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Dissolved organicmatter (DOM) plays a critical part in many processes of the ecological environment due to

its mobility and reactivity in the soil and water interface. In the presented study, excitation-emission

matrices (EEM) coupled with parallel factor analyses (PARAFAC) and UV-visible spectroscopy were

introduced to investigate the variation of DOM derived from wheat straw biochar produced at different

pyrolysis temperatures (300 �C, 500 �C and 700 �C), qualitatively and quantitatively. The dissolved

organic matter (DOM) content of 700 �C biochar achieved a maximum of 1.45 g kg�1, while a minimum

of 0.61 g kg�1 was found at 500 �C. Components consisting of protein and tryptophan-like, UVA humic

acid-like and UVC humic acid-like substances were extracted from the fluorescence data using

PARAFAC. The abundance of fluorescent components predicted that DOM was mainly composed of

more aromatic humic materials and litter amino acids with the increase in the pyrolysis temperature.

Additionally, a column experiment simulating a paddy field was conducted to evaluate the feasible

application of biochar produced at different temperatures, and the results showed that biochar addition

enhanced the aromaticity and accelerated the decomposition of DOM released from flooded paddy soil.

However, the indices SUVA254 and SUVA260 showed increasing tendencies in the soil profile, which may

be ascribed to the downward transport of water-soluble DOM during the period of leaching. Briefly, the

findings obtained, reinforced by statistical analysis could provide some valuable and distinct optical

information of DOM derived from biochar and offer technical guidance when incorporating biochar into

paddy soil in agricultural production.
1. Introduction

To relieve pressure on the agricultural environment by chemical
fertilization, crop residues and their derivatives are advocated
to regulate the migration and transformation of soil nutrients
such as carbon, nitrogen and phosphorus in paddy elds. As
a renewable energy resource, wheat straw offers an immense
potential function in producing biogas, biofuel and biochar in
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a green-sustainable development trend, and of the utilization
modes mentioned above, biochar has received a favourable
reception for its benecial applications in recent years.1,2

Biochar, a carbon-rich organic substance produced by crop
residues or biomass under limited-oxygen conditions, contains
abundant aromatic compounds composed of stable fractions and
is resistant to degradation by microorganisms.3–5 In recent years,
there have been increasing studies investigating the soil nutrient
cycle, crop yield and quality, and greenhouse gas (GHG) emis-
sions under biochar amendments, which suggests that biochar
application could improve soil quality and reduce GHG emis-
sions by regulating physicochemical properties (such as soil
porosity, organic carbon, and pH), the structure of the microbial
community and microbial activities.6–8 Previous studies mainly
focused on the variations of GHG emission, changes in the soil
carbon fraction and crop yield aer biochar application through
a eld experiment and had little consideration of the DOM in the
leached water from topsoil. Many former researchers revealed
that biochar amendments could increase the soil DOM content
and alter its composition, which may play a vital role in the fate
and transport of soil contaminants, including heavy metals and
organic pollutants.9–12 Therefore, there has been a push to further
our understanding of the soluble organic fraction of biochar-
RSC Adv., 2020, 10, 5785–5793 | 5785
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derived DOM and soil DOM from biochar amendments.5,13

Additionally, the DOM contents of biochar were determined by
the pyrolysis conditions, including pyrolysis temperature,
carbonization time and oxygen supply, and of the parameters
mentioned above, the pyrolysis temperature has a signicant
effect on the physicochemical properties (such C%, N%, C/N,
cation exchange capacity, and specic area) and then inu-
ences the DOM characteristics indirectly.14,15

The optical properties of DOM, especially its UV-visible
absorbance and orescence, are typically examined for the
purpose of DOM composition.16 Researchers also suggested the
DOM aromaticity increased with the increasing pyrolysis
temperature of biochar through the UV-visible tool.17 In addi-
tion, excitation-emission matrix (EEM) uorescence combined
with a parallel factor analysis (PARAFAC) was also employed to
identify the DOM components based on the excitation and
emission (Ex/Em) maxima.18–21 Overwhelmingly, PARAFAC
modelling could collect several independent uorophore
groups that expressed similar uorescence features from their
lapped mixture of the EEM spectra and offer specic informa-
tion of samples.22 Hence, EEM-PARAFAC was accepted as
a powerful and sensitive technique in characterizing the DOM
composition in freshwater, soil and organic materials.10,23

Presently, studies that focus on the characterization of DOM
from waterlogged paddy soil aer the soil column leaching are
limited, and further investigation is warranted.

