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Abstract

To investigate effective removal methods for biodegradable polylactic acid microplastics (PLA-
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MPs), this study constructed a graphitic carbon nitride composited manganese tetraoxide (Mns04/g-
C3N4) catalytic ozonation system and compared its degradation performance and surface property
changes with ozone (03) alone. The samples were systematically characterized after being treated
with different oxidation times (1, 3, 5, and 8 hours) using scanning electron microscopy, Fourier
transform infrared spectroscopy, zeta potential measurement, contact angle analysis, dissolved or-
ganic carbon determination, and three-dimensional fluorescence spectroscopy. The results showed
that Mn304-C3N4 significantly enhanced the degradation efficiency of O3, with a weight loss of PLA-
MPs reaching 18.685% after 8 h (compared to 13.075% for O3 alone). Catalytic oxidation caused
severe surface damage, increased the carbonyl index to 15.253, improved hydrophilicity (contact
angle decreased from 72.1° to 45.8°), and shifted the surface charge negatively (Zeta potential
changed from -25.523 mV to -38.833 mV). Leachate analysis reveals that this system not only pro-
duces a greater quantity of soluble organic matter (with a maximum DOC concentration of 24.847
mg/L), but also promotes the further oxidative transformation of the leached organics. The study
demonstrates that the Mns04/g-C3N4/0s3 system effectively cleaves PLA molecular chains and alters
its surface properties through hydroxyl radicals produced by catalytic ozonation, providing exper-
imental evidence for evaluating the environmental behavior of biodegradable microplastics in ad-
vanced oxidation processes.
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1. 5|8

] A= W) AR 28 kL (Biodegradable microplastics, BMPs), U1 FLER (Polylactic acid, PLA), BB AL
GUIBRHFMR B[ 1], (BE BRKEMPURY P NS, o 1B FE 28FE . FTIES,
FH PLA BERMER KT hHE I 180 d Rl B4 KAL) 7.3% [2], R H AT K DU BLE AARAF
FAE AR 2 48 S5 R AYEE NG R, 5IRE G135 GRS [3]-[5]. Btk K mal. nl# ¥ PLAMPs
LA B A EES L.

H AT PLA-MPs [ 2 EBRIBEEHE: (1) BV, 2R W LR S RER L, 1
HEREENZ[6]; (2) VIERARE (FRIE/UTVE), I SEITG JeWIARRERS, Tovk s i PEAIRGS B i fai [ 7] (3) FRph
RE(Ox) A, BAliFERIRENAIFINGTE ERE, BAEANEREES . 7R WIS =R 8],
B, I R A BRE O5 43 DA AR mE R R AR H 2R (cOH), A2FETHE PRRLRE A BRI [9]. 1E
ARZAEAF R, FRE(MnOx) R H B F 5 1) Mn?/Mn® /Mo Z NS4, a2k Os 20 #[10]. UE4F
K, ¥ MnsOq 54 S BB (e-CNHE &, AMLAEIIH] MnsO4 B, & WAL H 7454, PhERT
O; FIHZEYE B =K [11][12]. AW 7R MnsO04/g-C3Na i1l O3 7 RAE FEfRK R A LTS G477 T H
A RIFIERE[12], 5 H AR T AR 200 S FLIR M B PLA-MPs) 1) S8 AL B Rk e AL PE I BLA],
AR A IS AR PLA-MPs JC R ER A0 14 57 10788 48 S FOO I AEFR B AT A B2, v Z IR N 2

KT, AHFFLLL PLA-MPs AN, K51 MnsOu/g-CsNy AL O3 78 RIAAL iR R RE . it 2 4EfER
IEFB, 7R 78 fEd PLA-MPs RIJES . HReM. RITHA SEE KPS SRR ERAG T (18 AR R
1, BEEHLAENIEE, AU BMPs 7F MnsOs/g-C3Na AL Os SE AL FE o IR EEAT AR AR HE A% 3R
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2. RS EE
2.1. MRS

R FLIR 1k B Kl (Polylactic Acid Microplastics) ) H |7 AR RS2 MHEIE WAL AT . =TT (C3HeNsg, AR,
98%). PU/KAREL £i(MnO4S-4H,0, AR, 98%). AN (NaOH, AR, 98%)~ FhEZ(HCI, AR, 98%). JL/K L1
(C2HsOH, AR, 98%)%5 i3 [ - igF bz T AL RIS A IR A 5 SE36 A R4tk .

