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The widespread application of biochar has inevitably led to the release of various amounts of biochar-
derived dissolved organic matter (BDOM) and gradual formation of a biochar-related environment, which
significantly influences the environmental behaviors of contaminants. However, the impacts of BDOM on
chlorophenol photodegradation remain unknown. In this study, we prepared BDOM from crop residue
biochar to evaluate its effects on 2,4-DCP photodegradation. The results showed that 2,4-DCP
undergoes self-sensitized photodegradation via the self-production of 'O, and *OH in the absence of
BDOM. The BDOM enhanced 2,4-DCP photodegradation owing to the production of >BDOM*, 'O, and
‘OH, contributing 60%, 22.2% and 4.4%, respectively. Nevertheless, this facilitation effect was weakened
with increasing BDOM content because of the enhanced light screening and quenching effects. Low
molecular weight (MW, <1 kDa) fractions predominated in BDOM, with a contribution of 62.7%;
moreover, these fractions had a higher potential to produce *BDOM* and O, and played more
important roles in 2,4-DCP indirect photodegradation than high MW fractions. The high MW fractions
(MW > 1 kDa) exhibited a stronger light screening effect that decelerated the photodegradation of 2,4-

DCP. Furthermore, the degradation of 2,4-DCP by *BDOM* occurred via both energy and electron
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Accepted 8th June 2025 transfer pathways, in which low MW fractions of BDOM were predominantly formed via the energy

transfer pathway, while high MW fractions were mainly formed through the electron transfer pathway.
These results suggest that the low MW fractions of BDOM have stronger photoactivity and may play
more significant roles in influencing the environmental behaviors of refractory pollutants.
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1. Introduction

As a typical class of persistent toxic compounds, chlorophenols
can cause damage to multiple organs and endocrine systems in
both human and aquatic biota, posing significant eco-
environmental risks."” These compounds are widely used as
herbicides, fungicides and pesticides in agriculture.>* In the
natural environment, chlorophenols can persist for up to 28
years due to their resistance to biodegradation.® Accordingly,
chlorophenols and their byproducts, such as 2,4-dichlor-
ophenol (2,4-DCP), are frequently detected in seawater,
drinking water and surface water, with concentrations reaching
as high as 10 pg L™".%” Owing to the overlapping absorption
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bands of chlorophenols and the tropospheric solar spectrum,
these compounds are considered to undergo photolysis in
natural environments. The photolysis of chlorophenols gener-
ally involves direct and indirect photodegradation. Direct pho-
todegradation primarily depends on the chemical structure of
chlorophenols, whereas indirect photodegradation is largely
influenced by  coexisting  substances, particularly
photosensitizers.®

The increasing global population and rising food demand
have led to the production of a large amount of agricultural
straws and other residues (up to 5 billion tons per year), such as
rice husk, corn stover, wheat straw and cotton straw.®°
Returning crop residues into soil by converting them into bio-
char is a promising approach for maximizing their utilization,
including enhancing soil fertility, reducing environmental
pollution and sequestering carbon.'*** Intensive research has
shown that biochar has great remediation potential for
pesticide-contaminated soil because of the following reasons:
(i) it displays a remarkable adsorption affinity towards pesti-
cides due to its strong hydrophobicity and (ii) it usually has
abundant surface functional groups and superior pore struc-
ture, which facilitate the adsorption of pesticides through
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hydrogen bonding, pore filling, electrostatic attractions, and
van der Waals forces."** The widespread application of biochar
can lead to the significant infiltration of biochar-derived dis-
solved organic matter (BDOM) into agricultural watersheds
through leaching and surface runoff.'®” Consequently, biochar-
related environments, such as biochar-based biofiltration
systems, have been developed.*® Additionally, crop residues are
rich in cellulose, hemicellulose and lignin." Biochar derived
from crop residues usually contains amounts of BDOM, espe-
cially those produced through hydrothermal processes or
pyrolysis at low temperatures.>* Compared with biochar
particles, BDOM exhibits stronger motility, lower hydropho-
bicity and smaller molecular size, enabling it to be readily
released in biochar-related environments and significantly
influence the transformation of chlorophenols.?***

