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ABSTRACT: Dehalogenation is one of the most important reactions for eliminating
trace organic pollutants in natural and engineering systems. This study investigated the
dehalogenation of a model organohalogen compound, triclosan (TCS), by aqueous
biochars (a-BCs) (<450 nm). We found that TCS can be anaerobically degraded by
reduced a-BCs with a pseudo first-order degradation rate constant of 0.0011−0.011 h−1.
The 288 h degradation fraction of TCS correlated significantly with the amount of a-BC-
bound electrons (0.055 ± 0.00024 to 0.11 ± 0.0016 mol e−/mol C) available for
donation after 24 h of pre-reduction by Shewanella putrefaciens CN32. Within the
reduction period, the recovery of chlorine based on residual TCS and generated Cl−

ranged from 73.6 to 85.2%, implying that a major fraction of TCS was fully dechlorinated, together with mass spectroscopic analysis
of possible degradation byproducts. Least-squares numerical fitting, accounting for the reactions of hydroquinones/semiquinones in
a-BCs with TCS and byproducts, can simulate the reaction kinetics well (R2 > 0.76) and suggest the first-step dechlorination as the
rate-limiting step among the possible pathways. These results showcased that the reduced a-BCs can reductively degrade
organohalogens with potential applications for wastewater treatment and groundwater remediation. While TCS was used as a model
compound in this study, a-BC-based degradation can be likely applied to a range of redox-sensitive trace organic compounds.

■ INTRODUCTION

Organohalogen compounds, utilized in a variety of industrial
applications, cause persistent harmful effects to ecosystems and
human health.1−5 Their widespread use in solvents, degreasing
agents, biocides, and many other products requires large
volumes to be synthesized.6−8 Once used, organohalogen
compounds are ultimately released into the environment,
raising concerns about the toxicity of these compounds and
their environmental effects.9−13

Most organohalogen compounds are persistent and hard to
degrade; with half-lives of up to 34 years, they pose challenges
for engineering treatment and remediation.14−22 Dehalogena-
tion is the most critical step in the degradation of
organohalogen compounds. Uncovering effective dehalogena-
tion reactions and developing efficient engineering treatment
processes for the degradation of organohalogens are needed for
wastewater treatment as well as remediation of polluted soils
and groundwater.8,23−27

As a potential cost-effective material to be used for
environmental treatment and remediation, biochars have
attracted considerable interest for their application in environ-
mental engineering systems.28−31 The chemical properties of
biochars can enable them to potentially reductively degrade
organic compounds, including organohalogens.32−35 A few
recent studies have shown that bulk biochar particles can
promote the dehalogenation of organohalogens, e.g., tetra-
bromobisphenol A and pentachlorophenol, by mediating the
electron transfer.36,37 However, sorption by bulk biochar
particles may reduce the bioavailability of the compounds and

inhibit their susceptibility to biodegradation, and sorbed
organohalogens can cause long-term concerns due to their
persistence.38−41 Instead, if bulk biochars are mobilized to the
aqueous phase (“a-BCs”), a-BCs potentially could mainly
accelerate the degradation of organohalogens but not affect
their bioavailability. In addition, the reactions between a-BCs
and organohalogens can be controlled by the degree of
reduction of a-BCs. The fully reduced a-BCs may degrade
organohalogens more rapidly or thoroughly as more electrons
are available for donation to the organohalogens. Up to date,
although more and more interest has been given to
characterizations and applications of biochars in the aqueous
phase, such as those nano-sized,42,43 no reported studies have
comprehensively examined the reactions between a-BCs and
organohalogens and unambiguously determined the critical
processes.
Herein, this study aimed to investigate the reaction between

reduced a-BC and organohalogens using triclosan (TCS) as a
model compound. TCS is among the most common
contaminants in surface waters and wastewaters in the United
States due to its widespread usage and remains a problem for
water quality in many regions even after the ban on its primary
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usage.44,45 There are three chlorine atoms in one TCS
molecule, which makes TCS a suitable model compound for
studies regarding the dehalogenation process. The primary
objectives of this study were to (1) investigate the reactions of
TCS with various types of a-BC generated from different
parent materials, including bulk-activated carbon (AC) as a
reference for comparison, (2) study the controlling factors for
the degradation of TCS by a-BC, including the available
electrons for donation, and (3) analyze the byproducts and
pathways for the degradation of TCS by a-BC.

