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Abstract
Microplastics  (MPs)  and  pharmaceuticals,  as  emerging  contaminants,  are  ubiquitous  in

wastewater, yet their interfacial interactions during UV-based advanced oxidation processes

(UV-AOPs)  in  wastewater  treatment  plants  (WWTPs)  remain  poorly  understood.  To  address

this  knowledge  gap,  we  selected  polyamide  (PA)  as  a  representative  MP  and  investigated

its  effects  on  the  degradation  of  carbamazepine  (CBZ)  in  three  UV-AOP  systems:  UV/PMS,

UV/H2O2,  and  UV/Cl.  We  found  that  aged  PA  MPs  developed  various  environmentally

persistent free radicals on their surfaces, which significantly enhanced the production of ·OH

and 1O2, thereby promoting CBZ degradation, with observed rate constants increased by 1.2

to  1.8  times.  Degradation  pathways  involving  oxidation,  hydroxylation,  and  ring  cleavage

reactions  were  proposed,  with  system-dependent  intermediates  such  as  TPs  208,  151,

and  241  identified.  Toxicity  and  molecular  structure  analyses  revealed  that  removal  of

the –CONH2 group,  hydroxyl  substitution,  and  unsaturated  ring  formation  may  increase

product  toxicity.  Furthermore,  NO3
− promoted  CBZ  degradation,  HCO3

− and  humic  acid

inhibited it, while Cl− effects were concentration- and system-dependent. This study provides

a theoretical basis for elucidating the environmental behaviors of MPs and pharmaceuticals

during wastewater treatment in WWTPs.
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Highlights
•  Aged MPs developed various environmentally persistent free radicals on their surfaces.

•  Aged MPs increased the kobs of CBZ degradation by 1.2 to 1.8 times.

•  EPFRs significantly enhanced the yield of reactive species in the UV-AOP systems.

•  CBZ transformation in different systems involved hydroxylation and ring-condensation.

•  Hydroxyl substitution and unsaturated ring formation may enhance toxicity.
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Graphical abstract

 
 Introduction

Pharmaceuticals  and  personal  care  products  (PPCPs)  play  a  key  role
in  the  daily  life  of  humans,  and  more  than  4,000  kinds  of  PPCPs  are
currently  used by  humans  and animal  agriculture[1].  The  parent  com-
pounds  and  most  of  the  intermediates  of  PPCPs  are  eliminated  from
the  body  through  biological  metabolism.  However,  they  cannot  be
effectively removed by sewage treatment plants,  and they all  end up
in  surface  water,  with  concentrations  ranging  from  ng·L−1 to μg·L−1.
Among  them,  carbamazepine  (CBZ)  is  a  pharmaceutical  widely  used
for  the  treatment  of  epilepsy  and  neuropathic  pain,  with  an  annual
global  consumption  of  more  than  1,000  tons[2].  In  addition,  CBZ  has
been  frequently  detected  in  surface  water,  wastewater,  and  drinking
water[3], indicating its widespread occurrence in aquatic environments
and potential ecological risks.

Since the 1940s, plastics have been widely applied across various
fields globally[4]. The extensive use of plastics has led to serious envi-
ronmental pollution, with particles smaller than 5 mm being defined
as 'microplastics (MPs)'. Although the average concentration in open
water  bodies  is  relatively  low,  microplastics  usually  accumulate  in
wastewater  treatment  plants  (WWTPs)  and  leachates  from  landfill
sites.  For  instance,  studies  have  documented  microplastic  concen-
trations reaching 1.3 × 105 and 10,044 particles·L−1 in the influent of
WWTPs[5,6]. Due to characteristics such as small particle size and high
specific surface area, MPs easily adsorb foreign pollutants, leading to
the coexistence of  MPs  and pollutants  in  the  aquatic  environment,
which  affects  the  transport  and  transformation  of  pollutants[7,8].
Studies have reported that polyamide (PA) MPs are one of the most
common polymers in WWTPs, primarily originating from textiles and
synthetic clothing in daily life[9].  However, the ecological risks of PA
have not been evaluated to the same extent as those of other MPs,
such  as  polystyrene  and  polyethylene[10].  Therefore,  it  is  urgent  to
explore the environmental behavior of PA in aquatic environments.

As  both  a  source  and  sink  of  various  organic  pollutants,  WWTPs
serve as a critical stage before the entry of PPCPs into natural water
bodies.  Ultraviolet  (UV)  radiation  activates  oxidant  precursors  to
generate reactive species that degrade PPCPs effectively. This mech-
anism  confers  UV-based  advanced  oxidation  processes  (UV-AOPs)
numerous  advantages  such  as  chemical-free  pathogen  disinfec-
tion,  simple  maintenance,  and  low  secondary  pollution  potential.
In  recent  years,  UV-AOPs  have  been  extensively  researched  and
applied  in  WWTPs[11,12].  For  example,  UV/PMS,  UV/H2O2,  and  UV/Cl

