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H I G H L I G H T S

• Hydrolysis of 1,3-D was accelerated in
aqueous biochar slurry.

• 1,3-D adsorption kinetics on biochars
fitted well with Langmuir model.

• Cow manure biochar showed higher
catalytic degradation activity for 1,3-D
than rice husk biochar did.

• EPFRs and DOM have potential roles in
1,3-D degradation on biochar.
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Biochar has been explored as a cost-effective sorbent of contaminants, such as soil fumigant. However, contam-
inant-loaded biochar probably becomes a source of secondary air pollution. In this study, biochars developed
from cow manure and rice husk at 300 °C or 700 °C were used to investigate the catalytic degradation of the
soil fumigant 1,3-dichloropropene (1,3-D) in aqueous biochar slurry. Results showed that the adsorption of
1,3-D on the biochars was influenced by Langmuir surface monolayer adsorption. The maximum adsorption ca-
pacity of cow manure was greater than that of rice husk at the same pyrolysis temperature. Batch experiments
revealed that 1,3-D degradation was improved in aqueous biochar slurry. The most rapid 1,3-D degradation oc-
curred on cowmanure-derived biochar produced at 300 °C (C-300), with t1/2 = 3.47 days. The degradation effi-
ciency of 1,3-D on C-300 was 95.52%. Environmentally persistent free radicals (EPFRs) in biochars were detected
via electron paramagnetic resonance (EPR) techniques. Dissolved organic matter (DOM) and hydroxyl radical
(·OH) in biochars were detected by using a fluorescence spectrophotometer coupled with a terephthalic acid
trappingmethod. The improvement of 1,3-Ddegradation efficiencymaybe attributed to EPFRs andDOM inaque-
ous biochar slurry. Our results may pose implications in the development of effective reduction strategies for soil
fumigant emission with biochar.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Soil fumigation is an important agronomic practice in the production
of numerous high-value vegetable and fruit crops, but the use of chem-
ical fumigants can lead to excessive atmospheric emissions (Qin et al.,
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2016). For instance, 1,3-dichloropropene (1,3-D) is a major chemical
soil fumigant replacing the banned methyl bromide (MeBr), which is a
broad-spectrum fumigant. However, 1,3-D is considered as a possible
carcinogen and listed as a hazardous air pollutant under the Clean Air
Act (Gan et al., 1998). Covering the treated field with plastic films fol-
lowing fumigation is a widely used strategy to reduce fumigant emis-
sion loss (Luo et al., 2013). Nevertheless, holes can easily be formed
on plastic films and thus may cause fumigants to escape into the atmo-
sphere (Xuan et al., 2012).

Biochar, which is a carbon-rich solid produced mainly through the
thermal decomposition of biomass under O2-limited conditions
(Mohan et al., 2014), has been extensively investigated because of its
potential agricultural and environmental applications (Lehmann,
2007; Manyà, 2012). Biochar has been recognized as a highly efficient
and cost-effective sorbent to remove contaminants (Cui et al., 2016;
Srinivasan and Sarmah, 2015). This substance has also been widely ex-
plored as a sorbent of soil fumigants. Graber et al. (2011) demonstrated
that biochar derived from corn strawmixed with soil yields substantial
1,3-D sorption capacity. Wang et al. (2014) showed that the amend-
ment of soil surfacewith ≥0.5% biochar reduces the total 1,3-D emission
loss by N92%. These remarkable reductions in emissions have been at-
tributed to the adsorption of 1,3-D onto biochar. However, adsorption
is a non-destructive process that transfers contaminants from one
phase to another (Fang et al., 2015). Absorbed 1,3-D may be released
through desorption. Therefore, designing strategies to degrade bio-
char-absorbed 1,3-D is critical to address the increasingly stringent air
quality regulations. Our previous work revealed that the amendment
of soil surfaceswith aqueous biochar slurry is an effective strategy to de-
crease fumigant emission (Shen et al., 2016). We assumed that the
mechanism of this reduction is related to the enhancement of the phys-
ical absorption and catalytic degradation of soil fumigant in aqueous
biochar slurry. Gan et al. (2001) showed that MeBr andMeI decompose
rapidly on activated carbon. Zhang et al. (2013) demonstrated that pig
manure-derived biochar promotes the hydrolysis of carbaryl and atra-
zine. Xu et al. (2014) revealed that biochar derived from pig manure
and sewage sludge can completely oxidize H2S into SO4

2−. Wang et al.
(2016) reported that soil amendment with biochar can be an effective
strategy to reduce fumigant emissions through strong adsorption and
chemical degradation. However, the catalytic degradation of 1,3-D on
biochar has yet to be fully elucidated.

