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• DOM on biochar exhibited pore-blocking
effect in biochar/persulfate system.

• DOM on biochar suppressed the catalytic
capacity of biochar.

• The elimination of DOM promoted the
proportion of electron transfer process.

• The stability of biochar enhanced after
removing the DOM.

• The removal of DOM reduced the toxicity
of biochar/PS systems.
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Biochar has been frequently used as a persulfate (PS) activator due to its attractive properties, but dissolved organic
matter (DOM) derived from the non‑carbonized part of biochar has received less attention, not to mention its specific
role and impact in biochar/PS systems. In this study, wheat straw, municipal sludge, and swine bone were selected as
the representative feed stocks of biochar. Subsequently, these three types of biochar were adopted to explore the roles
of DOM in biochar/PS systems. Although the composition and amount of DOM derived from different biochar were
discrepant, they exhibited similar effect in biochar/PS systems. To be specific, the pore-clogging effect of DOM on bio-
char suppressed the adsorption capacity and catalytic performance of the three biochar. Furthermore, the removal of
DOMdecreased the environmental risk of these biochar/PS systems and enhanced the stability of the involved biochar.
With respect to the variation in degradation mechanism, the removal of DOM increased the proportion of electron
transfer pathway in unison, but the diminution in the roles of O2

•¯ and 1O2 was more remarkable in bone-derived-
biochar/PS systems. Additionally, the toxicity test illustrated that the leakage and accumulation of DOM were toxic
to Chlorella sp., and the DOM from sludge-derived-biochar presented the highest toxicity. Overall, this study analyzes
the roles of DOM derived from different biochar in biochar/PS systems and evaluates their environmental risk, which
contributes to a comprehensive understanding of the fate of DOM derived from biochar.
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1. Introduction

Dissolved organic matter (DOM) universally exists in natural environ-
ment. It is recognized as an important carbon sink in the natural system
(Carlson and Hansell, 2015). As is well known, DOM is valid in advanced
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oxidation processes (AOPs, such as Fenton oxidation (Wei et al., 2022),
photocatalysis (Fu et al., 2022; Zhang et al., 2020), electrocatalysis (Qin
et al., 2021; Wang et al., 2021), etc.) to degrade refractory pollutants.

Persulfate (PS) activation, as a trendy branch of AOPs, has gainedmuch
attention because it can overcome some blemishes of traditional Fenton
system, such as strict pH limitation and sludge production (Anipsitakis
and Dionysiou, 2003; Tang et al., 2017). Among numerous PS activators,
biochar is considered as a promising one due to its green and low-cost
properties. Current studies about the application of biochar in PS activation
mainly focus on its functional structure, such as defects, oxygen-containing
groups, and persistent free radicals (PFRs) (Zhou et al., 2021) However, the
role of DOMderived from the uncarbonized part of biochar has been rarely
investigated. In practice, DOM usually exhibits a two-sided effect in PS
activation system. On the one hand, DOM can promote the decomposition
of PS to generate radicals, since DOM is rich in quinones and quinones are
common active sites for PS activation (Nie et al., 2022). On the other hand,
DOM could hinder the degradation process by capturing the generated
radicals (such as SO4

•¯) (Canonica and Schönenberger, 2019). This two-
sided effect of DOM makes its role in PS activation uncertain. Besides,
biochar derived from different feed stocks may possess various DOM com-
position and amount, whichmayhave a significant impact on PS activation.
Thus, it makes sense to investigate and compare the specific role of DOM
derived from different biochar in biochar/PS system. To synthesize differ-
ent biochar, the common biomasses, including plant and municipal sludge
(Huang et al., 2019a) were involved in this study. In addition, some uncon-
ventional biomasses, such as shrimp shell, cigarette butts, and bones, also
demonstrate potential for PS activation (Yu et al., 2020; Zhou et al.,
2020b). Consequently, wheat straw, municipal sludge, and swine bone
were selected as the representative feed stocks to simply cover the prevailing
reported biochar in this study. Moreover, it is worth noting that DOM has
been reported have a certain environmental risk (He et al., 2021b), so it is
also necessary to explore the negative influence of DOM on the environment.

In this study, methylparaben (MeP), a kind of pharmaceuticals and
personal care product, was chosen as the target pollutant, because it is
frequently detected in surface water (Soni et al., 2002; Sun et al., 2021).
The biochar and biochar without DOM were involved in PS activation sys-
tem to comprehend the effect of DOM on MeP degradation performance
and mechanisms. The biochar and biochar without DOM were involved
in PS activation system to reveal the effect of DOM on the degradation per-
formance and mechanisms of MeP. Additionally, the characteristics (such
as aromatic content, source, humification status, etc.) of DOM derived
from different biochar were analyzed by fluorescence excitation-emission
matrix (EEM) spectroscopy and UV–visible adsorption spectrum. At the
end, their environmental risk was evaluated by Chlorella sp. toxicity test.

