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oy KR ZHUEYAL, (HARRESE & LBRimiE % LY
B, Hoos il O Se R (N SR Mt e . SRR
MR 2, Bl S LA o At WIS G ) &%
TR MERPE . Digka VM BH H0, B
(1:20, W1V, 30%5)TH it 5 N i (polypropylene,
PP). PET FZR 4 & % (polyvinylchloride, PVC), 3k
g R, EH AR ) A 20 7 24 T A 0R
1%, RO I B v R R A, R BRI A A 2
Sea FER MO FE AR AT A BRI R O i
IR . AT 45 50 RE R AL BRI R, X RE 8
TF, IFEAR AR R, & H R
AR, TR 10% KOH s
W, TSR ATE ARG VIS AL R G, 4 Fhb T i
BT ISORS 2% BE AT . A0 RGBS A, AT
A R0 /D (98.3+0. 1) % kE i JE 5T, I 3R A5 & [ml i
KW Karlsson %200 F 2 (H s K /047 2E Wb
TR RHE, SRURL AR BHSCR S 97%, HAR K
A BEAR, ANSENA S 22 PEIE . 25 BRI, SRS
[ RTANEE 7 %6, REA Bh T R 8RR e B a4
(T RY, X6 HER 20 BT A AR PN B S RS e 1
EEZEM.
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JE A7 e pmic, ETHECE infa s EEE, &) Tl
A3 b Y 2 B OB R I, S
SBE LSO (4 R E 4 . Wang 25T B ST
PP. PET. X% & X &) (low density polyethylene,
LDPE)%F 7 ARl b7 s (o, 15 20 & 3R
355~425 nm F1 460~500 nm & P 105 Fp e
JeEMG, RIGERLE G AL GOt BN 25, 5
XA A1 R SR 40 42 % 0] . Giardino %EP01%
P2 JE B 41 e 0 B AR T E 365 nm JRESTR, I A

QTR TR, BRHERG . DU (R 10 /A1)
AbFR, H w22 0 B 2 8% A A o AT SR I e A8 BL
LEAMGTEAL B E R, (o P O R o e e o o
(¥ IR TT 35 90% LA 17, 33 Ui Al FH 2 Y e
FrRid R —Fh B AT s EAR . (Hl T
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LG % i A BRAR A A BF 9 H) A A 4

JEHR A WA (Ruditapes philippinarum) 2 —
SR ) E TR AR DS, 2 A L I AL 5E 2R OK
P B, A B 1 SRR D7 S T
1 61.28%F1 8.61%*, I HA )12 HHAT [
ARG R, RHHORRA RS S S RE T, AR
TR DL e i) BB R Az — PO A
WFFE ASE R B 47 s D9 SE B ke, PP PET, R
Z i (polystyrene, PS)HI LDPE ki A r i) i,
DL 10% KOH % FIEE 1 i K ¥ iO0T A T 1 iy
HAFATIHME, XF B PR 22 A0 B8 5 1) 31 i 2
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1 #MEEFE

1.1 #FR5iRF

A 5E B AR A A MG R T (7.91£1.82) g,
Wre K (33.73+4.97) mm, 435K THi T4 R
DT I e 8 T RSB | S A B I AN K H el
TR, DR m R AR MR WL s
MR HAEEE, A A E4ET, 20 CTH R, T
FHMOR AR E S PP PET. PS. LDPE 43514 [
JBSRS: FlR (_E ¥ ) 52 2 A RS Rl R4S 3~5 mm, H
Hi: PP, (4.37+0.13) mm; PS, (4.00+0.11) mm; PET,
(2.78+0.08) mm; LDPE, (4.23+0.17) mm] I &R 3E T
T84 R R FR 2N B [R4E 400~600 pm, HiH: PP,
(553.76£73.53) um; PS, (526.20+£92.54) pm; PET,
(544.11+£78.85) um; LDPE, (560.59+63.52) um],
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(SDS)IWy A [ 245 4E A 1k 243050 A BR A /)5 Sl Ak B
(ZnClL) M B PGP L # e A PR 7] R [ W
L B TIRAFIA RA A P 25 (= 98.0%,
HPLCO)W [ -1 247 s A AL B A BR A
1.2 EWHE
1.2 #HRE&E WA IR =4 G e = R
TR 1 h, HC IR R B K MuE T
BIRiESy: PP. PET. PS #l LDPE 5 1K b
PE 3 WK, WA 30 CHUR T
1.2.2 HBHARHHE