In this study, we hypothesis application of biochar obtained
at three temperatures varied soil DOM fraction of uorescent
materials aer a soil column simulate trial, which was signi-
cant to understanding the DOM dynamics in the process of
leaching. Herein, the main objects of this study were to (1)
investigate the dynamics of DOC concentrations in leaching
solutions; (2) characterize the composition and structure of soil
DOM by means of spectroscopic techniques; and (3) gain the
uorescence components using PARAFAC modelling and
analyse the variations of relevant optical indices. To our
knowledge, this is the rst work to explore the DOM spectrum
features in vertical paddy soil (0–40 cm) incorporated with or
without fertilizer/biochar aer leaching.

2. Materials and methods
2.1 Preparation of soil and biochar in this study

Soil in this study was collected on 25 September 2017 (aer the
rice harvest) from our test site, located in Xinji County
(33�001600N, 108�4804400E) Hanzhong City. Four soil layers (0–10,
10–20, 20–30, and 30–40 cm) in this study were collected from
the local farmland, dominated by a wheat and rice system.
Measurements of basic physicochemical properties of tested
soil were conducted according to standard analysis methods.
Wheat straw was used for biochar production with the following
procedure. Aer air-drying and crushing, the crushed wheat
straw was lled into crucibles sealed with lids to prevent oxygen
from entering and then pyrolyzed in amuffle furnace, heating at
a rate of 10 �C min�1, and holding at 300, 500, and 700 �C for
2 h.25 The biochars produced with low (300 �C), medium (500
�C), and high (700 �C) temperatures were denoted by BC300,
5786 | RSC Adv., 2020, 10, 5785–5793
BC500, and BC700, respectively. The details of soil and biochar
used in the presented study are described in Table S1.†

2.1.2 Experimental setup. To simulate wheat straw biochar
amendment in ooded paddy soil, a series of soil column
experiments were conducted in Yangling District, Shaanxi
Province, China (34�150N, 108�340E). Approximately 1 kg of air-
dried soil was placed in a soil column every 10 cm in height (Fig.
S1†), and the 0–10 cm layer was mixed with 3% of the biochars
from different pyrolysis temperatures at a reduced fertilizer
level (i.e., CK: control treatment without biochar and fertilizer;
CF: conventional fertilizer applied; RF: reduced 20% fertilizer
compared with CF; FBC300: 300 �C biochar combined with RF;
FBC500: 500 �C biochar combined with RF; FBC700: 700 �C
biochar combined with RF).26 Then, 1350 mL of deionized water
was added to saturate the dried soil in the column. Deionized
water was added to keep the surface water volume at 300 mL in
the process of the whole experiment. At the end of leaching,
soils in different layer from column were collected, air dried and
sieved for further determination.
2.2 Analytical methods

2.2.1 Preparation of soil and biochar DOM extracts. The
solutions for uorescence and the UV-Vis spectrum analysis to
determine the soil DOM chemical structure were extracted by
deionized water with a 1 : 6 w/v ratio of water and sieved soil
(through 100 mesh sieves). The mixture was then centrifuged
(4000 rpm) at room temperature for 20 min aer shaking on
a mechanical platform shaker at 180 rpm in the dark for 24 h.
However, biochar (1 g) was taken in plastic centrifuge tubes and
mixed with 20 mL of deionized water. Then, the tubes were
placed horizontally on a mechanical platform shaker (180 rpm)
in the dark for 2 h. The suspensions were centrifuged at
10 000 rpm for 10 min. Finally, the obtained supernatants were
ltered through 0.45 mm microber lters (Millipore) and
maintained in the dark at 4 �C for further DOM analysis.