2. Materials and methods

2.1. Chemical reagent

All chemicals were applied as received, including methylparaben (MeP,
99 %), potassium peroxodisulfate (PS, 99 %), nitric acid (HNO3, 65–68 %),
hydrochloric acid (HCl, 36–38 %), hydrofluoric acid (HF, ≥40 %), potas-
sium chloride (KCl, 99 %), acetonitrile (chromatographic grade), ethanol
(EtOH, 99 %), tert-butyl alcohol (TBA, 99 %), p-benzoquinone (BQ, 99 %),
sodium azide (NaN3, 99 %), phosphate buffered saline (PBS, 10 mM)
(Lin et al., 2013), potassium ferricyanide (K4Fe(CN)6, 99 %), and sodium
hypochlorite (NaClO, 99 %). In addition, ultrapure water (18.25 MΩ•cm,
25 °C) was used as the solvent in this study.

2.2. Preparation of different biochar

Wheat straw, municipal sludge, and swine bone were chosen as the
typical biomass of this study. All involved biomasses were heated up to
the predetermined temperature at a rate of 5 °C/min and hold for 2 h
(N2 atmosphere). According to previous studies, the optimal pyrolysis tem-
perature of different biomass was different. The use of the biochar obtained
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from the optimal pyrolysis temperature might be of greater practical value
(Sun et al., 2021). Thus, different biomasses were carbonized in different
temperature: wheat straw: 700 °C; swine bone: 900 °C; municipal sludge:
700 °C. Moreover, to avoid the influence of inorganic component and
PFRs, the obtained biochar was soaked in 6 M HNO3 for 24 h. The biochar
originated from wheat straw, municipal sludge, and swine bone was
marked as WBC, SBC, and BBC, respectively. The detailed process was
presented in supported information (Text S1).

In order to investigate the contribution of DOM in PS activation system,
DOM on biochar was wiped off with HCl and HF (Fang et al., 2017). Specif-
ically, 2 g biochar was washed by 1 M HCl (100 mL), then it was treated
with a mixture of 1 M HCl and 1 M HF (1:1 v/v, 100 mL). The second
step repeated several times until the total organic carbon (TOC) of percolate
was below the detection limit (Shimadzu TOC-L, detection limit: 4 μg/L) to
make sure there was no residue DOMon biochar. Finally, the remaining salt
on biochar without DOMwas rinsed with ultrapure water, and then freeze-
dried prior to use. The biochar that removed DOM was labeled as WBC-D,
SBC-D, BBC-D.

2.3. Experimental process

Adsorption experiment was carried out to explore the adsorption char-
acteristic: adsorption kinetics were conducted in 50 mL glass bottles,
1 g/L biochar (including BBC, SBC, WBC, BBC-D, SBC-D, and WBC-D)
was mixed with 20 mg/L MeP. At each predetermined time interval
(1–300 min), samples were collected and filtered by a 0.22 μm nylon filter
prior to determination (all batches were launched at 298 K). The obtained
data were fitted with pseudo-first-order (Eq. (1)) and pseudo-second-order
(Eq. (2)) kinetic model:

In qe−qtð Þ ¼ Inqe−k1t ð1Þ

t
qt

¼ 1
k2q2e

þ t
qe

ð2Þ

qe (mg/g) was the concentration of MeP at adsorption equilibrium. t
(min) was the sampling time, and qt (mg/g) was the corresponding concen-
tration of MeP. k1 (1/min) was the first-order rate constant, and k2 (g/
mg•min) was the second-order rate constant. Moreover, experiments were
also launched to explore the adsorption isotherms (specific information
was presented in supported information, Text S2).

Catalytic experimental process: To distinct the role of adsorption and
degradation process, all batches would undergo a 1-h-adsorption experi-
ment (0.1 g/L biochar was added into 20 mg/L MeP) before the catalytic
process. After the adsorption process is basically completed, 1 g/L PS was
applied to launch the PS activation process (all batches reacted at 298 K).
Additionally, in DOM-PS test, the dosage of DOM derived from biochar
(DOM\\W,DOM\\B, and DOM\\S) was 1 g/L. All experimental conditions
were referred to preliminary experiment and previous studies (Zhou et al.,
2020b). Samples were collected at each predetermined interval (0, 5, 10,
15, 20, 30, 60 min), and methanol was involved to terminate radical
reactions in samples. The concentration of MeP was determined by high
performance liquid chromatography (HPLC) in this study. Besides, TBA,
EtOH, NaN3, and BQ were chosen as the quenching agent for •OH, SO4

•¯,
1O2, and O2

•¯, respectively. Each degradation curve was fitted by the
Langmuir-Hinshelwood model of pseudo-first-order kinetics (Eq. (3)) to
make the degradation performance more intuitive.