Current research has demonstrated that BDOM is a typical
photosensitizer and exhibits stronger photoactivity than natural
DOM.** BDOM can generate multiple reactive oxygen species
(ROS) under solar irradiation, such as triplet-excited states of
BDOM (*BDOM*), singlet oxygen (*0,), hydroxyl radical ("OH)
and superoxide radical (O, 7).*** The quantum yields of
*BDOM* and 'O, generated by BDOM were 4-8 times and 2-3
times higher than many reported DOMs, respectively.”>>¢
However, BDOM can decrease light absorption by combining
with pollutants or scavenging the excited states of pollutants
and ROS, resulting in decreased photoirradiation efficiency.*” In
parallel, it has been reported that the antioxidants in BDOM,
such as phenolic moieties, can inhibit triplet-induced photo-
degradation.”®*® Furthermore, BDOM consists of various
organic molecules with different molecular weights (MW).>* As
a heterogeneous mixture, the MW of BDOM is one of the most
important factors determining its environmental behavior.*"*
It has been reported that the photochemical reactivity of BDOM
is highly dependent on its molecular size.>**” Therefore, it is
reasonable to assume that the photodegradation process of
chlorophenol would be significantly influenced by BDOM and
varies with the MW fraction.

To investigate the impact mechanisms of a previously over-
looked significant component during the application of bio-
char, namely BDOM, on the photodegradation of pollutants,
this study innovatively proposes the scientific hypothesis that
“BDOM would alter the photodegradation process of chlor-
ophenol pesticides, and this alteration is dependent on the MW
fractions of BDOM because of their differences in producing
various species and quantities of ROS”. To validate this
hypothesis, we prepared BDOM from crop residue biochar and
divided it into three MW fractions, along with evaluating their
impacts on 2,4-DCP photodegradation. The primary aims of this
study were to (1) investigate the photodegradation process of
2,4-DCP mediated by BDOM and its MW fractions; (2) deter-
mine the primary ROS and reveal their roles in chlorophenol
photodegradation systems; and (3) understand the underlying
mechanisms of BDOM-mediated chlorophenol photo-
degradation. These results are valuable for understanding the
mechanisms of BDOM-mediated chlorophenol photo-
degradation in biochar-related environments.
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2. Materials and methods

2.1 Chemicals and materials

2,4-DCP and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)diammonium salt (ABTS) were purchased from Aladdin
Industrial, Inc. (Shanghai, China). All the chemicals used in this
study were of analytical grade and were used without further
purification. All solutions were prepared using ultrapure water.

2.2 Biochar, BDOM preparation and MW fractions

Biochar and BDOM were prepared as described in our previous
work.*® Briefly, cotton straw was collected, washed with deion-
ized water, dried at 80 °C for 24 h and ground into powder.
Cotton straw powder was hydrothermally carbonized at 220 °C
for 4 h to obtain biochar. Then, 5 g of biochar was suspended in
100 mL of deionized water in a sealed container, which was
shaken at 25 °C for 24 h. Finally, bulk-BDOM was obtained by
filtering the suspension through a 0.45 um PVDF.

The BDOM fractions with different MWs were prepared
using the ultrafiltration procedure according to the litera-
ture.*®* In brief, bulk-BDOM was sequentially filtered through 1
kDa and 5 kDa filter membranes. Consequently, the bulk-
BDOM was divided into three fractions with the MW < 1 kDa,
1 kDa < MW < 5 and MW > 5 kDa, which were named low MW
BDOM (L-BDOM), medium MW BDOM (M-BDOM) and high
MW BDOM (H-BDOM), respectively.

2.3 Photodegradation experiments

The 2,4-DCP photodegradation experiments were conducted in
a photoreactor equipped with a UVB-313 lamp (15 W) and
a UVA-340 lamp (15 W). The initial pH was kept at 6.5 £+ 0.2
using NaOH or H,SO, at a reaction temperature of 25 °C.
Typically, BDOM was added to 5 L of 2,4-DCP solution at an
initial concentration of 5 mg L', The reaction container was
placed approximately 5 cm beneath the UV lamps. The radiation
intensity at the solution was 2.63 W m™~> for UVA and 1.05 W
m ™ for UVB, approximately 50 times the summer sunlight dose
in Hefei City." The solution was continuously stirred and
samples were withdrawn at preset intervals. The samples were
immediately filtered through a 0.45 um PVDF membrane for
testing the 2,4-DCP concentration. The dark control experi-
ments were conducted under the same conditions, except for
UV irradiation. All experiments were conducted in triplicate.
The photodegradation of 2,4-DCP dynamics was analyzed
according to the pseudo-first-order kinetic model described by
eqn (1).*

ln(C,/C()) = _kobsts (1)

where C, (mg L") is the concentration of 2,4-DCP at ¢ and C,
(mg L") is the initial concentration of 2,4-DCP. ks (h ") is the
observed pseudo-first-order rate constant.

The indirect photolysis rate constant (ki,q) induced by
BDOM was calculated based on the total light screening factors
(>_S;) according to the following equations:***>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where «; (ecm™") is the corrected light attenuation coefficient at
A (em). &, (L em ™" mol ") is the molar absorptivity of the reac-
tant, and [ (cm) is the light path length. ki,q and k4 (h™") are the
photolysis rates with and without BDOM, respectively.