2.2.2 UV-vis and uorescence spectrum analysis. The
quantities of samples' DOM were represented by DOC concen-
trations, which were measured with a total organic carbon
(TOC) analyser (Shimadzu Inc., TOC-VCHP, Japan). A UV-Vis
spectrophotometer (UV Probe-1780, Shimazdu, Japan) was
utilized to determine the absorbance values of water-extractable
DOM, and deionized water was used to prepare a baseline at
wavelengths of 400–250 nm.

For the uorescence intensity measurement, a three-
dimensional excitation-emission matrix (3D-EEM) was studied
by employing a uorescence spectrophotometer (F97 Pro,
Lengguang Tech., China), scanning at excitation wavelengths
ranging from 200 to 500 nm and emission wavelengths from
250 to 550 nm, with an increment of 5 nm. The scanning speed
was set at 6000 nm min�1. A blank solution (deionized water)
was taken into consideration to obtain emission spectra solely
from DOM samples by subtracting the blank signals from the
measured uorescence. In the case of the UV absorbance coef-
cient at 254 nm over 0.05, the DOM solution samples should
be diluted prior to uorescence determination to prevent inner-
lter collection.27
This journal is © The Royal Society of Chemistry 2020
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PARAFAC modelling was operated through MATLAB 7.0
(Mathwotks, Natick, MA, USA) coupled with the DOM Fluor
Toolbox following the recommendation of Stedmon and Bro
(2008).18 In our study, 9 biochars and 72 soil DOM samples were
prepared to obtain EEM spectra, which were utilized for PAR-
AFAC modelling calculations.

To evaluate the environmentally relevant UV parameters in
the present study, data were used selectively to calculate
SUVA254 (specic UV absorbance at wavelength 254 nm) and SR
(slope ratio). In addition, DOM characteristics were also inves-
tigated by the uorescent indices, which have been shown to
relate to DOM structure: (i) the humication index (HIX), an
indication of the humication degree (Zsolnay, 2001);28 (ii) the
uorescence index (FI), which is used to distinguish DOM
sources from terrestrial or microbial sources (McKnight et al.,
2001);29 (iii) the biological index (BIX), which reects the ratio of
albuminoid and biological components;30 and (iv) the ratio of
two uorescing components (b : a), where b represents recent
labile OM (oen microbially produced or autochthonous) and
a represents recalcitrant OM (allochthonous).30
2.3 Statistical analysis

The raw data were addressed using Excel 2010 (Microso Excel
2010, O'Reilly, Microso USA). All gures in this work were
drawn with Origin 9.0 (Origin 2015, USA). Data were processed
statistically with analysis of variance (ANOVA) and Duncan's
multiple range tests for signicant differences between treat-
ments at p < 0.05. All data analysis was conducted using the
SPSS 20.0 (SPSS Inc., Chicago, USA) soware package.
Fig. 1 The content of DOM (represented by DOC concentration) from
soils sampled after the leaching test. Different coloured bars represent
different treatments (treated in the 0–10 cm layer) (i.e., CK: control
treatment without biochar and fertilizer; CF: conventional fertilizer
applied; RF: fertilizer reduced 20% compared with CF; FBC300: 300 �C
biochar combined with RF; FBC500: 500 �C biochar combined with
RF; FBC700: 700 �C biochar combined with RF). All values are given as
the mean � SD from three replicates. Different letters indicate statis-
tical differences between different pyrolysis temperature treatments (p
< 0.05).
3. Results and discussion
3.1 Quantity of DOM derived from biochar and soil