processes  have  been  widely  studied  for  the  removal  of  various
pollutants[13−15]. During the UV-AOPs process in WWTPs, MPs under-
go  physical  abrasion,  chemical  oxidation,  and  other  processes  that
alter their morphology and chemical characteristics, a phenomenon
known  as  the  aging  of  MPs.  Previous  studies  suggest  that  MPs
exhibit contradictory and complex effects on pollutant degradation;
for  instance,  Sun  et  al.  found  that  polyethylene  promoted  tetracy-
cline  degradation[16],  and  similarly,  aged  polystyrene  was  reported
to  facilitate  the  phototransformation  of  atorvastatin  via  enhanced
reactive  oxygen  species  generation[17].  Conversely,  Wang  et  al.
observed  that  polystyrene  hindered  cephalexin  degradation[18],
while  other  studies  noted  that  coexisting  MPs  could  alter  transfor-
mation pathways and inhibit the formation of certain toxic interme-
diates during the degradation of fluorinated pollutants[19]. However,
compared  with  pristine  plastics,  aged  MPs  exhibit  more  complex
chemical  properties  (e.g.,  the  formation  of  new  C–Cl  bonds  and
environmental  persistent free radicals  [EPFRs])[20],  and their  specific
impacts  on  the  transformation  pathways  and  toxicity  evolution  of
co-existing PPCPs remain largely unknown. Therefore, it is urgent to
investigate the dual impact of aged MPs on the generation of reac-
tive  species  and  the  environmental  behavior  of  target  pollutants
(e.g., CBZ) during UV-AOP treatments. This study specifically focuses
on  alterations  in  molecular  structure,  degradation  product  abun-
dance,  and  the  resulting  toxicity  evolution,  thereby  providing  a
theoretical basis for elucidating the environmental behaviors of MPs
and PPCPs in WWTPs.

Set  against  the  research  context  of  WWTPs,  this  study  investi-
gated  the  interfacial  mechanisms  between  aged  microplastics  and
CBZ  in  UV-AOPs,  including  UV/PMS,  UV/H2O2,  and  UV/Cl  systems,
using  PA  as  a  typical  MP.  We  also  investigated  the  degradation
kinetics  of  CBZ  in  different  systems  and  the  effect  of  aged  MPs  on
CBZ degradation.  A combination of  experimental  and characteriza-
tion tools was used to identify the main active species affecting CBZ
degradation  in  different  systems,  as  well  as  the  effect  of  aged  MPs
on the active species. In addition, we identified the major degrada-
tion intermediates of CBZ in different systems, proposed the degra-
dation pathways  of  CBZ,  and elucidated the effect  of  aged MPs on
CBZ  degradation.  The  toxicity  of  the  intermediates  was  analyzed
in  relation  to  molecular  structure  and  degradation  product  abun-
dance.  Finally,  the  effects  of  various  environmental  factors  were
examined. This study provided a theoretical basis for elucidating the
environmental behaviors of MPs and PPCPs during the treatment of
wastewater in WWTPs.
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 Materials and methods

 Chemicals and reagents
All chemicals were of analytical grade, and all solutions were prepared
using  ultra-pure  water.  The  details  of  chemicals  are  shown  in
Supplementary Text S1.

 Experimental setup
The  photochemical  reaction  device  (CEL-LB70)  used  in  this  work  was
purchased  from  Beijing  Zhongjiao  Jinyuan  Science  and  Technology
Co.  Ltd.  The  center  of  the  setup  contained  the  light  source  and  was
equipped with a magnetic stirring device and an efficient condensing
reflux device. Six identical quartz reaction containers with a volume of
100 mL were evenly distributed around the light source. The UV light
source  was  a  500  W  high-pressure  mercury  lamp  with  a  wavelength
range  of  200–400  nm  and  a  light  intensity  of  25  mW·cm−2 measured
with a UV radiometer.

 Experimental methods
Aging treatment  of  MPs  followed the  method commonly  adopted in
the  literature[19].  Detailed  information  is  provided  in Supplementary
Text S2.

Experiments on the effect of aged MPs on the degradation perfor-
mance  of  CBZ:  1  mg·L−1 of  CBZ  was  added  to  each  quartz  tube,
except for the control group where no MPs were added, and the rest
of the quartz tubes were supplemented with 2 g·L−1 of the MPs. This
MP  concentration  was  selected  as  a  model  experimental  condition
to ensure a measurable and reproducible effect of aged MPs on CBZ
degradation and to facilitate mechanistic  investigation.  The experi-
ments were conducted in a photochemical reactor with a condensa-
tion  sleeve  and  a  500  W  mercury  lamp  as  the  UV  light  source.
Samples  were  taken  at  0,  0.25,  0.5,  1,  1.5,  and  2  h.  After  sampling,
each sample was filtered with a 0.22 μm filter membrane, quenched
with  a  saturated  sodium  thiosulfate  solution,  and  immediately
analyzed  by  high-performance  liquid  chromatography  (HPLC).  All
experiments were performed in triplicate. Dark adsorption and envi-
ronmental factor experiments are shown in Supplementary Text S3.

ROS quenching experiments  were carried out  in  quartz  tubes by
spiking with 40 mM of different quenching agents. The degradation
kinetics of CBZ were fitted using a pseudo-first-order kinetic model:
ln(C0/Ct)  = kobst,  where C0 and Ct are  the  concentrations  of  CBZ  at
time  0  and t,  respectively,  and kobs is  the  reaction  rate  constant.
Tert-butanol  (TBA),  furfuryl  alcohol  (FFA), p-benzoquinone  (p-BQ),
and benzoic acid (BA) were used to scavenge ·OH, 1O2, O2

·−, and Cl·,
respectively.  The  other  parameters  remained  the  same  as  in  the
degradation performance experiments.