(1) FE SRS AEROCR LS . FEHLPRE 2~4 NHERR
AT G, NS AR U AN AR 4y, BT
TRA 5], FREL(1.05+0.07) g KE5HE T 150 mL 4
e, FBT RIS MRS TR,
A 30 mL 10% KOH &, &, A
30mL ZETK, A 90 L HHAM K B
(20 pg/mL), FIFRGEE T, #7510 min JFHUE, &
T SYC-B fH IR 7 15246 (50 'C . 150 rpm)H1iH
fife 4 h. 16 h 1 24 ho BEFh 5 58 AN 7] 1 i et 21
S E 3 AFAT A 2 AT I AR AL BE G 2 LT
R T T Aol P s o 2 ok i 2 e s 2 4
JENE(GF/A, fLA2 1.6 um, HA£25 mm) b, 2=
BT KA w8 T B B B B PR A L
A 50 C AR AE gk 200 S PRSI S,
AR fTERs Mgt fd, U
HELE 2 T AR VS B R AT 10 s O T g
PR, 0l DRI S, AR Q)M R
JEEE

(2) BRL RIS ZE AR G AG I . AR E(1.05+
0.06) g KT AT AHEIEHE, 2 51ashn 4
FhEBRIFRE S (4 B 3~5 mm KiARH 20 i 400~
600 um K i), ¥ 1.2.2 k(DT M. FrahiE
J& BRI E T 50 CHEFRHET, B oK s e
T 50 mL ¥EEELEAH, IIA 10 mL ZnCl,
(p>1.50 g/mL), Fifk FEA 3 min, HH FER,
HE 3K IEEFTA FIH W 4000 r/min &0 5 min
JE FRAMIE, DhRBRARIEM b A . ot
FOUS L YE BHE T2 A SRR & b Ak AR A . PR
Nikon Ti-U f8] & 250 o s 2= AR, AN
fif il YERHEURL A SN AR Ak, FF T A R il

1 Nicolet is5 & B AR 21 SR s AGEHL 500~
4000/cm JEL 3 CHRME
1.2.3 HBARMA  REEFN SR
b, JrEE—, i 10% KOH A% 4 h, T
] S%ER BRI pH bk, k=, fiff
FHEE I K %R 16 h, A IINA 10 mL
5% SDS ¥k, FRHEA 30 min, 43S 19T IR TR
[ 1.2.2 2BRQ2), " TAT 3 M 2 D25 PO,
FEHMACE . IR SR RNSCR N4 A i
Ak
124 FEEEFHREREN KGIEEESBE L
W23 M SRR, B 3 AT 2 DA H
X HR e AR TS N 10 pg/mL B B AR R EE
SEAVRE, T 30 min, A& AR AT

W A 8 IS ) R B R TR O B
(B & U8GF 465~495 nm, 4365 DM 505, Wik
JESEH BA 515~595 nm, K&6)F, U“Z2E#H
LI IR, SRS A — IR ) e 38
TEIEAT B WA

FFH Renishaw InVia Reflex FEER £ B i S
HiEAL (785 nm & IEIEIE, 1200 I/mm SEill, B2
JEEFTE] 10 s, BRI 3K), i 50 B, &
HEGE A 5 min J5 R 200~3000/cm 1458 BE{H
25 PRSI SR IR T 0 L R A A3 I
AL TR, 5 SR bR o PR 4 R 06 AT EAT A,
PIVEHL 4 A B UL 1 Rp ARG ok 5 P 0 A 4 o
1.2.5 REEH AL 1.6 pm JILT
Heug it vk, BE A BB L5 AT
)T HE . #RILPBA B ORI, AR T
Kbe 3 W, BETIEMEH, MO R
DIV R B BT 175 G o SE 50 3 A b 2 5 A B
K, AT T, TR 45 5250 0 8] 51 /Y
e, FRH AR E 2 s AXTE, LIS
T ST 6 2o e 4 7 A 1O
1.3 #HiEaE

FER AT IS A ACRIE AR ()P .

