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Abstract 

Biodegradable plastic is often perceived as a possible solution for microplastic (MP) pollution. Photodegradation 
is an important transformation pathway of biodegradable MPs in aquatic environments. However, the influence 
mechanisms of dissolved organic matter (DOM) from different sources on photodegradation of biodegradable MPs 
are poorly understood. This study explored the role of naturally and pyrogenically sourced DOM in the photodeg-
radation of polylactic acid (PLA) MPs. The aromatics of natural DOM (NDOM) were higher than those of biochar-
sourced DOM (BDOM) and showed a stronger improvement in PLA-MPs degradation, as evidenced by particle 
size reduction, crystallinity increase and polymerization decrease, breakage of surface morphology, and increase 
in oxygen-containing functional groups on MPs’ surface (O/C increase: 65.1% for NDOM; 34.9% for BDOM). Reactive 
oxygen species analysis showed that the excited triplet states of DOM (3DOM*) generated by NDOM produced more 
•OH and 1O2 than that of BDOM, accelerating PLA-MPs photodegradation. Such photodegradation processes were 
further enhanced through the sorption of DOM by PLA-MPs, in which non-aromatic components were preferentially 
sorbed, causing the enrichment of aromatics in the solution, leading to more 3DOM* formation. This study improves 
the understanding of the migration and transformation of biodegradable MPs with the presence of DOM.

Highlights 

1. Natural-sourced DOM had more aromatics than pyrogenic-sourced one, which strongly improved PLA-MPs 
photodegradation.

2. •OH species played a dominant role in PLA-MPs photodegradation.

3. The preferential sorption of non-aromatics by PLA-MPs favored photodegradation.
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Graphical Abstract

1 Introduction
It has been estimated that about 12 billion metric tons 
of plastic wastes will be released into the environ-
ment by 2050 year. Most of the plastic wastes could be 
degraded into plastics with sizes smaller than 5  mm 
(known as microplastics; MPs) under light irradiation, 
wind erosion, water abrasion, and other environmen-
tal processes (Lin et  al. 2022). So far, MPs have been 
found in different ecosystems (e.g., freshwaters (Li et al. 
2018a), oceans (Everaert et  al. 2020), and soils (Xiang 
et  al. 2022)), and have raised concerns about their 
long-term environmental impacts, which are related 
to their non-biodegradability, persistence in nature 
and toxic effects on organisms (Kim et al. 2020; Wang 
et  al. 2021). Thus, to alleviate MPs pollution, conven-
tional non-biodegradable plastics (e.g., polyethylene 
(PE), polypropylene (PP), polystyrene (PS)) have been 
replaced with biodegradable plastics (e.g., polylactic 
acid (PLA), poly(ε-caprolactone) (PCL)) in the market 
(Qin et al. 2021; Wei et al. 2021). These biodegradable 
plastics could be completely transformed into envi-
ronmentally benign substances in controlled biological 
transformation environments (e.g., industrial compost-
ing sites) (Filiciotto and Rothenberg 2021; Gioia et  al. 
2021). However, since it is difficult for the natural envi-
ronment to provide such conditions, MPs may also be 
generated from biodegradable plastics and remain for a 
long period of time like conventional plastics (Liao and 
Chen 2021). Moreover, because biodegradable plastics 
are more easily degraded, they might produce more 
MPs over the same period in the environment (Liao and 

Chen 2021). As recently reported by Wei et al. (2022), 
the number of formed MPs from the biodegradation 
of 0.1  g PCL could be as  high as one million. Conse-
quently, the fate and transformation of biodegradable 
MPs urgently need to be clarified.

Both conventional and biodegradable MPs can undergo 
biotic and abiotic environmental processes (Ali et  al. 
2021), and photodegradation induced by ultraviolet (UV) 
light irradiation has been considered an important trans-
formation pathway of MPs in the aquatic environment 
(Chen et al. 2019; Shi et al. 2021). In recent years, exten-
sive studies have explored the photodegradation process 
of MPs under aqueous conditions, and have confirmed 
that the reactive oxygen species (ROS), such as hydroxyl 
radical (•OH), singlet oxygen (1O2), and superoxide anion 
radical (•O2

−), enabled the acceleration of this process 
(Zhu et al. 2020; Zhu et al. 2019). Also, focusing on con-
ventional non-biodegradable plastics like PE, PP, and PS, 
researchers have found that different types of MPs, due 
to the differences in polymer compositions and proper-
ties, have different photodegradation mechanisms (Liu 
et al. 2022). However, the photodegradation mechanisms 
of biodegradable MPs remain unclear, particularly under 
environmentally realistic conditions.