Generally, the soluble organic C fraction in the DOM pool can
be represented by the DOC concentration.11,31 The content of
DOC derived from the biochar produced at different pyrolysis
temperatures (300, 500 and 700 �C) is shown in Table S1.† DOC
extracted from biochar at the three temperatures varied signif-
icantly, and the mean DOC concentration of biochar at 300 �C
(1.14 g kg�1) was higher than that observed at 500 �C (0.61 g
kg�1) (p < 0.05), which suggested the notable effect of the
pyrolysis temperature on DOM release from wheat straw bio-
char. These ndings contrast with previous studies that found
that biochar produced at low temperature had a higher DOC
content compared to biochar obtained at higher tempera-
tures.32,33 However, with the increase in the pyrolysis tempera-
ture, the DOC content signicantly increased at 700 �C (1.45 g
kg�1) (p < 0.05) compared to the biochar produced at low
temperatures. Meanwhile, higher temperature may lead to
a secondary reaction during the pyrolysis producer, which
resulting in a lower DOC content.32 Hence, in the present study,
wheat straw biochar produced at 700 �C has a potential higher
release of DOM and can be recommended as a favourable
material in possible applications for wastewater treatment, soil
remediation or other environmental elds.
This journal is © The Royal Society of Chemistry 2020
To evaluate the effect of biochar amendments on the soil
DOM content, the water-extractable DOC contents of different
treatments (i.e., CK: control treatment without biochar and
fertilizer; CF: conventional fertilizer applied; RF: reduced 20%
fertilizer compared with CF; FBC300: 300 �C biochar combined
with RF; FBC500: 500 �C biochar combined with RF; FBC700:
700 �C biochar combined with RF) in the soil prole (0–40 cm)
was also determined (Fig. 1). Overall, the mean DOC contents in
the soil prole were in the range of 0.064–0.088 g kg�1, while the
mean DOC content of the third layer (20–30 cm) was the highest
(0.088 g kg�1) (p < 0.05), which may be attributed to the accu-
mulation of DOC during the process of leaching. DOC
concentrations in soil with amendments of biochar produced at
the three temperatures were signicantly higher than those of
CK, CF and RF (p < 0.05), which indicated that biochar
supplements could increase the soil DOC content compared to
the control treatment without biochar. Similar studies have
shown that soil DOC signicantly increased from 84 to 144 mg
kg�1 markedly with biochar amendment.5 In addition, the
increasing of soil DOM could also be attributed to the high pH
of biochar, which produce some soil minerals coupled with
negative charge, resulting in the desorption of positive DOC
(Tang et al., 2016).11 Moreover, human activities in agricultural
production, including fertilization, irrigation, and the addition
of organic materials such as crop residues, feed stocks and
biochar, could induce the strong variations in soil DOC,6 which
was found in the treatments with biochar combined with
fertilizer in this study. Wardle et al. (2008) also revealed that
biochar application offered a possible increase in soil organic
carbon lability,34 which could enhance the soil microbial
biomass and activity effectively. However, in the other three soil
RSC Adv., 2020, 10, 5785–5793 | 5787
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proles, there were no signicant differences among all treat-
ments, as well as the biochar addition treatments.
3.2 EEM-PARAFAC components and its distribution in
biochar

In this study, the three uorescent components (labelled C1, C2
and C3, respectively) of DOM released from biochars produced at
different pyrolysis temperatures were identied by uorescence
EEM and PARAFAC analyses. As shown in Fig. 2, EEM-PARAFAC
C1, C2 and C3 and the corresponding spectral loadings were
presented. In addition, the characteristics of the three identied
components were summarized in Table 1 in detail. The results in
this study showed that the identied components comprised one
protein- and tryptophan-like substance (C1) and two humic acid-
like substances [C2 (UVA humic acid-like), C3 (UVC humic acid-
like)]. The C1 component was characterized by peaks at 245
(265) nm excitation and 380 nm emission wavelengths, and C1
was dened as a protein- and tryptophan-like substance, which
indicated intact proteins or less degraded peptide material.22,27,35

The C2 component was characterized by peaks at 220 nm exci-
tation and 410 (420) nm emission wavelengths, and the compo-
nent was described as a UVA humic acid-like compound with low-
molecular-weight material, which was common in wetlands and
agricultural environments.23,36,37 The C3 component was charac-
terized by peaks at 260 (280) nm excitation and 440 (480) nm
emission wavelengths, and it was regarded as a UVC humic acid-
like compound with high molecular weight and aromatic humic,
Fig. 2 Representative EEM contours, fluorescence spectral loadings and
analysis. Ex: excitation wavelength; Em: emission wavelength. (A) compo
C1, C2 and C3.