K HALHIE Frik X2 41 FlexSEM 1000 B4 3 B 1 2 A Bt R I SEEA T WL, R FH 388k 6 R R
$ /A7 ESCALAB 250Xi 8 X 528t H T-B8 (X (Thermo Scientific)i#E 4T 2 1 7T R 4L S 1L - M S FALE,
K FEBR KA /RBHE A R Nicolet iS50 2 LA 462 21 41 3% {X (Thermo Fisher Scientific) 1T B e 4145
R AT, R B SurPASS 3 B[ Zeta HLAT 23 BT G AT 1T LT 20 AT, R FH 7R A2 5 S B AT LA W1
WA RA T TY-82C 3z fb A A M SR B M . SR H AL F-7100 59640 Y66 B /g H R
P RERFAE HEAT 3 BT -

2.2. Mn;04-CN &7 8951

KA ILUE - BBeiZiA B MnsOa/g-CaNy AT . B 26, W = RELTE 550 Ca A5G0 PR 4
h, 173 g-CsNso ¥4 0.3 g g-CsNy 08U T 4% - FKIRE W, AN 0.5 g MnSO4-4H,0. fEFRFEAHE T, 2218
50 0.2 mol/L NaOH ¥ % Ph> 10, 30°C NN 3he FRfUTIELVEl. TG, T 500°CHEE 2h, Bt
B Ji5 RIS Mn3O4/g-C3Nau fiE4E 7137,

2.3. EURASILKE

A SR TE =R T . I AR AR A K BN O3 il MR i S (R FE L) 40 mg/L). 5K
R EREEWME 1R, T 1L RMNEEFIA 2.0 g PLA-MPs [14]. 0.02 g Mn3O4/g-CsNg HEALFI[15]
500 mL 7K, HEAEEUYSEFR .. T, MR RFRSEEAN B Os Sk, i AL A]
AN 1. 3. 5. 8he MNEH)E, SLRIRH 0.45 pm K RIEMHIE, FHE S 20 30 min SEHLE W &5 .
FHFE S B ALK R Z bk 3 IRULEBRRINR A MR, MEET 45 CHRAP TEBEE, KXiridh
M1, M3, M5. MS8; AHIER LR S5 T DOC WlsE, KM AR 11 (TOC-L CPH, Shimadzu)i#
7T, BEAFERPATIE 3 Ik, BCPEMEME N RA S R AT IR e iR, 128 MO,

— N

BB o Moy, CNVOSFASRH

Ha E e i

Figure 1. Schematic diagram of the experimental setup
B 1. snEE
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2.4. BEfhAMIRATIE

PLA-MPs #F 3  (EEER T TY-82C R4 £y U B AR GRAE S BB LRI e 2 A PR A W), T )
BEATRAL o 1ZAXES R I 223200 R ] R R T 5 V00T < 1A RO Ay 38 R R B [ A RORE sy
it IR AE e AL AE PR S (1 PLA-MPs B 5t 28 1R A B, 35950 H fhi) R AR X 138 (0 [ A o
I E TACEFE A & B PLARTRACYINRBA, 8 BERE SRR fh R TR IR - AR Ik B RE 2
WA R, REBERMI B G, FE LS 2 M B S SRR, TSR SR I E S R A

