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• Biochar-borne dissolved organic matter
(DOMBC) was extracted from biochar.

• The DOMBC from modified biochar de-
grades faster and has a lower EDC.

• The aromaticity and molecular weight
predominantly affect the DOMBC prop-
erties.

• We propose a new method for DOMBC

analysis and biochar reactivity predic-
tion.

• Our results indicate the advantages of
optical analysis in the assessment of
biochar.
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Modified biochar is widely used as a soil amendment in agricultural systems to improve crop yields and
remove environmental pollutants. The water-soluble fraction of biochar, called biochar-derived dissolved
organic matter (DOMBC), is the most active biochar component. However, the correlation between the op-
tical properties of DOMBC and its biogeochemical activity remain unclear. In this study, one biochar and six
modified derivatives were used to extract DOMBC and characterize its optical properties. The biogeochem-
ical reactivities of DOMBC were determined using biodegradation, photodegradation, and electron-donating
capacity assays. The results show that modification changes the biochar characteristics, leading to a variety
of DOMBC properties. The DOMBC from modified biochars degrades more rapidly than the original biochar.
On the other hand, modification reduces the redox functional groups in DOMBC, resulting in a lower
electron-donating capacity of DOM samples. However, the modifications did not seem to affect
photodegradation. Not all spectral parameters provide information about the correlations between the
DOMBC properties and biogeochemical reactivity. However, two fundamental properties, that is, the specific
UV absorbance at 254 nm (SUVA254, showing aromaticity) and spectral slopes over the ranges of 275–295 nm
of the UV absorbance (S275–295, showing molecular weight), are the dominant factors affecting the
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Biodegradation
Photodegradation
biodegradation and electron-donating capacities of DOMBC. In this study, a rapid and straightforward method is
presented, which can be used to characterize DOMBC and predict the reactivity of biochar that is used as an en-
vironmental amendment to minimize toxic organic compounds.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Biochar (BC), which is an efficient and low-cost soil amendment, is
produced from the pyrolysis of organic biomass under limited oxygen
supply (Huang et al., 2019a; Li et al., 2018; Naeem et al., 2021; Zubair
et al., 2021). Many biomass types, such as plants, grasses, municipal
sludge, agricultural residue, manure, food waste, paper mill waste, and
feedstock, can be used to produce biochar (Liu et al., 2015; Turan,
2019, 2020; Khan et al., 2020) via various thermochemical processes.
Biochar is widely used in soil to ameliorate agricultural systems (Tang
et al., 2019), enhance crop yield (Ahmad et al., 2014; Shahbaz et al.,
2019), and mitigate greenhouse gas emissions (Das et al., 2021). Be-
cause of its various functional groups, biochar can also immobilize envi-
ronmental contaminants, such as heavy metals, and thus reduce the
toxicity and bioaccumulation risk in soils. In addition, biochar is one of
the most used low-cost adsorbents for the removal of many types of
pollutants from aqueous solutions (Ahmad et al., 2014; Tan et al.,
2016a; Huang et al., 2019b).

In recent years, numerous studies have focused on biocharmodifica-
tion (i.e., engineered biochar) with the goal to form new structures and
enhance surface properties (Yang and Jiang, 2014; Li et al., 2018). Mod-
ified biochars generally exhibit a significantly improved biogeochemical
reactivity,which is due to the introduction of new functional groups and
components (e.g., amino, chitosan, and sulfhydryl; Jin et al., 2017; Yang
and Jiang, 2014). For example, catalytic material-integrated biochar
plays a dual role as an adsorbent and catalytic degradation agent during
the removal of organic contaminants (Han et al., 2015; Tan et al.,
2016b). Yang and Jiang (2014) reported that amino acids enhance the
ability of biochar to adsorb copper (Cu) from synthetic wastewater. In
addition, chitosan-modified biochars has shown an enhanced heavy
metal removal ability, especially for lead (Pb) (Zhou et al., 2013).
Thiol-modified biochars are also highly efficient in the removal of mer-
cury (Hg) and methylmercury (Huang et al., 2019b; Lyu et al., 2020).
This type of biochar has also been used in the remediation of cadmium
(Cd)- and Pb-polluted soils (Fan et al., 2020). Sulfur impregnation of
biochar is an efficient way to enhance the Hg removal, which is due to
the formation of HgS precipitates (Tan et al., 2016a).

