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• DBC formation was associated with dif-
ferent biopolymer compositions with
HTT varying.

• The pyrolysis of CEL and HEM had sig-
nificant effects on DBC properties
under low HTT.

• DBC properties were closely related to
LIG and its proportions in biomass
under high HTT.

• LIG-rich DBCs illustrated more surface
negative charges and transport
potential.
⁎ Corresponding author at: Key Laboratory of Soil Envir
E-mail address: mfchen@issas.ac.cn (M. Chen).

https://doi.org/10.1016/j.scitotenv.2020.141491
0048-9697/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 17 May 2020
Received in revised form 30 July 2020
Accepted 3 August 2020
Available online 4 August 2020

Editor: Baoliang Chen

Keywords:
Biochar
Dissolved black carbon
Biopolymer compositions
Lignocellulose
Dissolved black carbon (DBC) is becoming increasingly concerned by researchers due to its unique environmen-
tal behavior. However, understanding of the influencemechanismof biopolymer compositions of cellulose (CEL),
hemicellulose (HEM) and lignin (LIG) on the formation and physiochemical characteristics of DBC from
lignocellulose-based biochar is limited. This study therefore examined the formation of DBCs derived from the
biopolymer compositions, corn straw (CS), corncob (CC), bamboo sawdust (BS) and pinewood sawdust (PS)
under the heat treatment temperatures (HTTs) of 300–500 °C. Zeta potential and hydrodynamic diameters
(Dh) of DBCs produced under 300 °C were further investigated. DBC formation may be closely associated with
the HTT-dependent heterogeneities of biopolymer compositions, in which significant effects of CEL and HEM
charring on physiochemical properties of DBCs were identified under the HTT of 300 and 400 °C, while the for-
mation of DBCs was closely related to LIG and its proportions in biomass under high HTT (>500 °C). On the
rise of the HTT, the carbonaceous structures of biopolymer compositions were reorganized and converted to gra-
phitic structures in biochar accompanied by the large decomposition or carbonization of CEL andHEM, leading to
the reduced carbon content, surface functional groups, aromaticity and molecular weight of DBCs, as well as the
decrease of protein-like and relative increase of fulvic-like fluorescent substances in most DBCs. LIG in biomass
onment and Pollution Remediation, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.141491&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.141491
mailto:mfchen@issas.ac.cn
https://doi.org/10.1016/j.scitotenv.2020.141491
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 L. Han et al. / Science of the Total Environment 751 (2021) 141491
may facilitate the migration of DBCs due to abundant surface negative charges and the formation of low Dh. This
study offered new insights into our understanding of influencingmechanismsof biopolymer compositions on the
characteristic of DBCs under different HTTs.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Biochar, derived from the pyrolysis of biomass, has gainedworldwide
attention for its potential application for agronomic and environmental
benefits (Qu et al., 2016; Han et al., 2017; Ouyang et al., 2017). In addi-
tion, Biochar was reported to amend the trace metal bioavailability, soil
microbial activity and soil dissolved organic matter (DOM) (Yang et al.,
2019). Lignocellulosic biomass, including cellulose (CEL), hemicellulose
(HEM) and lignin (LIG) as the main structural biopolymers, is the most
abundant, green and renewable sources worldwide (Zhao et al., 2014).
There is approximately 1.98×108 tons of corncob alone generated annu-
ally in theworld (Shao et al., 2020) and a large amount of the agricultural
waste was not well utilized. The pyrolysis of lignocellulosic biomass to
produce biochar is a vital thermo-chemical conversionmethod for effec-
tive utilization of lignocellulosic biomass, such as agricultural and plant
waste (Biswas et al., 2018; Gai et al., 2013). In comparisonwith bulk bio-
char, the water-extractable substance from biochar, termed as dissolved
organic matter or dissolved black carbon (DBC), generally being sepa-
rated by filtrating through the 0.45-μmfiltermembrane, could be readily
released into the environment (Qu et al., 2016). DBC could influence
many geological and environmental processes, and readily migrate in
subsurface and further regulate the fate and transport of contaminants
such as inorganic, organic, and pathogenic microorganism (Chen et al.,
2017; Huang et al., 2019). DBC is reported to interact with heavy metals
(Chen et al., 2015), alter the surface charge of particles, adsorb tomineral
surfaces, intervene in mineral dissolution/precipitation reactions, and
drive redox and photochemical reactions (Aiken et al., 2011). DOM
also plays significant roles in changing the toxicity and heavy metals in
soils (Soja et al., 2018). Initial investigations have stated that DBC could
facilitate the migration of natural solutes and contaminants, such as in-
creasing the leaching of phosphorus in alkaline soil (Chen et al., 2018)
and enhancing desorption andmobility of arsenic in soil and groundwa-
ter (Kim et al., 2018; Zhong et al., 2020). The biochar colloid less than
1 μm was also proved to adsorb and carry more heavy metals than
bulk biochar (Qian et al., 2016). In addition, DBC is also reported to ex-
hibit adverse effect on the ecosystem, for instance, the DBC derived
from LIG-rich pinewood biochar is more toxic to the aquatic photosyn-
thetic microorganisms than that derived from CEL-rich peanut shell bio-
char (Smith et al., 2013). In addition, compared with DBCs derived from
sludge and rice biochar, it would be easy for the corn biochar-derived
DBC to form the carcinogenic disinfection byproducts such as trihalo-
methanes and haloacetic acids (Lee et al., 2018). Clearly, the properties
of DBC, regulating their environmental impact, are determined by the
compositions and structure-specific pyrolysis (Liu et al., 2018). However,
current understanding on the relationship of the structures and compo-
sitions of feedstock with their pyrolysis processes and consequently the
properties of the obtained DBC is rather limited. A detailed investigation
on biomass pyrolysis in relation to the physicochemical properties of
DBC is urgently needed. This line of studywill also greatly facilitate in un-
derstanding undesirable effects of DBC on the environment and regulat-
ing their properties to suit specific applications.

