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R R R 40 B I 22 408 2R ) RIS 1 R 40 A PR LBy SR 0 1) e 28010 T8 A AR B 1 PR 0 S, b W 0 SR () A2 B AR L e it
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Electric Power University, Baoding 071003, China). China Environmental Science, 2025,45(9): 4975~4985

Abstract: Polydimethylsiloxane (PDMS) is widely applied in daily-use products, medical treatment and power industry. In order to
achieve its harmless disposal, the microbial green degradation approach was explored, and the pyrolysis characteristics, composition,
production mechanism and surface hydrophobicity (CSH) of microbial cell membrane during the degradation process were analyzed.
Results demonstrated that CGMCC 0452 strain exhibited strong tolerance to high-viscosity PDMS when polydimethylsiloxane
(PDMS) was treated with Pseudomonas aeruginosa strain (CGMCC 0452). With the extension of degradation days, the CSH
increased to 16%, and the CO stretching vibration of the carbonyl group in the chemical structure of the rhamnolipid chain was
detected at 1712 ecm ' by Fourier transform infrared spectroscopy. Gel permeation chromatography analysis revealed that the
weight-average molecular weight and number-average molecular weight of PDMS decreased by 29130 Da and 21701 Da,
respectively. Based on the above results, combined with comprehensive analysis of gas chromatography-mass spectrometry, it was
determined that the long chain of polysiloxane was mainly degraded into cyclosiloxane oligomers (D5, D6, D8, D9), and the
degradation products did not appear toxic and harmful substances. Finally, the CSH enhancement mechanism (rhamnolipid
adsorption and cell membrane lipopolysaccharide loss) and cyclosiloxane oligomer formation mechanism were revealed from the
micro level. This paper provides a novel research idea for the efficient and harmless treatment of polysiloxane, and offers a valuable
reference for investigating the biodegradation mechanism of polymers.

Key words: PDMS; biodegradation; hydrophobicity; rhamnolipid
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R 45 %

YR, B BT FE R B AR 5 A R AR R R N
A5 ik B B H S e, B A AE e HE
R EIFERE . Sy LA B, M DAL 2 I RS e S
IR B TR K, KR HEAE R i % A
B A T W 7 Uk A )

5% FEL T AR 5t (PDMS) I U E W B 1 2
73 2[5 Py A2 2 1) )32 O [ A M DX RE AR
Y1 L HEFEME MY S PDMS (AR HAEH
i 17 RO SRR R, T R AT AR )
B ARt 30E— A AIE ST Bk A ot 3 ik 4 it g UL T
I ,PDMS 25 1) B WL 0 S 40 v R L BT ) A2 )
I, % A SEEG IR WK 2 75 PDMS REAE R4
HERET Y8 Hh S P B ) 2 I A A B it

PDMS S W FL 5 05 (R SR ek Sl v 0O S AL AL BRI A,

WO RIER TR PDMS 288 B I A E 4 4K, A
SRIRBL IR AR e+ 03 D18 R B W B AR %A,
DR A SIZ o P A 4 B At e A2 o 0F 90N D3 A S A
F 5N A 2 T SRR R AR R U A
20 T PR AR R A A AT LSRR I AR ) AR
[T i 1 o ) 1 B2 S N v O | D Y- A 7 RS v e
W2 1) R AR AR U0 Al g T 4 L
AR IR E S R R. 75
PEAR 254k 2 20 SR A R (RL) 2 W 50832 9
T¥G Y A A S (0 A A i ) BT S
THAKPEA LA 5T SR R AW £ g
rHERL . REHE. BRI Z Fhan v
P AE AR IR A A 0 B e AR, s B B e A
T IR EL B B KR (Scedosporium sp.ZYY) 573 W AE4)
2 101 ¥% Pk 7 19 41 B8 (Acinetobacter sp.Y2) 3t K 7%

INF,7d P BT TR AR 2 N 23.36% 58T 48 58.61%%Y,

X SRR S B AR E PE R v] P B 1 L 1o
B R B AT BT BL

A 2 AR P ML T 2 BRE 7 A B A B AT (RIL) A%
fify, 8 3 € 1% 23 W O UE W R AT LA AR AR AR T

Fi. pH AEAVE FRAEAE T A7, 7T K. IR
26 22 IR v 43 19 759 30 U A1 F B K R Ak B, i 4
A1 B T B R e 1 R A R ) ) P A 2 A R
AT AR TR 3 D ME— B T B DR AR 7 RS =
3k 9.15+0.52g/LP) HLMRAE R IE 450 0 S5t
RSCR BIE 78%,3X 5 7= AL FI e S SR AL B A £ Bt