The water-soluble fraction of biochar, called biochar-derived dis-
solved organic matter (DOMBC), is released from bulk biochar when in
contact with an aqueous phase. As the most active component of bio-
char, the structural and compositional characteristics of DOMBC largely
determine its applicability to soils. Similar to DOM identified in natural
systems (e.g., lakes, forest soil, and rivers), DOMBCplays an essential role
in the carbon cycle, environmental fate of contaminants such as polycy-
clic aromatic hydrocarbons (Tang et al., 2016), mercury (Liu et al.,
2019), and some organic wastes (Klammsteiner et al., 2020), and the
responses of aquatic microorganisms to toxic material (Smith et al.,
2016). For example, the aromatic moiety facilitates electron transfer,
resulting in variations in the redox activity of DOMBC (Graber et al.,
2014). In addition, the biodegradability of DOMBC is related to carbon
sequestration, which could further influence the soil fertility and
microbial activity (Mitchell et al., 2015). Thus, considering the wide ap-
plication of biochar, the determination of the characteristics of DOMBC,

especially from bulk biochar, is essential to understand the role of
biochar-derived DOM in soil systems.

Optical methods, including ultraviolet visible (UV–Vis) and fluores-
cence spectroscopy, have been widely applied to measure and charac-
terize DOM in natural and engineered environments because of their
high sensitivity, simplicity, rapid analysis, and in situ-measurements
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capabilities. The “fingerprint” of DOM, that is, the optical parameters,
reflects specific characteristics of the water quality. For example, the
specific UV absorbance at 254 nm (SUVA254) is a classic optical param-
eter representing the DOM aromaticity (Weishaar et al., 2003;
McKnight et al., 2001). This property is also used to evaluate the biogeo-
chemical reactivity of DOM. In water treatment engineering, the optical
parameters of DOM have been used to characterize the biological oxy-
gen demand (BOD) removal efficiency and trace organic contaminant
transformation of different treatment methods (Henderson et al.,
2009; Korak et al., 2014; Carstea et al., 2016). However, a standard ap-
proach with respect to the selection of optical parameters for the evalu-
ation of the DOM reactivities has not been established. Despite previous
studies on the characterization of different types of DOMBC (Li et al.,
2018), the correlation between its characteristics and reactivity remains
unclear. Therefore, it is necessary to validate whether an optical param-
eter can be used to evaluate the biogeochemical reactivity of DOMBC.

Therefore, we hypothesized that the diverse DOMBC characteristics
control its biogeochemical reactivity. The aims of this study were
(1) to characterize DOMBC from modified biochars; (2) to elucidate
the correlations between the DOMBC properties and its biogeochemical
reactivity; and (3) to determine if compositional parameters can be
used as indicators of the reactivity of DOMBC.

2. Materials and methods

2.1. Biochar and biochar-derived DOM

Original biochar (BCoriginal) was produced from pinecones, which
were purchased from ShiKeJinNian Biotech Ltd. (Guizhou Bijie, China).
Modified samples were obtained by chemically grafting different func-
tional groups on the biochar, including amino (BCNH2), epoxy (BCCH(O)
CH), ethyoxyl (BCC2H5O), and thiol (BCthiol) groups. Two biochars were
chemically coated to introduce selenium (BCSe) and chitosan
(BCchitosan). In this study, biochar-derived DOM (i.e., DOMBC) samples
were extracted usingMilli-Q®water (18.2Ω·cm) following a modified
method of soil DOM extraction (Jiang et al., 2017; Wei et al., 2019,
2020). The biochar powder/water ratio was 1:100 g/mL. The powder
suspension was maintained on a horizontal shaking device (220 rpm)
at room temperature in the dark for 48 h. The suspensionwas then cen-
trifuged for 30 min at 4000 rpm. Subsequently, 0.45 μm polyether sul-
fone (PES) membranes were used to filter the supernatant and collect
the DOMBC. The DOM sampleswere frozen and stored. Prior to the anal-
yses, the DOMBC sampleswere diluted 500 times (e.g., diluted samples).