2.4 Quenching experiments

The roles of ROS on 2,4-DCP photodegradation were investi-
gated via quenching experiments. Based on our preliminary
experiments, 0.56 g per L sorbic acid (SA) and 0.70 g per L TMP
were used as the quencher of *BDOM?*, while 6.0 g per L iso-
propyl alcohol (IPA) and 1.0 g per L furfuryl alcohol (FFA) were
chosen as the quencher of "OH and '0,, respectively.

The steady-state concentrations of *BDOM* ([>BDOM*],,)
and 0, (['0,]ss) were determined using 2,4,6-trimethylphenol
(TMP) and FFA as chemical probes, respectively. The
[?PBDOM*], and ['O,]ss were calculated as follows:*?

PBDOM*] _ kobsTMP (5)
5 SBDOM*TMP
k.
1 _ Mobs,FFA
[ OzLS B klOg.FFA7 (6)

where kops rra (571) and kops e (s71) are the degradation rates
of FFA and TMP, respectively. k:ppom+rmp iS the second-order
reaction rate constants between *BDOM* and TMP, which is
3.0 x 10° M' s7\. kig_gra is the second-order reaction rate
constant between 'O, and FFA, which is 1.0 x 10° M~ ' s™*
according to Appiani et al.**

2.5 Analytical methods

The mineral composition of biochar was characterized by X-ray
fluorescence (XRF) (Thermo Fisher Scientific, USA). The specific
surface area of biochar was calculated by the Brunauer-
Emmett-Teller (BET) method from N, gas physisorption
isotherms using an ASAP 2020 instrument (ASAP 2460, Micro-
meritics, USA) at —196 °C (77 K). The pore volume of biochar
was measured using the Barrett-Joyner-Halenda (BJH) method.
The FT-IR spectra of the biochar were obtained using a Nicolet
670 FT-IR spectrometer.

The MW distribution of bulk-BDOM was detected using
a GPC analyzer (1206, Agilent, USA) equipped with a GPC
column (Waters Ultrahydrogel, 300 x 7.8 mm, 500-250-120 A)
and a UV detector. A phosphate buffer solution was used as the
mobile phase at pH 7.4 and a flow rate of 1 mL min *. The
known MW polyethylene glycols were used as the standard
solutions. The concentrations of bulk-BDOM and its MW frac-
tions (mg C per L as DOC) were quantified using a total organic

carbon (TOC) analyzer (Shimadzu, Japan). The UV-vis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorption spectra of BDOM were measured using a TU-1901
spectrophotometer, and the FT-IR spectra of BDOM were ob-
tained on a Nicolet 670 FT-IR spectrometer.

The ROS generated during the BDOM-mediated photo-
degradation of 2,4-DCP was detected using electron para-
magnetic resonance (EPR, EMXplus-6/1, Bruker, Germany). The
2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-pyr-
roline-N-oxide (DMPO) spin probes were used to capture the
generated 'O, and "OH, respectively.*®

The electron-donating capacity (EDC) of bulk-BDOM and its
MW fractions was measured by mediated electrochemistry
using a CHI670E electrochemical workstation in a three-
electrode system according to the literature.**** A glassy
carbon cylinder was used as the working electrode and elec-
trochemical reactor. The reference electrode and counter elec-
trode were Ag/AgCl and platinum wire, respectively. Briefly,
9 mL of 0.1 M phosphate buffer (pH = 7) with 0.1 M KCI was
added into the cell, and the solution was continuously purged
with an N, flow to remove dissolved oxygen. The redox potential
was set at +0.61 V using the ampere i-¢ curve method, and then
100 pL of ABTS (10 mM) was added to the solution to establish
an oxidation-reduction equilibrium. When the background
current reached equilibrium, 100 pL of BDOM was spiked into
the reactor. The electron transfer numbers from the BDOM to
the working electrode were determined by integrating the
current peak response, and the EDC values of the BDOM were
calculated using the following equation:*~*

[ Ix/Fdt

nMgpom

EDC = (7)
where I, (A) is the baseline-corrected oxidative current. F (96
485 C mol ") is the Faraday constant. mgpoy (g DOC) is the
carbon content in the reaction system.