TH AR RCR (%) =[1-(M1—Mo)/M]x100% (1)
Kb, My R I TR BRI BT, g5 Mo Mg
RGBT, gy M WG AR AU &, g

AR T8 B R, # IR 50) P Yo
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BE IR (%) =(N/M)x 100% ®)
A, NS BT IR IR (IR ), M ORI AR R
LB ().

SRR} 11 T 4 AR A5 T ik 1T S SRR R Y £

ARG A,
[T (%) =(No/ N1 )* 100% (3)

K, No PG LA R (1), My
SRR it S B S B AR ()
14 St

B LLF- B {8 + 5 it 25 (x+SD) R, ¥
B R UL BB/ g(MR )RR o R SPSS

26.0 FRAFHEAT L K 7 2250 T (one-way ANOVA),
FEXF A A 4 84 2 B Tukey’s £ HL A 56,
DL P<0.05 F/nEE 22 55 3, P<0.01 FonEdh 2
Wz %, f# T Origin 2018 HEAT4 &, #6GHR A
i FH Image J Geit43#7 .

2 HRESH

21 HBARWE

211 AREEBAXIERETIRAEBUE L
9 b PR IO SR SRR IS AT IR A B A A W BE,
JE CHE, ZOBRTE T R EEA T AL B, L Ak
RAIEBRILE 1,

x1 AREBARDPEERETRHRNERER., HRUERRERE
Tab. 1 Basic information, digestion efficiency and membrane obstruction rate of Ruditapes
philippinarum analyzed by different digestion schemes

x+SD
TH F VS TR W B 1/ FEALTE AT MR FE S 3L AE B basic information of Ruditapes philippinarum HE) 2 &) E IR /%
digestion dicestion fi — - - digestion membrane
solution ~'EeSton time 7t 1</mmshell length 5 /gwet weight FEA sample size efficiency  obstruction rate
10% KOH 4 31.08+4.21 5.47+1.82 10 99.46+0.49%* 126.17+53.30
et gia 16 33.46+5.33 6.27+2.21 10 95.52+0.62%° 171.31+76.17
24 34.90+2.95 6.90+1.74 10 96.46+0.25% 191.00+2.24
HEHM K 4 35.37+2.75 7.47+1.65 10 99.37+0.12°  172.86+9.51*
Protease K 16 32.52+2.99 5.54+1.51 10 99.66+0.08"  98.79+3.24%"
24 33.61+3.29 6.65+2.08 10 99.65+0.06"  93.48+7.90%"

TE: B bR K S R 2 7R R [R] A BT YA {8 (1) 22 9 A 0 38 (P<0.01), /NG 7 RE T 6 7 RS ) Ak L SF- 149 £ (1] 2% 57 W) &2 (P<0.05). i SR 45
iR S (Eh e AL Z e ST S (ORISR0 NITINNREP 3y & iz i

Note: The superscript capital letters showed extremely significant differences among the average values of different treatments (P<0.01),
while lowercase letters showed significant differences among the average values of different treatments (P<0.05). The numbers in black refer

to the best digestion time, digestion efficiency and membrane obstruction rate in each resolution scheme.

1A, 7650 C, 10% KOH Itk & F,
3 2 Ah B ) T il ASCRAE AR S8 3 22 5 (P<0.01) LU
4 h AR R R, }(99.46£0.49)%, M=
H(126.17453.30)%. HIK Ky 24 h 4, THMRCRH
(96.46£0.25)%, HEMEFE N (191.00£2.24)%. 16 h 41
TH ARG Ol 22, TH MR TN EE B3 53 1) O (95.52+
0.62)%H1(171.31+76.17)%.