Dissolved organic matter (DOM) is ubiquitous in fresh-
water with the concentration ranging from a few to tens 
of mg/L. For example, the DOM concentration ranged 
from 4.2 to 31.3 mg/L in fresh and saline lakes of North-
ern China (Wen et  al. 2018), and was 10.3–18.3  mg/L 
in Heilongjiang watershed (Shi et  al. 2016). The DOM 
amount in the overlying water of Lake Taihu was 
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2.9–11.8  mg/L and mainly contained humic acid-type 
species and tyrosine-like components (Gao et  al. 2017). 
Sunlight-irradiated DOM can lead to the formation of 
ROS, such as excited triplet states of DOM (3DOM*), 
•OH, and 1O2, thereby accelerating the photodegrada-
tion of organic pollutants (Zhang et al. 2014). The formed 
3DOM* can react with various pollutants such as herbi-
cides (Canonica and Silvio 2007) and antibiotics (Li et al. 
2015). However, DOM may also inhibit the photodegra-
dation of organic pollutants through scavenging ROS and 
shielding sunlight (Niu et  al. 2018). The specific role of 
DOM in the photodegradation of a specific organic pol-
lutant was dependent upon the sources of DOM (Wang 
et al. 2019). It was reported that the DOM in freshwater 
could be sourced from natural processes (e.g., microbial 
metabolism) and the runoff of surrounding soil (Luo 
et al. 2021), which can significantly affect the photodeg-
radation of MPs (Wang et al. 2020). Pyrogenic carbon is a 
substantial portion of soil organic carbon. Currently, the 
application of pyrogenic carbon in the form of biochar 
plays an essential role in the global carbon budget (Yang 
et al. 2022). DOM released from biochar (BDOM) could 
be readily mobilized from soils by infiltration and surface 
runoff and becomes one of the main forms of pyrogenic 
carbon in freshwater. Wagner et al. (2018) have estimated 
that 10% of DOM in rivers is in the form of dissolved 
pyrogenic carbon (pyDOM). Due to the diverse composi-
tions of DOM from various sources, the corresponding 
3DOM* has different excited-state potentials (Mcneill 
and Canonica 2016; Ryan et al. 2011). Recently, Qiu et al. 
(2022) have studied the interaction between DOM and 
PS MPs and proved the crucial role of ROS derived from 
DOM in PS MPs photoaging. Luo et  al. (2022) demon-
strated that the interaction between PP MPs and humic 
acid was associated with aromatic structures, leading to 
elevated surface oxygen-containing functional groups. 
Additionally, Ding et al. (2022a) explored the binding of 
different DOMs to PS MPs and found that the combina-
tion of MPs was determined by the structure of DOM, 
with the oxygen-containing functional groups on the sur-
face of PS MPs being the preferred binding sites. Thus, 
the interaction of DOM and MPs is associated with DOM 
structure. On the basis of the different compositions and 
structures of natural DOM (NDOM) and BDOM (Hiem-
stra et al. 2013), we hypothesize that NDOM and BDOM 
have different effects on the photodegradation of biode-
gradable MPs due to the differences in the composition, 
free radical formation, etc. However, most of the previ-
ous studies have focused on traditional MPs (e.g., PS and 
PP). There is a shortage of comparative information on 
the transformation of biodegradable MPs mediated by 
NDOM and BDOM. The relationship between the com-
positions of DOM from different sources in freshwater 

and the photodegradation of biodegradable MPs remains 
to be revealed. This knowledge gap hinders our under-
standing of the fate and impact of MPs in freshwater with 
the presence of diverse DOM.

In this study, we targeted polylactic acid (PLA), one of 
the most common biodegradable polymers. The main 
objective was to elucidate the regulating mechanisms of 
NDOM and BDOM on the photodegradation of PLA-
MPs in aqueous solutions under UV light irradiation 
through exploring the properties of PLA-MPs (e.g., par-
ticle size, surface morphology  and oxygen-containing 
functional groups), the composition variations of DOMs 
and ROS generation. The photodegradation pathways 
of PLA-MPs and mediating mechanisms of NDOM 
and BDOM were revealed. The results would advance 
the understanding of the photochemical transforma-
tion of biodegradable MPs in the environmental relevant 
conditions.

2  Materials and methods
2.1  Preparation of PLA‑MPs, BDOM, and NDOM
PLA-MP powder was purchased from Guangzhou Huayu 
Environmental Technology, Inc. (Guangzhou, China) and 
washed with ultrapure water several times before use. 
Suwanee River natural organic matter was purchased 
from the International Humic Substance Society (IHSS) 
and used as NDOM. BDOM was extracted from biochar 
produced at medium (450 °C) temperature because pre-
liminary experiments showed that biochar at relatively 
high temperature (e.g., 600  °C) was greatly graphitized 
and produced insufficient amounts of BDOM for further 
experimental use. And for biochar at comparatively low 
temperatures (e.g., 300 °C), DOM was insufficiently pyro-
lyzed (Sun et al. 2016). More details were provided in the 
supplementary information.

2.2  Photodegradation of PLA‑MPs
The photodegradation of PLA-MPs was performed in a 
PCX-50C Discover multi-channel photocatalytic reac-
tor (Beijing Perfect Light Technology Co., Ltd., China) 
equipped with nine 365 nm LED (5 W) as the light source 
for each channel since UV radiation is considered one of 
the most important factors in material photodegrada-
tion in natural environment (Ding et al. 2022b; Mao et al. 
2020; Wang et al. 2022). Before reaction, the initial con-
centration of BDOM and NDOM was determined by a 
total organic carbon analyzer (Shimadzu TOC-L, Japan) 
and adjusted to 10  mg/L with 30 mL ultrapure water, 
which was close to the average concentration in fresh-
water (Lyu et  al. 2021) and met the surface water qual-
ity standard of class III in GB3838-2002, China. Then, 
the BDOM and NDOM solutions were transferred to a 
50 mL glass vial, respectively, and 30 mg PLA-MPs were 
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added. The MPs concentration in the experiment was 
determined according to the previous studies (Chen et al. 
2020; Ding et al. 2022b). The suspension was sealed and 
sonicated to ensure good dispersion. After that, the light 
was turned on to initiate the reaction. The reaction tem-
perature was controlled at 25 oC with a circulating water 
bath, and the solution was stirred to ensure well mixing 
of MPs with DOM solution. The reaction solution and 
photodegraded PLA-MPs were separated with a nylon 
filter membrane (0.45 μm) after different irradiation time 
points (0, 1, 2, 3, 4, 5, 6, and 7 d). The photodegraded 
PLA-MPs were then washed using ultrapure water to 
remove the residue (e.g., DOM) on the surface, which 
was freeze-dried and stored in dark. Also, the photodeg-
radation of PLA-MPs in pure water (without BDOM or 
NDOM) was performed for comparison, and PLA-MPs 
in dark were conducted as the control group. The light 
shielding effect of DOM and quenching effect on the 
PLA-MPs  photodegradation were evaluated. The details 
were shown in the supplementary information.

