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A B S T R A C T

Humification plays a significant role in converting phenolic pollutants and forming heterogeneous polymers, but
few studies have been performed to investigate exolaccase-started humification (ESH). Herein, the influences of
lignin precursors (LPs) on exolaccase-induced bisphenol A (BPA) removal and humification were explored. In
particular, the architectural features and botanical effects of the formed humification products were also tested.
ESH was extremely beneficial in boosting BPA removal in the presence of LPs. Compared with LP-free (58.49%),
100% of BPA was eliminated after the reaction with ESH for 72 h. Such a process was controlled by an exolaccase-
caused random assembly of radicals, which generated a large number of hydrophobic polymers through
nonspecific covalent binding of C–C and/or C–O. These humified polymers were extremely stable at pH 2.0–10.0
and �20 �C to 80 �C and displayed unique functions, i.e., scavenged 2,2-diphenyl-1-picrylhydrazyl/2,20-azino-
bis3-ethylbenzothiazoline-6-sulphonic acid radicals and exerted antioxidant capacities. More importantly, the
functional polymers could act as auxin analogs to increase the germination index (>100%), plant biomass, and
salt tolerance of radish seedlings. Our findings disclosed that ESH could not only be optimized to mitigate the
ecological risks of phenolic pollutants and sequester organic carbon in environmental bioremediation, but the
resulting abundant auxin analogs also contributed to agricultural productivity.
1. Introduction

In global biogeochemical cycles, the conversion of phenolic pollutants
involves two opposing modes, i.e., decomposition and humification [1,2].
Decomposition can destroy the chemical structure of contaminants to
generate smaller and more labile species [3,4]. Inversely, humification is a
process in which phenolic pollutants are incorporated into stable and
harmless polymers [5,6]. Both conversion pathways favor avoiding the risk
of organic contamination [2,7]. In recent years, humification process has
attracted great attention in bioremediation, owing to its capability to
regulate phenolic pollutants, stabilize organic matter, and reduce CO2
emissions [8]. The co-polymerization of phenolic contaminants and small
precursors is one of the classic research topics in the field of humification,
which can be dominated by certainmetal oxides and oxidative enzymes [9,
10]. Such a humification model has high potential in decontamination of
phenolic pollutants, and contributes to creating functional polymers
[11–13].
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Lignin precursors (LPs), such as catechol (Cat), vanillic acid (Vaa),
gallic acid (Gaa), and ferulic acid (Fea), are universally found in water
ecosystems [14,15]. They have long been regarded as a low-cost feed-
stock for the production of functional polymers during humification
[16–18]. In the complicated humification process, the hazards of
phenolic pollutants can be annihilated in the presence of LPs [8]. It is
probably because LPs, organic contaminants, aromatic components, and
other compounds undergo a series of oxidative coupling reactions to
produce advanced humic molecules [19,20]. One key issue is that natural
humification is greatly lengthy without sufficient catalysts [21]. Fortu-
nately, the humification process can be significantly facilitated by the
artificial addition of appropriate reaction catalysts, such as certain metal
oxides (i.e., MnO2, Al2O3, and Fe2O3) and oxidative enzymes (i.e., lac-
case, tyrosinase, and peroxidase) [19].

As described above, the presence of metal catalysts is essential for
enhancing the removal and humification of phenolic pollutants [21,22].
By obtaining electrons from substrates, certain metal oxides can act as
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Lewis acids to stimulate nucleophilic addition and polycondensation [23,
24]. Compared with metal oxides, the unique arrangement of reactive
centers in enzymes contributes to demonstrating their stronger humifi-
cation potential [19]. Exolaccase, as a “green and almighty catalyst”, can
propel the humification of multitudinous phenolic pollutants in the
absence of H2O2 [8,20]. The substrates are commonly converted into
phenoxy radical intermediates by exolaccase, which can be randomly
polymerized to generate macromolecular precipitates [25]. The reaction
kinetics of phenolic pollutants mediated by exolaccase-started humifi-
cation (ESH) has been reported [26–28], but little information is avail-
able on the role of LPs in eliminating phenolic pollutants and forming
functional polymers.