In
Ct

C0

� �
¼ −kobst ð3Þ

where Ct (mg/L) is the MeP concentration of samples, C0 (mg/L) is the ini-
tial concentration (the MeP concentration after 1-h adsorption process),
kobs is the pseudo-first-order rate constant, and t (min) is the sampling time.



Table 1
Adsorption kinetics parameters of MeP on biochar.

Samples Pseudo-first-kinetics model Pseudo-second-kinetics model

qe (mg/g) k1(min−1) R2 qe (mg/g) k2(g/mg•min) R2

BBC 82.73 0.091 0.9448 86.40 0.0020 0.9871
BBC-D 115.47 0.080 0.9751 124.59 0.0009 0.9973
WBC 1.36 0.19 0.8737 1.61 0.14 0.9174
WBC-D 2.93 0.058 0.7725 3.18 0.029 0.8695
SBC 7.44 0.10 0.9308 7.99 0.020 0.9799
SBC-D 25.03 1.25 0.9901 25.45 0.091 0.9926

Abbreviation: BBC, biochar derived from swine bone; BBC-D, biochar derived
from swine bone without DOM; WBC, biochar derived from wheat straw; WBC-D,
biochar derived from wheat straw without DOM; SBC, biochar derived from
municipal sludge; SBC-D, biochar derived from municipal sludge without DOM.

Fig. 1. The maximum adsorption ability (qm) of involved biochar.
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2.4. Characterization and analysis

The porous properties and specific surface area were determined by
Brunauer-Emmett-Teller (BET) gas adsorption isotherm with N2 gas
(Micromeritics ASAP 2460). X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha) was applied to evaluate the constituent
elements of biochar. The defect level was detected by Raman spectra
(Renishaw invia reflex, LabRam HR Evolution). HPLC (Agilent 1200) was
equipped with C18 column (5 μm, 4.6 mm× 250 mm) to determine MeP
concentration, and the mobile phase consisted of acetonitrile and water
(40:60, v/v). Moreover, the UVdetector was set as 256 nm. Electrochemical
experiments were taken on a CHI760E electrochemical workstation. There-
into, liner sweep voltammetry (LSV) experiments were performed in
10 mM PBS, while electrochemical impedance spectroscopy (EIS) experi-
ments were conducted in a mixture of K4Fe(CN)6 and KCl (Zhou et al.,
2020a). The electron spin resonance analysis (ESR, JES-FA200)was applied
to confirm the existence of active species. 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) was the trapping agent for •OH, SO4

•¯, and O2
•¯, and 2,2,6,6-

tetramethylpiperidine (TEMP) could capture 1O2 in aqueous media.
DOM on biochar was extracted by shaker. 1 g biochar (BBC, WBC, and

SBC) and 100mL ultrapurewater were added to conicalflasks at room tem-
perature. The flasks were shaken at 180 rpm for 24 h, then the suspension
was filtered by 0.45 μm nylon filter. Most of the obtained liquid phase was
freeze-dried to get the solid DOM, and the DOM derived from different
biochar was labeled as DOM-W (DOM derived from WBC), DOM-B (DOM
derived fromBBC), and DOM-S (DOMderived from SBC), respectively. Fur-
thermore, the residue leachate was collected to investigate the characteris-
tics of DOM on different biochar. The dissolved organic carbon (DOC) of
these samples was assessed by Shimadzu TOC-L. The UV–visible absorption
spectrumwasmeasured on ShimadzuUV-2700, and EEM spectroscopywas
implemented on HITACHI F-7000. The emission and excitation scan were
both set from 200 to 520 nm, while the stepwise was set as 5 nm. Aside
from the result of EEM, the combination of UV–visible absorption and
DOC could also reflect the characteristics of DOM (the specific parameters
were listed in Table S2). In addition, Chlorella sp. was involved to assess
the toxicity of biochar/PS systems and DOM derived from biochar. The
specific information of toxicity experiment was presented in supported
information (Text S3).

3. Results and discussion

3.1. Adsorption kinetics and isotherm

Generally, biochar possesses porous structure, which eventually leads
to an excellent adsorption capacity. It was reported that the catalyst adsorp-
tion process played a vital role in PS activation systems (Liu et al., 2020a).
Consequently, adsorption experimentswere launched before the discussion
of the catalytic performance experiments. To describe the adsorption
process of different biochar, adsorption kinetics and isotherm were imple-
mented. In the whole, the amount of MeP on biochar increased with time
(Fig. S1). Moreover, the adsorption kinetics data of all involved biochar
fitted pseudo-second-kinetics model better (R2 = 0.8695–0.9926)
(Table 1). It illustrated that the adsorption process was controlled by chem-
ical sorption (Liu et al., 2015; Xu et al., 2012). Obviously, the amount of
adsorbed MeP on BBC, WBC, and SBC established an uptrend after wiping
off the DOM.