2.2. DOM characterization

The DOM concentration, that is, the dissolved organic carbon (DOC;
mg·L−1), was measured using a total organic carbon (TOC) analyzer
(Shimadzu TOC-L, Japan). The UV–Vis and fluorescence measurements
were conducted at room temperature in a 10 mm quartz cuvette
using an Aqualog® (Horiba, Japan) absorption–fluorescence spectrom-
eter equipped with a 150 W ozone-free xenon lamp. Milli-Q® water
was used as a blank. The UV–Vis scan ranged from 230 to 800 nm at
1 nm intervals. The specific UV absorbance at 254 nm (SUVA254,
L·mg−1·m−1) was calculated as follows: SUVA254 = A(254)/DOC,
where A(254) is the sample absorption absorbance at 254 nm after
correcting for iron (Jaffrain et al., 2007; Weishaar et al., 2003). The
Naperian absorption coefficient was calculated as a(λ) = 2.303*A/l,
where a(λ) is the DOM absorption coefficients at wavelength λ (nm),
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A is the absorbance, and l is the cuvette path length (m).We selected the
absorption coefficient a(355) to indicate the abundance of chromo-
phoric DOM. Emission–excitation matrices (EEMs) were recorded
using fluorescence spectroscopy. Corrections of the inner-filter effects
(IFE) were described in our previous study (Jiang et al., 2018). In partic-
ular, parallel absorbance measurement from the sample and blank
(Milli-Q water) was conducted (Yang and Hur, 2014) and Aqualog®
EEMS data processing software was used to correct the IFE automati-
cally. In addition, corrections for the IFE were double-checked using
OriginPro 2017. The emission spectra ranged from 250 to 620 nm at
3.18 nm steps and the excitation spectra ranged from 230 to 450 nm
at 5 nm. The fluorescence index (FI) was calculated as the ratio of the
fluorescence intensities at emission wavelengths of 470 and 520 nm
(excitation wavelength was maintained at 370 nm; McKnight et al.,
2001; Fellman et al., 2010; Cory and McKnight, 2005). The biological
index (BIX) was calculated by dividing the emission intensity at
380 nm by the emission intensity of the maximum value in the range
of 420–435 nm at an excitation of 310 nm (Huguet et al., 2009;
Wilson and Xenopoulos, 2009). In addition, the humification index
(HIX)was calculated by dividing the peak area under the emission spec-
tra at 435–480 nm by 300–445 nm at a constant excitation of 254 nm
(Zsolnay et al., 1999; Ohno et al., 2007; Huguet et al., 2009).

2.3. Biochemical reactivities assay

2.3.1. Biodegrading reactivity
The biodegradation kinetics experiment was carried out on a multi-

connected magnetic stirring system (NB-9, Suzhou Jiulian Technology,
Suzhou, China) at room temperature. Subsequently, 250 mL diluted
biochar-DOM samples were added into brown reaction bottles and inoc-
ulated with 30 mL bacterial solution (InterLab Polyseed ®, USA). A stirrer
(250 rpm) was placed in each reaction bottle and the total degradation
period was 5 d. Biodegraded solutions were subsampled after 0, 1, 2, 3,
and 5 d of incubation. Subsequently, all collected samples were filtered
through 0.22 μm PES membranes and stored at 4 °C in the dark before
performing spectral analyses. InterLab Polyseed® bacterial inoculum
was purchased from Hach® Company (catalog 29187-00, USA). Detailed
information is provided in the Supporting Information. The biodegrada-
tion rate was calculated using the following pseudo-first-order equation:
DOCt/DOC0 = exp.(−k × t), where DOCt is the residual DOC at a certain
time (t), DOC0 is the initial DOC, and k (d−1) is the kinetic rate constant.
The biodegradation degree (%) was obtained as follows: (DOC0 − DOCt)
× 100/DOC0. Three replicates were used for the experiment.

2.3.2. Electrochemical evaluation of the electron-donating capacity
Mediated electrochemical oxidation (MEO) analysis was conducted to

determine the electron-donating capacity (EDC) of DOMBC. The three-
electrode system consisted of a carbon felt working electrode (1 cm ×
1 cm × 0.3 cm), Ag/AgCl (saturated) reference electrode, and Pt wire
counter electrode. The electrochemical cell had a volume of 8 mL and ac-
commodated an electrolyte consisting of 0.1 M KCl and 0.1 M phosphate
buffer. During the measurements, the working electrode was poised at
0.61 V, whereas the electrolytewas continuously stirred using amagnetic
bar (150 rpm). After the start of the chronoamperometry, the reactorwas
supplemented with 0.1 mL of 2,2′-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid solution (ABTS, 10 mM; Macklin®, Shanghai China). The
samples (0.1 mL) were then sequentially injected into the reactor. Each
injection took place after the current spike (due to the previous injection)
stabilized. The charge transfer was calculated by integrating each current
peak. The EDCof DOM, also called reducing capacity (RC),was normalized
and reported in mmol e−/mol carbon unit.

