals, Environ. Pollut. 243 (2018) 1302–1309. 

[29] H. Wang, W. Guo, R. Yin, J. Du, Q. Wu, H. Luo, B. Liu, F. Sseguya, N. Ren, Biochar- 
induced Fe(III) reduction for persulfate activation in sulfamethoxazole 
degradation: Insight into the electron transfer, radical oxidation and degradation 
pathways, Chem. Eng. J. 362 (2019) 561–569. 

[30] S.W. See, Y.H. Wang, R. Balasubramanian, Contrasting reactive oxygen species and 
transition metal concentrations in combustion aerosols, Environ. Res. 103 (3) 
(2007) 317–324. 

[31] H. Nan, L. Zhao, F. Yang, Y. Liu, Z. Xiao, X. Cao, H. Qiu, Different alkaline minerals 
interacted with biomass carbon during pyrolysis: Which one improved biochar 
carbon sequestration? J. Clean. Prod. 255 (2020), 120162. 

[32] D. Feng, Y. Zhao, Y.u. Zhang, H. Xu, L. Zhang, S. Sun, Catalytic mechanism of ion- 
exchanging alkali and alkaline earth metallic species on biochar reactivity during 
CO2/H2O gasification, Fuel 212 (2018) 523–532. 

[33] A. Gopalakrishnan, T.D. Raju, S. Badhulika, Green synthesis of nitrogen, sulfur-co- 
doped worm-like hierarchical porous carbon derived from ginger for outstanding 
supercapacitor performance, Carbon 168 (2020) 209–219. 

[34] H. Jia, S. Zhao, Y. Shi, L. Zhu, C. Wang, V.K. Sharma, Transformation of Polycyclic 
aromatic hydrocarbons and formation of environmentally persistent free radicals 
on modified montmorillonite: the role of surface metal ions and polycyclic 
aromatic hydrocarbon molecular properties, Environ. Sci. Technol. 52 (2018) 
5725–5733. 

[35] X. Bai, G. Wang, C. Gong, Y. Yu, W. Liu, D. Wang, Co-pelletizing characteristics of 
torrefied wheat straw with peanut shell, Bioresour. Technol. 233 (2017) 373–381. 

[36] B. Wang, D. Li, Strong and optically transparent biocomposites reinforced with 
cellulose nanofibers isolated from peanut shell, Composites Part A: Applied Science 
and Manufacturing 79 (2015) 1–7. 
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