S T A B TR R 10 7R S T I A 2 el
JRGRL4d BRI 70%~90% ) 2L BR T ™ A 1K)
BRI AL 5 5 LM SR R I, R A W T
55 1 R Mw) RIS 27 5 (Mn) 73 3 BEAG 20%-
15%,FTIR Z3 A1 7 Bk 0 348 1, 3 W 1 ) A1 4
AR S 205 7E W At v 2 B T P A s K Ak
B R B B AT SRR A AR, o) Wk
TARCRE « XU AU R 8 5 54 A g, AL T 4 1 B At
AR 1 1 — R F AR IE S5 e B PO AT A
SRR AN T Rk i PDMS ARCEL B g, L RE
725 1R L A IR A A4 3 T A B P A B AR e R
H R A DA T, — [ A o g o L R e R
SPE A H HT T R R Sk R K 2R A T R
RO B AAATL IIE 0 040 S 2 1, B TR A 2 P 1
0 PR S R

AT A SR B R B i PDMS MR D)
IEFE, FIHT PDMS fif 3R F A0 5h 1 2 MU o e, 1
LI S E VIR fR PDMS [ AR 23R 5T B Al
TSR A DI RIAR A, BT RE L AR e | 4 AR
DA K A B f5 I %o 4 L st 7K 2 AR A R R A T
T 6 52 R =) S B AR ML AT R PR R R
Sk R A Y B AL B T A M EN S %A
By FIF RSt s A s E K.

1 MR57FE

1.1 2R A B A A

PDMS, K& 30000mPa-s, ) [ L i 5 s bk 4k
B A R 2 ] ¢ LR B CGMCC 0452 TRIFA3R
H e ] O Ak A ) R R R e B 0 (CGMICC,
CGMCC %i 54 1.10452) A8 R HAE 37°C R 9%
24h DLREAT G AL BE LB G 32d, 3 TA) AR 2R
0,8,16,24,32d [F]If HEATEE TRV LI HH T-4£97 PDMS
B Al 0%

M 237 A i T CGMCC 0452 75 50mL Kay JEA
B IR LRI 4R, AE 37°C . 200r/min N e Bk
12h.Kay & A< 5% 9% B i 77 O :2NH4H,PO4 3g/L
K,HPO, 2g/L. i %iHi 2g/L. FeSO4 1.4mg/L .
MgSO,7TH,0 1g/L7. 2 J& B 35 45 1t 55 5% 4 LA
2.5%(VIV) LR 2 54 20g/L PDMS 1 A HE—
B ) 500mL HEJEHH ¥ 100mL A4 £ 3% 5 ik
(MSM) R BRI 5 FRPIAE 200r/min A1 30°C 1) JiE
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FEAR BN KG9, DL 26 AR B gt s 36 e e g (v 4
B4 . MSM 1 0.5% NH,CI.0.5% Na,HPO,4. 0.25%
KH,PO, 1 0.05% MgSO,-7H,0 41 ik,if it NaOH &,
HCL 5 pH 4 6.8 4T 1E 352 I Wa I R 2 M i
PR B0 RS TR0 HEBR A J L.

1.2, FEMRETEDR

121 (ERMZANGIE M kA SR L
AR e 21 A0 S 15 AR 3 B 8 SR R A E AT 2 B
(Nicolet summit X, Nicolet, USA),7> ¥ %4 1em ', i
Flh 400~4000cm "G MR AN BF 5 (AL B 1Y 5
U K 10mg A A ST TR R e b Pk
AR i G W 5 R Spd  AI BR A  (1 A
A, TR P8 At st Rt 47 e = BN A 0 A

1.2.2 fr26il b2 6% Y (inVia Reflex, Reflex,
Britain), {5 B LU AME T 20:1, 060840 F 0] WO 4 i
Br<0.lem ', OB I K 532nm, Y6 M %1 B 2400lines
mm %35 ] 0~3200em .

123 #HREHHT KA A5 HT AL (TGA4000,
Perkinelmer,USA) MR 1 30K (19 3470 fift ik B2 AT AR
JE I 8mg TRAAEAE T AR TR AME E AU
AL LL 10°C/min BN HGE 2 =L 25°C i
600°C. 4 T HELHEALAE, Y T o B 4 2 0y )

da E
In(——)=nAd+nln(l-a)-—= 1
( dz‘) nin(l1-a) RT (1)

K H Broido y£X} 77 FE(D)IEAT IR b E, 22K
iR B Wt i o T SNAT P A R N R P
16 JE B 305 B o5 T (wowo ) (wowi), 2L HT w S 43T
HTRE S I TR (Y =T I))sw, EAEISTA) £ I A F g
SEALEREASE RIS FE S I B R (Y =T 1) e db,n & X
M RHLR S HEA 8.314(J/(mol-K)),T Sk
JE£(K). 5L B 3 v il 2% & S H. n=1,77FE(1)
A5 Rt 2 R

ln; =— E, + const 2)
(1-a) RT

Z Ja ik g A 22 In(-In(1- @) 5 1000/7,

A RAG 5 R R AN N () -Ed/R.
124 ZEoRHHFEHREDSC)  ZRH i
(DSC 35008irius, NETZSCH, Germany)a] SZHLEE i
PRI AT, B 15mg FF B T i il R
W E A M B A2 -150°C K B 4 IR AR R
S IR i P 5 B A e AR RN 45 i P .