It is generally agreed that the characteristics of DBC derived from
lignocellulose-based biochar are closely associated with the nature of
feedstock and heating temperatures (Liu et al., 2015; Tripathi et al.,
2016). Clear differences in the properties of DBC in biochar made from
the same feedstock under different pyrolytic conditions have been ob-
served (Jamieson et al., 2014). Numerous studies have investigated
the properties of DBCs originated from some lignocellulosic biomass
biochar (Lin et al., 2012; Norwood et al., 2013; Li et al., 2017; Song
et al., 2019). It is identified that the contents of DBCs released from
herbaceous-biochar were higher than those from woody plants-
biochar, which were markedly decreased with the increase of pyrolytic
temperatures for both types of biochar (Qu et al., 2016; Song et al.,
2019) and were progressively decreased following the increase of the
heat treatment temperature (HTT) accompanied by an increase in ther-
mally stable graphic carbon fractions (Uchimiya et al., 2013). Compared
with bulk biochar, DBC contained more oxygen and polar functional
groups and fewer aromatic structures, leading to lower carbon stability,
but better dispersibility in water (Lian and Xing, 2017). Smith et al.
(2013) also reported that DBC derived from pinewood biochar showed
unique carbohydrate ligneous and sulfur containing condensed ligne-
ous components,which are both absent from theDBC derived frompea-
nut shell biochar. However, physicochemical characteristics of DBC,
such as chemical structure and surface charge, were reported without
discussing the influencing mechanism of biopolymer compositions
and HTT on the DBC formation (Song et al., 2019; Lian and Xing, 2017).

Therefore, the main objective of this study is to compare the physi-
cochemical characteristics of DBCs derived from four lignocellulosic bio-
mass and three biopolymer compositions under different HTTs. CEL-
and HEM-rich biomass such as corn straw and corncob, and LIG-rich
biomass such as bamboo sawdust and pinewood sawdust are selected
as the feedstock because they are widely distributed agriculture and
woody plant residues in Asian countries (Wang et al., 2013; Li et al.,
2014). Multiple analysis methods including DOC determination, UV–
vis spectroscopy, fluorescence spectroscopy and parallel factor analysis,
fourier transform infrared spectroscopy and zeta potential analysis will
be combined. Specifically, revealing the physicochemical characteristics
of DBC derived from biochar may provide new insights into our under-
standing of influencingmechanisms of biopolymer compositions on the
characteristics of DBCs under different HTTs.

2. Materials and methods

2.1. Preparation of biochar

Commercial CEL, HEM, LIG, bamboo sawdust (BS) and pinewood
sawdust (PS) were purchased from Bomei biological Co., Ltd. (Hefei,
China). Corn straw (CS) and corncob (CC) were collected from the
local farmland of Nanjing, Jiangsu Province, China. The content of CEL,
HEM and LIG component in the four biomasses is listed in Table S1 in
Supporting Information (SI). Their LIG content is increased in turn as
9%, 14%, 21% and 28% in CS, CC, BS and PS (Zhong et al., 2011; Yang
et al., 2005; Ando et al., 2000; He et al., 2019).

The clean biomass (<0.154 mm) was carbonized under three HTTs
(i.e. 300, 400 and 500 °C) respectively for 3 h with the programmed in-
cremental temperature rate of 5 °C/min. The obtained biochar were
grounded to pass through a 0.154-mm sieve and kept in the brown
glass bottles. The biochar derived from HEM prepared at 500 °C was
completely consumed due to the heat expands of HEM as observed in
our previous study (Han et al., 2016). Therefore, twenty biochar were
ultimately obtained.