In our study, bisphenol A (BPA, an organic pollutant with estrogenic
activity) was selected as a typical phenolic contaminant to explore the
effects of LPs on BPA removal and humification caused by ESH. The kinetic
model of BPA removal was investigated in ESH by batch experiments. The
micromorphologies, functional groups, and chemical structures of the
formed humification products were analyzed through scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and 1H
nuclear magnetic resonance (1H NMR). Environmental stabilities and
radical scavenging activities of humified products were carefully
measured. Subsequently, the botanical effects of humified products were
also assessed by greenhouse pot experiments. These findings provided a
better understanding of the influence of ESH on the co-polymerization and
humification of phenolic contaminants and LPs, which was beneficial to
circumventing the environmental risks of organic pollutants, sequestering
organic carbon, and acquiring functional polymers.

2. Materials and methods

2.1. Chemicals and materials

Four representative LPs (i.e., Cat, Vaa, Gaa, and Fea), BPA, 2,6-dime-
thoxyphenol (2,6-DMP), and Trametes versicolor exolaccase were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). High-performance
liquid chromatography (HPLC)-grade methanol and acetonitrile were
obtained from Fisher Scientific (Pittsburgh, PA, USA). All other chemicals
were analytical-grade chemicals from Aladdin Industrial Corporation
(Shanghai, China). ESH was established in a 10 mM citrate-phosphate
buffer solution (C-PBS). Radish (Raphanus sativus L.) seeds from Anhui
Academy of Agriculture Sciences (Hefei, China) were pre-germinated in a
sterile Murashige & Skoog (MS) medium (MDBio, Inc., Taiwan, China)
containing 0.6% agar (w/v).

2.2. Batch experiments

To investigate the effects of a mixture of different LPs on BPA removal
kinetics, ESH was carried out in a 10 mM C-PBS. Five treatment groups
were set in the experiments: (1) exolaccase þ BPA (La–BPA); (2) exo-
laccase þ BPA þ Cat þ Vaa (La–BPA–Cat–Vaa); (3) exolaccase þ BPA þ
Cat þ Gaa (La–BPA–Cat–Gaa); (4) exolaccase þ BPA þ Cat þ Fea
(La–BPA–Cat–Fea); (5) exolaccase þ BPA þ Cat þ Vaa þ Gaa þ Fea
(La–BPA–Cat–Vaa–Gaa–Fea). Another main purpose was to produce
structurally complex humification products. Each reactor initially con-
tained 500 mL of 10 mM C-PBS. Concentrated stock solutions of BPA and
LPs were sequentially injected into the reactor to obtain 0.1 mM BPA and
1.0 mM LP (BPA:LP ¼ 1:10, molar ratio; the content of each LP was
1.0 mM in different treatment groups). The enzymatic reaction was
immediately initiated by adding 1.0 U/mL exolaccase. The reaction was
set to proceed for 72 h at 25 �C, pH 5.0, and 150 r/min. The solution pH
was set to 5.0, as it was the optimal pH for exolaccase-induced removal of
phenolic contaminants. At the selected time interval, a 1 mL sample was
promptly taken and then quenched with an equal volume of methanol to
measure BPA concentration. Exolaccase activity was routinely assayed at
468 nm using 2,6-DMP as a chromogenic substrate [29]. All experiments
were conducted in triplicate.
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2.3. High-performance liquid chromatography (HPLC) and high-resolution
mass spectrometry (HRMS) analysis

A Waters HPLC system (Milford, MA, USA) equipped with an Agilent
ZORBAX Eclipse Plus C18 column (4.6 mm� 150mm, 5 μm particle size)
was employed for BPA determination. The mobile phase consisted of an
acetonitrile component (A) and an aqueous component (B). BPA con-
centration was analyzed with a 1.0 mL/min flow of mobile phase con-
sisting of 70% A and 30% B by an ultraviolet detector at 278 nm. Each
reaction corresponding to BPA concentration was monitored in triplicate.
The treatment groups without exolaccase were also conducted, and no
evidence of BPA removal was observed. BPA concentration was quanti-
ficationally detected by the multipoint standard calibration curves. The
humified products of BPA were recognized by LTQ-Orbitrap HRMS
(Thermo Fisher Scientific, Bremen, Germany). ESH was terminated for a
6 h incubation by acidifying to pH 2.0. Then, the samples were concen-
trated, dried, and re-dissolved in HPLC-grade methanol for HRMS iden-
tification. The detailed operation conditions of HRMS were given in the
Supplementary Information (SI).