2.3.3. Photodegradation reactivity
The photodegradation experimentwas conducted at room tempera-

ture using an RLH-18 photoreaction system (Beijing Nuozhi Technol-
ogy, Beijing, China) with a 3 W LED light source. The stock biochar
3

DOM was placed in a photodegradation test tube. The chromophoric
DOM, also called colored DOM (CDOM) [i.e., a(355)] was used as an in-
dicator to monitor the photodegradation kinetics. The DOM samples
were collected on days 0, 1, 3, 5, and 7. All samples were stored at 4 °C
in the dark before spectral analysis. The photodegradation rate was cal-
culated using a pseudo-first-order equation: CDOMt/CDOM0=exp.(−k
× t), where CDOM0 is the initial CDOM, CDOMt is the residual CDOM
after photodegradation for a certain time (t), and k (d−1) is the kinetic
rate constant. The degree of the degradation (%) was obtained as fol-
lows: (CDOM0 − CDOMt) × 100/CDOM0.

2.4. Data analysis

All statistical analyses were conducted using OriginPro® 2017,
Microsoft® Excel, and SPSS 23. The Lilliefors test was used to confirm
the normality of all datasets. The dataset differences were assessed
with a t-test with a significance level of 0.05 (p < 0.05). Linear correla-
tions between the parameters of the different methods were assessed
using Pearson's rp coefficients.

3. Results and discussion

3.1. Biochar-derived DOM characteristics

Regarding thewater/biocharmass ratio (i.e., for the extraction of the
water-soluble organic C fraction), theDOC concentrations of the original
(298.50 mg·L−1) and modified (mean 437.36 ± 94.96 mg·L−1) bio-
chars differed. Higher DOC concentrations were detected in the modi-
fied biochars (p < 0.01). This may be attributed to the different
pyrolytic conditions used for modification. Similar differences have
been reported for the DOM release from biochar, whichwere explained
by the differences in the original biomasses and pyrolytic temperatures
(Tang et al., 2016). The CDOM abundance is represented by the decadic
absorptivity a(355) (Jiang et al., 2020a, 2020b). To avoid the inner filter
effect (IFE), after 500 dilutions of DOM extracted at the same solid/
water ratio (i.e., 1:100 g/mL), the a(355) ranged from 0.60 to 1.84
m−1. When the CDOM was normalized to DOC (CDOM/DOC,
L·mg−1·m−1), we observed a decrease in the modified DOMBC. After
the modification, the variable coefficient (VC, %) of fluorophores and
chromophores and optical index of DOMBC varied from 5.1% (i.e., FI
index) to 62.6% (i.e., a(355)/DOC). These large variations suggest that
the compositions of the samples significantly changed due to the mod-
ification, although the DOMBC of modified biochars was derived from
the same bulk biochar.

Five fluorescence peaks are observed in the EEMs based on “peak-
picking” (Coble, 1996, 2007; Coble et al., 2014; Birdwell and Engel,
2009), that is, humic-like A (Ex/Em = 250–260 nm/380–480 nm) and
C (Ex/Em = 330–350 nm/420–480 nm), tyrosine-like peak B (Ex/Em
= 270–280 nm/300–320 nm), and tryptophan-like T (Ex/Em =
270–280 nm/320–350 nm) peaks, as shown in Fig. S1 in the Supporting
Information. Moreover, the ultraviolet A (UVA) humic-like component
is generally called M peak, which is located at (Ex/Em = 290–325 nm/
370–430 nm). Peak M is considered to represent a pool of microbially
processed humic-likematerials. These peaks have beenwidely reported
for DOM samples from natural water, soil, and sediments, suggesting
both autochthonous and allochthonous sources (Fellman et al., 2010;
Hansen et al., 2016). Similar fluorescent components were also ob-
served in other studies of biochar extracts from birch and maple
(Jamieson et al., 2014), agricultural residues and sludge (Tang et al.,
2016), and DOM derived from amended soils (Smebye et al., 2016).