2.2. Extraction of DBC

Thewater-extracted DBC was obtained by soaking 5.0 g as-obtained
biochar sample in 500 mL of ultrapure water and agitating on a
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Fig. 1. DOC concentrations of dissolved black carbons (DBCs) derived from biochar under
different heat treatment temperatures (HTTs). Note: DBS, DCC, DCS, DPS, DCEL, DHEMand
DLIG represents DBC derived from bamboo sawdust, corncob, corn straw, pinewood
sawdust, cellulose, hemicellulose and lignin biochar, respectively.
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reciprocating shaker at 150 rpm at 25 °C for 72 h. Two replicates for each
type of biochar and an ultrapurewater-only control were designed. Con-
sequently, the suspensions passing through a 0.45-μm nylon membrane
was defined as DBC which was abbreviated as a precursor followed by
the HTT, i.e. DCS300 representing DBC derived from corn straw under
the HTT of 300 °C. The pH of DBC suspensionswasmeasured and ranged
from 6.97 to 8.02, 7.76 to 10.11, 7.46 to 10.27, 7.28 to 8.58, 5.08 to 7.26,
4.07 to 6.71, 10.72 to 11.50, respectively for those derived from BS, CC,
CS, PS, CEL, HEM and LIG biochar under HTTs from 300 to 500 °C
(Fig. S1). Duplicates of DBC samples (10mL)were collected to determine
the concentration of dissolved organic carbon (DOC) using a TOC-L ana-
lyzer equipped with an ASI-L auto sampler (Shimadzu, Japan). The DBC
contents (mg C/g biochar) were calculated as the volume of extraction
water (L) multiplied by the DOC concentration (mg/L) and divided by
the mass of biochar (g). The cations including K+, Ca2+, Na+, Mg2
+were measured using a PerkinElmer Avio 200-ICP-OES (Hitachi,
Japan) and anions were using a Dionex™ ICS-5000+ DP ion chromato-
graph (Thermo Fisher Scientific, USA) for Cl−, Br− and SO4

2− determina-
tion and a SAN++ continuous flowing analyzer (SKALAR, Netherlands)
for NO3

− + NO2
− determination in the DBC suspensions. Consequently,

the remaining liquid samples were freeze-dried to obtain the DBCs as
dry solids and stored in a desiccator in the dark until use.

2.3. Characterization of DBC

UV–vis spectroscopy under the specific ultraviolet absorbance
wavelength of 200–600 nm was obtained using a UV-6700 UV–visible
spectrophotometer (Shimadzu, Japan). The spectral absorption ratio of
254 to 365 nm (E2/E3 ratio) and spectral slopes for the intervals of
275–295 nm (S275–295) were determined to reflect the aromaticity and
meanmolecular weight (Mw) (Liu et al., 2019). The detailed calculation
method was given in SI.

For ATR-FTIR analysis, the freezing dried DBC samples were mixed
with potassium bromide at a ratio of 1:200 and performed on a Thermo
Nicolet iS10 FTIR. The scanning region ranges from 400 cm−1 to
4000 cm−1 and the standard parameter for data collection was set at
64 scans with 1.0 cm−1 resolution.

Fluorescence excitation-emission (EEM) spectra were obtained using
an Aqualog spectrofluorometer (HORIBA, Japan). The emission wave-
length (Em) range was set from 250 to 600 nm in steps of 1 nm, and
the excitation wavelength (Ex) range was set from 200 to 450 nm in
steps of 5 nm. Ultrapure water-only control was measured and the
EEMs were subtracted from the DBC measurements to remove Raman
scattering effects. Fluorescence indices, such asfluorescence index (FI), bi-
ological index (BIX) andhumification index (HIX)wereused to character-
ize the optical properties of DBC. FI provides information on the sources
(e.g., microbial or terrestrial plant material) or degrees of degradation of
DOM; HIX is an indicator of humic substances or extent of humification
(Fellman et al., 2010); BIX typically reflects microorganisms' activities,
and is related to increasing algal- or/and bacteria-derived particulate or-
ganic matter (Yang et al., 2014). Details of the calculated method were
given in SI. The approach of PARAFAC modeling was used to resolve the
dominant fluorescent DOM components based on their excitation and
emission (Ex/Em) maxima (Ishii and Boyer, 2012; Wei et al., 2019).

Distributions of the hydrodynamic diameters (Dh) and zeta potentials
of DBCweremeasured by dynamic light scattering (DLS) using a Zetasizer
Nano ZS90 analyzer (Malvern, U.K.) with a fixed scattering angle of 90° at
25 °C. The DBC suspension with DOC concentration of 10 mg/L under the
solution pH ranging from 1.50 to 6.00was sonicated for 30min before Dh

and zeta potentials determination. Five replicateswithmore than 20 runs
per measurement were conducted for each sample (Wang et al., 2019).

2.4. Statistical analysis

All statistical analyseswere carried out using SPSS V.18 forWindows
(IBM Corporation, USA). The average value and standard deviation of
the experiment data were calculated. Bivariate correlation analysis of
data was carried out.