Table S1 and Fig. S2 presented the adsorption isotherm results of
involved biochar. It showed that the adsorption process of WBC was
described better by Langmuir isotherm model. Langmuir isotherm model
assumed that the adsorption process belonged to monolayer adsorption
on the adsorbate surface (Chen et al., 2011). However, other biochar fitted
better by Freundlich isothermmodel, which manifested that the multilayer
adsorption prevailed in these adsorption processes (Tan et al., 2015).
Furthermore, Langmuir isotherm model could be applied to estimate the
maximum adsorption ability of adsorbate (Song et al., 2018), and the
specific data are presented in Table S1. Compared to biochar derived
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from wheat straw (WBC and WBC-D) and municipal sludge (SBC and
SBC-D), the biochar derived from swine bone (BBC and BBC-D) obtained
a relatively high adsorption capacity (Fig. 1). The maximum adsorption
ability of BBC-D could reach 172.08 mg/g. Furthermore, qm of SBC was
25.76 mg/g, and it soared to 59.83 mg/g when DOMon SBCwas removed.
Similar phenomena could be observed on BBC (versus BBC-D) and WBC
(versus WBC-D). Thus, it was reasonable to deduce that the elimination of
DOM could promote the adsorption capacity of biochar. The elevation of
adsorption capacity might owe to the blockage effect of DOM. That is, the
removal of DOM created new pore structure in biochar, which is significant
to the adsorption process.

3.2. Catalytic performance of biochar

In the past decades, biochar has been repeatedly applied in PS activa-
tion system (Zhou et al., 2021). In this study, biochar originated fromdiffer-
ent biomasses were involved to investigate the role of DOM on biochar in
biochar/PS systems. According to Fig. 2a, WBC could hardly degrade MeP
in PS activation system. Thus,WBCwould not be involved in further discus-
sion of degradation mechanism (including active species capture experi-
ments and ESR spectra). In addition, the elimination of DOM could not
only improve the adsorption capacity of WBC, but also could enhance its
catalytic performance in PS activation system, i.e., the WBC/PS could
barely degrade MeP, and WBC-D/PS system could degrade 12.18 % MeP
in 60 min (kobs = 0.0023 min−1). Similar phenomena could also be seen
in BBC/PS (versus BBC-D/PS) and SBC/PS (versus SBC-D/PS) systems.
Thus, it was rational to believe that removing DOM was an effective
approach to enhance the catalytic capacity of biochar. Furthermore, the
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Fig. 2. (a) Catalysis performance of BBC, WBC, SBC, BBC-D, WBC-D, and SBC-D (60 min degradation process). Pseudo-first-order rate constants of active species capture
experiment: (b) WBC-D, (c) BBC versus BBC-D, (d) SBC versus SBC-D. [MeP] = 20 mg/L, [PS] = 1 g/L, [biochar] = 0.1 g/L, [Temp.] = 298 K. The dosage of the
quenching agents: [EtOH] = 0.75 M, [TBA] = 0.75 M, [BQ] = 1 mM, [NaN3] = 1 mM.
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catalytic capacity of biochar showed a linear positive correlationwith its qm
(R2=0.9905, Fig. S3a). It might support that the increase of adsorption ca-
pacity dominated the elevation of degradation rate. Besides, the DOM-PS
test illustrated that DOM\\W, DOM-B and DOM-S could not effectively
degrade MeP in PS activation system (Fig. S3c). These phenomena collec-
tively indicate that the enhancement in catalytic performance of biochar
was mainly caused by the improvement of adsorption capacity after DOM
removal, rather than DOM itself.

ESR spectra was involved to support the existence of active species.
According to Fig. S4, aside from •OHand SO4

•¯, O2
•¯ and 1O2were also existent

in all involved biochar/PS systems. Ulteriorly, active species capture exper-
imentswere taken to investigate the role of different active substances in PS
activation system (Fig. 2b-d and Fig. S5b-f). TBA exhibited a relatively high
reaction rate to •OH and EtOH showed high reactivity to both •OH and SO4

•¯

(Li et al., 2017; Li et al., 2021). Thus, the difference in inhibitory effect of
EtOH and TBA could roughly deduce the role of •OH and SO4

•¯. In addition,
BQ and NaN3 exhibited uniquely high reactivity for O2

•¯ and 1O2, respec-
tively. Therefore, they were selected as the quenching agent for O2