2.3  Characterization of PLA‑MPs
The surface morphology, particle size, functional group, 
crystallinity, surface composition, degree of polymeri-
zation and molecular weight of the original and photo-
degraded PLA-MPs were determined by field emission 
scanning electronic micrograph (FESEM, Hitachi 
SU8220, Japan), optical microscope (Olympus CKX53, 
Japan), X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific K-Alpha Nexsa using Al K Alpha radiation, 
America), X-ray diffraction (XRD, Rigaku Ultima VІ, 
Japan) patterns, Fourier Transform Infrared Spectrom-
eter (FTIR, Shimadzu IRTracer-100, Japan) and 1H 
Nuclear Magnetic Resonance Spectroscopy (1H-NMR, 
Bruker Avance NEO 600, America), respectively, as 
detailed in the supplementary information. During the 
process of PLA-MPs photoaging, the reduction of aver-
age particle size was calculated based on the ratio of the 
difference value of pristine and aged PLA-MPs to the 
particle size of pristine PLA-MPs. The carbonyl index 
(CI) was calculated based on the ratio of the area of the 
carbonyl absorption band at 1750  cm−1 to the area of the 
reference absorption band at 1450  cm−1 (assigned to C-H 
stretching in methyl groups of PLA-MPs in FTIR), as 
detailed in supplemental information.

2.4  Characterization of BDOM and NDOM
The alterations of BDOM and NDOM structures, and 
TOC concentrations were determined by fluorescence 
excitation-emission matrix (EEM) spectra (Shimadzu 
RF-6000, Japan), Electrospray Ionization-Fourier Trans-
form-Ion Cyclotron Resonance-Mass Spectrometry (ESI-
FT-ICR-MS, Bruker SolariX, America), TOC analyzer 

(Shimadzu TOC-L, Japan), and UV–vis absorption spec-
tra (Shimadzu UV-2700, Japan), respectively, as detailed 
in the supplementary information. The SUVA254 (Specific 
ultraviolet absorbance in 254  nm, a proxy for aromatic-
ity of DOM) was determined by normalizing the specific 
ultraviolet absorbance at 254  nm of UV–vis spectra to 
TOC concentration.

2.5  Sorption of BDOM and NDOM on PLA‑MPs 
and identification of free radicals

The sorption of NDOM and BDOM on PLA-MPs was 
conducted in dark, and the changes in compositions 
of NDOM and BDOM remaining in solution by sorp-
tion were determined with UV–vis, EEM, and FTIR, as 
detailed in the supplementary information. The forma-
tion of 1O2, •OH, and carbon-centered radical during 
PLA-MPs photodegradation was analyzed by Electron 
Paramagnetic Resonance (EPR) spectrometer (Bruker 
EMXplus, Germany), and qualification of free radicals 
was conducted by adding different trapping agents, as 
detailed in the supplementary information.

2.6  Statistical analysis
Statistical analysis was conducted using one-way analysis 
of variance (ANOVA) and P-values < 0.05 were consid-
ered significant. IBM Statistical Products and Services 
Solutions (SPSS 23.0) software was adopted to analyze 
particle size reduction, crystallinity, TOC, SUVA254. NS 
presented no significance, while * (probability value, 
p < 0.05) and ** (p < 0.01) were regarded as statistically 
significant differences compared with the control group. 
In addition, all correlation experiments were conducted 
in triplicate, and the experiment results are expressed as 
the mean values ± standard deviation (SD).

3  Results and discussion
3.1  Comparisons of structures of BDOM and NDOM
As shown in Fig.  1, the EEM spectra of each DOM 
sample maintained the consistent excitation and emis-
sion wavelength boundaries, which was divided into 
five regions (I-V) corresponding to tyrosine-, trypto-
phan-, fulvic acid-, soluble microbial byproduct- and 
humic acid-like (HA) fraction, respectively. Differ-
ences in the relative abundance of these components 
were noted for BDOM and NDOM. Humic acid-like 
fraction (Region V) was found as the main component 
(> 60.0%) and was more abundant in NDOM (73.4%) 
compared with that in BDOM (63.9%). By contrast, the 
relative abundance of fulvic acid-, microbial by-prod-
uct- and tryptophan protein-like fraction in BDOM 
were slightly higher than in NDOM (Fig.  1j). Since 
humic acid-like fraction generally showed higher aro-
matics relative to other components (Chen et al. 2003). 
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These results suggested more aromatic components of 
NDOM than BDOM, which was evidenced by SUVA254 
data. The value of SUVA254 in NDOM (2.9) was obvi-
ously higher than BODM (1.2) (Fig.  1k). The ESI-FT-
ICR-MS analysis was also performed to compare the 
molecular compositions of NDOM and BDOM (Lv 
et  al. 2016). Based on the values of O/C and H/C, 
the Van Krevelen diagrams were constructed and the 
molecular composition was classified into carbohy-
drate-, unsaturated hydrocarbon-, protein-, tannin-, 
condensed aromatic structure-, and lignin-like compo-
nents. The BDOM and NDOM were mainly composed 
of lignin-, condensed aromatic structure- and tannin-
like species (Fig.  1d and e). Consistent with UV–vis 
and EEM data, the aromatic index (AI), as a proxy for 
the aromaticity of molecular (Miao et  al. 2020), was 
about 1.1 times higher in NDOM (1.04) than in BDOM 
(0.43) (Table S1). In addition, the relative abundance of 
condensed aromatic-like fraction was relatively higher 
in NDOM (15.1% in BDOM and 18.1% in NDOM) 
(Fig.  1i). Commonly, BDOM was considered to have 
more (condensed) aromatics than NDOM due to the 

aromatic nature of biochar (Jaffé et  al. 2013). In con-
trast, our findings manifested that the aromatic con-
tent of BDOM was not necessarily higher than that 
of NDOM. This was well consistent with the recent 
findings of Goranov et al. (2020) that the aryl group in 
pyrogenic-sourced DOM was not stable and the alkyl 
and O-alkyl groups were more likely to be produced, 
and pyrogenic-sourced DOM from leachates of higher 
temperature biochar (525 and 650  °C) transformed 
predominantly into smaller aliphatic compounds.