■ METHODS AND MATERIALS
Materials. Triclosan (≥98% purity) was purchased from

Sigma-Aldrich (St. Louis, MO, U.S.A.). The stock solution of
100 mg/L TCS was made in methanol (≥99.9%, Sigma-
Aldrich). Bulk corn biochar was produced by pyrolysis of corn
straw at 200 °C (CBC200) and 400 °C (CBC400). Bulk Swiss
biochar (SW) was bought from Swiss Biochar Saŕl, Switzer-
land. Slashed materials from pinyon pine-juniper wood were
pyrolyzed in steel kilns to prepare the UBCX biochars.46 The
biochar prepared was then sieved through US sieves #28 (600
μm), #35 (425 μm), #48 (300 μm), and #100 (150 μm). The
fractions retained by sieve #28 (>600 μm) and #100 (150−
300 μm) were used for the experiments and named as UBCL
and UBCS, respectively.47 Granular activated carbon (FIL-
TRASORB 400) was purchased from Calgon Carbon (Moon
Township, PA, USA) (Supporting Information, Table S1). All
the other chemicals used in this study were of analytical grade.
The strain Shewanella putrefaciens (S. putrefaciens) CN32 was
kindly donated by Dr. Scott Fendorf of Stanford University.
Preparation and Characterization of a-BCs. To make

the working solutions of a-BCs, bulk biochars (BCs) were
suspended in MilliQ water (18.3 MΩ·cm) with a ratio of 100
mg BC:10 mL MilliQ water. The mixture was shaken
horizontally at 150 rpm for seven days. Then, the mixture
was filtered through a 0.45 μm glass fiber filter to get a-BCs
(<450 nm). The total organic carbon contents in the a-BCs
were measured with a Shimadzu TOC-VCSH (Kyoto, KYT,
Japan). Size fraction analysis of a-BCs was carried out by
centrifuging samples at 3000 g for 15 min with an Amicon
centrifugal filter unit (cutoff molecular size of 3 kDa) (Sigma-
Aldrich, St. Louis, MO), and the total organic carbon content
in fractions smaller than 3 KDa was measured. For
investigating the chemical compositions and their roles in
the degradation of TCS, partial biochar samples were analyzed
with a fusion Orbitrap mass spectrometer (MS) (Thermo
Fisher Scientific, U.S.A.). More detailed information about MS
analysis can be found in the Supporting Information.
Microbial Reduction of a-BC and Electron Transfer.

Aqueous BC was reduced by S. putrefaciens CN32 (108 cells/
mL), dissimilatory metal-reducing bacteria that can reduce a
range of natural organic carbon and biochars, at pH 7 (3 mM
bicarbonate buffer) with H2 in the headspace as the terminal
electron donor, and electron transfer to a-BC was monitored
by the following reactions between reduced a-BC and Fe(III)-
NTA.48,49 Similar to our recent work, the strain CN32 was
grown for 24 h under aerobic conditions in 25 g/L Luria
Bertani (LB) soy broth. Then, cells were harvested by
centrifugation (4500 g, 20 min at 4 °C) and washed twice
with a 3 mM NaHCO3 buffer (pH 7). The washed cells were
re-suspended in an O2-free NaHCO3 buffer (pH 7) and then
reacted with a-BC. After different periods of reduction (up to
72 h), the strain CN32 cells were removed by filtration with

0.2 μm sterilized membranes. The filtrate (1 mL) was reacted
with 0.1 mL of 10 mM Fe(III)-nitriloacetate (NTA) for 1 min.
The resulting Fe(II) was measured as an indicator for the
electrons accepted by a-BC using the ferrozine assay following
previous studies.49 In brief, buffered ferrozine (0.1 mL) was
added to the sample solution (1 mL) for the measurement of
Fe(II)-ferrozine with absorbance at 562 nm. The number of
electrons accepted by a-BC was calculated based on the Fe(II)
concentration. All the experiments were conducted in
triplicate.