3. ZBRE5 2
3.1. RESH

PLA-MPs 7E Mn;04-CN/Os 1A 2 i R B G Bl dn 1] 2 i o Bl S LIS T A 1 h SEK % 8 h, PLA-MPs
()RR R RF RN . TP TR R E R 1 h B 5.2% 53 LTS 8 h I 18.685%, KU ZMALAE
1Ak 5% PLA-MPs B #7428 H s AU B RS 71 55— O3 8 AL 4H.(8 h R 2N 13.075%) 4 L, MnsOu/g-
C3Ny 5] AN AR RCRIRTE T4 1.4 £% o X VHE T Mn3Oa/g-CaNy H A AL Mn2t/Mn3* 2 4 25451,
FORTE 8Os P sS4 Os 70, PTREF= A K FRHE H 2R («OH)SE st A L A 12] 0 X LE R IR R
(11-OH Re LRI PLA 4155 o (I EREEE(-COO-) KR 5 B, 51K EREWIRL 70 T E RIS, &4 T8 PLA-
MPs PLATIE /N T P2 AT CO, Z5 I 05 R i [ 161

2) 0.40 (b)22
@ |:|$403 7} 20 F :lﬁ' "0y
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Figure 2. Weight loss of PLA-MPs under different oxidation systems and durations ((a) weight loss, (b) weight
loss rate), data are presented as the mean + standard deviation (SD) of three parallel measurements (n = 3)

[E 2. PLA-MPs REEUAFERZRRETHAERR(QXREE, OXEFE), BFEUFHIE + FEERT
(mean = SD, n = 3)

3.2. SX{ERJS PLA-MPs BYF=AE

3.2.1. SEM 43#f

FIH SEM MEEA [F AN (] ) PLA-MPs #ih, A7 LGOI R FE #8578 MnsO4/g-CsNg fEAL O3 XS
PLA-MPs R HESEMITFE, 45815 3 Fron. Bl 3(a)~(b)RAMFE M PLA-MPs KIJ6Ig- PR, 4%
TE, TP BRI AR ORI, R SR B S RDIN TS . A2, MnsOu/g-CsNg fEfL O 1 R
% PLA-MPs (R TH R E B E58 T 38— Ok R, EAA/EA 1 h (8 3(g)), PLA-MPs K& H B &
(AR TR BE AN S, W] MinsOa/g-CaNy M A= A2 FTE M S Rl O T U6 R4 T PLA-MPs KiHl, %A
MBI S 3 A R Bl e SEAAERT 3 h (B 3(h)), REVRIRFEEEINRI, A1a6 By Oy B B 1R
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bi, WORSWT RIFA HIER, TRRIAEREH, RN R AREAE, HBZRRVERLR . AfE
A sh (& 3()i, PLA-MPs RIESUARAETTAS, UK IR 45 K355 R e (R4, BR iy
IR &5 X AR, R WAL T MR T R U PN PR AR 25 M IR S AKAE T 8 h (F 3())), PLA-
MPs FITOW S5 A I - 56 4 FUAR T OR S AS KU i AR AL 22 LA B AR [17] 0 IX A BRI 22 FLAS MR
RHSEIN T PLA-MPs FILLERTAN, B T A5 528k, AMCER T EMAIRIRZEE, WBER s
SAEYE AR NG TN S

Figure 3. SEM images of PLA-MPs under different oxidation systems and treatment times ((a,
b) original unaged samples; (c~f) single O3 system (1, 3, 5, 8 h); (g~j) Mn304/g-C3N4/O3 sys-
tem (1, 3, 5, 8 h))

3. PLA-MPs RRIE AR R ATE TH) SEM Bl((a, b)RIAERZN; (~NBE— O h R
(1v 3+ 5. 8h); (g~j) Mn304/g-CsN4/O3 K F& (1. 3. 5. 8h))

3.2.2. FTIR S fl —4EME LB i

FTIR it Bt S ik 7 R [A AR 22 T PLA-MPs R GE B S AR 2 . a0 18] 4 Fios, 7E Mn3Oa/g-
CsNy 1AL Os TR R, Bl EULI T K, PLA-MPs 7E 3498 co ! 4b ) O-H {8 45415 1) 16 i 5 2 1 v,
HUETEAR 58, X R AT T 7= T KE R R R KRR . A, 1756 cm™! AL FESE C=0
PRBNVEREFE A WEE, (AL T BRI, W RE R84 T BRI R 1R A &
H— O3 FALAHEL, Mn3O4/g-CsNy fiEAL O3 14 RAEAH R EALET [F] A 15 S AE T B35 & B Re .
1 fR, JREGAREZ PLA-MPs ) CL{E N 6.01, %4k 8 h 5, H— OsFEMIIBETRE(C) N 9.27, 1
Mn3O04/g-CsNy A O3 FE i (1) CTE =175 15.25, FRJGH/E PLA-MPs K1l RF 7 H 2 10 B RIRE
RIELEPI[18],
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Figure 4. FTIR spectra of PLA-MPs under different oxidation systems and treatment times ((a) Single O3, (b)
Mn304/g-C3N4/O3 catalytic system)