2.4. Performance measurement of humified products

In our study, four humified precipitates (i.e., La–P1, La–P2, La–P3, and
La–P4) were collected from La–BPA–Cat–Vaa, La–BPA–Cat–Gaa, La–B-
PA–Cat–Fea, and La–BPA–Cat–Vaa–Gaa–Fea, respectively. After a 3 d hu-
mification, the reaction solutions were adjusted to pH 2.0. Subsequently,
the humified products were fully precipitated by standing for 24 h. The
resulting precipitates were centrifugally separated, washed with deionized
water 3 times, and freeze-dried. The particle sizes and morphologies of
humified precipitates were determined using SEM (HITACHI S-4800,
Japan; voltage of 5 kV, 10,000 times). FTIR spectra (NEXUS870, NICOLET,
USA) of humified precipitates were determined in the range of
400–4,000 cm�1 (scanning interval of 2 cm�1, an average of 64 scans). The
humified precipitates (5 mg) were dissolved in dimethylsulfoxide-d6
(DMSO-d6) reagent, and 1H NMR (Agilent Technologies, USA) was
used to record the chemical structures of samples. BPA–Cat–Vaa (Hm–P1),
BPA–Cat–Gaa (Hm–P2), BPA–Cat–Fea (Hm–P3), and BPA–Cat–
Vaa–Gaa–Fea (Hm–P4) monomer mixtures (molar ratio ¼ 1:10) were also
prepared for comparison.

2.5. Environmental stabilities of humified products

The effects of pH (2.0–10.0), temperature (�20 �C to 80 �C, pH 7.0),
ultrasonic duration (1–5 h, with a frequency of 50 Hz, pH 7.0), and
exposure time (5–30 d, pH 7.0) on the environmental stabilities of four
humified precipitates were evaluated by the stationary culture with a 14 h
white light/10 h darkness cycle at 25 �C. The release amount of BPA
monomer is calculated by the following equation:

Mass percentage ð%Þ¼MBPA�t �MBPA�0 � 100% (1)

where MBPA-t is the content of BPA released from BPA–LP humified
precipitates after E-PH, and MBPA-0 is the content of BPA in BPA–LP
mixed monomers prior to ESH.

2.6. Radical scavenging activities of humified products

As investigators have previously reported, the radical scavenging
activities of four humified products were tested using 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) and 2,20-azino-bis3-ethylbenzothiazoline-6-sul-
phonic acid (ABTS), respectively [30]. For DPPH, after 0.1 mMDPPHwas
dissolved into ethanol, the humified products (i.e., La–P1, La–P2, La–P3,
and La–P4) were added to obtain an initial concentration of 0–16 mg/L.
Themixtures were incubated for 30min at 25 �C, and the absorbance was
measured at 517 nm. For ABTS, the formation of ABTS cation radical
(ABTSþ) was accomplished in the dark at 25 �C for 12 h by combining



Fig. 1. The presence of LPs enhanced exolaccase-induced BPA removal. (a)
Chromogenic reactions; (b) BPA removal; (c) Kinetic parameters for the pseudo-
first-order kinetic model. BPA, bisphenol A; LPs, lignin precursors; Cat, catechol;
Vaa, vanillic acid; Gaa, gallic acid; Fea, ferulic acid; La–BPA, exolaccase þ BPA;
La–BPA–Cat–Vaa, exolaccase þ BPA þ Cat þ Vaa; La–BPA–Cat–
Gaa, exolaccase þ BPA þ Cat þ Gaa; La–BPA–Cat–Fea, exolaccase þ BPA þ Cat
þ Fea; La–BPA–Cat–Vaa–Gaa–Fea, exolaccase þ BPA þ Cat þ Vaa þ Gaa þ Fea;
Ct, the residual concentration of BPA in water at a specific time t; C0, the initial
concentration of BPA in water; k, kinetic constant; t1/2, half-life.
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7.0 mM ABTS and 2.45 mM potassium persulfate in water. After the
ABTSþ solution was diluted with ethanol (absorbance
value¼ 0.7� 0.02), the humified products (0–12 mg/L) were added into
the mixed solutions to incubate for 30 min at the dark conditions. The
absorbance value at 734 nm was evaluated. DPPH/ABTS radical scav-
enging rate (%) was calculated as follows:

DPPH=ABTS radical scavenging rate ð%Þ ¼ ½1� ðA� AiÞ � A0 � � 100%

(2)

where A0, Ai, and A are the absorbances of 2 mL ethanol þ 2 mL DPPH/
ABTSþ, 2 mL ethanol þ 2 mL sample, and 2 mL sample þ 2 mL DPPH/
ABTSþ, respectively. The percentage of remaining DPPH/ABTSþ against
the sample/standard concentration was plotted to acquire the amount of
antioxidant (mM) necessary to decrease the initial concentration of
DPPH/ABTSþ by 50% (IC50).

2.7. Seed germination test

Radish was selected as the tested plant to explore the effects of four
humified products on seed germination and seedling growth. After radish
seeds were surface-sterilized and pre-germinated as described earlier
[17], 15 seeds were transferred onto semi-solid MS media (0.6% agar)
containing La–P1, La–P2, La–P3, and La–P4 (50–200mg/L), respectively.
These seeds were cultivated in a plant growth chamber (HBRG-500LED,
Changzhou, China) with a 16 h light period at 25 �C for 4 d, and the seed
germination and root length were recorded to calculate germination
index (GI) (SI). For comparison, the treatment groups without humified
products (blank control, BC) and with BPA–LP monomer mixtures were
also conducted.

2.8. Salt tolerance evaluation

Retention of chlorophyll content in the leaves under salt stress has
been widely used as an index for NaCl tolerance [31]. As we described
earlier, the salt tolerance of radish seedlings was assessed by determining
the levels of chlorophyll a, b, and a þ b [17]. Briefly, radish seedlings
grown for 3 d on solid MS medium were transferred to a fresh medium
containing 250 mM NaCl and humified precipitates. After a 7 d cultiva-
tion, the leaf tissues were collected and ground to extract chlorophyll.
The extracted chlorophyll (supernatant) was analyzed using an ultravi-
olet and visible spectrophotometer (UV-2550, Shimadzu, Japan). The
detailed experimental procedures were shown in SI.

3. Results and discussions

3.1. Removal kinetics of BPA in ESH enhanced by LPs

Natural water bodies receive large amounts of LPs, which play a
crucial role in the migration and transformation of phenolic pollutants
[32,33]. Exolaccase can induce polymerization of various substrates, thus
altering the environmental fate of phenolic contaminants [34]. As
described in Fig. S1, the chromatographic peak of BPA (3.25 min) in ESH
was matchedwith the standard, as analyzed by HPLC. Comparedwith the
initial phase of ESH (0 h), the chromatographic peak of BPA disappeared
in the presence of LPs after a 72 h humification. Furthermore, the
chromatographic peaks of LPs between 2.0 and 3.0 min were signifi-
cantly reduced and even eliminated, owing to the formation of humified
products (broad chromatographic peaks at 1.5–2.0 min). Such results
were also in good agreement with other reports on BPA removal using
exolaccase [35,36].

To further explore the effects of LPs on exolaccase-induced BPA
removal, the transformation kinetics of BPA was evaluated. As illus-
trated in Fig. 1a, as humification time increased, the color of the solu-
tion changed from undertint to typical and charming dark brown. In the
absence of LPs, BPA removal by ESH was sluggish and only 58.49%
221
within 72 h, while BPA removal rapidly increased to 100% in the
presence of LPs (Fig. 1b). This enhancement mechanism might be
attributed to the co-polymerization of BPA and LPs, thus maintaining
exolaccase activity and stability [36,37]. A study by Nguyen et al. [38]
also indicated that humic acid could accelerate exolaccase-catalyzed
BPA removal by radical coupling. In La–BPA, La–BPA–Cat–Vaa, La–B-
PA–Cat–Gaa, La–BPA–Cat–Fea, and La–BPA–Cat–Vaa–Gaa–Fea systems,
the pseudo-first-order kinetic constants (k, h�1) of BPA transformation
were 0.0077, 0.0651, 0.0583, 0.0709, and 0.0774 h�1, respectively; the
half-lives (t1/2, h) were 90.02, 10.65, 11.89, 9.78, and 8.96 h, respec-
tively (Fig. 1c). Notably, exolaccase-induced BPA removal deviated
from the regression model in the absence of LPs (R2 ¼ 0.6927). It is
largely because the formed long-chain BPA oligomers significantly
reduced enzyme activity and thus inhibited enzymatic reactions. These
results suggested that LPs were greatly beneficial to promoting BPA
removal and humification during ESH.