3.2  Altered characteristics of PLA‑MPs 
during photodegradation process

The particle size of MPs, as one indicator of photodeg-
radation extent, was determined at different time points 
(Fig. 2a). Under the dark condition, no obvious reduction 
in particle size of PLA-MPs was observed. In the photo-
degradation at pure water, the particle size of PLA-MPs 
decreased by around 30.4% after 3 d of irradiation. In the 
presence of NDOM and BDOM, the particle size reduc-
tion increased to 62.8% and 59.1%, respectively. Further, 
the first-order reaction kinetics were used to simulate the 

Fig. 1 The excitation-emission matrix spectrums of natural dissolved organic matter (NDOM) before (a) and after (b) 72 h sorption and their 
corresponding fluorescence intensity (c); Van Krevelen diagrams of NDOM (d) and biochar-derived dissolved organic matter (BDOM) (e); 
the excitation-emission matrix spectrums of BDOM before (f) and after (g) 72 h sorption and their corresponding fluorescence intensity (h); 
the relative abundance of different compounds in NDOM and BDOM (i); regional integration of excitation-emission matrix spectroscopies related 
to different organic carbon components (j) (I: tyrosine protein-like species; II: tryptophan protein-like species; III: fulvic acid-like species; IV: microbial 
by-product analogues; V: humic acid-like species) and the SUVA254 (Specific ultraviolet absorbance of 254 nm in UV–vis spectrum) (k) of NDOM 
and BDOM remaining in solutions before and after 72 h sorption. Note that Fig. 1c and h was obtained with the excitation wavelength of 305 nm, 
and the peak area in the red region was covering the blue region
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particle size change. Since all samples were essentially sta-
ble at the later period, the reaction rates were calculated 
for the first 4  days and were obtained in Fig.  2b. k value 
lied in the order of kNDOM (0.21) > kBDOM (0.18) > kpure water 
(0.09). These results suggested that the reduction degree 
and rate of particle sizes of PLA-MPs were promoted in 
the presence of either NDOM or BDOM compared to 
pure water, and the promotion was slightly stronger for 
NDOM. This was also supported by the analysis of the sur-
face morphology of PLA-MPs under different conditions. 
The pristine PLA-MPs displayed a smooth and flat sur-
face, and in the dark control, no obvious change was found 
(Fig. 3b). However, accompanied by the decreased particle 

size, plentiful cracks and holes were formed on the outer 
layer after 7 d of UV irradiation in pure water (Fig.  3c). 
Additionally, more holes and defects were observed in 
the presence of DOM (Fig. 3d and e), especially NDOM. 
Also, similar to the FESEM result, compared to the pure 
water, the accelerated effect of both NDOM and BDOM 
on photodegradation of PLA-MPs was also indicated by 
the increase of the TOC in solution (Fig. S1), which was 
ascribed to the release of the organic compounds from 
photodegraded PLA-MPs. The downtrend of TOC in the 
late period for all samples might be ascribed to mineraliza-
tion or the sorption of organic matter by photodegraded 
PLA-MPs (Liu et al. 2022).

Fig. 2 The particle size reduction (a) and the corresponding first-order kinetic fit of the reaction (b), X-Ray diffraction patterns (c) of polylactic acid 
(PLA) microplastics (MPs) with irradiation in pure water, natural dissolved organic matter (NDOM) and biochar-derived dissolved organic matter 
(BDOM) solution, and their corresponding crystallinity (d). Note that dark control was conducted as a comparison. The reaction rate (k) was based 
on the rapid reduction of particle size in the first 4 d in Fig. 2a. “D0” was the pristine particle size of PLA-MPs and “Dt” was the average particle size 
of aged PLA-MPs after t d. NS presented no significance, while * (p < 0.05) and ** (p < 0.01) were regarded as statistically significant differences 
compared with control group (Pure water-PLA)
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The alterations in crystallinity of PLA-MPs were dem-
onstrated from the XRD spectra of PLA-MPs after 1 d, 4 
d, and 7 d irradiation in pure water, NDOM and BDOM 
treatments (Fig. S2). PLA is known to crystallize in three 
different crystal forms: α, β, and γ (Simmons et al. 2019), 
in which α was the most common structure with two 
distinct phases including α (stable) and α′ (disordered) 
(Lv et  al. 2018). All samples exhibited diffraction peaks 
at 16.5° and 19.0°, corresponding to the (110)/(200) and 
(203) reflection of the disordered α′ crystals, respec-
tively (Buzarovska et al. 2015). As the photodegradation 
time prolonged, several diffraction peaks (e.g., 18.9°, and 
22.2°) were found in photodegraded PLA, especially for 
the samples treated with NDOM and BDOM, indicat-
ing the increase in crystallinity (Fig.  2c). Additionally, 
the photodegraded PLA-MPs with NDOM treatment 
exhibited higher intensity of the peak at 16.5° compared 
to BDOM and pure water, indicating higher crystal-
linity. The degree of crystallinity of the photodegraded 
PLA-MPs was quantified by the integration of the crys-
talline peak areas from XRD diffractograms (Fig.  2d). 
The pristine PLA-MPs showed crystallinity of 4.1%, 
which was caused by the chain conformation and pack-
ing between the disordered and ordered forms (Kalish 
et al. 2011). As the irradiation time prolonged, the crys-
tallinity of PLA-MPs gradually increased. After 7 d, the 
crystallinity of PLA-MPs declined in the order of NDOM 
(8.5%) > BDOM (7.2%) > pure water (6.0%). The change 
in crystallinity of PLA-MPs could be explained by the 