 Analytical methods
The concentration of  CBZ was determined using HPLC (Essentia SPD-
16,  Shimadzu,  Japan)  with  a  UV  detector  at  286  nm.  The  column
temperature  was  25  °C,  and  the  injection  volume  was  20 μL.  The
mobile phase was selected as 1‰ formic acid/acetonitrile (5/5 v/v),
and the flow rate was 1.0 mL·min−1. The analysis time for each sample
was  3.25  min.  Degradation  intermediates  of  CBZ  were  analyzed  by
ultra-performance  liquid  chromatography  (Waters,  Milford,  MA,  USA)
with  a  triple  quadrupole  time-of-flight  mass  spectrometer  (XEVO  G2
QTOF,  Waters  Micromass,  Manchester,  UK).  Electron  paramagnetic
resonance  (EPR,  Bruker  E500)  spectroscopy  was  employed  to  detect
the presence of free radicals and nonradical species. The toxicity of CBZ
and  its  degradation  intermediates  was  assessed  with  the  Ecological

Structure  Activity  Relationship  (ECOSAR)  procedure.  Toxicity  was
classified into four classes (very toxic,  toxic,  harmful,  and not harmful)
according  to  the  Globally  Harmonised  System  of  Classification  and
Labelling of Chemicals[21].

 Results and discussions

 Degradation kinetics of CBZ in UV/AOP/aged
MPs system
We  investigated  the  degradation  properties  of  CBZ  in  UV/PMS,
UV/H2O2,  and  UV/Cl  systems,  and  examined  the  effects  of  different
concentrations  of  oxidants  (0,  0.05,  0.1,  0.2,  0.5,  and  1.0  mM)  on  CBZ
degradation. As shown in Supplementary Figs. S1–S3, the degradation
processes  of  CBZ  in  UV-AOPs  followed  pseudo-first-order  kinetics.
In  the  UV/PMS  system,  the  kinetic  constant  for  CBZ  degradation
increased from 0.37 to 3.01 h−1 with increasing PMS concentration. At
a PMS concentration of 0.2 mM, the kobs of  CBZ reached 1.98 h−1.  For
the  UV/H2O2 and  the  UV/Cl  systems,  the kobs increased  from  0.18
and  0.08  to  0.74  and  0.73  h−1 with  increasing  oxidant  concentration,
respectively.  Considering  the  actual  oxidant  concentrations  used  in
wastewater  treatment  plants,  findings  from previous  studies,  and the
degradation  rates  of  CBZ  observed  in  this  study,  a  concentration  of
0.2 mM was selected for subsequent oxidant additions[22,23]. We further
investigated  the  effect  of  aged  MPs  on  CBZ  degradation  with  PA,  as
shown  in Fig.  1 and Supplementary  Figs.  S4–S6.  In  the  UV/PMS-aged
MPs system, the kobs of  CBZ degradation was 2.30 h−1,  which was 1.2
times  higher  than  that  in  the  UV/PMS  system.  In  the  UV/H2O2-aged
MPs system, the kobs of  CBZ degradation was 0.70 h−1,  which was 1.3
times higher than that in the UV/H2O2 system. However, for the UV/Cl-
aged  MPs  system,  the kobs of  CBZ  degradation  was  0.36  h−1,  which
was  1.8  times  higher  than  that  in  the  UV/Cl  system.  Evidently,  the
introduction  of  aged  PA  MPs  significantly  increased  the kobs of  CBZ
degradation by 1.2 to 1.8 times across the UV/PMS, UV/H2O2, and UV/Cl
systems.  Notably,  although  the  absolute  degradation  rate  followed
the sequence of UV/PMS > UV/H2O2 > UV/Cl due to the high quantum
yield  of  PMS  and  the  strong  oxidation  potential  of  SO4

·−[24],  the  most
pronounced relative enhancement induced by aged MPs was observed
in the UV/Cl system. This enhancement clearly underscores that aged
MPs  do  not  act  merely  as  inert  physical  matrices  in  wastewater.
Instead,  the  EPFRs  developed  on  their  surfaces  actively  participate  in
electron  transfer,  thereby  specifically  driving  and  accelerating  the
generation of reactive species in the vicinity of the MPs.