3.2. Morphologic, functional, and structural properties of humified
precipitates

Based on different raw materials, ESH can produce a series of poly-
meric precipitates with different morphologies and particle sizes. As
shown in Fig. 2, the formed La–P1, La–P2, La–P3, and La–P4 in ESH
presented dark brown, dark gray, brownness, and dark brown, respec-
tively. The microscopic morphologies of four humified precipitates were
observed using SEM (also listed in Fig. 2). The results indicated that all
precipitates had rough surfaces, heterogeneous natures, and very
different morphological characteristics. After ESH for 3 d, the yields of
four humified precipitates were 54.74%, 30.85%, 87.30%, and 59.29%,
respectively. The difference in yields mainly depended on whether the
raw materials were easily polymerized into macromolecular precipitates
during ESH.

The functional groups potentially involved in four humified pre-
cipitates were determined. FTIR spectra revealed a large and wide ab-
sorption peak in La–P1, La–P2, La–P3, and La–P4 at around 3,400 cm�1,
ascribed to the –OH stretching of phenolic and carboxylic groups (Fig. S2



Fig. 2. SEM images of four humified precipitates (i.e., La–P1, La–P2, La–P3, and La–P4). SEM, scanning electron microscopy; La–P1, La–P2, La–P3, and La–P4, four
humified precipitates collected from La–BPA–Cat–Vaa, La–BPA–Cat–Gaa, La–BPA–Cat–Fea, and La–BPA–Cat–Vaa–Gaa–Fea, respectively.

Fig. 3. Proposed pathways for the formation of humified products in ESH. (a)
Formation of unstable radical intermediates; (b) Generation of dimers by C–C
and C–O coupling; (c) Production of BPA–LP humified precipitates via contin-
uous coupling. ESH, exolaccase-started humification.
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and Table S1). The peak between 1,600 and 1,700 cm�1 had a sharp
band, attributed to the aromatic C¼C and conjugated carbonyl C¼O
stretching [39]. There is a peak position in the region 1,490–1,570 cm�1

ascribed to the stretching of carboxyl C–O and C–OH band structures. The
peaks from 1,000 cm�1 to 1,200 cm�1 could be ascribed to the C–O
stretching of carboxylic acids, phenols, and aromatic ethers [40].

The 1H NMR spectra of four humified precipitates are described in
Fig. S3. The 1H NMR spectra of Hm–P1, Hm–P2, Hm–P3, and Hm–P4
disclosed the representative spectra of BPA-LP monomer mixtures with
effective separation between individual NMR resonances. Compared
with BPA-LP monomer mixtures, the chemical shift peaks of four humi-
fied precipitates in the 3.0–4.0 ppm region were weaker and broader,
indicating that the humified products were composed of various oligo-
mers and polymers [39,41]. This is probably because they were randomly
polymerized by exolaccase-triggered humification of BPA and LPs [20]. A
similar pattern was also observed in the chemical shift region of
6.5–7.5 ppm, where the peaks were almost eliminated in four humified
precipitates, manifesting that the dehydrogenation of humified pre-
cipitates occurred on the phenolic hydroxyl groups and aromatic rings by
radical-caused C–C and/or C–O binding [42]. The differences in peak
distribution of the four precipitates appeared because of their different
molecular weight and structural characteristics.