1650 C, AN K HMAERT, 3 443
T R BCRAFTE 3 22 5 (P<0.05), Hrb 16 h 401
-S4 T A R S, N (99.66+0.08)%, Hik h
24 h 4119(99.65+0.06)%, 4 h 4 IHMARRE2ZE, N
(99.37+0.12)%., WLELTH I W AT K 81, 4 h I
VWO AEAE PR AT UL g /N BORE L ZURE i, R BUE

M B, S (172.8629.51)%, AL (35 %
4351 °M (98.79+3.24)%11(93.48+7.90)%, 45-4b HH £
Z A AER i 2 22 7 (P<0.01),

it — 2RSS I G 7 A () S B, A T
Tras N BRI 8 AHTH RIS Zeta HLOZ, LIS
TSR E M HEL 1 ATA, R 10% KOH I
1Y 3 41, Zeta LA ZE—5~5 mV JG N, 4aXHE 5
25 A IR, Ul B R B URL Y L DK I Bl i H:
0%, JLT-Fidn Wiz gl B HAh s s — A E
o AR U KT A 3 W BORL A £ L, Zeta
H A7 48 XH(E R s BN 02 4 h 4H(-24.22 mV) .
24 h#1(-19.57 mV)H1 16 h4(-12.60 mV), ¥ KT
2 HMH . X ] RE L BE A K RN R, R R
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Fig. 1 Zeta potential values of each resolution scheme
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(P>0.05), 4181 10% KOH ¥ I f# I, 3~5 mm
LA B SRR URL [FTIRCR A 91.7%~100% (4 h 4=
16 h ZH=24 h #1), 400~600 pm KL% [FERA T
80%~88.3%=Z [H](4 h Z1>16 h 41>24 h 4H). 47l fik
VR E A KO, BISCR B 91.7%~

PP 3PS CHPET JLDPE
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T T T T T
g 80 T s L
5
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<]
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5 4o
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B2 ASTRITE it 7 2O A [RDRLAR TR A [RS8 1 52 i)
a (3—5 mm R RLBURL) . b (400-600 pm K2 SRHBUR ) A 10% KOH A R ¢ (3—5 mm B2 SRHBURL) . d (400-600 pm KL
TR EBRHEURD) B B K TR AR R . 00045 41 IE) G 0 35 1 22 5 (P>0.05).
Fig. 2 Influence of different digestion methods on the recovery rate of microplastics with different particle sizes
a (3—5 mm particle size plastic particles), b [(400—600) pum particle size plastic particles] for 10% KOH digestion system; ¢ (3—5 mm
particle size plastic particles), d [(400-600) um particle size plastic particles)] for protease K digestion system. There was no
significant difference among all groups (P>0.05).
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100% (4 h 41=16 h 41>24 h 4)F1 81.7%~86.7%  SRIEURI LT AN GG . WEI PRI &8, 2 A [H
(4hZ>16 h >4 hdl). — T, SEEEFXHmIE  AAF M RHEORL, H 2 RRF e S A ], 0
J& B TS LT AE DR AT B s, IS YRR, R L W B RN 1A T A T T s A A
3~5 mm Fif2HY PS. PET Ml LDPE fA7E 9 IEARRH 225 . PP k4t 10% KOH & 11§ K JHf# 24 h
PSS, $3 KOH-4 h, KOH-16h, KOH-24h  J5, 7E 1700~1300/cm 4bHi AL T41& . PS i
A AN K-24 h X 4 HH B bRk, 5— Rigliy KOH-16 h F1 KOH-24 h, 698/cm Fil 756/cm
D5, PR R T B2 dh g DL D ik s ], R AR IS IR B =C—H AN iR, SRE U
PSRRI 2 T 3 B AR T, 1 R A Wk AR, ERS A IR AL, AR B e B R A
EDR, 15 /NRIAE400~600 pm) iy [EISCRISAE T K-24 ho 2480 6 4L 7 4% 5 1Y PET ik,
FRiAR(3~5 mm), X5 HAMHFTELERAFATT, 7E 1105/cm Fl 1230/cm 4bHY) C—O—C (4R 50,
iAo MT, I 10% KOH SN A% 4 h FIER IR SREEIHSS. 17 LDPE FURIAE 1470~1850/cm 324
K JHf# 16 h AbER, SRR i) R = FH A W X PTRESZ RS RIS BE | v AR
SR B, SR I R AR, TR
213 AREMBARATHRERPETL KW 3 gf, A&+, L 10% KOH, 50 C,
SETE R DA T (ATR) M B, M RT/E R 4 h FIEFE K, 50 °C, 16 h {HMIRICR et