 Identification of active species
In  this  study,  electron  paramagnetic  resonance  (EPR)  and  chemical
quenching  experiments  were  used  to  investigate  the  main  active
species involved in the CBZ degradation process in different systems.
TBA, FFA, and p-BQ were used as scavengers for ·OH, 1O2, and O2

·−[25,26].
In  addition,  MeOH  was  selected  as  a  scavenger  for  ·OH  and  SO4

·−[27],
and BA as a scavenger for ·OH and Cl·.  As shown in Fig. 2a, b,  DMPO-
·OH, DMPO-SO4

·−,  and TEMP-1O2 signals were detected in the UV/PMS
and  UV/PMS-aged  MPs  systems.  However,  no  DMPO-O2

·− signal  was
detected.  The  signals  of  DMPO-·OH  and  TEMP-1O2 were  more  pro-
nounced  after  the  addition  of  aged  MPs,  implying  that  aged  MPs
mainly increased the production of  ·OH and 1O2.  As shown in Fig.  2c,
when  MeOH,  TBA,  FFA,  and  p-BQ  were  added,  the kobs values  were
reduced by 60%, 42%, 39%, and 30%, respectively. This indicated that
·OH, SO4

·−,  and 1O2 were the main active species in the UV/PMS-aged
MPs  system.  When  the  oxidant  was  H2O2 (Fig.  2d, e),  more  ·OH  was
generated  in  both  UV/H2O2 and  UV/H2O2-aged  MPs  systems[28].
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Notably, the signals of DMPO-·OH and TEMP-1O2 were enhanced with
the  addition  of  aged  MPs,  suggesting  that  more  ·OH  and1O2 were
produced.  With  the  addition  of  TBA, kobs was  reduced  to  0.07  h−1.
Similarly, the kobs was reduced by 60% with the addition of FFA (Fig. 2f).
Therefore, ·OH and 1O2 played an important role in the degradation of
CBZ in  the  UV/H2O2 system.  As  shown in Fig.  2g, h,  a  typical  DMPOX
sevenfold  peak  was  detected  in  both  systems  in  the  presence  of
NaClO.  This  was  attributed  to  the  ability  of  DMPO  to  trap  Cl·  to  form
DMPO-Cl·  adducts,  which  in  turn  were  rapidly  hydrolyzed  to  DMPOX
derivatives[29]. In addition, signals from TEMP-1O2 and DMPO-O2

·− were
detected.  Combining  the  results  of  EPR  and  quenching  experiments,
it  could  be concluded that  Cl·,  ·OH, 1O2,  and O2

·− were  present  in  the
reaction system, and aged MPs would promote the generation of the
above active species. The kobs decreased to 0.22 and 0.19 h−1 with the
addition  of  TBA  and  BA,  respectively.  This  indicated  that  ·OH  and  Cl·
were  the  primary  active  species  for  CBZ  degradation  in  the  UV/Cl
system.  In  all  three  systems,  aged  MPs  promoted  the  production  of
more  active  species,  indicating  the  importance  of  aged  MPs  in  CBZ
degradation.  Previous  studies  have  indicated  that  environmentally
persistent  free  radicals  (EPFRs)  generated  by  MPs  can  regulate  the
generation of reactive species,  thereby playing significant roles in the
aging,  biotoxicity,  and  degradation  of  MPs.  We  characterized  pristine
and  aged  PA  MPs  using  EPR  spectroscopy  (Supplementary  Fig.  S7).
Consistent  with  previous  studies  on  radical  generation[30],  the  aging
process induced polymer chain scission and oxidation,  leading to the
generation of EPFRs on the PA surface, as evidenced by a distinct signal
at g =  2.003  (Supplementary  Fig.  S7).  Mechanistically,  these  aging-
induced EPFRs function as highly active electron donors. Under the UV-
AOPs  conditions,  the  surface  EPFRs  facilitate  direct  single-electron
transfer to dissolved oxygen molecules or water, establishing a micro-
interfacial  catalytic  environment  that  significantly  promotes  the  con-
tinuous  generation  of  targeted  ROS,  particularly  ·OH  and 1O2

[31].  This
electron-transfer  cascade  is  a  primary  driver  for  the  enhanced  degra-
dation  kinetics.  In  addition  to  EPFR-mediated  electron  transfer,  the

aging  process  inherently  enriches  the  surface  functional  groups  and
increases the specific  surface area of  the PA MPs[32,33].  These physico-
chemical  alterations  mechanistically  contribute  to  ROS  formation  by
transforming  the  aged  PA  into  a  catalytic  substrate.  Specifically,  the
abundant functional groups provide vast active sites for the adsorption
of oxidants (i.e., PMS, H2O2, and ClO−). Under UV irradiation, the oxidant
molecules concentrated on the MP surface undergo facilitated homo-
lytic cleavage and activation. For instance, in the UV/Cl system, specific
oxygen-containing  functional  groups  on  the  aged  MPs  could  directly
react  with  adsorbed ClO− to  rapidly  generate  highly  reactive  chlorine
radicals (Cl·)[34].  This critical  interfacial  mechanism explains the altered
radical yields observed in our systems compared to traditional homo-
geneous UV-AOPs.