4. PLA-MPs A RS AR RATE A FTIR El((a)8— O3, (b) Mn304/g-CaN4/O3 LK FR)

Table 1. CI values of PLA-MPs at different oxidation times
# 1. PLA-MPs R[EI & /Lt E TH) CI &

PLA-MPs AR [A] CI
R AR AL 0h 6.01
H— 03 lh 6.22
H— 03 3h 7.76
H— 03 5h 8.11
H— 03 8h 9.27
Mn/O3 1h 7.470
Mn/O3 3h 7.965
Mn/O3 5h 8.400
Mn/O3 8h 15.253
@ 4000 6.500 8.250
3600 4875 6.188
3200 3250 4.125
:2800 1.625 2.063
" 2400
5 0.000 0.000
M 2000
ES -1.625 -2.063
1600
~3.250 4.125
1200
800 S sm— e oI, 4875 -6.188
460 | =Ea | 6500 -8.250
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Figure 5. Two-dimensional asynchronous correlation infrared spectra of PLA-MPs under different oxidation sys-
tems ((a) Single O3, (b) Mn304/g-C3N4/O3 catalytic system)
5. PLA-MPs NEIEWAF RN YR LRXAINE (B — 03, (b) Mns04/g-CsNo/Os ML IF F)

RN 7R S HLEE, FIH 2D-COS %f FTIR Fda 3t 47 /04 ( 5). FbikiEoR, O-H JER G iEAr
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3.2.3. Zeta B34

Zeta AL AT R (K] 6), 4 Mn3O4/g-CsNu AL O3 %84k J5, PLA-MPs SR [HI 71 HL P RF LG58 19], Zeta
HLAZM—18.34 mV (JREG R ZA) 1152 £-38.833 mV (8 h). X EEIHRHFE bR r=4 1 K ERESR
PES AT R RIE KA R A H S, (R % K. 58— O %4k 8 h /& Zeta HLA7H-33.99 mV
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Figure 6. Zeta potential of PLA-MPs under different oxidation systems and treatment times ((a) Single Os, (b)
Mn304/g-C3N4/O3 catalytic system), data are presented as the mean + standard deviation (SD) of three parallel
measurements (n = 3)

6. PLA-MPs FEIE LA R RAHE TH Zeta El((a)8— O3, (b) Mn:O4/g-CsNa/Os HELIER), HIRFEY
& + tRHEERR(mean + SD, n=13)

3.2.4. ERRA ST

Figure 7. Contact angle of PLA-MPs under different oxidation systems and treatment times ((a) pristine without
aging; (b~e) single O3 system (1, 3, 5, 8 h); (f~i) Mn304/g-C3N4/O3 system (1, 3, 5, 8 h))

& 7. PLA-MPs NEISELERKATE TRIEMA((QRIEREWN; (b~e)B— O3 R, 3. 5. 8 h); (f+)
Mn304/g-C3No/O3 -2 (1, 3. 5. 8h))
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b A AR R (1] 7) 878, Mn3Os/g-CaNa flEAL O3 1 R PLA-MPs [f1H2 fil 1 [t S AL (] ZE 4 AN 83.6°
(O h)RFEE R P& A 45.8° (8 h), RIARMSEAKME B FEM IR, XA b 2 R A2 4 a5 W B30 W [R) 4 FH 1)
GER. — 51, KENKMESE TR (IN-COOH, -OH)KI 5| N5s 1 Rtttk % — 77, SEM WELs|
(177 B AR T AN 22 FLES M I OR T SR TITMLRE S, AR T /K BB EAE g . XL R I, H— O; &k 8h
JEHEAbAR R 56.4°, T HEACEAIE R 45.8°, #E—BHIEBH MnsOu/g-CsNu {4 O3 75 &% PLA-MPs i
(SR 7K M SO R T o S 2