5788 | RSC Adv., 2020, 10, 5785–5793
which agreed with the humic acid-like materials identied by
EEM-PARAFAC.10,36–38 The probable sources of C1 and C2 were
considered as autochthonous, terrestrial or soil organic matter or
microbial processes, while C3 was deemed to be from terrestrial
or soil organic matter.16,39 Additionally, the relative abundances
of PARAFAC C1, C2 and C3 were also analysed in Fig. 2D. The
relative abundances of the three uorescent components (C1–C3)
of DOM released from biochar at 300 �C accounted for 38.39%,
42.19% and 19.41%, respectively, which indicated a major pres-
ence of UVA humic acid-like substance. Similarly, C2 was the
main contributor of DOM derived from 500 �C biochar, which
accounted for 47.92% of the three PARAFAC components.
However, the DOM composition released from biochar produced
at 700 �C was dominated by UVC humic acid-like material
(47.68%). It also should be noted that the proportions of protein-
and tryptophan-like substances (C1) were signicantly decreased
with the increase in pyrolysis temperature (300 �C: 38.39%,
500 �C: 25.05%, 700 �C: 10.69%), which poorly predicted the
amino acids released during the process of the temperature
increase. However, the percentages of UVC humic acid-like
substances (C3) were raised notably with the increasing pyrol-
ysis temperature (300 �C: 19.41%, 500 �C: 27.03%, 700 �C:
47.68%). These results suggested more high-molecular-weight
and aromatic humic materials generated when the pyrolysis
temperature increased from 300 �C to 700 �C. The above results
are in agreement with those conclusions in previous studies. The
EEM-PARAFAC technique was used to quantify the DOM
the distributions of the three components identified by EEM-PARAFAC
nent 1, (B) component 2, (C) component 3, (D) relative distributions of

This journal is © The Royal Society of Chemistry 2020
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Table 1 Characteristics of the three components identified via EEM-PARAFAC analysis. Ex: excitation wavelength; Em: emission wavelengtha

Components EEM locations Fluorescent substance Descriptions and assignment
Probable
source16,39 References

C1 Ex ¼ 245 (265) nm, Em ¼ 380 nm Protein- and tryptophan-
like

Amino acids, free or bound in
protein, may indicate intact
proteins or less degraded peptide
material

A, T, M 22, 27 and 35

C2 Ex ¼ 220 nm, Em ¼ 410 (420) nm UVA humic acid-like Low molecular weight, common in
wetlands and agricultural
environments

A, T, M 23, 36 and 48

C3 Ex ¼ 260 (280) nm, Em ¼ 440 (480)
nm

UVC humic acid-like High molecular weight and
aromatic humic, highest in
wetlands and forested
environments

T 36, 38, 47 and
48

a A, autochthonous; T, terrestrial or soil organic matter; M, microbial process.
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composition of biochar and showed that biochar-amended DOM
released mainly humic acid fractions during a eld trial.24,40

Hydrophobic acid, humic acid or marine humic acid-like
substances were also observed from DOM derived from biochar
produced at different temperatures.10,11

To better understand the variability of DOM derived from
biochar produced at different pyrolysis temperatures (300, 500
and 700 �C), the relative abundances of DOM components were
evaluated in terms of the uorescence intensity (Fig. 3). Overall,
the mean uorescence intensities of PARAFAC components in
biochar produced at 300 �C (472.41) were signicantly higher
than those of biochar produced at 500 �C (19.45) and 700 �C
(1.45). Specically, the uorescence intensities of C1 and C2 of
DOM released from 300 �C biochar were markedly higher than
that of C3, which showed an abundance of aromatic humic
materials. Nevertheless, the uorescence intensity of C2 of
DOM released from biochar produced at 700 �C was the domi-
nant compound compared to C1 and C3. Furthermore, the
Fig. 3 Fluorescence intensity (FI) of the three components (C1, C2 and
C3) andmean FI of components in biochar produced at different pyrolysis
temperatures (300, 500 and 700 �C). All values are given as the mean �
SD from three replicates. Different letters indicate statistical differences
between different pyrolysis temperature treatments (p < 0.05).

This journal is © The Royal Society of Chemistry 2020
uorescence intensities of C1, C2 and C3 were found to have
little difference in the DOM released from 500 �C biochar.