•¯ and
1O2. In the whole, all active species took effect in all biochar/PS systems
(Fig. 2). It was in line with the results of ESR spectra. InWBC-D/PS system,
the addition of EtOH declined the degradation rate from 0.0023 min−1 to
0.0012 min−1, and TBA (0.0015 min−1) showed similar inhibitory effect
to EtOH. Besides, the inhibitory effect of BQ and NaN3 was less obvious.
It manifested that •OH and SO4

•¯ might dominate the degradation process
inWBC-D/PS system. When the BBC and SBCwere denoted as the catalyst,
the removal of DOM on biochar suppressed the effect of O2

•¯. It might be
because that DOM could induce the generation of O2

•¯ in aqueous phase
(Fang et al., 2013; Sun et al., 2015). To be specific, BQ abated the kobs of
4

BBC/PS system from 0.0230 min−1 to 0.0125 min−1, and this downward
trend was unpronounced in BBC-D/PS system (from 0.0247 min−1 to
0.0216 min−1). Different from the mechanism variation in BBC/PS system
(versus BBC-D/PS system), the removal of DOM weakened roles of all four
active species in SBC/PS system (Fig. 2d). For example, the addition of
EtOH reduced the MeP degradation rate of SBC/PS system by 36.54 %
(from 0.0052 min−1 to 0.0033 min−1), whereas that of SBC-D/PS system
only declined 17.86 % (from 0.0084 min−1 to 0.0069 min−1). Apparently,
the removal of DOM derived from biochar exhibited different influence in
different biochar/PS systems. It might be attributed to the difference in
the amount and characteristics of DOM derived from different biochar.
The specific effect of functional structures on biochar in PS activation
system would be discussed in following section.

Aside from active species, electron transfer pathway has been reported
as an important mechanism in PS activation system. As is well known, elec-
tron transfer pathway is an important branch of non-radical pathway in PS
activation systems. It can degrade organic pollutant without producing any
active species. The electron transfer pathwaymainly relies on the formation
of ternary system (PS, catalyst, and pollutant), and the pollutant usually
acts as the electron donator (Liu et al., 2022). In this study, electrochemical
experiments (LSV and EIS) were applied to evaluate electron transfer
pathway. The experimental results showed that involved biochar obtained
relatively high conductivity to support electron transfer pathway (except
for WBC) (Fig. S6). The order of electron transfer capacity was BBC-D >
BBC >WBC-D> SBC-D> SBC>WBC (Fig. 3). It was in line with the results
of EIS. Based on the equivalent circuit fitting, the interface charge transfer
resistance of BBC, BBC-D, WBC, WBC-D, SBC, and SBC-D were 2929,
2487, 14,370, 4342, 8275, and 5985Ω, respectively. An obvious escalating



Fig. 3. (a) LSV measured with the bare GCE electrode decorated with biochar in the presence of PS and MeP, (b) EIS Nyquist plots of different biochar, frequency range from
0.01 Hz to 105 Hz, and the insert was the equivalent circuit diagram. [MeP] = 20 mg/L, [PS] = 1 g/L, [biochar] = 0.1 g/L, [Temp.] = 298 K.
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trend of electron transfer capacity could be seen after the removal of
DOM. It supported that the elimination of DOM might do favor to the
electron transfer pathway, which would ultimately act on the degradation
rate of MeP.

Moreover, stability test was conducted to estimate the effect of biochar
derived DOM on the stability of biochar (Fig. 4). The experimental results
showed that the catalytic performances of all involved biochar were
decreased after 3rd run. The degradation rate decreases ratio was applied
Fig. 4.Comparison of stability before and after removal of DOM: (a) BBC versus BBC-D, (b
of all involved biochar after 3rd run.
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to investigate the stability of biochar. Specifically, the degradation rate of
SBC exhibited a drop of 43.3 % after 3rd run, while that of SBC-D only suf-
fered a 38.1 % reduction. Similar phenomenon could also be observed in
BBC (versus BBC-D) and WBC (versus WBC-D). Therefore, it is reasonable
to deduce that the removal of DOM could enhance the stability of biochar.

Subsequently, the toxicity of all involved biochar/PS systems was tested
by Chlorella sp. According to Fig. 5, all involved biochar/PS systems signif-
icantly inhibited the growth of chlorella, and the removal of DOM derived
)WBC versusWBC-D, (c) SBC versus SBC-D; (d) the degradation rate decreases ratio



Fig. 5. The growth inhibition rate of different biochar/PS systems after a 96-h
exposure.
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from could suppressed the toxicity of biochar/PS system. For instance,
when the DOM on BBC was removed, the Chlorella growth inhibition rate
of biochar/PS system reduced from 82.88 % to 66.07 %. It might be
because: 1) the removal of DOM raised proportion of less toxic electron
transfer pathway (Zhou et al., 2021); 2) the DOM derived from biochar
was toxic to Chlorella (He et al., 2021b). Additionally, the results of DOM
toxicity test further verified that the DOM derived from different biochar
all exhibited obvious toxicity (Fig. S7).