Degradation of TCS by Reduced a-BCs. For the
investigation of TCS degradation, a-BCs in 3 mM NaHCO3
buffer (pH 7) were pre-reduced by strain CN32 for 24 h, as
described above. The concentrations of a-BCs used were
determined to be 284.6, 27.3, 9.5, 6.9, 2.8, and 1.2 mg C/L for
CBC200, CBC400, UBCS, UBCL, SW a-BC, and aqueous AC,
respectively (Table S1). After the reduction, the samples were
filtered with 0.2 μm membrane filters to sterilize the reduced
aqueous biochars. The filtered samples were then spiked with 1
mg/L TCS. The filtration with 0.2 um filters reduced the
concentration of aqueous biochars only moderately (by 16%)
for CBC200, which is determined to be minimally reactive and
not the focus for most of reaction analysis, and minimally for
other samples (<6%). Samples of pre-reduced a-BC spiked
with TCS were enclosed in glass vials with thick butyl rubber
septa with a headspace of mixed H2/N2 (3.5%/96.5%) in an
anaerobic glove chamber (COY, Grass Lake, MI) and then
incubated in the dark on a rotary shaker (150 rpm) at 25 °C.
After different reaction intervals within 288 h, triplicate
samples were sacrificed for the analysis of TCS. Three different
controls were used (Table S2). (1) aerobic control: TCS was
reacted with unreduced a-BC under aerobic conditions with
ambient air in the headspace during the reaction; (2)
anaerobic control: TCS was incubated with unreduced a-BC
under the same anaerobic conditions as in the experiment; and
(3) bacteria control: TCS was incubated with only the filtrate
of the bacterial cell solution used to reduce a-BC under the
same anaerobic protocol as in the experiment. Additional
experiments were also conducted to examine the impact of the
a-BC concentration (as half and one-third of the original
working solution of a-BCs) on the degradation of TCS. For the
most reactive a-BC samples (CBC400 and SW), the impact of
different pre-reduction periods were analyzed by reacting a-
BCs pre-reduced in different periods (6 and 12 h) with TCS.

Analysis of TCS. For the analysis of TCS, the samples were
passed through 0.2 μm glass fiber filters. Filtered samples were
analyzed using high-performance liquid chromatography
(HPLC, Agilent Technologies 1260, Folsom, CA, U.S.A.)
equipped with a C18 column (5 μm, 4.6 × 150 mm). TCS was
analyzed by detecting the UV absorbance at 284 nm. The
mobile phase was 78:22 (v/v) of methanol and MilliQ water
with a flow rate of 1 mL/min. The standard curve was
established for TCS with concentrations ranging from 100 to
1000 μg/L (Figure S1).

Analysis of Cl−. To determine the quantity of Cl−

generated during the degradation of TCS, Cl− was measured
using the mercuric thiocyanate method (EPA Method 8113)
with a DR 6000 laboratory spectrophotometer.50,51 Samples
(10 mL) were mixed with mercuric thiocyanate solution (0.8
mL) and Fe(III) solution (0.4 mL) and remained static for 2
min after vigorous mixing. The generated orange ferric
thiocyanate complex, an index for the amount of Cl−, was
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measured by analysis of UV absorption at 455 nm with a
detection limit of 0.045 mg/L.
Byproduct Analysis. Standard compounds of 5-chloro-2-

(4-chlorophenoxy)phenol (CCPP) (with one-chlorine removal
from TCS) and 5-chloro-2-(phenoxy)phenol (CPP) (with
two-chlorine removal from TCS) were donated by Dr.
Kristopher McNeill and Dr. Jennifer Apell of the Swiss Federal
Institute of Technology. The sample was collected during the
sacrifice of samples for the identification of TCS at various
time points of analysis and was used for LC/MS analysis. The
samples were analyzed by an Agilent 1260 Infinity HPLC with
a 6230 accurate mass time-of-flight mass spectrometry (LC-
TOFMS) system equipped with a Poroshell 120 EC−C18
column (2.1 × 150 mm, 2.7 μm) at 10 μL of the injection
volume. The eluent consisted of two mobile phases at a flow
rate of 0.4 mL/min with gradient elution: (A) 5 mM
ammonium acetate and (B) acetonitrile. The gradient was as
follows: B was started at 50% for the first minute, increasing to
55% in 4 min, increasing to 100% in 10 min, and decreasing to
50% in 11 min. Negative electrospray ionization (ESI) at
fragmentation voltages of 140, 180, 220, and 250 V with a mass
scan range of 50−1000 m/z was conducted. The drying gas
was controlled at 9 mL/min at 200 °C. The nebulizer pressure
was set at 40 psi, and the capillary was maintained at 4000 V.
Data acquisition and data processing were conducted with
mass accuracy (exact mass ± 10 ppm), retention time (tR ± 0.5
min), isotope patterns (deviation of <5%), and formula
finding.
Numerical Fitting and Statistical Analysis. IBM SPSS

Statistics (version 26, IBM Corp., Armonk, NY, U.S.A.) was
used for performing statistical analyses using the Student’s t-
test, Pearson test, or Spearman test in which p > 0.1 was
considered insignificant. Model fitting was done with
MATLAB 2019 (The Math Works, Inc.). To fit the kinetics
for the presumed reactions involved in the degradation of TCS,
the toolbox of “fcn2optimexpr” was used for the least-squares
fitting.

