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A B S T R A C T

Dissolved organic carbon (DOC) in biochars is critical to carbon dynamics and contaminant transport in soils.
This study aimed to develop a robust and easy method to characterize and quantify the biochar-DOC, using
water-, acid-, and base-extractable DOC samples (WEOC, AEOC, and BEOC respectively) from 46 biochars
produced from diverse feedstocks and pyrolysis conditions. BEOC concentrations were the highest (2.3–139mg-
C/g-biochar), followed by WEOC (0.5–40mg-C/g-biochar) and AEOC (0.2–23mg-C/g-biochar). Fast-pyrolysis
biochars generally had higher DOC concentrations than slow-pyrolysis biochars. DOC concentrations in slow-
pyrolysis biochars decreased exponentially with increasing pyrolysis temperature from 300 to 600 °C. The solid-
state 13C NMR showed that biochar-DOC had abundant small fused-ring aromatics, aliphatic C, and carboxyl C.
Biochar-DOC included an acid-precipitated (AP) fraction of higher molecular weight and aromaticity and an
acid-soluble (AS) fraction of lower molecular weight and aromaticity. BEOC generally had a greater AP fraction
than WEOC and AEOC. Molecular weight, aromaticity and composition of AEOC and BEOC differed from those
of more environmentally-relevant WEOC, suggesting that the acid- and base-extraction may not produce the
DOC released in real soils. Finally, a quick, easy and robust UV–vis spectrometric method was developed to
measure the composition and concentrations of WEOC in diverse biochar samples (R2= 0.96, n=46).

1. Introduction

Biochars are carbonaceous porous materials co-produced with
syngas and bio-oil from pyrolysis of biomass, and have been promoted
as soil amendments for agronomic and environmental benefits (Jeffery
et al., 2011; Kookana, 2010; Laird, 2008; Lehmann et al., 2006). The
potential benefits of biochar amendment in soils include increased soil
carbon (C) storage, improved soil characteristics (e.g., improving soil
structure, reducing bulk density, and enhancing water and nutrient
retention), decreased greenhouse gas emission, and in-situ im-
mobilization of contaminants such as excess nutrients, organic pollu-
tants, and trace metals (Ahmad et al., 2014; Beesley et al., 2011;
Kookana, 2010; Laird et al., 2010; Lehmann, 2007; Peake et al., 2014).
During the last several years, dissolved organic C (DOC) in biochars has
sparked a strong research interest (Fu et al., 2016; Jamieson et al.,
2014; Lin et al., 2012; Mukherjee and Zimmerman, 2013; Qu et al.,
2016; Smith et al., 2016; Uchimiya et al., 2013), because it plays an

important role in controlling biochar persistence and mobility (Bird
et al., 2015; Fu et al., 2016; Jaffe et al., 2013; Norwood et al., 2013),
contaminant fate and transport (Uchimiya et al., 2010; Wang et al.,
2017), microbial activities (Bruun et al., 2012; Smith et al., 2016; Smith
et al., 2013), and plant growth (Deenik et al., 2010; Joseph et al., 2013;
Korai et al., 2018; Wu et al., 2018) in agroecosystems. Once applied in
the field, biochars could release DOC into soil water, and directly alter
physicochemical properties of soil DOC (Dittmar et al., 2012; Hockaday
et al., 2006). The released DOC from the biochars (hereafter termed as
biochar-DOC) could be rapidly transported from soils into receiving
surface and ground waters via surface runoff and leaching (Major et al.,
2010; Wang et al., 2013a; Wang et al., 2013b), thus contributing to soil
C loss and the transport of DOC-associated contaminants. More broadly,
the release of DOC from pyrogenic C contributes approximately 10% of
total DOC in surface water globally (Jaffe et al., 2013). Furthermore,
the DOC fraction in the biochars is labile and more susceptible to photo-
and bio-degradation than bulk biochars (Fu et al., 2016; Norwood et al.,
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2013). Thus, both qualitative and quantitative characteristics of bio-
char-DOC are needed for better assessing the qualities of biochars and
their impact on agroecosystems, as well as for developing biochar-based
fertilizers (Joseph et al., 2013).