3.3. Characteristics of biochar

It is irrefutable that the catalytic performance is driven by the functional
structures on biochar. Pore structure, defects, and oxygen-containing
groups are denoted as the active sites in biochar/PS systems (Zhou et al.,
2021). Given these, the characteristics of biochar were taken into consider-
ation to probe the mechanism of biochar/PS system.

Pore volume and specific surface area of these biochar samples were
measured by N2 adsorption and desorption analysis (Table 2). The results
manifested that the specific surface area and pore volume of BBC (versus
BBC-D) soared from 1024.34 m2/g and 0.8118 cm3/g to 1201.63 m2/g
and 0.9322 cm3/g. Similar phenomena could be observed in WBC (versus
WBC-D) and SBC (versus SBC-D). Since mineral was removed in pretreat-
ment, DOM removal became the main cause of the improvement of specific
surface area. Furthermore, the amplification of surface area might be also
responsible for the promotion of electron transfer pathway in DOM-
Table 2
Pore structure and specific surface area of biochar.

Samples Specific surface area (m2/g) Pore volume (cm3/g) Elemental
composition (%)

C O

BBC 1024.34 0.81 89.63 10.37
WBC 15.52 0.012 86.41 13.59
SBC 244.30 0.30 68.30 31.70
BBC-D 1201.63 0.93 90.92 9.08
WBC-D 143.19 0.13 91.22 8.78
SBC-D 387.02 0.51 85.29 14.71

Abbreviation: BBC, biochar derived from swine bone; BBC-D, biochar derived from
swine bone without DOM; WBC, biochar derived from wheat straw; WBC-D, bio-
char derived from wheat strawwithout DOM; SBC, biochar derived frommunicipal
sludge; SBC-D, biochar derived from municipal sludge without DOM.
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removed biochar/PS system. It was reported that the adsorption capacity
of catalyst was closely related to the oxidation ability of electron transfer
pathway (Ren et al., 2020). Furthermore, the extremely low specific surface
area of WBC might associate with its deficiency in adsorption isotherm
(mentioned in Section 3.1). Notably, the specific surface area of biochar
was positively correlated with their qm (Fig. S3b). It revealed the close
relationship between the pore structure and adsorption capacity of biochar.
Noteworthy, the other functional structures on biochar also played indis-
pensable roles in PS activation system (Zhou et al., 2020b).

Raman spectra was applied to probe into the defective degree of
involved biochar. As shown in Fig. 6, the Raman spectra was deconvoluted
into six characteristic peaks. Specifically, S band (1290 cm−1) indicated the
change of sp2 to sp3 in the carbon lattice; D band (1350 cm−1) ascribed to
the defect structure; V1 band (1520 cm−1) and V2 band (1545 cm−1)
assigned to amorphous carbon and the semicircle ring breathing, respec-
tively; G1 band (1590 cm−1) represented to the aromatic structure with
3–5 rings; G2 band (1620 cm−1) indicated the highly ordered aromatics
(Wan et al., 2019; Yang et al., 2018). AD/AGwas applied to index the graph-
itization degree of carbonaceous materials (Wan et al., 2021). The AD/AG

value of BBC was 3.13, and it decreased to 2.55 after removing the DOM.
Similar phenomenon was also observed for WBC and SBC. Thus, the
removal of DOM increased the graphitization degree and declined the
defective degree of biochar. Furthermore, the defect structure was elabo-
rately indexed by AD/AV. The relatively high AD/AV value indicated a
high proportion of vacancies in carbon lattice, and the low AD/AV assigned
to a high density of boundary edges (the thresholdwas 3.5) (Eckmann et al.,
2012). TheAD/AV value of all involved biocharwere lower than 3.5, it illus-
trated that the edge defects were the dominant defects. In general, the edge
defects on biochar could act as the active sites for 1O2 and O2

•¯ in PS activa-
tion systems (Cheng et al., 2019; Ouyang et al., 2019). However, the cata-
lytic performance supported that the decrease of defective level did not
lead to a decrement in the degradation rate of biochar/PS systems. Further-
more, the relatively low defective degree resulting from the DOM removal
did not lead to a relatively large proportion of 1O2 and O2

•¯ in biochar/PS
systems (Fig. 2). It hinted that the defect introduced by DOM was not the
dominant active site in all involved biochar/PS system.