 Identification of intermediate products and
proposed reaction pathways
To further determine the degradation of CBZ in different systems, the
degradation  intermediates  of  CBZ  were  analyzed  by  UPLC-TOF/MS.
As shown in Supplementary Tables S1–S3 and Supplementary Figs. S8–
S13,  16 intermediates  were identified in  the UV/PMS-aged MPs,  14 in
the  UV/H2O2-aged  MPs,  and  15  in  the  UV/Cl-aged  MPs  systems.  In
addition,  we  investigated  the  types  and  abundance  of  degradation
products  of  CBZ  in  different  systems  (Supplementary  Figs.  S14–S16).
The overall  degradation intermediate  product  content  was  ranked as
follows:  UV/PMS  system  >  UV/H2O2 system  >  UV/Cl  system.  Further-
more,  the  abundance  of  CBZ  degradation  products  increased  signi-
ficantly in the presence of aged MPs, especially TPs 228, 167, 226, 284,
151,  149,  and  124.  Combining  the  above  results,  we  proposed  the
degradation pathways of CBZ in different systems. As shown in Fig. 3,
a  total  of  16  degradation  intermediates  were  detected  in  the  system
using  PMS  as  the  oxidant,  based  on  which  we  proposed  five
degradation  pathways  for  CBZ.  In  the  first  two  pathways,  the  central
heterocycle of  CBZ was initially  attacked by ·OH and SO4

·−,  leading to

 

Fig. 1  Effect of aged MPs on CBZ degradation in (a), (b) UV/PMS, (c), (d) UV/H2O2, and (e), (f) UV/Cl systems. Reaction conditions: (CBZ)0 = 1 mg·L−1, (PMS)0 =
(H2O2)0 = (Cl)0 = 0.2 mM, (PA MPs)0 = 2 g·L−1, pH = 6.0 ± 0.5, T = 25 °C. kobs, observed pseudo-first-order rate constant. (All experiments were performed in
triplicate; error bars are included but are smaller than the symbols in most cases).
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the  loss  of  the –CONH2 group and the  formation of  TP  194[35].  It  was
then attacked by ·OH to generate TP 211 and further hydroxylated to
form TP 228. Under the attack of ·OH and SO4

·−, the central heterocycle
of  TP  228  broke  to  produce  TP  226.  This  preferential  C–N  bond
cleavage  was  attributed  to  the  electron-withdrawing  effect  of  the
adjacent carbonyl group, which weakened the neighboring C–N bond,
as well as the inherently lower bond dissociation energy of C–N bonds
compared  with  C–C  bonds  within  the  heterocycle[36].  Next,  TP  226
underwent bond cleavage and oxidation reactions under the attack of
·OH and 1O2

[37], decomposing via two pathways. In pathway 1, TP 226
was degraded to TP 149 and TP 124. In pathway 2, TP 226 underwent
hydroxylation and oxidation reactions to form TP 167. Under the attack
of ·OH,  SO4

·−,  and 1O2,  TP 167 generated small  molecular  compounds
TP  151  and  TP  116[38].  In  the  other  three  pathways,  the  initiation
proceeded via a ring-condensation reaction of CBZ[38], which produced
three  isomers  of  TP  253.  In  pathway  3,  TP  253a  was  attacked  by  ·OH
and  SO4

·− to  form  TP  251[39].  In  pathway  4,  the  carbon  atom  on  the
central  heterocycle  of  CBZ  was  also  attacked  by 1O2 to  form  TP
253b[35,40].  TP  253b  underwent  a  ring-condensation  reaction  under
attack by reactive species and lost the –CONH2 group, resulting in the
formation of TP 208. TP 208 underwent further bond cleavage, and the
carbon  atom  on  the  central  six-membered  ring  was  oxidized  to  a
carbonyl group to form TP 195[2].  In pathway 5, CBZ could be directly

attacked  by  ·OH  to  undergo  a  hydroxylation  reaction  to  produce  TP
253c[41].  TP  253c  was  then  hydroxylated  to  TP  284.  Overall,  the  main
reactions  involved  in  the  UV/PMS  and  UV/PMS-aged  MPs  systems
were hydroxylation and ring-condensation reactions. For the UV/H2O2

and  UV/H2O2-aged  MPs  systems,  we  also  proposed  five  degradation
pathways, as shown in Fig. 4. Similarly, CBZ lost the –CONH2 group to
form  TP  194  or  underwent  a  ring-condensation  reaction  to  produce
three isomers of TP 253. However, compared with the UV/PMS system,
there were two differences. First, TP 253b was attacked by ·OH and 1O2,
which  underwent  a  ring-condensation  and  oxidation  reaction  to
directly  produce  TP  195.  Second,  TP  167  was  attacked  by  the  active
species,  and  the  chemical  bond  was  broken  to  produce  the  small
molecule  TP  116.  In  addition,  in  the  UV/Cl  and  UV/Cl-aged  MPs
systems, the presence of Cl· led to the formation of a new compound,
TP  241,  during  the  degradation  of  CBZ  (Fig.  5).  Notably,  TP  241  was
generated  through  TP  284,  which  lost  the –CONH2 group  under  the
attack of ·OH and Cl·[42]. Overall, aged microplastics did not significantly
alter the transformation pathway of CBZ within the same system, but
different  oxidants  caused  distinct  differences  in  the  transformation
pathways of CBZ.