The 2,4-DCP, FFA and TMP concentrations were determined
using high-performance liquid chromatography (EX-1800,
Wufeng, China) equipped with a Zorbax SB-C18 with detection
wavelengths of 280, 216 and 220 nm, respectively. The mobile
phase of 2,4-DCP was water/acetonitrile (20/80, v/v). The mobile
phase for FFA and TMP consisted of water (0.1% phosphoric
acid) and acetonitrile at ratios of 90:10 (v/v) and 55:45 (v/v),
respectively. The intermediates of 2,4-DCP produced during the
photodegradation process were identified using a GC/MS
(TRACE1300, Thermo Fisher Scientific, USA) equipped with
a DB-5MS capillary column (30 m x 0.25 mm, 0.25 pm). The
sample obtained during the 2,4-DCP photodegradation process
was extracted using dichloromethane. The extracted sample was
injected at 270 °C using the splitless mode with a 1.0 L per min
helium flow as the carrier gas. The initial temperature was set to
40 °C. It was then ramped up to 100 °C with a 12 °C min™" rate,
followed by an increase to 200 °C with a 5 °C min~" rate, finally
raised to 270 °C with a 20 °C min ™" rate and held for 5 min.

3. Results and discussion
3.1 The initiation of 2,4-DCP degradation

Under dark conditions, the observed concentrations of 2,4-DCP
remained stable, both in the presence and absence of BDOM

RSC Adv, 2025, 15, 21555-21567 | 21557
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Fig. 1
initial concentration: 5 mg L% pH 6.5 + 0.2.

(Fig. S1%), suggesting that the non-photochemical processes
affecting 2,4-DCP may be negligible. After 60 h of irradiation,
85% of 2,4-DCP was degraded in the absence of BDOM (Fig. 1a),
indicating that UV irradiation was the key factor triggering 2,4-
DCP degradation. To explore the indirect photodegradation
process of 2,4-DCP, quenching experiments were conducted
using FFA and IPA as quenchers for 'O, and "OH, respectively.
As shown in Fig. 1b, the degradation of 2,4-DCP was reduced by
12% and 4% after adding FFA and IPA, respectively. The
degradation of 2,4-DCP can be accurately described by pseudo-
first-order kinetics. The degradation rate calculated based on
pseudo-first-order kinetics decreased by 50% and 16% by FFA
and IPA, respectively. These findings suggest that 'O, and "OH
play significant roles in 2,4-DCP degradation, and 'O, exhibits
higher activity than "OH.*® It is worth noting that some organic
contaminants can self-produce reactive intermediates upon
photon absorption, such as their triplet states, which can react
with dissolved oxygen to form 'O, and "OH through electron
transfer.”” Additionally, Fu et al> suggested that the ROS
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(a) Photodegradation of 2,4-DCP in pure water and (b) its quenching experiment using FFA and IPA. Experimental conditions: 2,4-DCP

induced by organic contaminants in turn result in their degra-
dation, a process referred to as self-photosensitization.
Accordingly, 2,4-DCP undergoes self-photosensitization medi-
ated by self-produced 'O, and "OH.

3.2 Impact of bulk-BDOM concentration 2,4-DCP
photodegradation process

The 2,4-DCP photodegradation curves in the context of bulk-
BDOM are shown in Fig. 2a. After UV irradiation for 60 h, 91—
96% of 2,4-DCP was degraded in the presence of bulk-BDOM,
showing a 6-11% increase in 2,4-DCP degradation efficiency
compared to that without BDOM. The photodegradation of 2,4-
DCP mediated by bulk-BDOM can be described by pseudo-first-
order kinetics, as evidenced by the fitting results (Table S17). We
found that the k;,q values at different bulk-BDOM concentra-
tions were positive, and the k,ps values of 2,4-DCP photo-
degradation mediated by bulk-BDOM were higher than those
without bulk-BDOM (Fig. 2b). These findings suggest that bulk-

0.07
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(b)

0.05 4 T
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/ kind
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Fig.2 Photodegradation of 2,4-DCP (a) in the presence of bulk-BDOM and (b) observed photodegradation rates and indirect photodegradation
rates of 2,4-DCP at various bulk-BDOM concentrations. Experiment conditions: 2,4-DCP initial concentration: 5 mg L™ pH 6.5 + 0.2.
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BDOM facilitates the overall photodegradation of 2,4-DCP by
improving its indirect photodegradation.