Previous studies showed that the biogeochemical reactivity of DOM
is related to its aromaticity, as defined by indicators, such as SUVA254,
which is widely used as a proxy for the aromaticity of natural organic
matter (NOM) (Weishaar et al., 2003; McKnight et al., 2001; Spencer
et al., 2012). After modification, DOMBC showed a notably lower
SUVA254 (p = 0.001, with one exception of BCSe) and higher S275–295
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than the original biochar (p<0.001).We also calculated the aromaticity
of DOMBC based on the linear relationship between SUVA254 (by UV–
Vis) and the aromaticity (by 13C NMR) using the following equation
(Walpen et al., 2016): SUVA254= 0.115 × aromatic C (%)+ 1.4. The av-
erage estimated aromaticity of all samples was 14% and of the modified
and original biochar-derived DOM was 12% and 26%, respectively. This
suggests that the modification introduced new functional groups to
the original bulk but destroyed the DOM structure. The changes in
both indices indicate the loss of aromatic moieties and decrease in the
molecular weight of DOMBC. It has been previously reported that S275–
295 negatively correlates with the hydrophobic DOM fraction, suggest-
ing the high aromaticity of DOM with high molecular weight (Helms
et al., 2008; Spencer et al., 2012; Jiang et al., 2017). However, we did
not observe such a correlation between SUVA254 and higher S275–295
values (rp = −0.64, p = 0.12) in this study (Fig. 1a). This decoupling
may be explained by the fact that changes in the molecular weight of
DOMmight not be merely attributed to changes in the aromaticity.

The FI values of all samples range from 1.4 to 1.9, suggesting a com-
bination of autochthonous and allochthonous sources. It is noted that
the end members of FI (i.e., defined at 1.4 and 1.9) originated from nat-
ural organic matter (McKnight et al., 2001), which suggests that differ-
ences may occur when applying these values to biochar-derived DOM.
Similar FI values can be found in DOM extracted from biochar prepared
from different materials (Table S1). The BIX shows a good linear corre-
lationwith the FI (Fig. 1b), suggestingfluorophoreswith structures sim-
ilar to autochthonous DOM may exist in biochar-derived DOM. In
contrast to the UV–Vis indices, the modification of the DOMBC fluores-
cence properties is minimal because the differences among BIX, HIX,
and FI are insignificant. However, the normalized fluorescence peaks
and CDOM (i.e., fluorescence peaks and CDOM normalized by DOC)
Fig. 1. Correlations between (a) specific UV absorbance (SUVA254) and spectral slope (S275–295)
and chromophoric dissolved organic matter (CDOM), (d) and SUVA254 and fluorescent pe
(b) represent autochthonous and allochthonous origins, respectively. The red triangles and b
and CDOM, respectively. Black dashed lines represent the linear regressions. (For interpretatio
of this article.)
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significantly differed (p < 0.01). It is worth noting that CDOM, that is,
a(355), significantly positively correlates with SUVA254 (rp = 0.85, p
= 0.02; Fig. 1c) and negatively correlates with S275–295 (rp = −0.86, p
= 0.01; Fig. 1c). This suggests that the chromophore fractions of
DOMBC aremainly dominated by aromaticmoietieswith highmolecular
weights, especially fulvic-like components, as reflected by the fluores-
cence peak A, based on the significant correlation between peak A and
SUVA254 (Fig. 1d).

3.2. Biodegradation assay of DOMBC

Fig. 2a shows the kinetic changes in the DOC concentrations during
the five-day incubation period. The pseudo-first-order equation ade-
quately describes the biodegradation kinetics of DOMBC. The average ki-
netic rate is 0.065 ± 0.010 d−1. After the modification, the degradation
rate of biochar-derived DOM increases (average 0.068 ± 0.008 d−1)
compared with that of the original sample (0.049 d−1), which results
in a higher degree of biodegradation (average 30.6% ± 4.4%) at the
end of this assay (Fig. 2b). In addition, the half-life of DOMBC derived
from modified biochars is also shorter (average ~ 10.9 d) than that of
the original DOMBC (~14.1 d).