preferential photo-oxidation and weathering of the amor-
phous components (Miranda et al. 2021). In addition, the 
chain scission caused by photo-oxidation could result in 
more amorphous chains recombined and further crys-
tallized by chemi-crystallization, resulting in increased 
crystallinity (Sang et  al. 2020). Therefore, the addition 
of BDOM or NDOM revealed a promoting effect on the 
photodegradation of PLA-MPs, leading to the improve-
ment of crystallinity, and this process was more signifi-
cant with NDOM treatment.

With the photo-oxidation on the surface of PLA-MPs, 
the distribution of functional groups was dissimilarly 
altered under different reaction conditions. As seen in 
Fig. 3f-g, pristine PLA-MPs presented the distinct band 
at 1750 and 1185  cm−1, corresponding to C = O stretch-
ing and C–O–C stretching, respectively (Yang et  al. 
2008). The band at 1450   cm−1 was due to C-H stretch-
ing in methyl groups (Paragkumar et al. 2006). The faint 
peaks at 1265   cm−1 (δ-C-H + ν-C–O–C) and 1210   cm−1 
(νas-C–O–C +  CH3) were also noticed as the typical pat-
tern of PLA-MPs (Leroy et al. 2017). The bands at 1044, 
1084 and 1128   cm−1 were attributed to C-O stretching 
vibrations of PLA-MPs (Pamuła et al. 2001). As the irra-
diation time was prolonged, the relative intensity of the 
carbonyl band at 1750  cm−1 of all the samples increased, 
indicating the accumulation of oxygen-related func-
tional groups on the surface of PLA-MPs during pho-
todegradation. Further, the carbonyl index (CI) value 
was calculated to quantify the photodegradation degree 

Fig. 3 Scanning electron microscope images (a-e) of pristine polylactic acid (PLA) microplastics (MPs) (a), dark control (b), photodegraded PLA-MPs 
in pure water (c), natural dissolved organic matter (NDOM) (d) and biochar-derived dissolved organic matter (BDOM) (e) solution after different time 
irradiation; Fourier transform infrared spectra of PLA-MPs during irradiation in NDOM (f) and BDOM (g) solution, and their corresponding carbonyl 
index variation with irradiation time (h)
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of PLA-MPs. As displayed in Fig. 3h, CI value of all the 
PLA-MPs reached an equilibrium state after around 3 d 
irradiation, which might be attributed to the limited dif-
fusion ability of oxygen or free radicals to the inner layer 
of MPs during the photodegradation process (ter Halle 
et al. 2017). As the reaction proceeded, the available sites 
for oxidation on the surface of MPs gradually decreased, 
and the oxidation on the surface layer became saturated. 
In addition, the oxide layer on the surface would limit 
light penetration and oxygen diffusion into the interior of 
the MPs (Liu et al. 2019). Meanwhile, the PLA-MPs after 
3 d irradiation with the coexistence of NDOM or BDOM 
presented nearly similar CI value (1.10 for NDOM, 1.14 
for BDOM), which was about 1.2 times higher than that 
in pure water (0.93), and no obvious change was found 
for PLA-MPs in dark control. Compared to BDOM, 
NDOM took less time to reach the plateau stage, which 
suggested that NDOM might accelerate the photodegra-
dation process more efficiently.

To further clarify the oxidation degree of photode-
graded PLA-MPs, XPS analysis was conducted to exam-
ine their surface elemental compositions. The C1s spectra 
of pristine PLA-MPs and photodegraded PLA-MPs with 
NDOM and BDOM treatment were shown in Fig. 4. The 
main peaks at 284.6, 288.5 and 285.9 eV in C1s spectrum 
were assigned to C–C/C-H, O-C = O, and C-O band in 
pristine PLA-MPs, which accounted for 76.7%, 14.5% and 

8.9%, respectively (Kiss et al. 2002). After 7 d irradiation, 
the content of C–C/C-H of PLA-MPs decreased to 71.0% 
and 66.7% under the influence of BDOM and NDOM, 
respectively. In addition, a new peak around 283.5  eV 
(corresponding to C–O–C) emerged in photodegraded 
PLA-MPs, suggesting the surface oxidation of PLA-MPs. 
This was also demonstrated in the FTIR analysis above. 
Thus, it was reasonable to speculate that parts of C–C/C-
H ultimately were changed to C-O/C = O/O-C = O 
groups during the photodegradation. Besides, the O/C 
ratio calculated from the XPS result further validated this 
point. Similar to the FTIR result, Table S2 revealed that 
the O/C ratios of PLA-MPs in NDOM (0.71) and BDOM 
(0.58) after 7 d irradiation were greater than that of virgin 
PLA-MPs (0.43), indicating the higher oxygen content 
in photodegraded PLA-MPs. Especially, the O/C ratio 
of PLA-MPs in NDOM was higher than that in BDOM, 
suggesting that PLA-MPs in NDOM were more prone to 
be photodegraded than those in BDOM.