■ RESULTS AND DISCUSSION
Physicochemical Properties of Bulk and Aqueous

Biochars. Bulk biochars with a carbon content of 47.8−73.2%
(Table S1), used in this study, represent different types of
parent materials, including hardwood like pinewood or pinyon
pine-juniper wood and soft biomass material (corn stalk). We
also compared corn stalk-derived biochars generated at two
different temperatures (200 and 400 °C). Pinyon pine-juniper
wood-derived biochars with two different particle sizes (>600
μm and 150−300 μm) were also used to explore the impact of
bulk biochar particle size on the release of a-BC and its
reactivity. Bulk activated carbon produced through thermal
activation has been used as a comparison. The release of a-BC
accounted for 0.01−2.85% of bulk biochar-bound C with
values highest for CBC200 and lowest for AC; it is higher for
the bulk biochars generated with a lower temperature than
with a higher temperature (CBC200 > CBC400) and higher
for the bulk biochars derived from soft biological materials
(corn stalk) than from hardwood.52,53 The difference between
biochars with different particle sizes in the release of a-BC was
moderate. Stock suspensions of a-BC contained 284.6, 27.3,
9.5, 6.9, 2.8, and 1.2 mg C/L for a-CBC200, a-CBC400, a-
UBCS, a-UBCL, and a-SW, respectively. Size fraction analysis
of the a-BCs showed that 20.6%, 53.8%, 61.4%, 56.4%, and
86.9% of a-BC-bound carbon was below 3 KDa as freely

dissolved small compounds for CBC200, CBC400, UBCS,
UBCL, and SW a-BCs, respectively.

Electron Transfer for a-BC. Electrons accepted by a-BCs
during the microbial reduction sharply increased within the
first 6−12 h of the reaction and achieved the highest level
within 24 h (Figure 1). Electrons accepted by CBC200 a-BC

were not detected as well as below 0.0018 mol e−/mol C based
on the experimental detection limit. For other a-BCs at 24 h,
the electrons accepted by a-BCs were determined to be 0.11,
0.047, 0.020, 0.011, and 0.0054 mol e−/mol C for aqueous
biochar of AC, SW, UBCL, UBCS, and CBC400, respectively.
The amount of electrons accepted per molar carbon was, in
general, higher than that measured for bulk biochars, as high as
approximately 0.012 mol e−/mol C, indicating the favorable
leaching for the components enriched in electron-accepting
domains, presumably quinoid groups.35,54,55 SW and UBCL a-
BCs had relatively higher electron acceptance capacity,
indicating the higher density of electron-accepting moieties.
The electron accepting capacity was higher for hardwood-
derived a-BCs, e.g., SW, UBCL, and UBCS a-BCs, than that
from the soft biomass material of corn stalk, consistent with
previous results.56,57 For corn-derived a-BC, the electron
acceptance capacity was higher for samples generated at a
higher temperature (400 °C) than that of those produced at
200 °C. It could be due to the higher formation of hydroxyl
groups and aromatic structures, including quinoid groups,
during the pyrolysis at higher temperatures.35,58,59

For bulk AC, Van der Zee et al.60 determined the electron
acceptance amount of bulk AC with acetate as the terminal
electron donor was approximately 0.004 mol e−/mol C, much
lower than the value we determined for the a-AC released. As
the reduction potential (Eh

0 vs standard hydrogen electrode)
for Fe(III)-NTA/Fe(II) was −587 mV,61 comparable to the
reduction potential of most organohalogens of −500 to 1000
mV (−500 mV for TCS/dechlorinated products),62−65 the