3. Results and discussions

3.1. DBC formation

As illustrated in Fig. 1, the mean DOC concentrations of DBCs re-
leased from the selected biochar were in the increased order of
DCC300 (7.69 ± 1.65 mg/L) < DCEL300 (9.65 ± 2.36 mg/L) < DBS300
(13.69 ± 2.61 mg/L) < DHEM300 (21.01 ± 4.20 mg/L) < DPS300
(29.82 ± 1.41 mg/L) < DCS300 (48.98 ± 2.63 mg/L) < DLIG300
(971.81 ± 38.20 mg/L). The contents of DBCs derived from biochar in
the present study and previously published data are summarized in
Table S2. It is observed that a great variation in the contents of DBCs de-
rived from different biochar ranged from 0.045 to 97.18 mg C/g. These
may have been caused by the differences among feedstock types, pyro-
lytic conditions and extraction protocols (Qu et al., 2016). However, it is
identified that the contents of DBCs derived from CEL- and HEM-rich
biochar were mostly higher than those from LIG-rich biochar (Smith
et al., 2013; Jamieson et al., 2014; Qu et al., 2016; Liu et al., 2018) except
for DCC300with relative low DOC concentration in this experiment. Liu
et al. (2018) found that the content of nano biochar derived from furfu-
ral residues wasmuch lower than those from peanut shell, cotton straw
and Chinesemedicine residues, due to higher content of lignin (45.2% vs
12.1–23.4%) and lower cellulose (22.1% vs 38.9–48.2%) in furfural resi-
dues compared with those in other feedstock. This is because abundant
graphitic structures from carbonizing LIG make it difficult to release
nano biochar (Liu et al., 2018). It is also proved that few nano biochar
were released from coal and natural graphite activated carbons but
more nano biochar were observed from coconut husk activated carbon
that contains abundant amorphous fractions (Liu et al., 2018). Conse-
quently, it is speculated that the disordered, loose and amorphous frac-
tions such as CEL and HEM in biochar are prone to be converted to DBCs
under low HTT. In addition, the experimental results showed that HEM
wasmore readily degraded into DBCs than CEL under the HTT of 300 °C,
and this is supported by theDOC concentration of 21.01±4.20mg/L for
DHEM300 being greater than 9.65 ± 2.36 mg/L for DCEL300. This is as-
cribed to the abundant random and amorphous structure with many
branches in HEM (Han et al., 2016). In addition, it is inferred that
some other reasonsmay be responsible for the less content of DBCs de-
rived from corncob biochar. Firstly, the ash contents of corncob biochar
ranged from 1.59% to 2.92%, which are close to those of pinewood saw-
dust biochar (1.02%–3.63%) but much lower than those of corn straw
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biochar (9.70%–16.20%) as shown in Fig. S2, potentially leading to the
small release of DBC from corncob biochar since the presence of inor-
ganic species could promote the release of DBC (Smith et al., 2013;
Zhao et al., 2016; Songet al., 2019). Secondly, the structure of biopolymer
compositions in corncob was more rigid than that in corn straw, which
may make it difficult to form DBC. Overall the reason for low release of
DBC derived from corncob biochar warrants further investigation.

However, it should be noted that the content of DLIG300 is substan-
tially higher than other DBCs contents. This is in contradiction with the
conclusion mentioned above. LIG is a complex and non-crystalline
three-dimensional network of phenolic polymers with phenyl propane
as themain structure and cross-linkedwith CEL andHEM through cova-
lent bonds and hydrogen bonds (Cao et al., 2018). The commercial pro-
duction of LIG is originated from black liquor, a waste product of the
alkaline Kraft process inwood pulping (Fan et al., 2017). It is speculated
that the alkaline suspensions of LIG biocharwith pH ranging from 10.72
to 11.50 (Fig. S1)was favorable for the release of DBC (Li et al., 2017). In
addition, the inorganic species in LIG may also promote the release of
DBC as our previous study has determined that the commercial LIG
contained higher ash content at 11.07% than 0.02% and 0.01% for CEL
and HEM respectively (Han et al., 2016). Therefore, this may lead to
higher content of DBC derived from LIG than those from CEL and HEM.

On the rise of HTT, the DOC concentrations of DBCs were signifi-
cantly declined. Still much lower DOC concentrations of DHEM400
(3.21 ± 1.96 mg/L), DCEL400 (3.56 ± 0.62 mg/L) and DCEL500
(1.37 ± 0.24 mg/L) than those of DLIG400 (22.15 ± 1.15 mg/L) and
DLIG500 (14.71 ± 0.69 mg/L) indicated that most pyrolysis products
of CEL and HEM may be volatiles when producing biochar following
the increase of HTT. This is also supported by the result of thermogravi-
metric analysis that the fraction of residue weights was LIG
(33.0%) > HEM (9.05%) > CEL (0.44%) in the whole pyrolysis (Tao
et al., 2020). Therefore, the obtained DBC was most likely to be com-
posed by the pyrolysis products of LIG, especially at high temperatures.
The DOC concentration of 29.3 ± 0.26 mg/L for DCS400 was also much
higher than 8.02±0.61mg/L and 1.03mg/L for DPS400 andDBS400 re-
spectively, while the differences among DCS500 (7.52 ± 0.18 mg/L),
DPS500 (3.84 ± 0.37 mg/L) and DBS500 (0.69 ± 0.12 mg/L) were
narrowed. It is ascribed to the reconfiguration of carbonaceous struc-
tures, leading to ordered, denser, and rigid graphitic structures formed
during the pyrolysis with the increase of HTT and they were less readily
degraded into DBCs (Liu et al., 2018). Another possible reason may be
related to the abundant loss of HEM following the increase of HTTs
and complete consumption of HEM was observed under the HTT of
500 °C, leading to the decrease on the DOC concentrations of DBCs. In
addition, the concentrations of K+, Ca2+, Na+, Mg2+, Cl−, SO4