3.3. Polymerization mechanisms of BPA and LPs by ESH

The oligomeric products of BPA were tentatively identified using
HRMS (Table S2), and the possible humification pathways were proposed
in Fig. 3. The predominant pathway of ESH was polymerization, aligning
with the result in our previous study [20,36]. According to the humifi-
cation mechanisms, the polymerization of BPA and LPs could occur
through three pathways. First, BPA and LPs were rapidly oxidized at the
T1-Cu site (a mononuclear center) to form unstable phenoxyl radical
intermediates during ESH [43], as listed in Eqs. 3 and 4. This step has
been well-documented by researchers [44,45]. Meanwhile, the dissolved
O2 was reduced into H2O at T2/T3-Cu sites (a trinuclear cluster), which
had been indirectly confirmed in our study. Because exolaccase-induced
BPA removal was completely limited in the absence of O2. Subsequently,
these radical intermediates were stochastically coupled to produce the
polymeric products [46]. Such a process involved two aspects: one was
self-polymerization and the other was co-polymerization [47]. As
exhibited in Eqs. 5 and 6, the formed BPA� and LP� were self-coupled to
generate self-dimers, self-trimers, self-oligomers, and self-polymers by
undergoing continuous C–C and/or C–O binding [19]. These products
were still considered to be harmful to the ecosystem and human health
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[48]. Fortunately, BPA, LP, and their self-polymeric product radicals
could encounter co-polymerization via random and uncontrolled re-
actions to create extremely complicated macromolecular precipitates
(Eq. 7), which would be beneficial to avoiding the biotoxicity of BPA–LP
monomers and self-polymers [36].

4BPAþO2 → 4BPA ⋅ þ 2H2O (3)

4LPþO2 → 4LP ⋅ þ 2H2O (4)

BPA ⋅ →BPA dimers→BPA trimers→⋯⋯ → BPA polymers (5)

LP ⋅ →LP dimers→LP trimers→⋯⋯ → LP polymers (6)

ðBPAÞm ⋅ þðLPÞn ⋅ → ðBPAÞm � ðLPÞn copolymers (7)
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where m and n represent the numbers of BPA and LP monomers,
respectively.

3.4. Environmental stabilities of four humified precipitates

As described above, the humified products of BPA and LPs induced by
ESH could not only eliminate phenolic contamination but also sequester
organic carbon via forming precipitates. However, it is not clear whether
the covalent bonds of the formed precipitates would be stable under
different environmental conditions. To assess the potential ecological
risks of four humified precipitates, the effects of pH, temperature, ul-
trasonic duration, and exposure time on the re-release of BPA from co-
polymers were revealed in a light/dark cycle. The release amount of BPA
monomer from La–P1, La–P2, La–P3, and La–P4 was 0.11%–1.40% at pH
2.0–10.0, and the maximum BPA release of four copolymers was merely
0.66%, 0.32%, 1.40%, and 0.53%, respectively (Fig. S4a). Similarly, the
BPA release of four copolymers was 0.13%–0.88% under different tem-
peratures (Fig. S4b). These results indicated pH and temperature had a
negligible effect on the stabilities of C–C and/or C–O covalent bonds.

Considering that ultrasound may destroy the molecular structures of
humified precipitates, ultrasonication was also used to treat the four
copolymers [49]. With the increase of ultrasonic duration, the BPA
release of La–P1, La–P2, La–P3, and La–P4 gradually increased, reaching
the maximum values of 0.64%, 0.29%, 1.05%, and 0.26% after 5 h ul-
trasound, respectively (Fig. S4c). Additionally, the covalent bonds of four
copolymers might also be broken by long-term biogeochemical processes
[50]. As indicated in Fig. S4d, the release amount of BPA from La–P1,
La–P2, La–P3, and La–P4 demonstrated a slight uptrend with the exten-
sion of exposure time. Compared with the 5th day, the increment of BPA
release on the 30th day was 0.16%, 0.09%, 0.01%, and 0.02%, respec-
tively. The maximum BPA release of four copolymers was less than
1.00%. These results suggested that only a tiny amount of loosely bound
BPA was released from BPA–LP copolymers, thus the C–C and/or C–O
covalent bonds in four humified precipitates could exist stably in water
ecosystems.

3.5. Antioxidant capacities of four humified precipitates

Antioxidants play an essential role in plant defense systems, as they
can scavenge reactive oxygen species (ROS) and protect chloroplasts [51,
52]. DPPH/ABTS radical scavenging abilities of four humified pre-
cipitates were exhibited in Fig. 4 by antioxidant tests in vitro. La–P1,
La–P2, La–P3, and La–P4 could scavenge DPPH/ABTS radicals, and the
Fig. 4. Linear relationships (R2 > 0.95) obtained for different concentrations of
four humified precipitates applied against DPPH/ABTS radicals. DPPH, 2,2-
diphenyl-1-picrylhydrazyl; ABTS, 2,20-azino-bis3-ethylbenzothiazoline-6-sul-
phonic acid.
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scavenging rates of DPPH/ABTS radicals were positively correlated with
their concentrations (R2 > 0.95). For DPPH, the radical scavenging
abilities in four humified precipitates were La–P2 > La–P1 >