Figure 1. Time-dependent concentrations of electrons accepted by
aqueous biochars (a-BCs) during its reduction by S. putrefaciens
CN32, measured through the consequent reaction with ferric
nitrilotriacetate (Fe(III)-NTA). Error bars represent standard
deviations obtained from the triplicate experiment with most of
them unobservable due to the small size. a-CBC400 denotes aqueous
biochar solutions prepared using CBC400 manufactured at 400 °C
using corn straw. a-UCBS and a-UCBL denote aqueous biochar
solutions prepared using UCBS and b-UBCL manufactured at 500−
700 °C using pinyon pine juniper wood. a-SW denotes the aqueous
biochar solution prepared using the Swiss biochars manufactured at
700 °C using pine wood, and a-AC denotes the aqueous activated
carbon solution prepared using AC manufactured by thermal
activation.
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electrons available for donation measured by reduction of
Fe(III)-NTA would be relevant for the reaction with
organohalogens, such as the model compound TCS in this
study.
Kinetics of Triclosan Degradation. Triclosan was

degraded anaerobically by the pre-reduced a-BCs with the
288 h degradation fraction ranging from 26.9 ± 1.8% to 93.0 ±
0.6% (Figure 2). As the electron transfer experiment

documented that the a-BC-bound donatable electrons
achieved the highest value within 24 h, the 24 h-reduced a-
BCs were used in this experiment. For the anaerobic control
with unreduced a-BCs, the 288 h degradation fraction of TCS
was 1.65 ± 1.09% (a-AC) to 27.0 ± 8.58% (a-CBC400). For
CBC400 a-BC, the moderate degradation of TCS may indicate
the reduction of TCS by the persistent semiquinone groups.
When ambient air was used in the headspace for aerobic
control, TCS degradation was much less than anaerobic
samples with the 288 h degradation fraction of 7.58 ± 1.18% to
18.9 ± 0.71% when O2 served as a much stronger electron
acceptor. The microbial control with the bacteria filtrate under
the anaerobic conditions showed less than 20% of TCS to be
degraded by the microbial-derived compounds (e.g., extrac-
ellular polymeric substances) in the filtrate within 288 h. Chan
et al.66 showed that the reduction potential E0

H of the EPS
released by Desulfovibrionaceae and Desulfobacteriaceae was

−540 mV (standard hydrogen electrode), which was
potentially able to degrade TCS reductively.
Compared to controls, the degradation of TCS by the

reduced a-BCs under the anaerobic condition was substantially
higher, documenting the strong anaerobic reactions between
reduced a-BCs and TCS. The 288 h anaerobic degradation
fraction of TCS was 26.9 ± 1.80%, 87.8 ± 0.4%, 39.4 ± 0.4%,
92.0 ± 0.2%, 93.0 ± 0.6%, and 91.2 ± 0.2% for reduced
CBC200, CBC400, UBCS, UBCL, SW, and AC a-BC,
respectively. Degradation of TCS by CBC200 a-BC was
lowest with 26.9 ± 1.80% within 288 h, very close to controls
(12.9−22.1%). Therefore, the following discussion regarding
the reaction kinetics is focused on other biochars except for
CBC200 a-BC. Based on the pseudo first-order fittings (r2 =
0.75−0.99, p < 0.05), the rate constant for TCS degradation
ranged from 0.00108 h−1 to 0.0105 h−1, corresponding to a
half-life of 65.8−644 h. Anaerobic degradation of TCS by
CBC400 and SW a-BC was relatively slow within the first 24 h.
Then, substantial degradation occurred after 24 h, making the
kinetics deviate from an apparent first-order kinetic pattern.
Such derivation from the first-order pattern indicates more
complicated reactions, to be discussed in the sections below. In
addition, this study measured the degradation of the total TCS
in the solution phase (freely dissolved TCS and TCS
associated with a-BC) as the presence of a-BC did not affect
the measurement of TCS (Figure S1); the effects of association
with a-BC on the availability and reactivity of TCS are
expected to be minor and beyond the scope of this work.
The reaction was relatively slower than the abiotic reductive

or oxidative reaction of organohalogen with metals. Rate
constants for the dehalogenation of polybrominated diphenyl
ethers (PBDE) and polychlorinated biphenyl (PCBs) by nano
zero-valent iron (nZVI) ranged from 0.0001 to 0.1 h−1.67,68