2−, Br−,
NO3

− and NO2
− co-released into water from biochar are provided in

Table S3. The cations were significantly decreased with the increase of
HTT due to the pyrolytic lost and Mg2+ concentration ranging from
19.04 to 431.47 mg/L were relative high in DBC derived from biomass
under the HTT of 300 °C. The concentrations of Cl− ranging from 0.38
to 50.50 mg/L and SO4

2− ranging from 3.16 to 8.61 mg/L were much
higher than those of Br−, NO3

− and NO2
− derived from four biomasses,

while Cl− and SO4
2− concentrations for DBC derived from LIG were

more than 1000 mg/L. However, no significant correlation was identi-
fied between the concentrations of cations or anions and DOC with bi-
variate correlation analysis. Therefore, on the increase of HTT, CEL and
HEM as main amorphous components was incrementally lost or con-
verted to graphitic crystallites in biochar (Kercher and Nagle, 2003),
while LIG was the least thermally stable among the three components
(Yang et al., 2007; Li et al., 2014), implying that LIG may be important
for the formation of DBC under high HTTs (>500 °C).

3.2. UV–vis analysis

The intensities of UV–Vis absorbance bands for the tested DBCswere
all decreasedwith the increase of wavelengths (Fig. S3), similar to those
observed for other DBCs and humic-like substances (Chen et al., 2002;
Qu et al., 2016). The E2/E3 ratios and S275–295 values of DBCs are pre-
sented in Fig. 2 and Table S4. Under the HTT of 300 °C, the E2/E3 ratios
were 10.71 ± 0.12, 7.84 ± 0.90, and 3.32 ± 0.06 for DHEM300,
DCEL300, and DLIG300, respectively, indicating the highest aromaticity
andMw of DLIG300 since the E2/E3 ratio is inversely proportional to the
two characteristic parameters of DBC (Liu et al., 2019). The E2/E3 ratios
of DCS300, DCC300, DBS300 and DPS300 ranged from 5.54 ± 0.23 to
6.44 ± 0.15, which were comparable with 4.70–7.00 for DBCs derived
from wood and herbaceous residues biochar (Liu et al., 2019). This im-
plies that the aromaticity and Mw of DBCs were possibly associated
with three biopolymer compositions under the low HTTs. As the HTT
was increased, the E2/E3 ratios of DBCs derived from CEL and HEM
were markedly declined to 1.72 ± 0.14 and 6.47 ± 0.16 for DCEL500
and DHEM400 respectively, suggesting that some amorphous fractions
in CEL and HEM were converted to aromatic fractions. However, the
E2/E3 ratios of DBC derived from CS, CC, BS, PS and LIG were incremen-
tally increased to 8.03 ± 0.53, 7.49 ± 0.05, 8.11 ± 0.36 and 8.36 ±
0.18 for DCS500, DCC500, DBS500 and DPS500 respectively, similar to
9.96 ± 0.09 for DLIG500. This finding indicated that the characteristics
of aromaticity andMw were more consistent with that of LIG accompa-
nied by the carbonization and decomposition of CEL and HEM under
500 °C.

Variations inMw of the DBCs could qualitatively reflected by S275–295
values under different HTTs (Fig. 2b). A decrease in S275–295 values
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suggests an increase inMw (Liu et al., 2019). S275–295 values of DBS300,
DPS300, DCS300 and DCC300 ranging from 0.016 to 0.023 nm−1 were
between 0.012 nm−1 for DLIG300 and 0.024 nm−1 for DCEL300. the
Mw of DBCs were generally decreased with the HTT increasing, sup-
ported by both the increasing E2/E3 ratios and S275–295 values, which
was consistent with other published results (Jamieson et al., 2014).
However, S275–295 value of DBC derived from CEL was gradually de-
creased to 0.0091 nm−1 for DCEL500, similar to 0.0108 and
0.0130 nm−1 for DBCs derived from switch grass and soybean biochar
respectively (Liu et al., 2019). Consequently, S275–295 values of
DCC500, DCS500, DPS500 and DBS500 range from 0.019 to
0.025 nm−1, close to 0.022 nm−1 for DLIG500. Therefore, the Mw of
DBCs was particularly influenced by LIG under the HTT of 500 °C.