To summarize, the results obtained in this study indicated
that the pyrolysis temperature signicantly regulated the
distribution of different components of DOM released from
biochar. Several studies also suggested that the DOM content
and composition were greatly inuenced by the biochar feed-
stocks, pyrolysis conditions and extractable producer.41,42 Lin
et al. reported that the lower DOM was obtained in the high
temperature biochar, which consisted of more low-molecular-
weight acids.32 Mukherjee et al. also noted that the quantity of
DOM derived from biochar was closely related to the contents of
acid functional groups and volatile matter.33
3.3 Optical indices of DOM derived from biochar and soil

To elucidate the chemical characteristics of DOM released from
the biochar produced at different pyrolysis temperatures, the
Fig. 4 The relationship between dissolved organic carbon (DOC) and
specific UV absorbance at the wavelength (SUVA254) or slope ratio (SR)
from UV absorbance of DOM derived from the biochar produced at
different pyrolysis temperatures (300, 500 and 700 �C). All values are given
as themean� SD from three replicates. Different letters indicate statistical
differences between different pyrolysis temperature treatments (p < 0.05).
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Fig. 5 Correlations of the humification index (HIX) with the biological
index (BIX) and fluorescence index (FI) of DOM derived from the bio-
char produced at different pyrolysis temperatures (300, 500 and 700
�C). All values are given as the mean � SD from three replicates.
Different letters indicate statistical differences between different
pyrolysis temperature treatments (p < 0.05).
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additional analyses of SUVA254 and SR were done by UV-visible
spectrophotometry, and the correlation between DOC and the
indices was also analysed (Fig. 4 and 5). The mean SUVA254 of
DOM released from biochar at 500 �C and 700 �C was 0.32 L mg
Table 2 Variations of UV-visible and fluorescent indices (SUVA254, SUV
column leachinga

Soil depth Treatments SUVA254 SUVA260 F

0–10 cm CK 0.69 � 0.05bc 0.66 � 0.05bc 1
CF 2.57 � 0.13a 2.45 � 0.13b 1
RF 2.26 � 2.43ab 8.87 � 2.35a 1
RFBC300 2.00 � 0.71bc 1.93 � 0.68bc 1
RFBC500 0.49 � 0.13c 0.47 � 0.13c 2
RFBC700 1.41 � 0.21bc 1.34 � 0.19b 1

10–20 cm CK 6.15 � 1.65b 5.90 � 1.58b 1
CF 1.53 � 0.39c 1.48 � 0.39c 1
RF 0.78 � 0.12c 0.74 � 0.11c 1
RFBC300 2.00 � 0.08c 1.91 � 0.08c 2
RFBC500 9.86 � 1.77a 9.50 � 1.73a 1
RFBC700 1.48 � 1.08c 1.45 � 1.05c 1

20–30 cm CK 2.59 � 0.31a 2.49 � 0.31a 1
CF 3.64 � 1.39a 3.50 � 1.37a 2
RF 4.33 � 1.58a 4.16 � 1.52a 1
RFBC300 0.69 � 0.34b 0.68 � 0.33b 1
RFBC500 3.00 � 0.48a 2.87 � 0.46a 1
RFBC700 3.98 � 1.09a 3.79 � 1.04a 2

30–40 cm CK 6.87 � 4.76ab 6.59 � 4.56ab 2
CF 0.46 � 0.11d 0.44 � 0.11d 1
RF 3.39 � 0.99bcd 3.24 � 0.95 cd 1
RFBC300 4.68 � 0.67abc 4.46 � 0.63bc 1
RFBC500 7.84 � 1.79a 7.51 � 1.73a 2
RFBC700 0.75 � 0.19cd 0.73 � 0.20cd 1

a SUVA254: specic UV absorbance at wavelength 254 nm; SUVA260: spec
humication index; BIX: biological index; b : a: freshness index. Differen
< 0.05).
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C�1 m�1 and 0.11 L mg C�1 m�1, respectively, which predicts
a lower aromaticity of DOM (SUVA254 < 1) and more hydrophilic
fractions (SUVA254 < 3).20,23,43 However, the SUVA254 of DOM
released from biochar produced at a low temperature (300 �C)
was 4.58 L mg C�1 m�1 higher than that released from biochar
produced at a high temperature, which was signicant (p <
0.01), indicating strong aromatic and abundant hydrophobic
fractions.44 Additionally, a signicant change in SR was found
with the DOC content of biochar, and the high DOC concen-
tration showed high SR values, which were 3.69 (300 �C), 5.25
(500 �C) and 5.95 (700 �C). As the proxy of DOM molecular
weight, the SR value in this study was much higher at high
pyrolysis temperatures, suggesting a large molecular weight
with the increase in DOC concentration.45 The relationship
among the DOC concentration, SUVA254, and SR obtained in
Fig. 4 revealed that the characteristics of DOM released from
biochar could be regulated by the DOC content due to the
various pyrolysis temperatures, which was consistent with
previous results of Li et al.19