3.3. SLIEARE PLA-MPs REEPREHES

3.3.1.DOC RETL

WKl 8 Fin, PLA-MPs 32 H F1 1 DOC ¥R ERE Mn3O4/g-CsNy {4k O3 S AL ) e i fe 4 7,
MEAL 1h 1] 16.499 mg/L HEK % 8 h ) 24.847 mg/L. XE WAL EAL T FERF S8 PLA K9 THERI L,
ARRIR . B BRSE RTINS TN IR KA [20]. 580 Os R R A EL, FEA R SALIE R,
Mn304/g-CsNy 4K, O3 74 22 ¥ DOC Y FEAR 24 T = (1 4n 8 h I, Bl O3 2 16.210 mg/L, AL 5 24.847
mg/L). XA T Mn3Os/g-C3Ny #EAL G BUEA Os 43 77 AT 2 32k H H JR S5 EY Rl Nos 7 X% PLA
S FEEM B, 5 ECE R R TR AN TR 2RI A . TR SE A(5~8 h), DOC $ T R i# 2%,
Al et 5 AL 7 I FE 58 B S AN F P — D AR DR [21.

@ (b) 30
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16 | 25k
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Figure 8. DOC concentration in PLA-MPs leachate under different oxidation systems and durations ((a) Single O3,
(b) Mn304/g-C3N4/O; catalytic system), data are presented as the mean + standard deviation (SD) of three parallel
measurements (n = 3)

[ 8. PLA-MPs FEI LK Z R ATE TR H &R DOC MKE ((a)82— O3, (b) Mn304/g-CsNu/Os ALK R), #
BUAFEYE + FREERTR(mean + SD, n=3)

3.3.2. FTIR i34

IR TS I A #E4T FTIR 2087 ( 9), T UL KM A U B B 554 . BT
A HF AR 7E~3290 cm! BRUE Y I TE A6 K] O-H 4IRS I, 7E~1630 e BT Hi B C=0 {45 k3N UK
W, AREJE T HRIR. BRI KRR BIE22]. MBI M 1 h BKZE 8 h, XFHARHFIE
(I TR, R IZ R B RS RURIE (/N o A WU LR« 0 BRI ) IR BE AR T . 5
gk O3 1 RIZ I LLAME EIFEL , MinsOu/g-CaNy (i Ak O5 78 R AEH RIS TR R, FLARAE I f1 i 3 o
58, JUHAE~1630 cm ! AbRIBRILIWE SR, BE - AIF ST AR R A T KR B R AL KA R
B2
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Figure 9. FTIR spectra of dried leachates from PLA-MPs under different oxidation systems and durations ((a) Single
03, (b) Mn304/g-C3N4/O3 catalytic system)
[ 9. PLA-MPs T RIE LA R KA E] TR HIiRAV SN EIEE(a) B— 03, (b) Mn304/g-C3Na/Os HEL K )
3.3.3. REB=HWILED T
1] 10 B, B O3 EALIE (01 h 2 Oy/8 NSDEAHERILI N “S KA T Fl “fse /g

T AR AT h), BOEIEE T T XV (Ex/Em 430/280 nm), J& TR, £ O,
Brai a7 SR 2R 055 B MK LR B . B B AL R ZE K 25 3~5 h, 5 1 8 B R U4k 55
XIRI (SRR 2R ) FH X IRIIT (G5 FEIR) IS5 28 0, B BH R 70 T 0 v Bl PR A R A i B T R IR /N -0 &
Sh i, Frf XTGBT RS, RN T4 GBI IR A 20 10[23].
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Figure 10. Three-dimensional excitation-emission matrix (EEM) fluorescence spectra of PLA-MPs leachate under dif-

ferent oxidation systems and treatment times ((a~d) Single O3 system; (e~h) Mn304/g-C3N4 catalytic O3 system)
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