Bokare et al.67 determined that the rate constant for the
reaction between TCS and nZVI was around 0.04 h−1, which
could be further accelerated by doping of palladium. Trainer et
al.69 found that rate constants for the oxidation of phenol
compounds by manganese oxide (δ-MnO2) ranged from 0.001
to 149 h−1 with a value of 7.6 h−1 for TCS. The relatively lower
reaction rate constants for TCS in this study are primarily
because the concentration of a-BC and associated electrons
were much lower than the metals. If normalized by the
electrons bound with the nZVI, the rate constant for the
dehalogenation of PCBs and PBDEs was approximately or
below 1 h−1/(mol e−/L), while the corresponding values in
this study ranged from 110 to 560 h−1/(mol e−/L). This
indicates the efficient electron transfer between TCS and a-BC.
There are limited studies regarding the microbial dehalogena-
tion mediated by biochar for which the half-lives were similar
to this study with a value above 120 h for pentachlorophenol
and approximately 480 h for tetrabromobisphenol A.36,37 A few
studies investigated the carbonaceous nanomaterial-mediated
reductive dehalogenation.70,71 Fu et al.70 showed that the rate
constant for reductive degradation of hexachloroethane by
sulfide increased from 0.001 to 0.002−0.0045 h−1 in the
presence of 10 mg/L carbon nanotube or graphene oxide.
Although difficult to directly compare, the increase in the rate
constant was of the same order of magnitude as the
degradation rate constant for TCS in the presence of aqueous
biochar used in this study. Such comparison placed the
reactions of TCS with a-BC in a potential abiotic method to
degrade organohalogens. In addition, the reactions of a-BC
have an advantage of having low costs ($2.48/kg for biochar

Figure 2. Degradation kinetics of triclosan (TCS) in the presence of
different reduced a-BCs: CBC200 (A), CBC400 (B), UBCL (C),
UBCS (D), SW (E) a-BC, and aqueous AC (F) at different starting
carbon concentrations. Aerobic control, anaerobic control, and
bacteria control were also shown. Full concentration indicates
samples started directly with a-BC prepared through the leaching of
bulk BC with 284.6, 27.3, 9.5, 6.9, 2.8, and 1.2 mg C/L for CBC200,
CBC400, UBCS, UBCL, SW a-BC, and aqueous AC. Samples with
diluted a-BC (1/2 of the original concentration and 1/3 of the
original concentration) were also presented. Error bars indicate the
standard error obtained from triplicate experiments with most of them
smaller than the symbol.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05940
Environ. Sci. Technol. 2020, 54, 15142−15150

15145

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05940/suppl_file/es0c05940_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05940?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05940?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05940?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05940?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05940?ref=pdf


compared to $69/kg for nZVI) and no byproducts in particle
phase, compared to the reactions with nZVI.72,73 These results
and analyses indicate significant potential for the application of
a-BC in engineering treatment of wastewater and remediation
of groundwater.
To evaluate the effects of the amount of a-BC on TCS

degradation, TCS was also reacted with different concen-
trations of a-BC (Figure 2). When the a-BC concentration was
decreased, the reactions were slowed down differently.
CBC200 a-BC with reduced concentrations showed no
significant differences compared to controls (t-test, p > 0.1);
for UBCS with a concentration of one-third of the stock
suspension, the TCS kinetics was also similar to the controls.
For other biochars, when the a-BC concentration was reduced
to 50% and 33% of the concentration in stock suspensions, the
degradation slowed down and the 288 h degradation fraction
decreased. When TCS was reacted with CBC400 a-BC of 13.8
mg C/L (1/2 concentration) and 9.2 mg C/L (1/3
concentration), the 288 h degradation fraction was 82.4%
and 77.2%, respectively, compared to the value of 87.8% of the
reaction with CBC400 a-BC of 27.58 mg C/L. Based on the
kinetics, degradation of over 85% of TCS (at an initial
concentration of 1.0 mg/L) within the reaction period of 288 h
required CBC400, UBCL, SW a-BC, and a-AC at a
concentration of 27.6, 7.32, 2.83, and 1.16 mg C/L,
respectively.
Bearing analysis uncertainty, the fitted pseudo first-order

reaction rate constants were correlated with the total organic

carbon (TOC) concentration of CBC400, CBCS, CBCL, SW
a-BC, and a-AC (Spearman test for data with 3 points, p <
0.01) (Figure S2). When all a-BCs were analyzed together, no
significant correlation existed (Pearson or Spearman test, p >
0.20). These results determined that the concentration of a-
BCs can be used to predict the reaction rate of TCS when
considering a single type of a-BC. If different types of a-BCs
were evaluated, other properties need to be taken into account
for the reaction rate prediction. For that perspective, there was
a significant correlation between the pseudo first-order
reaction rate constant and a-BC-bound electrons available for
donating (Pearson correlation coefficient, r = 0.64, p = 0.01)
(Figure S3). In addition, the 288 h degradation fraction of
TCS was also correlated with the a-BC-bound electrons
(Pearson correlation coefficient, r = 0.82, p = 0.04). For a-BC
from different sources, a-BC-bound electrons available for
donation could be used to predict the reaction rate constant. In
terms of the “reactions” between TCS and a-BC-bound
electrons, the pseudo second-order rate constant was
determined to be 759 h−1/(mol e−/L) based on the regression
between the pseudo first-order reaction rate constant and the
concentration of a-BC-bound electrons (p < 0.05) (Figure S3).
For the samples with CBC400 (soft material-based) and SW