By comparing the transformation profiles with and without aged
PA, a critical pattern emerged: although the presence of aged PA did
not  alter  the  fundamental  reaction  pathways  (i.e.,  hydroxylation,

 

Fig.  2  EPR  spectra  of  active  species  in  the  (a)  UV/PMS,  (b)  UV/PMS-aged  MPs,  (d)  UV/H2O2,  (e)  UV/H2O2-aged  MPs,  (g)  UV/Cl,  and  (h)  UV/Cl-aged  MPs
systems. Quenching experiments were conducted in the (c) UV/PMS-aged MPs, (f) UV/H2O2-aged MPs, and (i) UV/Cl-aged MPs reaction systems. MeOH,
methanol; TBA, tert-butanol; FFA, furfuryl alcohol; p-BQ, p-benzoquinone; BA, benzoic acid.
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ring-condensation,  and  ring-cleavage)  established  in  conventional
AOPs,  it  profoundly  shifted  the  reaction  kinetics  and  intermediate
distribution.  As  shown  in Supplementary  Figs.  S14–S16,  the  abun-
dance of  specific  intermediates  (particularly  TPs  228,  167,  226,  284,
151,  149,  and  124)  was  substantially  increased.  This  observation
provides  a  crucial  mechanistic  link:  the  EPFRs  on  aged  PA  surfaces
localized  the  production  of  ·OH  and 1O2 (Fig.  2, Supplementary

Fig.  S7),  which  accelerated  the  electrophilic  attack  on  CBZ  and
amplified  the  yield  of  intermediates.  Consequently,  since  hydroxyl
substitution  and  unsaturated  ring  formation  are  closely  associated
with enhanced toxicity, the presence of aged MPs inevitably shapes
the transient toxicity profile of the effluent, highlighting the signifi-
cant  role  of  aged  MPs  in  the  environmental  behavior  of  PPCPs
during WWTP processes.

 

Fig. 3  Degradation pathways of CBZ in UV/PMS and UV/PMS-aged MPs systems.

 

Fig. 4  Degradation pathways of CBZ in UV/H2O2 and UV/H2O2-aged MPs systems.
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 Toxicity evaluation of degradation intermediates
In  this  study,  the  acute  and  chronic  toxicity  of  CBZ  and  its  interme-
diates  produced  in  different  systems  to  aquatic  organisms  (e.g.,  fish,
daphnia,  and  green  algae)  was  evaluated  by  ECOSAR,  as  shown  in
Supplementary Table S4 and Fig. 6. The acute and chronic toxicity of TP
194  was  much  higher  than  that  of  CBZ,  especially  for  daphnia.  In
addition,  TPs  211,  226,  and  208  showed  higher  acute  and  chronic
toxicity  to  fish,  daphnia,  and  green  algae  than  CBZ,  and  were
categorized  as  'harmful'  and  'toxic'.  These  results  suggested  that  the
process of degradation and transformation of organic pollutants might
produce products that were more toxic than their parent compounds.
Analysis  of  the  toxicity  and  molecular  structures  of  the  intermediates
revealed that the increased toxicity of the intermediates was attributed
to  the  removal  of  the –CONH2 group from the  central  heterocycle  of
CBZ, hydroxyl substitution reactions, and the formation of unsaturated
six-membered  rings[43,44].  Furthermore,  for  these  three  intermediates,
the  concentrations  in  the  UV/PMS-aged  MPs,  UV/H2O2-aged  MPs,
and  UV/Cl-aged  MPs  systems  were  slightly  higher  than  those  in  the
UV/PMS, UV/H2O2,  and UV/Cl  systems (Supplementary Figs.  S14–S16).
Additionally, the toxicity of other intermediates was much lower than
that  of  CBZ.  In  the  presence  of  aged  MPs,  the  total  toxicity  of  inter-
mediates  produced by CBZ degradation in  different  reaction systems
depended  on  the  composition  of  the  intermediates,  and  the  abun-
dances  of  the  intermediates  also  played  a  crucial  role.  Given  the
elevated  toxicity  of  these  MP-mediated  intermediates,  implementing
upstream microplastic  removal  (e.g.,  coagulation or  filtration)  prior  to
AOP units  is  highly recommended as a practical  engineering strategy
to  prevent  the  formation  of  highly  toxic  effluents.  Although  small
amounts  of  toxic  intermediates  were  generated  in  this  study,  they
could eventually be degraded to low-molecular-weight and less toxic
substances  (e.g.,  TPs  151  and  116)  as  the  degradation  reaction  pro-
ceeded.  Notably,  aged  PA  did  not  alter  the  inherent  toxicity  trend  of
the intermediates but moderately increased their absolute abundances,
and these transient  toxic  intermediates  could be further  degraded to
non-toxic products with extended reaction time.

 Impact and correlation analysis of environmental
factors
Inorganic ions and dissolved organic matter in wastewater may affect
the  degradation  and  transformation  of  CBZ.  Therefore,  the  effects
of  various  influencing  factors  on  CBZ  degradation,  including  anions
(NO3

−,  Cl−,  HCO3
−),  typical  dissolved  organic  matter  (humic  acid),  and

pH,  were  systematically  investigated.  As  shown  in Supplementary
Fig.  S17,  for  the  UV/PMS-aged  MPs  system,  the kobs for  CBZ  in  the
presence of NO3

− increased to 2.71 h−1 as the concentration increased
to  10  mM.  This  can  be  attributed  to  the  fact  that  NO3

− would
participate  in  the  free  radical  reaction,  promoting  the  degradation  of
CBZ by generating more ·OH as well as reactive nitrogen species (·NO2,
·NO,  ONOO−)  in  the  reaction  schemes  as  in  Eqs.  (1)  to  (3)[45].  When
Cl− was  present,  the kobs for  CBZ  degradation  increased  to  2.62  h−1,
implying that  Cl− promoted the  degradation of  CBZ.  This  was  due to
the  formation  of  chlorine-containing  radicals  (Cl·,  Cl2