Interestingly, the ks values decreased from 0.0505 h™" to
0.0402 h™' and the k;,q values decreased from 0.0215 h™* to
0.0204 h™", with the bulk-BDOM concentration increasing from
1 mg C per L to 5 mg C per L. These results indicate that the
facilitation effect was weakened by increasing the bulk-BDOM
concentration. As shown in Table S1,} the smaller > S; value
was observed at higher bulk-BDOM concentrations, suggesting
that higher bulk-BDOM concentrations have stronger light
screening effects, leading to decreased photoirradiation effi-
ciency. Thus, the weakened facilitation effect of 2,4-DCP overall
photodegradation could be partially ascribed to the amplified
light screening effect at high bulk-BDOM concentrations.*
Notably, higher BDOM concentrations usually lead to increased
steady-state concentrations of ROS, thereby enhancing indirect
photodegradation.”> However, our results showed that high
BDOM concentrations decelerated the indirect photo-
degradation of 2,4-DCP, which is contrary to previous research.
It has been reported that BDOM could serve as a quencher of
*BDOM* at high concentrations,” particularly for BDOM
derived from crop residues because of its high content of highly
unsaturated phenolic compounds (up to 50%) that could
inhibit the triplet-induced transformation.>*** Accordingly, the
decreased indirect photodegradation rate of 2,4-DCP with bulk-
BDOM concentration can be attributed to the effective
quenching of ROS by phenolic compounds in bulk-BDOM.

To identify the ROS generated during the photodegradation
of 2,4-DCP mediated by bulk BDOM, we employed EPR spec-
troscopy in this study. As shown in Fig. 3, after UV irradiation
for 10 min, a 1:1:1 triplet signal and a 1:2:2: 1 quartet signal
were observed in the presence of TEMP and DMPO, represent-
ing TEMP-"0, adduct and DMPO-OH adducts, respectively.*
These findings confirm the generation of 'O, and "OH during
2,4-DCP photodegradation in the presence of bulk-BDOM. The
roles of ROS in the bulk-BDOM-mediated 2,4-DCP photo-
degradation process were further evaluated using quenching
experiments. After the introduction of SA, TMP, FFA and IPA, we
observed that the ko, values of 2,4-DCP photodegradation

View Article Online
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decreased by 30.3%, 29.7%, 22.2% and 4.4%, respectively
(Fig. 4). This result indicates that >BDOM* plays a dominant
role in enhancing 2,4-DCP indirect photodegradation, followed
by '0,, and that the role of "OH is negligible. Additionally, the
quenching of >BDOM* by SA and TMP is typically related to the
electron- and energy-transfer pathways of *BDOM* in photo-
degradation reactions.”””*® The approximated inhibition effi-
ciency by SA and TMP indicated that 2,4-DCP degradation by

*BDOM* occurs via both electron- and energy-transfer
pathways.
3.3 Impact of BDOM MW fraction on 2,4-DCP

photodegradation

The impacts of various BDOM MW fractions on 2,4-DCP pho-
todegradation are shown in Fig. 5. The degradation rates of 2,4-
DCP calculated based on the pseudo-first-order kinetics are
listed in Table 1. The ks values of 2,4-DCP in the presence of L-
BDOM were 0.0370-0.0464 h™', higher than those without
BDOM, reflecting the facilitation effect of L-BDOM on 2,4-DCP
photodegradation. However, the ks values of 2,4-DCP photo-
degradation mediated by H-BDOM ranged from 0.0262-0.0328
h™', displaying an inhibitor effect. Additionally, we found that
all kinqs of values were positive, suggesting that each MW frac-
tion of BDOM enhanced the indirect photodegradation of 2,4-
DCP. The kj,q values for L-BDOM-mediated 2,4-DCP photo-
degradation were higher than those for M-BDOM and H-BDOM,
reflecting that lower MW fractions of BDOM contributed more
to the indirect photodegradation of 2,4-DCP. It is noteworthy
that the kg values showed a trend of first increasing and then
decreasing with increasing BDOM fraction concentration.
These findings suggest that the impact of BDOM on 2,4-DCP
photodegradation depends on not only the BDOM concentra-
tion but also the MW fraction.

The roles of ROS in 2,4-DCP photodegradation mediated by
different BDOM fractions were evaluated in quenching experi-
ments. The k,ps values of 2,4-DCP photodegradation in the
presence of quenchers, calculated based on the pseudo-first-
order kinetic model, are listed in Table S2.1 In the 2,4-DCP/L-
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Fig. 3 EPR spectra of (a) TEMP spin adducts and (b) DMPO-OH adducts in the bulk-BDOM/2,4-DCP system after 10 min of irradiation.
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BDOM system, the addition of SA, TMP, FFA and IPA induced
the kops values of 2,4-DCP photodegradation decreased by
56.1%, 25.7%, 49.0% and 40.5%, respectively (Fig. 6a), indi-
cating that *BDOM* played the dominant role in L-BDOM-
mediated 2,4-DCP photodegradation, while 'O, and "OH
played secondary roles. The stronger inhibitory effect of SA than