(hard wood-based) a-BC where TCS degradation was
relatively high among a-BC samples used in this study, the
impact of the reduction period for a-BC on the TCS
degradation was also assessed (Figure 3). When the a-BC-
bound electrons were slightly different for a-BC reduced for 12

Figure 3. Kinetics for the generation of Cl− together with the total chlorine recovery and the residual fraction of TCS. Results for the TCS reacted
with a-CBC400 and a-SW, pre-reduced for 24, 12, and 6 h, are shown. Error bars represent results from triplicate experiments. a-CBC400 and a-SW
represent the aqueous biochar samples prepared using CBC400 and SW, respectively.
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and 24 h, the pseudo first-order reaction rate constant was also
close for the two sets of samples. As a comparison, the a-BC-
bound electrons were substantially lower for the 6 h-reduced a-
BC, and the pseudo first-order reaction rate constant was
proportionally lower. To achieve the highest potential for
degrading TCS, a-BC needs to be reduced for at least 12 h.
Byproduct Analysis. In parallel to the TCS degradation,

Cl− was detected as a degradation byproduct. Upon the
degradation of TCS, Cl− emerged with the fraction of Cl−/
total chlorine (TOTCl−) increasing sharply after 48 h and
reaching 54.2 ± 22.4% and 75.3 ± 12.2% at 288 h for samples
of CBC400 and SW a-BC, respectively. The total recovery of
chlorine by Cl− and residual TCS gradually decreased and
ranged from 73.5 to 82.6% and 85.1 to 90.0% for CBC400 and
SW samples during the period of 96−288 h. This relatively
high recovery of chlorine by Cl− and residual TCS suggests
that most of TCS were fully dechlorinated with the remaining
of TCS degraded to incompletely dechlorinated byproducts.
Furthermore, for the samples of a-CBC400 with the a-BC

concentration in stock suspension, other dechlorination
byproducts were analyzed based on the LC-TOFMS analysis.
Two major byproducts were detected: a dechlorinated
phenoxyphenol (m/z of 252.9829, C12H8Cl2O2) and a
monochlorinated phenoxyphenol (m/z of 219.0222,
C12H9ClO2). These two products were identified by
comparing the accurate masses, retention times, and mass
spectra with those of the synthesized standards (5-chloro-2-(4-
chlorophenoxy) phenol (CCPP) and 5-chloro-2-(phenoxy)
phenol) (CPP) (Figures S4−S7). Note that the C−Cl bonds
on the dichlorophenoxyl ring of TCS are more susceptible to
cleavage than the C−Cl bond on the phenol ring according to
the previous study,74 which is also supported by the
observation of the common fragment ion (m/z of 141.9827,
C6H3ClO2) from these two products that represent the phenol
moiety of TCS without dechlorination. Quantification of the
CCPP and CPP products based on the standards indicated that
their concentrations were low (<0.5 mg/L). Although only
with two standards, we also screened other fragments and
molecular peaks from possible dechlorination reactions,
including the fully dechlorinated product (2-(phenoxy)phenol
(PP)), and none of them were detected (Figure S7). The
ortho-positioned electron-drawing ether group may make the
Cl easier to knock off. The detection of these two byproducts
confirmed the dechlorination reaction. However, there may be
other reaction pathways and byproducts that can contribute as
much as 25% of chlorine in the system and warrant further
investigations.
Reaction Pathways and Kinetic Fitting. For the

numerical fittings of reaction kinetics, we proposed reactions
between TCS and presumable a-BC-based electron donors, i.e.,
quinoid groups, including semiquinones and hydroquinones
(Figure S8 and Table S3). For further investigation of chemical
compositions in a-BCs involved in the reduction, mass
spectrometry analysis of CBC400 and SW a-BC has detected
over 500 peaks. The highest peak intensities were with m/z of
315.087 and 357.151 for CBC400 and SW a-BC, respectively,
with multiple possible quinone-based structures (Figures S9
and S10 and Table S4). In addition, EPR signals for the
semiquinone radicals (g = 2.00315) have been captured for
CBC400 bulk samples when this is minor for the CBC200 bulk
biochars, which is consistent with the higher electron-accepting
capacity of CBC400 a-BC (Figure S11). These analyses
indicate that the reductive degradation of TCS by reduced a-