·−,  Cl2,  HClO,  and
ClO·) as shown in Eqs. (4) to (12)[46]. In addition, PMS and Cl− could react
directly  to  form  HClO.  HCO3

− inhibited  the  rate  of  CBZ  degradation,
and the kobs decreased from 2.30 to 1.81 h−1,  which can be attributed
to the fact that HCO3

− reacted with ·OH and SO4
·− to generate radicals

with  lower  oxidizing  capacity,  as  shown  in  Eqs.  (13)  and  (14)[47].  As
shown in Supplementary Fig. S18, humic acid reduced the degradation
kobs of  CBZ  to  1.42  h−1.  Humic  acid  can  not  only  absorb  photons,
but  also  react  with  active  species,  thus  reducing  the  rate  of  CBZ
degradation[48].  Furthermore,  the  effect  of  pH  on  the  degradation  of
CBZ  in  the  UV/PMS-aged  MPs  system  was  not  significant,  and  the
degradation of CBZ was slightly enhanced under acidic conditions.

In  the  UV/H2O2-aged  MPs  system,  as  shown  in Supplementary
Fig. S19, the kobs of CBZ degradation increased from 0.70 to 2.12 h−1

as the NO3
− concentration increased from 0 to 10 mM. This could be

attributed  to  the  ability  of  NO3
− to  produce  reactive  species  (e.g.,

·OH) under light irradiation[49]. Cl− significantly promoted the degra-
dation of CBZ by the UV/H2O2-aged MPs system, increasing the kobs

to 2.32 h−1. The possible reactions in the reaction system are shown

 

Fig. 5  Degradation pathways of CBZ in UV/Cl and UV/Cl-aged MPs systems.
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in Eqs. (4) to (12). As shown in Supplementary Fig. S19e, S19f, HCO3
−

slightly  inhibited  the  degradation  rate  of  CBZ,  reducing kobs from
0.70 to 0.67 h−1 (Eq. [13]).  Humic acid also inhibited the rate of CBZ
degradation  (Supplementary  Fig.  S20).  Unlike  the  UV/PMS-aged
MPs system,  the kobs of  CBZ degradation in  the UV/H2O2-aged MPs
system  was  2.3  times  higher  in  acidic  conditions  than  in  neutral
conditions. This pH-dependent behavior can be attributed to several
factors.  First,  the  speciation  of  CBZ  varies  with  pH;  the  protonated
form  of  CBZ  under  acidic  conditions  exhibits  higher  reactivity
toward  ·OH  attack  compared  with  its  neutral  form  at  neutral  pH.
Second,  increased  OH− concentration  at  higher  pH  scavenges  ·OH
via  ·OH  +  OH− → H 2O  +  O·−,  reducing  the  steady-state  concentra-
tion of ·OH available for CBZ degradation. Third, the quantum yield
of H2O2 photolysis and the subsequent ·OH generation efficiency are
also pH-dependent.  These combined effects result in higher degra-
dation  rates  under  acidic  conditions  compared  with  neutral  pH  in
the UV/H2O2 system[50].

For  the  UV/Cl-aged  MPs  system, kobs increased  from  0.37  to
1.68  h−1 with  increasing  NO3

− concentration  (Eqs.  [1]  to  [3]),  as
shown  in Supplementary  Fig.  S21.  In  contrast  to  the  above  two
systems, Cl− would not significantly affect the degradation of CBZ in
the UV/Cl-aged MPs system (Supplementary Fig. S21d). This was due
to the ability of Cl− to promote the production of strongly oxidizing
species to enhance the rate of degradation reactions[51]. As shown in
Supplementary  Fig.  S21f,  HCO3

− reacted  with  ·OH  and  Cl·  to  form
less  reactive  CO3

·−,  H2O,  and  HCl  (as  shown  in  Eqs.  [13]  and  [14]),
thereby reducing the kobs to 0.10 h−1[52]. Similarly, humic acid signifi-
cantly  inhibits  the  degradation  of  CBZ  (Supplementary  Fig.  S22).
This  is  because  humic  acid  contains  a  variety  of  functional  groups
such as hydroxyl, carbonyl, and phenol groups, which can competi-
tively  consume  ·OH  and  Cl·  in  the  reaction  system[53].  Additionally,
acidic conditions had little effect on CBZ degradation, whereas alka-
line conditions markedly inhibited CBZ degradation.