a b : :
& g ! !
E g ! !
E |
S = | )
H ¥ i T
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" i L L S w .
S WM L2920 ﬂ!‘ 698
2960 T 2018, g, 1378 . . ! . . e
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c ; d : |
) | P 0 e e
p= ' Y
g S — Ya Y T \"/Ir I 7*“4r” —
: T S u ;
1\% ; RN r W Y
171‘5 WZS. . 915%850. . M i470 ) '
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¥ /cm™ wave number %/cm™ wave number
—— XT/BZH Control ——KOH-4h ——KOH-16 h —— KOH-24h
—— FEHiK-4 h Protease K-4 h ZE H##K-16 h Protease K-16 h B H#K-24 h Protease K-24 h

3 AR 7= O RBORL A LA 5]
a. PP; b. PS; c. PET; d. LDPE. MR (i 3k ] A Rl BURHBURIZL AN il b (9 32 BERHE OB, RS AR OB AR s
Fig. 3 Infrared spectra of microplastic particles under different digestion methods
a. PP; b. PS; c. PET; d. LDPE. The black arrows point to the main characteristic absorption peaks in the infrared spectra of different
plastic particles, and the values indicated after that represent the positions of the absorption peak

22 MRUFTRHEE 16 h MEE, FEHEEAT A 400 I M AR RE A 3
i 10% KOH, 50 ‘C,4h FIEMAEIK, 50 'C,  99%, {H 1 B FEHE, 5 50 o 460 08 s 1 155 1.,
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Ay it R 3K — ] 8, 3 P e 9 AR AT AR
fbo SEEGEE SRR, S Ib b B R 4 J7 5845 T
FEhr R, 7RISR MACR AR, SR 5%
TR, PIFRARIY 4 FPbRAE S IR AT I 2] 85%
Ph b, BN KA Zeta A ETEL30 440 30
P, VA R R (e 2), IR LA S AR,
MLLAMGIEEITCH B 22 5 (B 4) . 28 1, KW
Dol 5 ks F AR S OB R R SR . R, B

TE R S K 10% KOH, 50 °C, 4 h, 5%
MR OM Y pH MIER HBE K, 50 °C, 16 h, A
SDS F-IH 75 30 min,
2.3 JEEETPERAEN

R T 5 5 PO B 25 A A R,
o7 FH 430 B 2 Sl i ol R e SR A W B 2 i Sk
THE, 25 kB, TER AR K Lk mugme L,
WREE B VF AR PR LT A5 A (B 5) 3K AT BE 2 FH

F2 RUEHBARWHEBRE, BERE, Zeta BAEFMEKE
Tab. 2 Digestion efficiency, membrane obstruction rate, Zeta potential values and
recovery rate analyzed by optimized digestion schemes

n=20; x£SD
. AR AT IR AL EEAF B A \ LA/ /Y
U MR E[aEs ‘ i I R T AR W% Zeta HLfE/ B 2/ % 5] e /%
TH AR .. basic information of Ruditapes philippinarum ~ . . membrane recovery rate
. . . digestion digestion mV .
digestion solution . - A . . obstruction
time 24 /mm shell length JE /g wet weight  efficiency ¢ potential rate 3-5mm  400-600 um
10% KOH 4 31.39+4.15 5.69+£2.51 99.80+£0.06 —1.67£0.94 95.78+6.51 97.92+3.61 89.58+4.14
FE M K protease K 16 34.91+3.20 7.19+£1.88 99.97+0.02 —37.33+4.80 94.37+9.85 97.92+3.61 87.08+2.69
|
,_._,,T‘, N g )l‘n‘r