The indices of FI, BIX, and HIX are currently used to quantify
the compositional variation and source of DOM. As shown in
Fig. 5, the correlation between FI, BIX and HIX also displayed
a signicant difference with the biochar produced at different
pyrolysis temperatures. The HIX values showed a negative
relationship with the BIX index, while they showed a positive
relationship to the FI index with the increase in the humica-
tion degree of biochar obtained at different pyrolysis
A260, FI, HIX, BIX, freshness) for soil profile (0–40 cm) after 55 days

I HIX BIX b : a

.02 � 0.10b 0.52 � 0.10a 0.75 � 0.20a 0.65 � 0.16a

.98 � 0.15a 0.98 � 0.15a 0.66 � 0.16a 0.60 � 0.14a

.83 � 0.10a 0.80 � 0.10a 0.56 � 0.01a 0.53 � 0.03a

.85 � 0.12a 0.75 � 0.12a 0.67 � 0.10a 0.61 � 0.09a

.00 � 0.09a 1.00 � 0.09a 0.56 � 0.20a 0.51 � 0.19a

.20 � 0.21a 0.92 � 0.21a 0.73 � 0.21a 0.67 � 0.17a

.87 � 0.12 ab 0.90 � 0.12a 0.61 � 0.03a 0.56 � 0.03a

.84 � 0.12b 0.84 � 0.12b 0.59 � 0.05a 0.53 � 0.07a

.83 � 0.08b 0.83 � 0.08b 0.71 � 0.06a 0.64 � 0.06a

.12 � 0.27a 1.12 � 0.26a 0.67 � 0.16a 0.57 � 0.16a

.85 � 0.12b 0.85 � 0.12b 0.29 � 0.21 0.26 � 0.19b

.74 � 0.05b 0.74 � 0.05b 0.58 � 0.03a 0.54 � 0.03a

.79 � 0.06b 1.81 � 0.08b 0.59 � 0.05a 0.54 � 0.03a

.14 � 0.23a 1.18 � 0.14a 0.64 � 0.12a 0.55 � 0.18a

.83 � 0.17b 0.82 � 0.07b 0.52 � 0.15a 0.47 � 0.14a

.68 � 0.09b 0.66 � 0.07b 0.45 � 0.15a 0.43 � 0.16a

.76 � 0.12b 0.76 � 0.12b 0.59 � 0.10a 0.56 � 0.09a

.19 � 0.15a 1.19 � 0.15a 0.67 � 0.08a 0.59 � 0.11a

.00 � 0.21ab 0.97 � 0.17c 0.67 � 0.11ab 0.63 � 0.09ab

.62 � 0.11b 1.59 � 0.09b 0.34 � 0.02c 0.33 � 0.02c

.76 � 0.06b 1.80 � 0.04b 0.55 � 0.03bc 0.52 � 0.02abc

.86 � 0.12ab 1.78 � 0.09ab 0.68 � 0.02ab 0.63 � 0.01ab

.32 � 0.57a 2.08 � 0.18a 0.52 � 0.25c 0.44 � 0.27bc

.93 � 0.17ab 0.89 � 0.12ab 0.84 � 0.08a 0.75 � 0.11a

ic UV absorbance at wavelength 260 nm; FI: uorescent index; HIX:
t letters indicate statistical differences between different treatments (p

This journal is © The Royal Society of Chemistry 2020
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temperatures (Fig. 5). The ranges of FI and HIX were 1.82–2.46
and 0.82–1.46, respectively, which indicate a microbial or
autochthonous source (terrestrial and allochthonous: 1.2 < FI <
1.5; microbial or autochthonous: 1.7 < FI < 2.0) of DOM released
from biochar produced at different pyrolysis temperatures.29