The UV–Vis parameters provide information about the fluorescence
properties of DOMBC, which poorly reflect the correlation between the
DOM structure and reactivity. The results of this study show that the
CDOM, CDOM normalized with DOC (i.e., CDOM/DOC), and S275–295 sig-
nificantly correlatewith the biodegradation rate [i.e., k (d−1); Fig. 3a–c].
This suggests that the chromophores and molecular weight of the DOM
are both key factors affecting biodegradability. The relationship be-
tween the k constant and S275–295 (Fig. 3a, rp=0.85, p=0.02) indicates
that fractionswith lowmolecular weights, such as simple sugars, amino
, (b) fluorescence and biological indices (FI and BIX, respectively), (c) SUVA254 and S275–295
ak A for biochar-derived DOM (n = 7). The light green and brown shadow regions in
lue circles in plot (c) indicate the correlations between SUVA254 and CDOM and S275–295
n of the references to color in this figure legend, the reader is referred to the web version



Fig. 2. Kinetic processes of biodegradation of biochar-derived dissolved organic matter (DOM), including (a) dissolved organic carbon (DOC) changes and (b) biodegradation degree (%).
Different color dash lines represent the fitting curve by pseudo-first-order rate law.
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acids, and aliphatic acids, are more biodegradable. The most common
approach to determine the bioreactivity of DOM is a biodegradation
assay based on bottle incubation experiments, which better reflects
Fig. 3. Correlations between the biodegradation kinetic rate (d−1) and (a) S275–295, (b) CDOM
regressions.

5

the labile fractions (Shen and Benner, 2020). Given the 5-day incubation
period, the kinetic rate demonstrates that the DOM from modified bio-
chars is more labile.
/DOC, (c) CDOM, and (d) SUVA254 (n = 7). The black dashed lines represent the linear



M. Wang, J. Liu, L. Peng et al. Science of the Total Environment 790 (2021) 147974
The results of the present study show that SUVA254 and the biode-
gradability rate of DOMBC are not correlated significantly (rp = −0.69,
p = 0.08; Fig. 3d). However, this negative correlation suggests that
the aromatic component is less labile, thus decelerating the degradation
rate compared with labile components such as proteins and sugars.
Based on the results of this study, DOM from modified biochars with a
higher biodegradation rate may be a potential but labile organic matter
pool in terrestrial or aquatic systems. Therefore, it could play a role as a
priming substrate and substantially influence the carbon cycle, espe-
cially in soils (Blagodatskaya and Kuzyakov, 2008; Bianchi, 2011).

3.3. Electron donation capacities of DOMBC

The redox reactivity of DOM in the environment is generally de-
scribed in terms of its ability to shuttle electrons. The ability to transfer
electrons facilitates the reduction of many major/trace elements and
pollutants such as iron (Fe; Kappler et al., 2004; Peretyazhko and
Sposito, 2006; Piepenbrock et al., 2014; Royer et al., 2002), arsenic
(As; Zhang et al., 2020a), chromium (Cr; Gu and Chen, 2003; Maurer
et al., 2012), copper (Cu; Pham et al., 2012; Maurer et al., 2013), and
mercury (Hg; Gu et al., 2011; Jiang et al., 2015, 2020a, 2020b). Thus, un-
derstanding the redox properties of biochar-derived DOM, especially
the electron donation, is crucial for predicting its role in environmental
biogeochemical redox reactions. Based on the MEO method, the EDC
range was 11.1–46.1 mmol e−/mol C. Considering the small pH differ-
ences of DOMBC (6.9–7.6), the effect of the pH on the EDC can be ex-
cluded. Fig. 4a shows the correlation between the EDC of all samples
and SUVA254. The EDC increases with increasing SUVA254. This indicates
that the aromaticity, including phenols and quinones, is a major redox-
active moiety in DOMBC. Compared with the original sample, the modi-
fied biochar-derived DOM samples exhibit significantly lower EDC
values (p < 0.01), which implied that the DOM derived from biochar
without modification has a higher potential to reduce heavy metals.
This suggests that themodification decreases the number of redox func-
tional groups such as quinones. Considering the EDC values normalized
by the corresponding SUVA254 values, to account for variations in DOM
aromaticity among samples, the larger EDC from the original DOMBC
Fig. 4. Correlations between the electron donation capacity (mmol e−/mol C) and (a) SUVA254,
black dashed lines represent the linear regressions.
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became more apparent. After the normalization by SUVA254, the
EDCnormalization values of the original DOMBC (0.80 μmol e−·m·L−1)
were still higher than those of the modified samples (0.60 μmol
e−·m·L−1). Thus, the lower EDCnormalization values observed in themod-
ified DOMBC indicate the removal of phenols during the modification.
Similar reductions in the EDC per unit aromaticity (i.e., EDC/SUVA254)
were also reported for “older” and more processed terrestrial DOM
and explained by the depletion of phenolic moieties (Aeschbacher
et al., 2012).