3.3. Fluorescence spectrum analysis

3.3.1. Fluorescence EEM of DBCs
Main Ex/Empeak positionswere located around 250/450 in the EEM

spectra of DBCs except those derived from HEM biochar (Fig. S4). The
intensities of EEM spectra of DBCs derived from LIG, CS, CC, PS and BS
were increased as a function of HTT, whereas those from CEL and
HEMwere markedly diminished. This may be attributed to readily fluo-
resced aromatic, rigid compounds with low energy p-p* transition, and
seldom fluoresced aliphatic compounds, because of a rapid energy
transfer through overlapping vibrational levels (Uchimiya et al., 2013).
The fluorescence indices including FI, HIX and BIX are shown in
Table 1. The HIX values of DBCs were generally increased on the rise
of HTT, indicating enhanced degree of humification similar to the pub-
lished results (Fellman et al., 2010). It is notable that the HIX value of
216.25 ± 0.38 for DHEM300 is much higher than 3.85 ± 1.08 and
2.31 ± 0.23 for DLIG300 and DCEL300 respectively. The HIX values for
DBS300 and DPS300 were much lower than those for DCS300 and
DCC300 and the mean HIX value of the four DBCs was 1.79 ± 0.58,
close to those of DLIG300 and DCEL300. As the HTT was increased, the
HIX value for DCEL400was increased to 4.78± 0.56 and then decreased
to 3.47 ± 0.43 for DCEL500, while that of DHEM400 had sharply
dropped to 14.70 ± 1.57. In comparison, the HIX value of DBC derived
from LIG was continually increased with the highest value of 22.92 ±
1.04 obtained for DLIG500, indicating significantly enhanced
Table 1
Fluorescence spectroscopic indices of DBCs derived from biochar.

DBCs Mean HIX SD Mean FI SD Mean BIX SD

DCS300 4.43 1.07 1.69 0.11 0.80 0.010
DCC300 2.23 1.12 1.62 0.12 0.46 0.023
DBS300 0.20 0.07 2.05 0.07 0.62 0.017
DPS300 0.30 0.06 3.18 0.12 0.53 0.012
DLIG300 3.85 1.08 1.27 0.08 0.90 0.039
DCEL300 2.31 0.23 1.64 0.11 0.44 0.032
DHEM300 216.25 0.38 1.43 0.13 0.13 0.014
DCS400 7.78 1.01 1.71 0.09 0.69 0.027
DCC400 10.71 1.37 1.43 0.07 0.47 0.033
DBS400 6.88 1.33 1.39 0.13 0.23 0.022
DPS400 8.35 1.16 1.68 0.06 0.47 0.059
DLIG400 15.17 1.27 1.54 0.11 0.73 0.061
DCEL400 4.78 0.56 3.04 0.12 0.90 0.038
DHEM400 14.70 1.57 1.08 0.05 0.12 0.037
DCS500 7.55 1.19 1.92 0.08 0.68 0.034
DCC500 6.87 1.02 1.66 0.12 0.99 0.025
DBS500 4.71 0.97 1.41 0.09 0.22 0.038
DPS500 9.74 0.73 1.55 0.12 0.48 0.026
DLIG500 22.92 1.04 1.54 0.04 0.81 0.021
DCEL500 3.47 0.43 1.24 0.10 0.51 0.018

Note: DBS, DCC, DCS, DPS, DCEL, DHEM and DLIG represents DBCs derived from bamboo
sawdust, corncob, corn straw, pinewood sawdust lignin, cellulose and hemicellulose bio-
char, respectively. The number followed the abbreviated letters represents the heat treat-
ment temperature. FI, fluorescence index. HIX, humification index. BIX, biological index.
SD, standard deviation.
humification similar to that of the sediment organic matter (He et al.,
2016). In addition, the HIX values of DCS500, DCC500, DBS500 and
DPS500 ranging from4.71±0.97 to 9.74±0.73may be integratedly in-
fluenced by LIG and CEL. However, the decomposition of CEL has been
so substantial under theHTT of 500 °C that its effect on the humification
was relatively weak. The FI values from the most DBCs range from
1.08 ± 0.05 to 2.05 ± 0.07, except those of DPS300 and DCEL400
reaching 3.18 ± 0.12 and 3.04 ± 0.12 respectively. In addition, the BIX
values of DBCs were low ranging from 0.22 ± 0.037 to 0.99 ± 0.025 in
consistency with the published results from lignoncellulose biochar
(Lee et al., 2018).