In addition to the oxidation of PLA-MPs, the chain 
scission was also important. 1H-NMR, as an important 
technique to uncover the change of chemical structures 
of polymer, was applied to explore the change of chain 
structure during PLA-MPs photodegradation (Martín-
Alfonso et al. 2019). As seen from Fig. S3 and Table S3, 
all samples after 7 d irradiation revealed a decrease of 
polymerization and molecular weight (Table S3). The 

Fig. 4 X-ray photoelectron spectrums of photodegraded polylactic acid (PLA) microplastics (MPs) under 7 d irradiation in pure water (a), 
natural dissolved organic matter (NDOM) (b) and biochar-derived dissolved organic matter (BDOM) (c) solution; Electron paramagnetic 
resonance spectrums in dark control and pure water (d), the signal of 1O2 (e), •OH and carbon-centered radial (f) in NDOM and BDOM solution 
under irradiation. Note that 1O2 and •OH represented singlet oxygen and hydroxyl radicals, respectively
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PLA-MPs subjected to NDOM treatment exhibited 
the lowest average degree of polymerization (n = 27.5) 
and molecular weight (MW = 2144), implying a more 
substantial depolymerization of PLA-MPs during pho-
todegradation, resulting in the production of lower-
molecular-weight species such as lactic acid monomers 
and oligomers. (Solarski et al. 2008).

3.3  Altered structures of BDOM and NDOM 
during photodegradation of PLA‑MPs

As discussed above, the presence of BDOM and NDOM 
exhibited the eminent promoting effect on PLA-MPs 
photodegradation. Analyzing structural changes of 
BDOM and NDOM during the photodegradation pro-
cess would help elucidate the roles of the two DOM in 
the process of PLA-MPs photodegradation. As shown in 
Fig. S4, the structures of BDOM and NDOM showed a 
regular variation pattern with prolonged reaction time. 
It was clear that the relative abundance of HA-like frac-
tions of both NDOM and BDOM gradually decreased 
from 73.4% and 63.9% to 9.1% and 21.4%, respectively, 
in which the HA-like fraction decreased more signifi-
cantly in NDOM than that in BDOM. Considering the 
more pronounced particle size reduction and higher 
carbonyl index of PLA-MPs in the presence of NDOM, 
it was suggested that the aromatic structures of NDOM 
were more likely to participate in the photodegradation 
of PLA-MPs compared to BDOM. Similarly, the SUVA254 
value of NDOM and BDOM showed decreasing trend 
with increasing time (Fig. S4a and b). Coupled with the 
ESI-FT-ICR-MS analysis, the higher AI in NDOM than 
that in BDOM indicates that more aromatic structures 
(e.g., condensed aromatic structures) in NDOM might 
contribute more to PLA-MPs photodegradation. Similar 
results were also found in the photodegradation system 
of pure DOM in another study (Zhang et  al. 2020). It 
could be inferred that the chromophore involved in aro-
matic fractions of NDOM and BDOM could increase the 
light adsorption and accelerate the formation of 3DOM* 
during PLA-MPs photodegradation, as evidenced in 
previous research (Bianco et al. 2014; Wang et al. 2018). 
Furthermore, it was interesting that NDOM displayed a 
continuous downward trend in the content of HA-like 
components and aromaticity during 7 d irradiation, while 
for BDOM, the decreasing trend of HA-like abundance 
was gentle after 1 d (Fig. S4c). Moreover, it was observed 
that at the later period, the SUVA254 value of BDOM 
was slightly increased, which might be partly ascribed to 
the preferential sorption of non-aromatic components 
by PLA-MPs as demonstrated below. At the end of the 
reaction, NDOM even showed lower aromaticity than 
BDOM, suggesting that  more aromatic components of 
NDOM were converted.

3.4  The generated 3DOM* and ROS 
during photodegradation of PLA‑MPs

To verify the role of aromatic components of NDOM 
and BDOM in the photoinduced transformation of PLA-
MPs, the dominant free radical during the photodegra-
dation process was monitored via EPR spectroscopy. As 
shown in Fig. 4d, no change was observed in EPR spectra 
for the dark control or pure water treatment, suggesting 
no obvious formation of radicals in dark condition or 
pure water. However, with the presence of NDOM and 
BDOM, carbon-centered radicals and ROS (•OH, 1O2) 
were clearly detected. These radicals might induce the 
photodegradation of PLA-MPs such as the surface group 
transformation (C–C/C-H to C-O/C = O/O-C = O), as 
mentioned in the XPS analysis above. Additionally, it 
was noted that the signals of 1O2 were different between 
NDOM and BDOM solution (Fig. 4e), which was derived 
from the reaction of 3DOM* and dissolved oxygen 
(Mcneill and Canonica 2016). Due to the high content 
of aromatic components in NDOM, it was supposed to 
produce more 3DOM* during light irradiation, leading 
to the enhanced 1O2 formation. Meanwhile, the signal 
of carbon-centered radicals and the •OH was simultane-
ously found (Fig. 4f ). Interestingly, compared to BDOM, 
the lower signal of carbon-centered radicals and the 
higher intensity of •OH were seen in the NDOM solu-
tion, indicating that more •OH formation was accom-
panied by the elimination of carbon-centered radicals. 
During the quenching experiment, it was noted that after 
quenching •OH, the size reduction of PLA-MPs dropped 
from 62.8% and 59.1% to 9.1% and 17.0% for NDOM and 
BDOM, respectively, further revealing the dominant role 
of •OH in PLA-MPs photodegradation compared to 1O2 
(28.1% for NDOM and 27.8% for BDOM after quench-
ing) and 3DOM* (30.9% for NDOM and 33.9% for BDOM 
after quenching) (Fig. S5a). The production of •OH 
from DOM could occur via photo-generated  H2O2 from 
DOM, or water  oxidation by photochemically excited 
DOM (Berg et al. 2019). Due to the aromatic component 
in DOM as a major contributor to photoinduced 3DOM* 
(Liu et al. 2021), it was considered that the carbon-cen-
tered radicals may originate from 3DOM*, followed by 
the combination with H of water to increase •OH gen-
eration. However, the mechanism of 3DOM* mediated 
•OH production was not clear. In the present study, a 
possible mechanism of 3DOM* mediating •OH genera-
tion was proposed: DOM was excited by light to generate 
3DOM*, followed by the stripping of the carbon-centered 
radical, which was bound to H in water, leading to the 
production of •OH. The quantification of different free 
radicals further revealed that the steady-state concen-
trations of •OH in NDOM solution were relatively high 
([•OH]ss = 3.6 ×  10–12  M for NDOM and 2.5 ×  10–12  M 
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for BDOM) compared to 1O2  ([1O2]ss = 7.2 ×  10–13 M for 
NDOM and 1.6 ×  10–13 M for BDOM) (Fig. S5b-d, Table 
S5). Considering the high abundance of aromatic com-
ponents in NDOM fraction and the stronger promoting 
effect in PLA-MPs photodegradation, it could be inferred 
that the ROS generation was correlated with the aro-
matic constituents within DOM, to a great extent, and 
more •OH could be formed with more aromatic struc-
tures involved in NDOM solution. Additionally, more 
chromophores in the aromatic fraction could increase 
light adsorption. Berg et al. (2019) have found that DOM 
formulas with more aromatic components were most 
efficient at forming •OH, and Wang et al. (2018) have also 
confirmed that DOM contained a high percentage of aro-
matic fraction, which exhibited strong light absorption, 
resulting in the enhanced reactivity on photodegrada-
tion. Their finding could support our results that NDOM 
accelerated •OH generation since NDOM contained 
higher aromatic contents.