BC is likely derived by the quinone groups, the chemical
nature of which requires further investigations.
Dechlorination was hypothesized to occur stepwise. Six rate

constants for reactions between TCS as well as its degradation
byproducts and hydroquinone/semiquinone were fitted using
the least-squares method based on the kinetics for TCS
degradation and generation of Cl−. Based on the fitting (R2 >
0.76, Figure 4), the reaction rate constants ranged from 4.48 ×

10−5 to 1.65 × 10−2 h−1 for the reactions between a-BC and
TCS (Figure S12). Consistent with the high recovery of
chlorine as Cl− and residual TCS, the second step and third
step dechlorination were faster than the first step. For a-
CBC400, consideration of kinetics for additional byproducts
can alter the fitting results (Figure S13), but the trend stays in
that the first step dechlorination was much slower than the
following reactions. In the literature, there are inconsistent
reports regarding the relationship between the reaction rate for
the different steps of dechlorination.75−79 Scherer et al.79

developed the linear free-energy relationships (LFER) for
predicting the dechlorination rate for chlorinated aliphatics and
found that the rate constant decreased dramatically from
trihalogenated aliphatics to dehalogenated aliphatics to
monohalogenated aliphatics. Dechlorination of polychlorinated
biphenyls was determined to increase with the number of
chlorine with the molecules.76,77 The contrast trend for the
reaction rate constant with the chlorination number has also
been reported.75,80 In this study, we found that the first-step
dechlorination was much slower than the removal of remaining
chlorine for which the full understanding warrants more
investigations. The electron attraction of chlorine and its
impact on the accessibility of remaining aromatic rings can be
an essential regulating factor for the degradation rate.

Environmental Implications. This study has demon-
strated a novel dehalogenation reaction between a model
organohalogen compound (TCS) by a-BC with an apparent
first-order rate constant of 0.0011−0.011 h−1. As a comparison,
the reduced aqueous activated carbon can also degrade TCS
with a first-order rate constant of 0.0075 h−1. Although the
reaction was slower than other abiotic reductive dehalogena-
tion reactions such as by nZVI, the electron transfer between a-
BCs and the organohalogen compound is efficient. The
advantages of a-BC being environmentally friendly and cost-
effective and that these reactions do not produce any

Figure 4. Least squares-based numerical fitting for the kinetics of TCS
degradation and generation of Cl− for the reactions with a-CBC400
pre-reduced for 24 h (A, D), 12 h (B, E), and 6 h (C, F). Circles
represent measurement, and the blue lines stand for the fitting results.
a-CBC400 represents the aqueous biochar sample prepared using
CBC400.
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byproducts as precipitates make these reactions promising for
its potential applications in engineering treatment, including
removal of organohalogen from wastewater effluent and
remediation of contaminated groundwater. The concentration
of a-BC can impact the reaction rate roughly linearly, and it has
been demonstrated that a-BC can be mobilized substantially
with sonication or other methods. It can enable and further
promote the large-scale application of a-BCs in degrading
important organohalogen compounds. With the anaerobic
dehalogenation by pre-reduced a-BCs demonstrated unambig-
uously in this study, the direct addition of a-BCs to enhance
microbial degradation as electron shuttles would be also
feasible.
Although there have been substantial interest in the

reactions of biochar materials and their applications in
agricultural and engineering systems, to the best of our
knowledge, there is rarely a report about the reductive
dehalogenation by a-BC. Bulk biochar can sorb the
compounds, which can consequently slow down their
reactions. Differently, association with a-BC may not alter
the availability and reactions of compounds due to the size of
a-BC; reduced a-BC can act as a strong electron donor to
reductively degrade organohalogen. While, in this study, a
common dissimilatory reductive bacteria (Shewanella) was
used to produce reduced a-BC, other reactions, including the
abiotic reactions, can also be used to generate reduced a-BC.
Last but not least, TCS was used as a model organohalogen
compound in this study. It has been phased out for significant
use nationally in the United States. Still, it remains a concern
for the quality of water bodies due to its persistence under
certain geochemical conditions. The pathways for reactions
between TCS and a-BC can shed light on the possible
reactions between a-BC and other persistent organohalogens.
Our experimental observations and numerical fittings deter-
mined that the first step dechlorination was the rate-limiting
step for the multi-step dehalogenation reactions. Reactions
between a-BC and other organohalogen compounds as well as
pathways and the chemical nature of reactive components
require further studies.
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