The element component of biochar would also influence its behavior in
the environment (Chen et al., 2008; Xiao et al., 2016). The variation of
element components is roughly exhibited in Table 2. The uncarbonized
partition of biochar was the primary source of DOM on biochar, which
would ultimately contribute to the oxygen content. The relatively low
oxygen content on BBC-D, WBC-D, and SBC-D might associate with the
removal of DOM. Whereas the oxygen content in BBC only decreased 1 %
after the elimination of DOM, it might owe to the higher annealing temper-
ature of BBC (Zhu et al., 2018).

Except for the oxygen content, the removal of DOMwould also alter the
proportion of different oxygen-containing groups. To further present the
change in oxygen-containing groups before and after DOM removal, O 1 s
high resolution spectra were involved to investigate the variation of
oxygen-containing groups on biochar. As shown in Fig. 7, the peak ap-
peared around 533 eV could be ascribed to oxygen, and it could be divided
into two peaks (López et al., 1991). Specifically, peaks around 531.5 eV and
533.3 eV represented the vibration of C\\O and C_O, respectively. With
respect to SBC and SBC-D, the elimination of DOM elevated the proportion
of C\\O from 9.37 % to 50.36 %. It might owe to the removal of quinone
moieties, for quinone moieties were appointed as an important component
in DOM (Liu et al., 2020b). Similar phenomenon could be seen in WBC and
WBC-D. Conversely, comparing to BBC, the C\\O proportion of BBC-D was
lower. The difference in the constituent of biomass might be account for
this distinction. Specifically, the pyrolysis of cellulose (the main ingredient
of wheat straw) would induce the production of ketones (such as furanones
and cyclopentanones) (Chen et al., 2019b). In addition, it was reported
that the co-pyrolysis of polysaccharide and amino acids (composition of
municipal sludge) would facilitate the generation of aldehydes (such as 5-
methylfurfural) (Chen et al., 2019a). Different from wheat straw and
municipal sludge, the organic component of swine bone was principally



Fig. 6. Deconvoluted Raman spectra of (a) WBC, (b) WBC-D, (c) SBC, (d) SBC-D, (e) BBC, and (f) BBC-D.
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constituted by proline, glycine, hydroxyproline, and alanine amino acids
(Huang et al., 2019b). These amino acids prefer to produce gas (such as
CO2) rather than C_O.

The DOM removal process (HF and HCl treatment) was deemed to have
effect on oxygen-containing groups on biochar. Generally, acid treatment
(including HF and HCl) would enhance the proportion of acid groups
(such as -COOH and -OH) on biochar surface which could act as the active
sites for radical pathway (•OH and SO4

•¯) in PS activation systems (Zhou
et al., 2021). However, the treatment of HF andHCl did not significantly in-
crease the proportion of acid groups (Fig. 7) on biochar and the proportion
of radical pathway in PS activation system (Fig. 2). Thus, the effect of HF-
HCl treatment on oxygen-containing groups was deemed to be negligible.

As for catalytic performance, generally, C_O (including carboxyl,
ketones, aldehydes) on carbonaceous materials was reported as the active
7

site for electron transfer pathway (Zhou et al., 2020b). According to Fig. 7,
the increase of C_Oproportion on BBC (versus BBC-D) did promote the elec-
tron transfer pathway. However, although the C_O content of SBC declined
after DOM removal (versus SBC-D), it was not suppressed the electron trans-
fer pathway. Similarly, the decrease of C_O proportion did not weaken the
electron transfer pathway of WBC/PS system. As mentioned above, specific
surface area could also influence the electron transfer pathway. It might
dominate the variation of electron transfer pathway in WBC/PS and SBC/
PS systems. Consequently, even if the amount of C_O was decreased, the
proportion of electron transfer pathway did not sink. Overall, although
C_O can be denoted as the active site for electron transfer pathway, the
effect of C_Owas not reflected inWBC/PS and SBC/PS systems. In addition,
the increased C_O and specific surface area together contributed the ascent
of electron transfer pathway in BBC/PS system (Scheme 1).



Fig. 7. O 1 s spectra of (a) BBC, (b) BBC-D, (c) WBC, (d) WBC-D, (e) SBC, and (f) SBC-D.
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3.4. Properties of dissolved organic matters derived from different biochar

As discussed above, apparently, the elimination of DOM enhanced both
adsorption capacity and catalytic performance of biochar. Furthermore, the
removal of DOM reduced the toxicity of biochar/PS system and enhanced
the stability of biochar. However, there were subtle differences in the
effects of DOM derived from different biochar, which might associate
with the different properties of DOM.