DOC is often operationally defined as the organic C fraction smaller
than the pores of filter membranes (e.g., 0.45 or 0.75 μm) (Bird et al.,
2015). The biochar-DOC thus includes both truly dissolved molecules
and sub-micron sized biochar particles (Qu et al., 2016; Spokas et al.,
2014; Wang et al., 2013a; Wang et al., 2013b). Water-soluble organic
compounds can be formed by re-condensation and entrapment of vo-
latile organic compounds into the biochar pore structure during pyr-
olysis, which can be later released as DOC (Antal and Gronli, 2003; Buss
et al., 2015; Spokas et al., 2011). In addition, sub-micron biochar
particles may initially be present or later produced from physico-
chemical disintegration of bulk biochars (Qu et al., 2016; Spokas et al.,
2014).

Biochar-DOC is often extracted by either water or strong alkaline
(i.e., sodium hydroxide [NaOH] or potassium hydroxide [KOH]) solu-
tions (Lin et al., 2012; Qu et al., 2016; Smith et al., 2016; Uchimiya
et al., 2013). The alkaline extraction is adapted from the method of
organic matter extraction from soils (IHSS, 2017; Lehmann and Kleber,
2015; Swift, 1996). The extracted soil organic matter (SOM) has been
traditionally perceived as primarily humic substances, i.e., stable
macromolecules formed by a humification process that are resistant to
microbial degradation. However, it is increasingly recognized that the
humification process may not actually occur in soils, and SOM is pri-
marily formed through microbial decomposition, biosynthesis, as well
as physical protection by sorption on mineral surfaces and sequestra-
tion in soil aggregates (Kleber et al., 2011; Lehmann and Kleber, 2015;
Schmidt et al., 2011). Furthermore, the alkali-extractable SOM may not
truly represent organic matter released into soil water because natural
soils rarely reach the extreme alkaline and high pH conditions used in
the alkaline extraction (Lehmann and Kleber, 2015). Similarly, the al-
kali-extractable biochar-DOC may not reflect the amount and properties
of DOC released into soil water from the added biochars. Indeed, Chen
et al. (2015) found that the amount of DOC released from biochars
increased with increasing solution pH (2−11). Thus, water extraction
may produce more representative DOC released from biochars under
natural soil conditions (Lehmann and Kleber, 2015). Additionally, acid
washing is commonly used for de-ashing biochars before analysis
(Rajapaksha et al., 2016; Sun et al., 2013) and would presumably ex-
tract certain fractions of biochar-DOC. However, studies on the differ-
ence in the quantity and characteristics of biochar-DOC extracted by
water, strong acid solution, and strong base solution are rare. Such
information is very relevant for biochar amendment in acidic, neutral
and alkaline soils.

A number of recent studies have characterized biochar-DOC via
advanced spectroscopic and mass spectrometry techniques. About
300–2400 unique molecular formulas could be assigned in the spectra
of the biochar-DOC (200–800m/z) detected by Fourier transform ion
cyclotron resonance mass spectrometry (Smith et al., 2016). Many
small organic compounds in the mass range of 45–500m/z belonged to
phenolic compounds, acids, and bio-oil-like compounds, as revealed by
2D gas chromatography coupled with time of flight mass spectrometer
(Smith et al., 2016). Qu et al. (2016) reported that biochar-DOC was
composed primarily of small aromatic clusters rich in carboxyl func-
tional groups, based on Fourier transform infrared spectroscopy and
solid-state 13C nuclear magnetic resonance (NMR). Using liquid chro-
matography-organic C detection analysis (Lin et al., 2012) and fluor-
escence excitation-emission spectrophotometry with parallel factor
analysis (Jamieson et al., 2014; Uchimiya et al., 2013), biochar-DOC
could be characterized by several components (e.g., low-molecular-
weight acids and neutrals, and high-molecular-weight compounds)
differing in their individual mean molecular weight (Mw) and fluores-
cence features. Because these components can have distinct environ-
mental persistence and mobility, their proportions may be used to