TMP indicates that *BDOM* produced by L-BDOM reacted with
2,4-DCP mainly via an energy transfer pathway.”® For M-/H-
BDOM-mediated 2,4-DCP photodegradation, the introduction
of TMP induced the ks values of 2,4-DCP photodegradation to
be reduced by 17.8% and 10.7%, respectively, whereas no
obvious change was observed in the presence of SA, FFA and
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Fig. 5 Photodegradation of 2,4-DCP in the presence of (a) L-BDOM, (b) M-BDOM and (c) H-BDOM. Experiment conditions: pH 6.5 + 0.2; 2,4-

DCP initial concentration: 5 mg L%
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Table 1 Observed and indirect photodegradation of 2,4-DCP in the presence of various BDOM fractions based on the pseudo-first-order
kinetics and their light screening correction factors

BDOM concentration (mg C per L) BDOM fraction kobs (K1) R 3S; kina (h™1)

0 NO BDOM 0.0322 0.9976 — —

1 L-BDOM 0.0435 0.9842 0.5443 0.0260
M-BDOM 0.0297 0.9974 0.5270 0.0127
H-BDOM 0.0262 0.9984 0.4966 0.0102

2 L-BDOM 0.0464 0.9944 0.4918 0.0310
M-BDOM 0.0413 0.9976 0.4706 0.0261
H-BDOM 0.0328 0.9974 0.4531 0.0182

5 L-BDOM 0.0370 0.9985 0.4585 0.0222
M-BDOM 0.0335 0.9996 0.4250 0.0198
H-BDOM 0.0268 0.9977 0.4031 0.0138

IPA. These findings indicate that >BDOM* preferentially reacted
with 2,4-DCP via an electron transfer pathway during M- and H-
BDOM-mediated photodegradation, with the contributions of

'0, and "OH being negligible.

3.4 The 2,4-DCP photodegradation process mediated by

BDOM

The experimental results demonstrated that BDOM facilitates
the indirect photodegradation of 2,4-DCP, and this facilitation

depends on the concentration and molecular weight of the
substrate. The various MW fractions of BDOM may contribute
to the dual effect of bulk BDOM on 2,4-DCP photodegradation.
To assess the impact of the full molecular weight spectrum of
BDOM on 2,4-DCP photodegradation, this study analyzed the
spectrum and compositional parameters of BDOM fractions
with various MWs. As shown in Fig. 7a, bulk-BDOM exhibited
an MW distribution ranging from 0 to 5.8 kDa, with a peak
center of 1.2 kDa. The DOC concentrations of the extracted
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Fig. 6 Quenching experiments of 2,4-DCP photodegradation in the presence of (a) L-BDOM, (b) M-BDOM and (c) H-BDOM. Experiment
conditions: BDOM concentration of 1 mg C per L; 2,4-DCP initial concentration: 5 mg L™ pH 6.5 + 0.2.
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capability of bulk-BDOM and its molecular weight fractions.

bulk-BDOM and its MW fractions are listed in Table S3.1 After
grouping the BDOM into three MW fractions, the recovery of
BDOM was 93.6%, as determined by calculating the DOC
concentration. The percentages of L-BDOM, M-BDOM and H-
BDOM contributing to bulk-BDOM were 62.7%, 25.3% and
12.0%, respectively (Fig. 7b). This showed that the BDOM frac-
tion with MW < 1 kDa was predominant in bulk-BDOM, fol-
lowed by the MW range of 1-5 kDa and MW > 5 kDa.

The indirect photodegradation is related to the ROS derived
from BDOM. Thus, the steady-state concentrations of *BDOM*
and 'O, produced by the BDOM MW fractions were determined
in this study and listed in Table 2. The results showed that
[?PBDOM*], and ['0,]ss produced by the three BDOM fractions
followed the order of L-BDOM > M-BDOM > H-BDOM, which
suggested that the lower MW fractions in BDOM contributed to
more ROS. This result explains the higher indirect

1500 1000 500

0 T T T T
bulk-BDOM{ _ppOM 4 gDOM 14 gpDOM

(a) Molecular weight distribution of BDOM, (b) proportion of each MW fraction in bulk-BDOM, (c) FT-IR spectra and (d) electronic supply

photodegradation of 2,4-DCP observed at lower BDOM MW
fractions. The variations in ROS derived from the three BDOM
fractions are attributed to differences in their composition and
structures. As shown in UV-vis absorption spectra (Fig. S3t), L-
BDOM displayed a shoulder peak with a wavelength range of
250-300 nm, which was generally related to the w-m electron
transition of the C=C and C=0 double bond groups.*” The FT-
IR spectra of bulk-BDOM and its MW fractions (Fig. 7c) showed
a similar shape curve, reflecting similar types of functional
groups for bulk-BDOM and its MW fractions. Nevertheless, the
intensity of the characteristic peak at 1635 cm™" corresponding
to C=0O0 stretching vibration followed the order of L-BDOM > M-
BDOM > H-BDOM, reflecting a higher carbonyl content of the
lower MW fraction.®® Previous studies have reported that
aromatic carbonyls such as aldehyde, ketone and quinones are
important precursors of >BDOM*,** and *BDOM* further reacts