——

—

PS-ZE H#K 16 h PS-Protease K 16 h
PS-KOH 4 h

PS-%it 4 PS-Control
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Infrared spectra of microplastic particles under optimized digestion methods
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Abstract: Microplastics are widely present in the atmosphere, soil, and water and can be transferred, enriched, and
bioaccumulated through the food chain. The choice of digestion solution depends on test sample characteristics
and the digestion time varies from a few hours to several days, which may have detrimental effects on the original
plastic by causing dissolution, fracture, and degradation, thereby potentially interfering with experimental data.
Each existing detection technology has its advantages and limitations. To establish an efficient pre-separation
treatment scheme for shellfish microplastics based on fluorescence staining technology, this study focused on the
Manila clam (Ruditapes philippinarum) because they are one of the main indicators of microplastic pollution in
shellfish in China. We investigated digestion efficiency, membrane obstruction rate, microplastic recovery rate, as
well as changes in the infrared spectrum under two digestion systems: 10% potassium hydroxide (KOH) and
protease K. Digestion conditions were determined and optimized accordingly. Furthermore, we combined the
optimization scheme with Nile red fluorescence staining to validate the unknown fluorescent particles using a
confocal micro-Raman spectrometer to confirm the applicability of the proposed scheme. The results showed that
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under a 10% KOH digestion system, there was an extremely significant difference in digestion efficiency among
the three groups (P<0.01). The highest digestion efficiency was observed in the 4-h group at (99.46+0.49)% with a
blocking rate of (126.17+53.30)%. For the protease K digestion system, a significant difference was observed
among the three groups (P<0.05), with the average digestion efficiency being highest in the 16-h group at
(99.66+0.08)%. No statistically significant differences were observed in recovery rates of standard microplastic
particles among the experimental groups (P>0.05). The major characteristic peaks observed between the
experimental and quality control groups were consistent; however, differences existed in peak intensity, position,
spectral quality, and other aspects. Based on the aforementioned comparative results, it is evident that under all
experimental conditions, the most effective digestion occurred with 10% KOH at 50 ‘C for 4 h and protease K at
50 C for 16 h. To enhance vacuum filtration time, we optimized the two digestion schemes by incorporating a
pH adjustment using a 5% dilute hydrochloric acid solution after the initial treatment with 10% KOH at 50 C for
4 h. Additionally, sodium laurylsulfonate (SDS) was added followed by ultrasound treatment for an additional
duration of 30 min after digestion with protease K for 16 h. The experimental data demonstrated that the optimized
KOH digestion scheme improved digestion efficiency to (99.80+0.06)% while reducing the membrane blockage
rate to (95.78+6.51)%. The recovery rate of plastic standard samples with particle sizes ranging from 3 to 5 mm
and 400 to 600 um was (97.9243.61)% and (89.58+4.14)%, respectively. For the optimized protease K digestion
scheme, digestion efficiency improved and was found to be (99.97+0.02)% while the membrane blockage rate
decreased to (94.37+£9.85)%. The recovery rates for both plastic standards (PP, PS, PET and LDPE) were over 95%
and 85%, respectively. The infrared spectrum changes observed in plastics following each treatment scheme were
not significant. Therefore, the optimized method presented here is suitable for microplastic extraction in samples.
After staining with Nile red solution, SDS ions possess adsorption activity on the surface of Nile red molecules,
resulting in solubilization and formation of original micelles. This phenomenon leads to numerous false positive
fluorescent bright spots within the optimized protease K group which may interfere with the micro-Raman
measurement. However, the KOH optimization group did not exhibit the same occurrence, and microplastics
detected in the sample were 0.99 g (wet weight). These included fibrous polyethylene terephthalate with a length
of (971.23+£22.01) um and particle-like acrylonitrile butadiene styrene with a particle size of (26.88+1.69) um. In
conclusion, a 10% KOH solution was utilized as the digestion agent, followed by ultrasound treatment for 10 min.
Subsequently, the solution was dissolved in a water bath at 50 C and agitated at 150 rpm for 4 h. The pH was
adjusted using a 5% dilute hydrochloric acid solution to achieve an optimal pre-treatment scheme. This approach
was combined with Nile red fluorescence staining observation and confocal micro-Raman characterization,
providing a simple, cost-effective, and efficient method for detecting and analyzing bivalve shellfish
microplastics.
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