Furthermore, the variations of UV-visible and uorescent
indices (SUVA254, SUVA260, FI, HIX, BIX, and freshness) of
biochar-amended soil (0–40 cm) aer 55 days of column
leaching were also analysed (Table 2). Biochar amendments
signicantly increased he SUVA254 and SUVA260 values in topsoil
(0–10 cm), which indicating strong aromatic and hydrophobic
properties of soil DOM.9,19 Compared to CK treatment, obvious
increase of FI and HIX indices were observed, which may
attributed to the presence of fertilizer and biochar containing
substituents, hydroxyl, alkoxyl, amino groups, tending to shi
uorescence maxima to longer wavelengths.46 However, for BIX
and b : a, there were no signicant difference among the
control and biochar amended treatments. With the increasing
of depth, the SUVA254 and SUVA260 values showed a tendency of
increasing, which may be attributed to the down transport of
DOM with the process of leaching. However, the further study
on the variations of soil and leachate DOMmolecular weights in
the process of leaching should be conducted to reveal the
mechanisms of DOM migration and transformation. The
distinct changes of present indices predicted a potential varia-
tion of soil DOM composition aer biochar amendment and
fertilizer addition during a period of leaching.

4. Conclusion

The DOM content derived from wheat straw biochar produced at
different pyrolysis temperatures (300 �C, 500 �C and 700 �C)
signicantly varied, with a range of 0.61–1.45 g kg�1, while the
DOM minimum achieved at 500 �C. Moreover, the quantity and
chemical quality of DOM derived from the biochar were analysed
in using uorescence and UV absorption techniques coupled
with EEM-PARAFAC, and three uorescent components (protein
and tryptophan-like, UVA humic acid-like and UVC humic acid-
like substances) were identied. Furthermore, the distributions
of the three components suggested that more aromatic humic
materials with higher molecular weights but poor amino acids
were generated with the increase in pyrolysis temperature. The
potential application of biochar in paddy soil was also evaluated
by optical indices, and the ndings demonstrated that biochar
amendments could hasten soil DOM decomposition and trans-
portation, resulting in the development of a soil/water environ-
ment or rice yield and quality.
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R. Jaffé, Characterizing humic substances from estuarine
soils and sediments by excitation-emission matrix
spectroscopy and parallel factor analysis, Biogeochemistry,
2009, 96(1), 131–147.

39 P. G. Coble, S. A. Green, N. V. Blough and R. B. Gagosian,
Characterization of dissolved organic matter in the Black
Sea by uorescence spectroscopy, Nature, 1990, 348(6300),
432–435.

40 D. Wei, K. Zhang, S. Wang, B. Sun, N. Wu and W. Xu,
Characterization of dissolved organic matter released from
activated sludge and aerobic granular sludge biosorption
processes for heavy metal treatment via a uorescence
approach, Int. Biodeterior. Biodegrad., 2017, 124, 326–333.

41 A. Smebye, V. Alling, R. D. Vogt, T. C. Gadmar, J. Mulder,
G. Cornelissen and S. E. Hale, Biochar amendment to soil
changes dissolved organic matter content and
composition, Chemosphere, 2016, 142, 100–105.

42 M. Uchimiya, I. M. Lima, K. Thomas Klasson, S. Chang,
L. H. Wartelle and J. E. Rodgers, Immobilization of heavy
metal ions (CuII, CdII, NiII, and PbII) by broiler litter-
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10279e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

11
:5

1:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
derived biochars in water and soil, J. Agric. Food Chem., 2010,
58, 5538–5544.

43 Y. L. Yeh, K. J. Yeh, L. F. Hsu, W. C. Yu, M. H. Lee and
T. C. Chen, Use of uorescence quenching method to
measure sorption constants of phenolic xenoestrogens
onto humic fractions from sediment, J. Hazard. Mater.,
2014, 277, 27–33.

44 A. Matilainen, E. T. Gjessing, T. Lahtinen, L. Hed,
A. Bhatnagar and M. Sillanpää, An overview of the
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