1.3-D is mainly eradicated from the environment through
dehalogenation (Batzer et al., 1997). Hydrolysis is an important mecha-
nismof 1,3-D degradation (Guo et al., 2004). The hydrolysis of 1,3-D can
be simply described as follows:

ClCH2−CH ¼ CHClþH2O→HOCH2−CH ¼ CHClþ Cl− þHþ

ClCH2−CH ¼ CHClþ OH−→HOCH2−CH ¼ CHClþ Cl−
ð1Þ

Carbonaceousmaterials are non-inert adsorbents andmay be direct-
ly involved in the abiotic transformation of adsorbed organicmolecules.
Mackenzie et al. (2005a, 2005b) reported that the hydrolysis reactions
of activated carbon-adsorbed lindane and 1,1,2,2-tetrachloroethane
are faster than those of the dissolved compounds at neutral or slightly
alkaline pH; however, the mechanism controlling the catalytic effects
was unclear. In addition, organic contaminants may react directly or in-
directly with environmentally persistent free radicals (EPFRs) by acti-
vating other small molecular free radicals, such as hydroxyl radical
(•OH), or even oxygen (Yang et al., 2016; Fang et al., 2014, 2015).
Klüpfel et al. (2014) confirmed that biochar can act as an electron shut-
tle to mediate electron transfer reactions. Fang et al. (2015) reported
that EPFRs in maize straw and pine needle char suspensions can induce
hydroxyl radical generation and degrade diethyl phthalate. Tuazon et al.
(1984) noted that reactions with •OH is one of themain routes for 1.3-D
atmospheric degradation. Cole et al. (2007) also reported that free rad-
icals, such as hydroxyl radical and hydrated electron, can induce the
degradation of the fumigant chloropicrin.

The catalytic degradation of soil fumigants on biochar have yet to be
reported. Considering the influence of biochar feedstock and pyrolysis
temperature, we produced two types of biochars from cow manure
and rice husk at 300 °C and 700 °C to elucidate the mechanism of 1,3-
D catalytic degradation on biochars. This study aimed (1) to investigate
1,3-D adsorption and degradation on cow manure- and rice husk-de-
rived biochar produced at 300 °C and 700 °C pyrolysis temperatures
and to (2) explore the potential adsorption mechanism and catalytic
degradation dynamics of 1,3-D in biochar. EPFRs and dissolved organic
matter (DOM) in biochars were also detected. Our findings could help
elucidate the catalytic degradation behavior of 1,3-D on biochar slurry.

2. Materials and methods

2.1. Chemicals

1,3-D (≥96%, including 50:50 cis- and trans-isomers) was obtained
from J&K Scientific Ltd. (Shanghai, China). Chromatography-grade ace-
tone was obtained from Merck KGaA Darmstadf, Germany. Anhydrous
sodium sulfate (AR, 99.0%) and terephthalic acid (THA, AR, 99%) were
purchased from China National Medicines Corporation Ltd. (Beijing,
China). 2.2-Diphenyl-1-picrylhydrazyl (DPPH, 97%) was obtained from
CNW Technologies GmbH (Düsseldorf, Germany). Dried cow manure
and rice husk were purchased from commercial markets.

2.2. Preparation and characterization of biochar

Cowmanure and rice huskwere used in this study. After being dried
at 70 °C for 48 h, the biomass were grounded and sifted through a 100-
mesh sieve. Biomass powder was placed in porcelain crucibles. The
filled porcelain crucibles were covered and pyrolyzed in a muffle fur-
nace under O2-limited conditions. The biochar samples pyrolyzed at
300 °C and 700 °C were denoted as follows: C-300 and C-700 for cow
manure chars; R-300 and R-700 for rice husk chars.

The specific surface area (SSA) and pore size distribution of the bio-
chars were evaluated using Brunauer–Emmett–Teller (BET) nitrogen
adsorption technique at 77 K (ASAP 2010 M + C, Micrometitics Inc.,
USA). Scanning electron microscopy (SEM; S-2150, Hitachi High-Tech-
nologies Corp., Japan) images were obtained. Fourier transform infrared
(FTIR) spectra were obtained on powdered chars mixed with KBr at a
ratio of 10:1 and then placed in a diffuse-reflectance cell of a Nicolet
6700 (Thermo Fisher Scientific). The extractable metal ions of the bio-
char samples were determined using inductively coupled plasma opti-
cal emission spectroscopy (ICP-PS3500DD, Hitachi) based on the acid
digestion method (Wang et al., 2013).

The extractions of dissolved organic matter (DOM) from cow ma-
nure-derived and rice husk-derived biochar were performed by soaking
0.5 g of biochar in 40mLof deionizedwater. The biochar–watermixture
was placed on a shaker platform operating at 200 rpm at 25 °C for 48 h.
The suspension was then passed through a 0.2 μmmembrane filter. An
aliquot of thefiltrate (1.5mL)wasused for 1,3-D degradation. DOMs ex-
tracted from C-300, C-700, R-300, and R-700 were denoted by DOMc-

300, DOMc-700, DOMR-300, and DOMR-700.

2.3. Adsorption experiments

The adsorption of 1,3-D on biochars was determined in batch ad-
sorption experiments. Biochar (0.5 g) was placed in 21 mL glass head-
space vials. Liquid 1,3-D (1–20 μL) was injected into the bottom of the
vials by using gas-tight syringes. The vials were immediately capped
with Teflon-faced butyl rubber septa and aluminum crimp seals. After-
wards, the vials were stored in the dark at 25 °C for 24 h. Preliminary ex-
periments revealed that 24 h equilibration under these conditions was
adequate to achieve equilibrium. After equilibrium was reached, an ali-
quot of the headspace (200 μL) was withdrawn by using a gas-tight sy-
ringe (Agilent) and transferred to the bottom of a 21 mL headspace vial
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