3.3.2. EEM-PARAFAC of DBCs
UVC/UVA Humic-like (C1, C2), microbial decomposition products

(C3), fulvic-like (C4) and protein-like (C5) components were classified
using EEM-PARAFAC analyses as shown in Fig. 3 and Table S5. C1 and
C2 with the characteristic peaks at Ex/Em of 275/450 nm and <225
(305)/422 nm, respectively, can be assigned to UVC/UVA humic-like
large molecular, hydrophobic (macro) molecules (Uchimiya et al.,
2013; Li et al., 2017). C1 with relatively long Em had larger molecular
size than C2 (Uchimiya et al., 2013) and was related to the presence of
low molecular weight (poly) phenolic molecules (Uchimiya et al.,
2013) and highly unsaturated aliphatic compounds (Kellerman et al.,
2015). Humic substance is historically considered to have a large, high
molecular weight macromolecule, however, the subsequent research
suggested that aggregates of lowmolecularweight compounds contrib-
ute to the soil organic carbon fractions are defined as humic substance
(Schmidt et al., 2011). C3 with its maximum Ex/Em peak of 270/
394 nm could be assigned to microbial decomposition products of
humic-like precursors and represented more soluble and labile carbon
fraction having lower aromaticity than humic-like fractions (Uchimiya
et al., 2013). Component C4 showing the characteristic peak at Ex/Em
of 240/374 nm, was comparable to fulvic-like fluorophores including
(poly)phenolic pyrolysis products (Deenik et al., 2010), which repre-
sents more soluble carbon fraction with lower aromaticity than C1–
C3. C5 with low emission wavelength of 260/332 nm was attributable
to protein-like materials containing tyrosine and tryptophan (Bilal
et al., 2010), which is often observed in DBC derived from lignin-rich
feedstocks (Uchimiya et al., 2013; Li et al., 2017).

The component distributions of DBCs are presented in Fig. 3f. The
sums of C1 and C2 indicating humic-like substances varied differently
in DBCs as a function of HTTs. It is observed that humic-like substances
in DBCs derived from LIG-rich biochar (i.e. PS, BS and LIG biochar) were
increased from 34.51% to 47.19%, 26.58% to 72.99% and 33.45% to
37.84%, respectively with the increase of HTTs from 300 to 500 °C. On
the contrary, the humic-like substances in DBCs derived from CEL-rich
biochar (i.e. CS, CC and CEL biochar) were either declined or slightly in-
creased from 63.96% to 54.52%, 54.37% to 57.44% and 49.08% to 40.55%
respectively. C4 (microbial degradation products of humics) were in-
creased in most DBCs as a function of HTT except those from BS, PS
and CEL biochar. It is observed that C4 reached over 46% for DCC500
and DLIG500. In addition, significant differences in the C4 (fulvic-like
substance) between the DBCs derived from LIG-rich biochar (0–8.43%)
and those from CEL-rich biochar (24.09–33.07%) was shown under the
HTT of 300 °C, while they were all increased in the investigated DBCs
upon the rise of HTT and reached more than 40% for DPS500, DCS500,
DCC500 and DCEL500. Reversely, distinctively high C5 ranging from
42.18% to 70.08% among DPS300, DBS300 and DLIG300 but quite low
with less than 21.52% among DCS300, DCC300 and CEL300 were illus-
trated, however, they were all significantly declined with the increase
of HTTs. In summary, thefluorescence components of DBCswere closely
related to the biopolymer compositions and HTTs. The humic- and
protein-like substances were mainly contained in DBCs derived from
LIG-rich biochar, however the humic- and fulvic-like substances were
predominant in those fromCEL-rich biochar at theHTT of 300 °C. The in-
crease of HTT resulted in general decrease of protein-like substances
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and relative increase of fulvic-like substances in most DBCs, however,
general increase and reduction of humic-like substances were individu-
ally observed in DBCs derived from LIG- and CEL-rich biochar. Thus,
combiningwith the HIX values, it became obvious that the humification
of DBCs derived from LIG-rich biochar was stronger than those from
CEL-rich biochar under the HTT of 400 °C and 500 °C.