3.5  Mediating mechanisms of NDOM and BDOM 
in photodegradation of PLA‑MPs

According to the analysis of 3DOM* and ROS, the aro-
matic components of two DOM occupied a significant 
role during the PLA-MPs photodegradation. The aro-
matic components of DOM might be excited in the 
solution or/and on the surface of PLA-MPs if they were 
preferentially sorbed by PLA-MPs. However, it was 
unclear which site (in the solution or sorbed on the sur-
face of PLA-MPs) was dominant. To clarify the exciting 
site of the aromatic component and the possible mecha-
nism, the sorption of NDOM and BDOM on PLA-MPs 
in dark control was conducted. Fig. S6a exhibited the 
sorption isotherms of NDOM and BDOM on PLA-
MPs. Pseudo-first-order kinetic and pseudo-second-
order kinetic equations were modeled, and the related 
kinetic parameters were obtained in Table S6. It can be 
seen that correlation coefficients (R2) of the pseudo-
second-order kinetic models for two DOM were higher 
than those of the pseudo-first-order kinetic, demon-
strating that the sorption between PLA-MPs and DOM 
(NDOM and BDOM) was dominated by chemisorption 
(Sun et  al. 2022). The sorption of PLA-MPs on NDOM 
reached the sorption equilibrium within 2  h, while the 
sorption on BDOM climbed the plateau within  24  h. 
Meanwhile, PLA-MPs exhibited a faster sorption rate 
for NDOM (0.280) relative to BDOM (0.002), indicat-
ing that PLA-MPs exhibited a stronger sorption affinity 
for NDOM. To further investigate which components 
of NDOM and BDOM were sorbed by PLA-MPs, EEM 
was applied to illustrate the alteration of components in 
the DOM solution before and after sorption. As shown 
in Fig.  1b and g, the intensity of the fluorescence peaks 

for both NDOM and BDOM decreased after sorption 
by PLA-MPs (Fig. 1c and h). Also, it was distinctly noted 
that after sorption, DOM remaining in the solution con-
tained a higher abundance of fulvic acid- and humic acid-
like species (Fig.  1j), and SUVA254 value was enhanced 
from 2.9 and 1.2 to 3.4 and 1.6 for NDOM and BDOM, 
respectively (Fig.  1k), while the relative abundance of 
microbial by-product analogues reduced. Additionally, 
similar results were also seen from the FTIR analysis of 
BDOM or NDOM remaining in solution and PLA-MPs 
before and after sorption. As displayed in Fig. S7, for both 
BDOM and NDOM, the peak intensity at 2846  cm−1 and 
2922  cm−1, correlated to CH and  CH2 of aliphatic (Fran-
cioso et al. 2002), was obviously decreased after sorption. 
Meanwhile, the enhanced intensity was found for peaks 
at the same position of PLA-MPs after sorption, indicat-
ing the sorption of these nonaromatic components of 
NDOM and BDOM by PLA-MPs. In particular, this trend 
was more evident with the NDOM treatment. Addition-
ally, the same change pattern was found in the peak at 
1458   cm−1 and 1082   cm−1 (assigned to the aliphatic 
group) for NDOM. These analyses jointly suggested that 
PLA-MPs preferentially sorb microbial by-product ana-
logue and aliphatics, leading to the aromatic components 
enriched in solution, and this preference was more evi-
dently observed in the NDOM system. Thus, it could be 
concluded that the aromatic components of DOM were 
primarily excited in the solution. Moreover, the enriched 
aromatic components in solution due to the occurrence 
of preferential sorption of non-aromatics by PLA-MPs 
would help to accelerate the formation of 3DOM* in solu-
tion under irradiation, thereby promoting the photo-
degradation of PLA-MPs. For the preferentially sorbed 
non-aromatics, they would have a negligible blocking 
effect on light absorption of PLA-MPs due to their poor 
light-harvesting ability and relatively low content sorbed 
(Li et al. 2018b).