characterize the biochar-DOC.
Many of the aforementioned methods are costly and not routinely

available in many laboratories, thus hampering their wide use in
quality assessment during biochar production and application.
Therefore, developing a quick, easy and robust method for character-
izing and quantifying the biochar-DOC is critically needed.
Ultraviolet–visible (UV–vis) absorption spectroscopy is commonly
available and has been successfully used to characterize the biochar-
DOC (Fu et al., 2016; Jamieson et al., 2014). It was thus selected for
developing the new method here.

Therefore, this study aimed to: (1) investigate whether the base- or
acid-extractable DOC from biochars is different with the more en-
vironmentally-relevant water-extractable DOC regarding their quan-
tities and qualities; and (2) develop a quick, easy and robust method for
quantifying biochar-DOC. To do so, we thoroughly quantify and char-
acterize the DOC extracted with deionized (DI) water, 0.1M hydro-
chloric acid (HCl), and 0.1 M NaOH from 46 biochars pyrolyzed from
diverse feedstocks and pyrolysis conditions. As the quantities and
qualities of biochar-DOC highly depend on pyrolysis temperature
(Jamieson et al., 2014; Lin et al., 2012; Liu et al., 2015; Smith et al.,
2016; Uchimiya et al., 2013) and feedstock type (Lin et al., 2012; Liu
et al., 2015; Uchimiya et al., 2013), the relative importance of these
factors in determining the biochar-DOC concentrations was also ex-
plored. Additionally, advanced solid-state 13C NMR spectroscopy was
used to provide detailed quantitative structural information of DOC and
the structure change of bulk biochars after the extraction treatment.
Finally, a quick, easy and robust method was developed to quantify the
biochar-DOC by only using the commonly available UV–vis absorption
spectroscopy.

2. Materials and methods

2.1. Biochars

Details on the feedstocks, production conditions, and sample la-
beling of 46 biochars used in this study are provided in Table S1 of
Supplementary Material. Briefly, the feedstocks were: (1) animal
manures including bull manure with sawdust bedding (BM), dairy
manure with rice hulls bedding (DM), poultry manure with sawdust
bedding (PM), raw dairy manure with sawdust bedding (RDM), di-
gested dairy manure (DDM), composted digested dairy manure (CDM),
and composted digested dairy manure mixed with woodchips (CDMW)
(note that RDM, DDM, CDM, and CDMW were from the same manure
source with various pretreatments prior to pyrolysis); (2) woody bio-
mass including oak wood (OW), pine wood (PW), mixed woodchips
(WC), mixed hardwood (HW), mixed softwood (SW), Chinese bamboo
(CB), and Brazilian pepperwood (BP); (3) herbaceous residues including
corn stover (CS), soybean (SB), switchgrass (SG), sugarcane bagasse
(BG), and yard leaves (YL); and (4) urban wastes including food waste
(FW) and paper mill waste (PMW). The feedstocks were pyrolyzed via
fast pyrolysis at 500 °C or slow pyrolysis at 300–600 °C. Here fast pyr-
olysis had a residence time of< 30 s, whereas slow pyrolysis had a
residence time> 15min. The produced biochars were gently crushed
and ground by a porcelain mortar and pestle, passed through a 74-μm
(200mesh) sieve, and then stored in glass vials before use. This particle
size fraction was chosen to represent finer biochars that may have
greater potential to release DOC and to be mobilized once applied to
soils (Wang et al., 2013a; Zhang et al., 2010). Hereafter, the biochar
samples were named by feedstock and pyrolysis temperature, e.g.,
BM300 for bull manure pyrolyzed at 300 °C. These biochars have pre-
viously been characterized (Enders et al., 2012; Rajkovich et al., 2011;
Yao et al., 2012). Their selected physicochemical properties are sum-
marized in Table S2.
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