3.4. FTIR analysis

FTIR spectra analysis is utilized to highlight the differences in surface
chemical functional groups between DBCs derived from LIG- and CEL-
rich biochar (Fig. 4). Locations of main absorbance peaks for DBCs
were consistent with the published data (Qu et al., 2016; Song et al.,
2019). Combining our previous FTIR analysis of bulk CEL, HEM and LIG
biochar (Han et al., 2016), it is noted that DBCs encompassed more
abundant functional groups relative to the bulk biochar, consistent
with other reported results (Song et al., 2019). On the basis of unified
concentrations, Fig. 4a indicated significant differences in functional
groups among DCEL300, DHEM300 and DLIG300. It is identified that
DLIG300 was mainly characterized by aromatic skeletal mode (C_C
and C\\H) at 1600 and 900–700 cm−1 peaks, C_O stretching in amides
at 1650 cm−1 peaks, aliphatic -CH2 at 1440 cm−1 peaks, pyranose ring
skeletal mode (C-O-C) at 1140 cm−1 peak, oxhydryl association (C-
OH) at 1110 and 1044 cm−1 peak. In comparison with DLIG300, more
aromatic ketone and carbonyl (C_O and COOH) functional groups at
1700 cm−1 peak, and ether C\\O at 1222 cm−1, but less aromatic and
pyranose ring skeletal modes were contained in DCEL300 and
DHEM300. Moreover, the FTIR spectra of DCS300, DCC300, DPS300
and DBS300 contained similar functional groups with different intensi-
ties of absorbance peaks. This is supported by stronger signals of aro-
matic C_O, COOH and aliphatic -CH2 in DCC300 and aromatic C_C,
C\\H and C-OH stretching in DCS300, but weaker signals of pyranose
ring skeletal mode (C-O-C) in both DCC300 and DCS300 than those in
DBCs from LIG-rich biochar (DPS300 and DBS300), implying the func-
tional groups of DBC being associated with the portions of biopolymer
compositions. Compared to DLIG300, remarkable absorption peaks
were shown at 1454, 1380, 1113 and 900–700 cm−1 related to aliphatic
-CH2, aliphatic –OH and phenolic –OH, and aromatic C\\H species for
DLIG500 indicating the weakening aromaticity, which was consistent
with the increase of E2/E3 ratio of 9.96 for DLIG500. In addition, only
moderate signals at 1710 and 1590 cm−1 associated with aromatic
C_C and aromatic C_O, COOH were illustrated for DCEL500. Accord-
ingly, the absorption peaks of DCS500, DCC500, DPS500 and DBS500
were close to those of DLIG500. Moreover, the characteristic absorption
peaks of DLIG500 were also predominantly identified in micro particle
biochar (< 1 μm) derived from wood chip, barley grass, wheat straw
and peanut shell (Liu et al., 2019). Therefore, great differences in the
characterized functional groups between DBCs derived from LIG and
CEL (HEM) biochar were illustrated. The combined effects of three com-
ponents on the surface functional groups of DBCs were marketable
under the HTT of 300 °C, while that of LIG was notably pronounced fol-
lowing the rise of HTT.

3.5. Zeta potential and particle size analysis

To further evaluate the heterogeneities in surface charges and size
variations, zeta potential and mean particle diameters of the DBCs
under HTT of 300 °C were measured. The zeta potential and mean Dh

of DBCs exhibited a continuous decline with pH increasing from 1.50
to 6.00 (Fig. 5a-b). The deprotonation of the ionizable functional groups,
such as carboxylic and phenolic groups formed more surface negative
charges at higher pH values, leading to high electronic double layer po-
tential on the surface of DBC molecules and strong molecular repulsion
(Song et al., 2019; Pan et al., 2008), which is favorable for DBCs keeping
stable in aqueous solution. It is noted that the surface electronegativity
of DLIG300, DPS300 and DBS300 characterized by zeta potentials rang-
ing from 0.20 to −18.00 mV, were slightly higher than those of
DCEL300, DHEM300, DCS300 and DCC300 (0.18 to−11.1mV). This ob-
servation suggests that the DBCs from LIG-rich biocharwere considered
to be more stable and mobile than those from CLE-rich biochar, which
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was also supported by the differences in the Dh of DBCs. It is identified
that lower mean molecular Dh of 326.8, 560.8, and 608.2 nm for
DLIG300, DBS300 and DPS300 respectively than those of DCEL300,
DHEM300, DCS300 and DCC300 (631.5, 673.4, 619.8 and 643.2 nm)
under circum-neutral pH conditions (Fig. 5c-d and Fig. S5). This obser-
vation suggests that DBCs derived from LIG-rich biochar could facilitate
the mobility relative to those from CEL-rich biochar. Therefore, the
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lignocellulosic biomasses (CS, CC, BS, PS) under different HTTs (i.e. 300,
400, 500 °C), it is concluded that large variations in physiochemical
properties of DBC derived from CEL, HEM and LIG biochar existed
under various HTTs. The obtained DBCs derived from the given lignocel-
lulosic biomasses were most likely to be composed during the pyrolysis
of CEL and HEM under HTTs of 300 and 400 °C, while LIG may be the
main contributor to the DBC formation under higher HTTs (>500 °C)
due to the decomposition or carbonization of CEL andHEM in the pyrol-
ysis. Generally, CEL and HEM compositions may facilitate the release of
DBCs from bulk biochar. However, on the rise of HTTs, abundant gra-
phitic structures were formed in biochar, which was unfavorable for
the release of DBCs. Reflecting the characteristics of three biopolymer
compositions under the low HTT of 300–400 °C, DBCs contained abun-
dant surface functional groups and relative high aromaticity and Mw,
which were declined or diminished and close to those of LIG under
the high HTT of 500 °C. Five fluorescent components were identified
based on the EEM-PARAFAC analyses. Moreover, the distribution of
the PARAFAC components were closely related to the biopolymer com-
positions and the increase of HTT resulted in general decrease of
protein-like substances and relative increase of fulvic-like substances
in most DBCs. LIG in biomass may facilitate the migration of DBCs due
to abundant surface negative charges and the formation of low Dh.
This study offered new insights into our understanding of the influenc-
ing mechanisms of biopolymer compositions on the characteristic of
DBCs under different HTTs.
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