Table 2 Steady-state concentrations of BDOM* and 1O, in bulk-BDOM and its molecular weight fractions with a BDOM concentration of 1 mg

C per L

Steady-state concentration (10> M) Bulk-BDOM L-BDOM M-BDOM H-BDOM
[’BDOM*],, 8.29 4.11 3.55 2.71
['05]ss 8.89 8.06 6.67 5.56
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with O, to produce '0,.*° Accordingly, the low MW fractions of
BDOM produced more *BDOM* and 'O, than the high MW
fractions, thereby playing a predominant role in enhancing 2,4-
DCP indirect photodegradation.

Although all BDOM fractions promoted indirect photo-
degradation of 2,4-DCP (kj,q > 0), M-BDOM and H-BDOM
exhibited an inhibitory effect on the overall photodegradation,
except at a concentration of 2 mg C per L. This may have been
because the three MW fractions of BDOM exhibited different
light screening effects. As shown in the UV-vis spectrum, BDOM
fractions with higher MW values exhibited stronger absorption
than the smaller MW fractions. The }_S; values listed in Table 1
followed the order of L-BDOM > M-BDOM > H-BDOM at the
same concentration. These results indicate that the high MW
fractions of BDOM induced a stronger light screening effect
than the low MW fractions, which was responsible for the
inhibited overall photodegradation of 2,4-DCP.?*¢*

Furthermore, the phenolic compounds in BDOM could be
the main quenching moieties of ROS, which are the major
electron-donating moieties and positively correlated with their
EDCs.%*% Therefore, we calculated the EDC values of bulk-
BDOM and its MW fractions using the mediated electrochem-
istry method. Fig. S41 shows the typical current-time (i-f)
responses of bulk-BDOM and its MW fractions. The higher peak
area observed for L-BDOM indicates higher electron transfer
numbers than bulk-BDOM and M-/H-BDOM. The EDC values of
BDOM (Fig. 7d) were calculated to be 3.31-6.49 mmol (g C) ',
which followed the other previously reported value for BDOM.**
The EDC values followed the order of L-BDOM > M-BDOM > H-
BDOM, indicating that L-BDOM had higher electron-donating
moieties. This result implies that the lower MW fractions of
BDOM contained more phenolic compounds, which may
significantly inhibit the photodegradation of 2,4-DCP at high
BDOM concentrations.

3.5 Possible routes for 2,4-DCP photodegradation in
biochar-related environments

The possible routes for 2,4-DCP photodegradation based on the
above results were proposed in the following three cases:

Case 1: under dark conditions, the degradation of 2,4-DCP
has not occurred.

Case 2: under UV irradiation without BDOM, 2,4-DCP was
excited to the singlet-excited state ('2,4-DCP*) after absorbing
a photon, followed by a transition to the triplet state (*2,4-DCP¥)
(eqn (8) and (9)). Then, *2,4-DCP* underwent direct photolysis
(eqn (10)) or reacted with dissolved oxygen to produce 'O, and
0,' 7, which ultimately induced the production of "OH (eqn (11)
and (12)).* The produced 'O, and "OH reacted with 2,4-DCP in
turn, resulting in the self-sensitized photodegradation of 2,4-
DCP (eqn (13) and (14)). The direct photolysis and self-
sensitized photodegradation routes were supported by the
findings of the inhibitory effect of 2,4-DCP by FFA and IPA in
pure water.

2,4-DCP + UV — '2,4-DCP* (8)

'2,4-DCP* — *2,4-DCP* (9)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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32,4-DCP* — direct photolysis (10)
2,4-DCP* + 0, = '0,+ 0,'~ (11)
0, + H" - "HO,™ + H,0, » "OH (12)
'0, + 2,4-DCP — self-photodegradation (13)
'OH + 2,4-DCP — self-photodegradation (14)