La–P4 > La–P3. For ABTS, in the presence of 1.0 mg/L La–P1, La–P2,
La–P3, and La–P4, the radical scavenging rates of four humified pre-
cipitates were 31.78%, 93.51%, 15.89%, and 28.36%, respectively.
Subsequently, the IC50 values of DPPH/ABTS radicals were calculated by
a linear regression model. The IC50 was negatively correlated with
antioxidant capacity. For instance, the IC50 values of DPPH in La–P1,
La–P2, La–P3, and La–P4 were 8.36, 1.78, 13.82, and 9.80 mg/L,
respectively. The ABTS radical scavenging abilities of four humified
precipitates were stronger compared with those of DPPH. It follows that
these humified precipitates could effectively scavenge ROS and exert
antioxidant capacities, which would help alleviate the biotic and abiotic
environmental stimulus at the root surfaces of plants. However, one
unsolved issue is whether the precipitates attacked by ROS can produce
highly toxic by-products.
3.6. Humified precipitates promoted seed germination

In phytotoxicity tests, certain BPA–LP copolymeric products from
ESH could act as auxin analogs to promote seed germination and root
length. As shown in Fig. S5, the apparent morphological changes of
radish seeds in 1–3 d were observed by adding BPA–LP monomer mix-
tures and humified precipitates. With the extension of cultivation time,
the germination rate and root length of radish seeds increased. Compared
with BC, the presence of BPA–LP monomer mixtures (i.e., Hm–P1,
Hm–P2, Hm–P3, and Hm–P4) inhibited the seed germination and root
length, and the inhibition effect became more obvious with the increase
of concentration (Figs. S6 and S7). Notably, certain BPA–LP humified
precipitates played a constructive role in seed germination and root
length. For instance, compared to BC (3.34 cm), the root length of radish
seedlings was reduced to 1.11, 2.01, 2.44, and 2.16 cm by adding 50 mg/
L Hm–P1, Hm–P2, Hm–P3, and Hm–P4, respectively, while the root
length increased to 4.06, 3.78, 4.40, and 4.03 cm in the presence of
La–P1, La–P2, La–P3, and La–P4, respectively. These results suggested
that the phytotoxicity of BPA–LP monomer mixtures could be completely
removed by generating complex humified products.

To further assess the phytotoxicity of the tested samples, the GI values
were also calculated (Table 1). For example, the GI values were 28.82%,
47.31%, 49.68%, and 45.75% by adding Hm–P1, Hm–P2, Hm–P3, and
Hm–P4 at 50 mg/L, respectively, implying that BPA-LP monomer mix-
tures had strong phytotoxicity on radish seeds (GI < 60%). In particular,
the GI values increased to 114.29%, 100.43%, 124.05%, and 113.54%
(>100%) in the presence of La–P1, La–P2, La–P3, and La–P4, respec-
tively, suggesting that ESH could fully eliminate the phytotoxicity of
phenolic compounds by the formation of BPA–LP humified precipitates.
These results indicated that certain humified precipitates from ESH had
Table 1
Seed GI values in phytotoxicity tests of four humified precipitates (i.e., La–P1,
La–P2, La–P3 and La–P4) produced from ESH.

Different treatments GI (%)

50 mg/L 100 mg/L 200 mg/L

BC 100 100 100
Hm–P1 28.82 16.06 5.98
La–P1 114.29 105.19 101.81
Hm–P2 47.31 31.81 21.57
La–P2 100.43 121.99 111.66
Hm–P3 49.68 25.73 9.46
La–P3 124.05 127.21 132.73
Hm–P4 45.75 25.77 18.02
La–P4 113.54 112.60 112.45

BC, blank control; GI, germination index; Hm–P1, BPA–Cat–Vaa; Hm–P2,
BPA–Cat–Gaa; Hm–P3, BPA–Cat–Fea; Hm–P4, BPA–Cat–Vaa–Gaa–Fea.