DOCwas applied to evaluate the quantity of organic matter on different
biochar. As shown in Fig. 8, DOC of BBC leachate was 7.618mg/L, and that
ofWBCand SBC leachateswas 106.147 and 38.139mg/L, respectively. The
conspicuous difference in DOC might associate with the difference in
8

annealing temperature and biochar source. The relatively high annealing
temperature of BBC could carbonize more organic components in feed
stock. As a result, the amount of DOMderived fromBBCwas the least. Com-
bined with the result of catalytic performance, it is reasonable to deduce
that the more DOM leached from biochar would induce a higher catalytic
performance of biochar.

As is well-known, the EEM spectra (Fig. S8) could give more information
about theDOM(such as the aromatic content, source, andhumification status,
the information of different parameterswas listed in Table S2) (Inamdar et al.,
2012). Table 3 summarized the properties of DOM derived from different
biochar. It has been reported that SUVA254 was correlated with aromatic
carbon and macromolecules organic matters (Zhang et al., 2014). The



Scheme 1. The mainly roles of DOM derived from biochar in PS activation system.
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SUVA254 of BBC was eminently higher than WBC and SBC. As mentioned
above, the higher aromatizationof BBC-derivedDOMmight owe to thehigher
annealing temperature of BBC. Analogously, the considerably high SUVA260

of DOM derived from BBC indexed a higher proportion of hydrophobic
components, which also indicated a relatively high degree of aromatization.
Furthermore, FI could index the source of DOM, while the value of FI lower
than 1.4 represents the predominance of terrestrial fulvic acids (Zhang et al.,
2010). The DOM derived from BBC, WBC, and SBC all had apparent charac-
teristics of terrestrial origin. To evaluate the humification status and maturity
of DOM, HIX was involved. It has been reported that HIX ranged from 0 to 1,
and the high HIX value signified the high humification and stability of DOM
(Ohno, 2002). Comparedwith the DOMoriginated from natural environment
(in the range of 0.5–0.9), theHIX values of DOMderived fromBBC,WBC, and
SBC were critically low (Huguet et al., 2009; Yang et al., 2015). It hinted that
the DOM derived from biochar was instable in the environment. As is well-
known, the DOM leaching from biochar might be toxic to organisms
Fig. 8. The DOC of DOM derived from different biochar.
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(He et al., 2021a; Smith et al., 2013). Consequently, it is essential to evaluate
the environmental risk of DOM derived from biochar.

In this study, the growth inhibition rate of Chlorella sp. was involved to
roughly investigate the environmental risk of DOM derived from different
biochar (Fig. S7). The growth inhibition rate of DOM derived from BBC,
WBC, and SBCwas 45.76%, 31.59%, and 58.73%, respectively. Unexpect-
edly, DOM derived from SBC possessed the highest environmental risk.
Although the amount of DOM onWBCwas the highest, its inhibitory effect
on algae growth was the weakest. It supported that WBC might be an eco-
friendly alternate. As a result, DOM derived from biochar all possessed
environmental risk, and it would change with the variation of feed stock.
To promote the green application of biochar, it is necessary to assign the
DOM toxicity as a basis of biochar selection.

4. Conclusions

In this study, the role of DOM derived from different biochar in PS acti-
vation system was comprehensively evaluated. Overall, among the effect
brought about by DOM, the pore-blocking effect was the most obvious in
PS activation systems. And the existence of DOM derived from biochar
suppressed the adsorption capacity and catalytic performance of biochar.
Furthermore, the elimination of DOM on biochar could commonly reduce
the toxicity of biochar/PS system. It might be ascribed to the removal of
toxic DOM and the variation in degradation mechanism. With respect to
the specific mechanism, the removal of DOM increased the proportion of
electron transfer pathway, which was owe to the lifting of biochar specific
surface area. The properties of DOM on biochar itself were also studied.
Table 3
Spectroscopic properties of DOM derived from different biochar.

Samples SUVA254

(L/mg•m)
SUVA260

(L/mg•m)
Fluorescence
index (FI)

Humification
index
(HIX)

BBC 9.957 5.960 1.305 0.166
WBC 0.533 0.478 1.207 0.193
SBC 1.128 1.484 1.086 0.187

Abbreviation: BBC, biochar derived from swine bone; WBC, biochar derived from
wheat straw; SBC, biochar derived from municipal sludge.
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None of the involved DOM could effectively activate PS. Although the
composition and quantity were different, the DOM derived from different
biochar displayed terrestrial origin and relatively low humification degree.
Moreover, in the toxicity assessment, the DOM derived from SBC was the
most toxic. To sum up, DOM on biochar conspicuously influenced the envi-
ronmental risk and degradation performance of biochar/PS system. Conse-
quently, it is necessary to evaluate the integrative role of DOMderived from
biochar before downstream application.
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