Case 3: under UV irradiation in the presence of BDOM,
BDOM was excited to its singlet-excited state (‘"BDOM*) and
then formed *BDOM* through intersystem crosses (eqn (15)
and (16)). The BDOM* molecules reacted with 2,4-DCP via both
electron and energy transfer pathways (eqn (17)). This process
was supported by the results of the quenching experiments,
which showed that SA and TMP induced a similar inhibitory
efficiency in BDOM-mediated 2,4-DCP photodegradation.
Additionally, the dissolved oxygen in the solution reacted with
*BDOM* through electron transfer, resulting in the generation
of '0, and "'OH (eqn (18) and (19)). The 'O, played a secondary
role in the indirect photodegradation of 2,4-DCP mediated by
BDOM, whereas the roles of other ROS, such as ‘OH, were
insignificant (eqn (20) and (21)). Therefore, it can be concluded
that BDOM released in biochar-related environments affects the
photodegradation process of 2,4-DCP by two mechanisms.
Initially, UV irradiation induces the excitation of BDOM to
*BDOM*, which directly mediates the degradation of 2,4-DCP
through both electron transfer and energy transfer mecha-
nisms. Simultaneously, the produced *BDOM* triggers the
formation of ROS, such as 'O, and "OH, which subsequently
oxidize and degrade 2,4-DCP.

BDOM + UV — 'BDOM* (15)
'BDOM* — *BDOM* (16)
*BDOM* + 2,4-DCP — photodegradation (17)
S3BDOM* + 0, — !0, + 0y~ (18)

0, + H" - "HO,™ + H,0, » "OH (19)
'0, + 2,4-DCP — photodegradation (20)
'OH + 2,4-DCP — photodegradation (21)

To illustrate the photodegradation pathways of 2,4-DCP, the
possible intermediate products generated during the 2,4-DCP
photodegradation process were analyzed using GC/MS tech-
nique. As listed in Table S4,t a total of five intermediate prod-
ucts were determined after photodegradation for 30 h,
including 3,5-dichlorocatechol, 2-chlorophenol, hydroquinone,
maleic acid and oxalic acid. Considering the results of GC/MS
and the insights from previous studies,***® the possible degra-
dation pathways of 2,4-DCP were proposed in Fig. 8. Conversely,
2,4-DCP could be attacked by *BDOM*, 'O, and/or "OH at the
para-position of a chlorine atom to form 2-chlorophenol by the
dechlorination reaction.®” In contrast, 2,4-DCP could be
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Fig. 8 Possible photodegradation pathways of 2,4-DCP.

converted by "OH into its hydroxylation product, 3,5-dichlor-
ocatechol. These intermediates were further degraded by ROS
into hydroquinone, which subsequently underwent ring-
opening to form maleic acid and oxalic acid.®® Finally, these
low MW organic acids were further oxidized and mineralized to
CO,.

Furthermore, the photodegradation process of 2,4-DCP
mediated by BDOM was influenced by concentrating BDOM and
its MW. BDOM enhanced the indirect photodegradation of 2,4-
DCP, and this facilitation effect was weakened with BDOM
concentrations because of the amplified light screening effect
and the scavenging of ROS by phenolic moieties. The low MW
fractions of BDOM contributed more to 2,4-DCP indirect pho-
todegradation because of their higher potential for ROS
production than the high MW fractions. However, the high MW
fractions of BDOM displayed a higher light screen effect than
the low MW fractions, resulting in an inhibitory effect on the
overall photodegradation of 2,4-DCP. Additionally, UV irradia-
tion is a key factor in triggering the photodegradation of 2,4-
DCP; thus, the intensity and wavelength of UV radiation could
significantly influence 2,4-DCP photodegradation, which
should be further studied in our future work.

4. Conclusion

In this study, we evaluated the impacts of BDOM from crop
residue-derived biochar and its MW fractions on 2,4-DCP pho-
todegradation. It was found that 2,4-DCP photodegradation in
the presence of BDOM may occur via direct photolysis, self-
sensitization photolysis, and indirect photodegradation medi-
ated by >BDOM*, '0, and 'OH. The impacts of BDOM on 2,4-
DCP photodegradation depended on the BDOM concentration
and MW fraction. BDOM facilitated the photodegradation of
2,4-DCP by generating *BDOM*, 'O, and "OH, which contrib-
uted 60%, 22.2% and 4.4% to total 2,4-DCP photodegradation,
respectively. However, increasing the BDOM concentration
decelerates the photodegradation of 2,4-DCP because of the
amplified light screening effect and the scavenging of ROS by
the phenolic moieties. The lower MW fractions in BDOM had
a higher potential to produce *BDOM*, '0, and "OH compared
to the high MW fractions, thereby contributing more signifi-
cantly to promoting the photodegradation of 2,4-DCP. However,

21564 | RSC Adv, 2025, 15, 21555-21567

the high MW fractions of BDOM exhibited a greater light
screening effect, which hindered the photodegradation of 2,4-
DCP.
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