The CDOM [i.e., a (355)] and CDOM/DOC [i.e., a(355)/DOC] also
demonstrate the effect of the abundance of chromophoric constituents
in DOM on the observed EDC (Fig. 4b and c). More chromophores in
DOMmay imply higher unsaturation with redox moieties, contributing
to a greater EDC. This is not surprising because aromatic structures, that
is, the hosts of redox functional groups, are generally the main compo-
nents of light absorbance spectra of DOM (Fig. 1c).

In addition, fluorescent peaks A and T significantly correlate with RC
(Fig. 4d and e). The correlations are stronger yet not significant com-
pared with those with peaks B (p = 0.06), M (p = 0.10), and C (p =
0.07; Fig. S3). This suggests that fulvic- and tryptophan-like compo-
nents dominantly control the EDC. This further indicates that phenolic
moieties of humic- and protein-like components contribute to the
EDC. This is not surprising regarding the effects of protein-like compo-
nents on the EDC. Jiang et al. (2020a) used pyrolysis to determine the
protein components that positively affect the reducing capacities of
soil DOM of the kinetic rate of inorganic Hg(II) reduction. In addition,
other DOM samples with heavy microbial fingerprints showed signifi-
cant reducing capacities such as DOM from composts (He et al., 2019;
Xiao et al., 2019) and a typical autochthonous lake in the Antarctic
(Aeschbacher et al., 2012). Compared with humic-like components,
which involve direct electron transfer due to aromatic structures,
protein-like components may affect the steric availability of redox moi-
eties and thus the final kinetic rate. It is noted that soils amended with
original biochar would be more sensitive to redox changes compared
with those amended with modified biochar. Thus, it should be carefully
applied as an amendment in redox-dynamic areas such as rice-paddy
fields or water-level fluctuation zones of streams.
(b) CDOM/DOC, (c) CDOM, (d) fluorescent peak A, and (e) fluorescent peak T (n=7). The
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3.4. Photodegradation assay of DOMBC

Photodegradation is a vital transformation process of DOM in
aquatic environments (Page et al., 2013; Berg et al., 2019). In this
study, the loss of CDOM [i.e., a(355)] was used for the quantification
of the DOM decay with increasing photo-irradiation time (Fig. 5).
After the 7-day photodegradation, 41%–52% of the DOC in all samples
was photodegraded (mean of 48% ± 4%), except for DOMBC from BCCH
(O)CH. The average kinetic rate (d−1) was 0.10 ± 0.02, but the DOMBC

from BCCH(O)CH showed the slowest rate of 0.05 d−1. After themodifica-
tion, the DOMBC concentration was slightly lower than that of the orig-
inal sample, but the difference was insignificant. This suggests that the
modification did not notably affect the photoreactivity of DOMBC, in
contrast to its biodegradability and EDC, that is, the photo-reactivity is
independent of modification. In particular, the critical photochemi-
cally produced reactive intermediate (PPRI) ·OH significantly
positively correlates with the EDC (Page et al., 2013; Berg et al.,
2019). Thus, the EDC plays a crucial role in the photodegradation of
DOM. However, this coupling relationship is not observed in our
study (Fig. S4).

The photochemical reactivity of DOMBC has been investigated in pre-
vious studies (Fu et al., 2016; Fang et al., 2017; Ward et al., 2014). The
results showed that the aromaticity and molecular weight of DOMBC

might be responsible for the higher photoreactivity of DOMBC compared
with natural aquatic organic matter (Page et al., 2013; Du et al., 2019; Li
et al., 2019; Zhang et al., 2020b). In addition, Berg et al. (2019) reported
a linear correlation between the optical properties and quantum yields
of triplet DOM (Φ3DOM). The quantum yields of ·OH (Φ·OH) decreased
with increasing SUVA254. However, we did not observe a significant cor-
relation between the DOMBC properties and its photochemical reactivity.
Although CDOM and SUVA254 notably correlate with the biodegradation
and EDC reactivities, the aromaticity can only explain ~10% of the
photodegradation degree (%) and kinetic rate (Fig. S5).