Fig. 5. Effect of four humified precipitates (i.e., La–P1, La–P2, La–P3, and La–P4) on radish seedling chlorophyll a (Ca), chlorophyll b (Cb), and chlorophyll a þ b
(Ca þ b) contents in the presence of 250 mM NaCl.
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botanical properties similar to auxin, which could accelerate seed
germination and root elongation.

3.7. Humified precipitates stimulate radish growth

Biomass is another key index in evaluating plant growth and pre-
dicting crop yield. As displayed in Fig. S8, the fresh weights of the shoot
and root in BC were 78.72 and 9.40 mg/plant, respectively. The presence
of BPA–LP monomer mixtures effectively reduced the biomass of radish
seedlings. For example, the fresh weights of shoot and root were 34.37
(4.47), 40.29 (5.18), 35.29 (4.55), and 43.35 (5.93) mg/plant by adding
100 mg/L Hm–P1, Hm–P2, Hm–P3, and Hm–P4, respectively, which
were lower than that of BC. The inhibition effect was enhanced with the
increase in concentration. It is noted that the total fresh weights of shoot
and root were 88.16, 111.63, 97.81, and 96.62 mg/plant in the presence
of 100mg/L La–P1, La–P2, La–P3, and La–P4, respectively, revealing that
La–P2 had the highest growth-promoting effect on the biomass of radish
seedling. Thus, certain humified precipitates from ESH could stimulate
the growth and development of radish seedlings.

Given the above-mentioned results, it is hypothesized that ESH might
be a direct and effective strategy to eliminate phenolic contamination
and sequester organic carbon by producing functional polymers. Based
on the existing literature, the plant growth-promoting mechanisms of
humified precipitates were recapitulated in Fig. S9, including three as-
pects: (1) the humified precipitates contained substrates with a similar
structure to auxin, such as indole-3-acetic acid, gibberellic acid, and
abscisic acid [7,53]; (2) the humified precipitates interacted with the cell
membrane of the root surface and thus triggered a series of biochemical
reactions [54,55]; (3) the interaction between humified precipitates and
root exudates on the root surface, led to the decomposition of macro-
molecular products and the release of plant regulators in root exudates
[8,20,56].
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3.8. NaCl-tolerance of radish seedlings regulated by humified precipitates

Salinity is one of the dominant abiotic stresses enchaining the use of
soil for agriculture due to it hindering the growth and development of
plants by NaCl accumulation andwater deprivation [57]. As demonstrated
in Fig. 5, the humified precipitates increased the chlorophyll content of
radish seedlings in the presence of NaCl, compared to the precipitate-free
one. Furthermore, as the concentration of humified precipitates increased
from 50 to 200 mg/L, the difference in chlorophyll content became more
significant. For example, the contents of chlorophyll a, b, and a þ b were
1.81, 0.59, and 2.43 mg/g by adding 200 mg/L La–P2, respectively, which
were significantly higher than that of the precipitate-free one (p< 0.01). It
is probably because the humified precipitates alleviated NaCl-triggered
osmotic stress and enhanced the activities of nutrient-associated meta-
bolic enzymes, thus making water uptake and nutrient metabolism easier
in the root cells [58]. These results disclosed that the formed four pre-
cipitates in ESH would contribute to improving plant salt tolerance and
agricultural productivity, especially La–P2.

4. Conclusions

This study highlighted the removal and humification of BPA in the
presence of LPs by ESH. BPA removal obeyed the pseudo-first-order ki-
netics. Notably, the presence of LPs significantly promoted BPA conver-
sion during ESH, and the conversion efficiency of BPA was up to 100%
within 72 h. Lots of BPA–LP humified products were generated by
radical-induced C–C and/or C–O polymerization. The hydrophobic in-
teractions increased in strength with increasing humification time, and
thus these humified products could be precipitated from ESH. The
formed humification precipitates not only presented obvious aromatic
and acidic characteristics, but also had environmental stability and
antioxidant capacity. More importantly, they could act as auxin analogs
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to promote the growth and development of radish seedlings. Overall, our
findings were useful for optimizing practical applications that involved
exolaccase-induced decontamination of phenolic contaminants and
sequestration of organic carbon. Future research should focus on opti-
mizing the concentration ratios of BPA and LPs to produce high-
performance functional polymers.
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