To further evaluate the light shielding effect of DOM 
sorbed onto the PLA-MPs, the light screening factor  (Sλ) 
was calculated (Fig. S6b and c). As the reaction time pro-
longed, there was a slight increase for  Sλ of the NDOM 
remained in the solution (aromatic fraction) and  Sλ was 
generally unchanged for BDOM. The result reflected a 
weakened shielding effect for the remained fraction of 
DOM especially NDOM. This was ascribed to the enrich-
ment of the aromatics in the solution, exhibiting more 
chromophores for light adsorption. For the photode-
graded PLA-MPs, the  Sλ hardly changed during the pure 
photolysis. Interestingly, after the addition of NDOM 
and BDOM, the  Sλ showed basically the same trend as 
that of pure photolysis even though a small fluctuation 
was observed. Considering the small proportion of non-
aromatic fraction (unsaturated hydrocarbons, lipids, and 
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carbohydrates, etc.) of the DOM composition (4.18% 
in NDOM and 3.43% in BDOM) (Fig. 1i), as well as the 
weak equilibrium adsorption capacity (qe) of PLA-MPs 
(qe = 2.19  mg/g for NDOM and 2.65  mg/g for BDOM) 
(Fig. S6a), it could be deduced that the shielding effect 
of the non-aromatic sorbed onto PLA-MPs was negligi-
ble. The quenching effect was also evaluated by calculat-
ing the quenching factor  (Qλ) (Xue et al. 2019). The value 
of S/Sλ (S: the observed light shielding factor) was found 
to be greater than 1, leading to the negative value of  Qλ 
(Table S7), and the ROS generated by DOM showed a 
stronger signal in the EPR plots (Fig. 4e and f ), indicating 
that the quenching effect could be inconspicuous.

Based on the above results and discussions, the plausi-
ble mechanisms of DOM for accelerating the photodeg-
radation of PLA-MPs were proposed in Fig. 5. Firstly, the 
DOM in the solution was excited under UV irradiation 
to generate 3DOM*, in which the aromatic components 
played significant roles. The generated 3DOM* induced 
 O2 to form 1O2 by energy transfer since it was well known 
as the precursor of 1O2. On the other hand, 3DOM* oxi-
dized water to generate •OH, which generated carbon-
centered radicals, followed by the combination with H 
in water to produce •OH. The generated ROS (•OH and 
1O2) subsequently attacked the PLA-MPs, leading to the 
cracked morphology, reduced particle size, and increased 
oxygen-containing group on the surface. The depolym-
erization of PLA-MPs has been evidenced to follow the 
Norrish type II photoinduced cleavage (Ainali et  al. 
2022). As depicted in Fig. 5, DOM-induced •OH partici-
pated in the chain scission, especially by abstracting the 
H of C adjacent to C = O in PLA-MPs, which is involved 
in chain initiation and accelerates the degradation of 
PLA-MPs. Due to the abundant aromatic constituents 

contained in NDOM, more 3DOM* was produced, which 
promoted ROS (e.g., •OH) formation and accelerated 
the photodegradation of PLA-MPs. Also, this accelerat-
ing process was improved by the sorption of DOM by 
PLA-MPs. During the sorption, non-aromatic compo-
nents were preferentially sorbed by PLA-MPs, resulting 
in the enrichment of aromatics in the solution and conse-
quently, more 3DOM* was formed.

4  Conclusions
Natural/pyrogenic DOM and MPs commonly coexist in 
aquatic environments. However, the role of natural and 
pyrogenic DOM in the photochemical behavior of bio-
degradable MPs is rarely studied. In this work, we have 
detailed the process of photodegradation of PLA-MPs 
in freshwater with the presence of typical natural and 
pyrogenic DOM. Meanwhile, the evolution of two DOM 
during MPs photodegradation was also explored. Com-
pared with BDOM, aromatic components are higher 
in NDOM and are inclined to be enriched in the solu-
tion during the sorption process onto PLA-MPs. Thus, 
with more 3DOM* and ROS formation in the solution, 
NDOM more strongly promotes the photodegradation 
of PLA-MPs, which provides the theoretical guidance of 
MPs photodegradation in coexistence with DOM in the 
aquatic environment, and improves the understanding of 
the photochemical activity of different sources of DOM. 
Additionally, considering that there is no agreement on 
the mechanism of 3DOM* induced •OH generation in 
previous researches, we have proposed a possible mecha-
nism that carbon-centered radical derived from 3DOM* 
can deprive the H of water, contributing to •OH forma-
tion, potentially enriching the theories of radical trans-
formation in the removal of environmental contaminant. 

Fig. 5 The plausible mechanism of polylactic acid (PLA) microplastics (MPs) photodegradation in natural (NDOM) and biochar-derived dissolved 
organic matter (BDOM) solution. Note that 1O2,•OH and 3DOM* represented singlet oxygen, hydroxyl radicals and the excited triplet states of DOM 
respectively
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This work is anticipated to provide new insights into the 
photochemical transformation of biodegradable MPs 
which would potentially replace conventional MPs as the 
dominant MPs in environments in the future and help to 
differentiate the role of natural and pyrogenic DOM in 
this process. However, it should be noted that only one 
DOM concentration and one type of biodegradable MPs 
were investigated in this study, thus future works should 
be performed to include a range of DOM concentrations, 
various environmental factors (temperature, pH, salinity, 
etc.), different MP types (e.g., traditional microplastics 
and biodegradable microplastics) and concentrations to 
comprehensively unveil the process and mechanisms of 
MP photodegradation under more environmentally real-
istic conditions.
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