The variations in the DOMBC characteristics but similar
photodegradation potentials might suggest that the composition and
structure of DOMBC are highly heterogeneous and responsible for the
decoupling observed in the photodegradation assay. However, neither
the UV–Vis nor fluorescence analyses identified the individual mole-
cules in these samples. The photochemical degradation of DOM is as-
sociated with the aromatic and chromophoric carbon contents and
closely related to photochemical degradation pathways and quan-
tum yields (Page et al., 2013; Berg et al., 2019). Therefore, more ex-
periments are needed to describe the degradation mechanism in
detail.
Fig. 5. Kinetic photodegradation processes of biochar-derived DOM including (a) CDOM chang
curve by pseudo-first-order rate law.
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3.5. Comparison and limits

Currently, biochar is widely used as a soil amendment. The DOM-
derived biochar plays a crucial role in controlling the efficiency of the
biochar application. Although it has been shown that optical methods
are useful for the assessment of thequality of DOMderived frombiochar
(Jamieson et al., 2014; Li et al., 2017; Zhang et al., 2020a; Song et al.,
2020), correlations between the optical parameters and reactivities of
DOM have only been analyzed in few studies (Tang et al., 2016). For ex-
ample, the SUVA254 of DOMBC from soybean strow, rice straw, peanut,
and mushroom residue positively correlates with the binding affinity
of polycyclic aromatic hydrocarbon (PAH; Tang et al., 2016). This
index was also used to track the changes in the aromaticity of DOMBC

during biodegradation (Huang et al., 2019a). However, no general
models or typical parameters, except for SUVA254, explicitly describe
the “structure–reactivity” relationship. Previous reports (Liu et al.,
2015; Li et al., 2017; Song et al., 2020) suggested that the high structural
heterogeneity of DOMBC due to pyrolysis temperature, biomass, or ap-
plication rate, could affect theDOMBC characteristics. Therefore, the aro-
maticity and molecular weight are the dominant factors determining
the variations in the biogeochemical reactivities of DOMBC.

However, not all spectral parameters used in this study provide in-
formation about the reactivities of DOMBC. In contrast to UV–Vis mea-
surements, only the fluorescence peaks were sensitive to variations in
the DOMBC biogeochemical reactivity in this study. Fluorescent parame-
ters, such as the FI, BIX, and HIX, did not show any correlations. For ex-
ample, the BIX was expected to correlate with the bioavailability of
DOM, but this correlation could not be confirmed. This might be ex-
plained by the structural complexity of the DOM, resulting in discrepan-
cies in several optical parameters (Hansen et al., 2016; Jiang et al., 2017;
Lescord et al., 2018). This was initially observed byWagner et al. (2015)
whoused Fourier transform ion cyclotron resonancemass spectrometry
(FT-ICR-MS) and reported that the FI shares some molecular families
with SUVA254, but maintains a close association with BIX, as we ob-
served in this study. As validated by FT-ICR-MS, UV–Vis measurements
are useful for the assessment of theDOMstructure and composition and
are rapid and cost-effective alternatives to high-resolution instruments
such as FT-ICR-MS or orbitrap-MS (Maizel et al., 2017; Kellerman et al.,
2018).

4. Conclusion

Biochar-derived DOM from the same original but modified material
exhibits different optical properties, resulting in various biogeochemical
es and (b) the photodegradation degree (%). Different color dash lines represent the fitting
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reactivities, except for photodegradation. Chromophoric components of
DOMBC are the main factors affecting its reactivity with respect to bio-
degradation and EDC. In contrast to fluorophores, chromophores pro-
vide useful information for the evaluation of the DOM reactivity. In
essence, the correlation between the DOM color and its biogeochemical
reactivity is due to the dominance of the aromaticity. It should be em-
phasized that the samples analyzed in this study originated from the
same parent biochar (i.e., original biochar). Therefore, the results, espe-
cially the CDOM, cannot be extrapolated to amore generalizedDOMho-
rizon, that is, samples with different origins. However, although the
optical parameters are specific to DOMBC, the framework of this study
can be adapted to other scenarios.We also highlight the utility of simple
optical measurements for the assessment of the reactivities of biochar-
derived DOM. Optical analysis may provide valuable information re-
garding the characteristics of biochar-derived DOM and thus further as-
sess its use as an environmental amendment for the minimization and
remediation of toxic organic compounds.
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