Based on the above analysis, various environmental factors could
participate in the radical  reaction,  which subsequently affected the
degradation of  organic pollutants in different systems.  We summa-
rized  the  effects  of  environmental  factors  on  CBZ  degradation
in  different  systems  by  Pearson  correlation  analysis  using  anions
(NO3

−,  Cl−,  and HCO3
−)  as well  as kobs from humic acid experiments

as shown in Fig. 7. In the UV/PMS-aged MPs and UV/H2O2-aged MPs
systems,  NO3

− and  Cl− concentrations  were  positively  correlated
with  the kobs of  CBZ  degradation  (* p ≤ 0.05),  whereas  HCO 3

− and
humic acid concentrations were negatively correlated with the kobs

of  CBZ degradation (* p ≤ 0.05).  In  contrast,  in  the UV/Cl-aged MPs
system, only NO3

− concentration was positively correlated with CBZ
degradation kobs,  whereas  Cl−,  HCO3

−,  and  humic  acid  concentra-
tions  were  negatively  correlated  with  CBZ  degradation kobs.  In
summary, NO3

− promoted CBZ degradation in all the above UV-AOP
systems. The effect of Cl− on the degradation reaction depended on
the concentration of Cl− and the type of reaction system, and both
HCO3

− and  humic  acid  inhibited  CBZ  degradation.  Various  anions
and dissolved organic matter would affect the degradation of CBZ in
the system, and the effect of environmental factors on the degrada-
tion of pollutants depended on their participation in the process of
free radical generation and transformation[54,55].

NO−3 +hv→ ·NO2+O·−(O·−+H2O⇌ ·OH+OH−) (1)

NO−3 +H++hv→ ONOO−+H+⇌ ONOOH (2)

ONOOH⇌ ·NO2+ ·OH (3)

·OH+Cl−→ ClOH·− (4)

ClOH·−+H+→ Cl ·+H2O (5)

Cl ·+Cl−→ Cl·−2 (6)

 

Fig. 6  Toxicity of CBZ and its degradation intermediates obtained by the ECOSAR program (a),  (b)  UV/PMS system, (c),  (d)  UV/H2O2 system, and (e),  (f)
UV/Cl system. The intermediate labels correspond to the transformation products identified in the degradation pathways shown in Figs. 3–5.
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Cl ·+Cl·−2 → Cl2+Cl− (7)

Cl·−2 +Cl·−2 → Cl2+2Cl− (8)

HSO−5 +Cl−→ SO2−
4 +HClO (9)

Cl2+H2O⇌ H+Cl−+HClO (10)

HClO+ ·OH→ ClO ·+H2O (11)

Cl · /Cl·−2 /ClO · /HClO+CBZ→ Products (12)

HCO−3 + ·OH→ H2O+CO·−3 (13)

HCO−3 +SO·−4 → HSO−4 +CO·−3 (14)

 Conclusions

Herein,  the  interfacial  mechanism  between  aged  MPs  and  CBZ  in
UV/PMS, UV/H2O2,  and UV/Cl  systems,  and the effect of  aged PA MPs
on  the  degradation  properties  of  CBZ  in  different  UV-AOPs  were
investigated.  The  degradation  rates  and kobs of  CBZ  in  different  UV-
AOPs followed the sequence: UV/PMS > UV/H2O2 > UV/Cl > UV. Com-
bined  with  EPR  and  chemical  quenching  experiments,  it  was  found
that  ·OH,  SO4

·−,  and 1O2 played important  roles  in  the degradation of
CBZ in the UV/PMS system; ·OH and 1O2 were the main reactive oxygen
species for the degradation of CBZ in the UV/H2O2 system; and Cl·, ·OH,
and 1O2 contributed  to  the  degradation  of  CBZ  in  the  UV/Cl  system
to  different  degrees.  In  addition,  aged  MPs  mainly  increased  the
production  of  ·OH  and 1O2.  We  proposed  degradation  pathways  for
CBZ  in  different  systems  involving  hydroxylation,  oxidation,  and  ring
cleavage  reactions.  The  differences  in  degradation  pathways  in  dif-
ferent UV-AOPs were mainly in TPs 208, 151, and 241. The toxicity and
molecular  structure  analyses  of  the  intermediates  revealed  that  most
of  the  CBZ  degradation  intermediates  were  less  toxic  than  CBZ.  The

total toxicity of CBZ degradation intermediates in the presence of aged
MPs  depended  on  the  composition  and  content  of  the  products.
Furthermore,  various  anions  (NO3

−,  Cl−,  and  HCO3
−)  and  dissolved

organic  matter  (humic  acid)  could  all  influence  the  degradation  of
CBZ  in  the  system.  The  role  of  environmental  factors  in  pollutant
degradation  was  attributed  to  the  fact  that  they  would  participate
in  free  radical  generation  and  transformation  processes.  This  study
provides  a  theoretical  basis  for  elucidating  the  environmental
behaviors  of  MPs  and  PPCPs  during  the  treatment  of  wastewater  in
WWTPs.  As  only  PA  was  tested,  future  studies  will  systematically
compare  a  wider  range  of  MP  types.  Nevertheless,  the  present  study
was  conducted  under  controlled  laboratory  conditions,  and  the
behavior of aged MPs and associated EPFRs in complex natural waters
requires  further  verification.  Future  studies  should  evaluate  these
effects  under  environmentally  relevant  conditions  and  further  assess
the  fate,  toxicity,  and  ecological  risks  of  the  resulting  transformation
products.
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Fig. 7  Pearson correlation analysis of the effect of different concentrations of anions and humic acid (HA) on CBZ degradation. The red and blue colors
indicate  positive  and  negative  correlations,  respectively,  and  the  depth  of  the  color  indicates  the  strength  of  the  correlation.  * p ≤ 0.05  indicates  a
statistically significant correlation.
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