125 HHRBEORE  REWNEG YT EMn).
I EMw)LL G/ 53R EB(PDDAE 35°C
Tk &R 3 4> A A (HLC-8320GPC, Tosa
Corporation, Japan)ll 5, K 1AFE 5 T DU S 06 g 975 v
Hh SR U S € 38 A AT 6 5 23 A, s ZE 3T A
I 25 SR FH A S8 34 750 00T 38 XU A I 7 o, R R 1A
L 40uL.
1.2.6 AAHEE-FUEECH  FREZ) 100mg A0,
FIFH DU SRR 1mL, 280 0.22um AL g
JE G B AT GCMS 4 it il k18 HP-5MS
(30.0m*250um, 0.25um),&4HHE 50°CIREE 2min,
PL10°C/min [ % T2 300°C £RFF 10min. <AL =il
JE 280°C ALHnLIEEE 300°C, 8L He, 3/ &
1.0mL/min. 23t 10:1,80FF & 1pL. 2 B A
D HH RS R FH MS #5040 1 NIST1L £ B I ) AT
S8 P B P20 7 08 445 SR T B AR I 2R U A
1.2.7 WEYRE RS S Wik R CE R,
BBk A A VI (MATH) A5 S B R CGMCC 0452
oe i R ) S A A A B T ) R R e 4
B, LLE O J) 8000g B Ly 10min, 3 1 2% o W
(K,HPO43H,0 22.2g;KH,PO, 7.26g; J§ % 1.8g,
MgSO,7H,0 0.2g, 7518 /K % 1000mL,pH 7.1){E%k 2
R, o 2% 20 TR Ak T A6 5% R0 T A R R, A
400nm AL BN TR BT AE WO G 0 (1.2+1.4) 855
A ImL PDMS F1 2mL % )5 (1 40 s i & 1 3
DR EY Smin, 2500 10min,FE 15min. &
T AR WA /N O ML KA, e B & — IR L
LR SR 2 GG REE VI E 400nm Ak RO B2 5
IKPE(CSH)ZR 7™ A TR A T A2 J5 AR A B 6 22 ok
R 5 Y 45 I 0 MR T R P I 2 RO B 1) T 4 LB,
oD

initial

D idual
residual loo(y 3
oD. )x100%  (3)

initial

1.2.8 SR EE - RE s oRUHE -
J 1% B (HPLC-MS) 4 #t 76 Waters  Alliance
2695HPLC R4 FHEAT M4 % Xevo TQ-XS i,
1t Waters symmetry C18 F#E1T4) #5,2.1mmx100mm,
k42 1.7um,H,O(4mmol/L ZRREOE IRz 1,4
R AR EhAE 2, T a4 B W R :0~3min:50%3i
B 2,3~8min:70% I I AH 2,8~18min:98% ¥ 5/ AH
2,18~25min:50% AN AH 2 AL EE BTk 40°C, 4
FAEH] 1uL MEFEAAFL.Q-TOF MS 71 171 i35 1A X

CSH=(1-
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ESI T #4714,
12,9 EEPSMENE 2% Li S5k

0.8mL ¥ & 24 Tmmol/L 1] ABTS VWA hy 2 N JEE ),
I 1.8mL i R — Tt 2 4k 2% i s W (pHL 4.8), I\
0.1mL % i ¥ 3 2 s 3,50 °C 7K [ 30min, Ml
SE SN ST 420nm AW FE TR AR Ak 1 B BRI I
& XN T IR S NARZR ARl A Tumol ABTS
H EH 2 P 7 il AR S R U A S R
nAOIz;fIO/X 10 @)
Apn jﬂ@ﬁﬁ*ﬁﬁ{%ﬁ,AODmo NPT G 420nm
Ab W BE AR AR AR ;e ABTS R BE IR 1 06 & %k,
36000mol/(L-cm), Tk J W i [i1] ,ming 17k & BRERfE 1 EX
FE& mL.

BMHEYEWU /L) =

2 ZR5WE

2.1 Mg
211 AASEESHT W 1 RS 0~32d, 5585k
3594~3764cm ' FRACVE A A T 1.8 4%, RN Si-
O-Si BEWZ T ¥ L fkfE3E(Si-OH), fEFFfiE e 0d
LTAME I PP I -OH B fAE FRIE, DRI AT DA
3594~3764cm | SR P TS 3R AT 06 A
887cm ' Ab%55E H Si-O-Si I HESNE 1257em ' b
LT B IR Si-CH; XFHRES i, e SR kA bt e
1 A7 AE,500em ! &b i) T+ Si-0-SiP*!

FTIR Jtilf Won 7 # K RL HAEMH.3351em !
Ak 1) 55 VA 2 71 R 2 B A i 0 PR I (R 4 9 3.4
2909,2800 FlI 1454cm " &b FrIWR AT 1542 AR s Tt 1
CH, 1 CH; B Brhrfh C-H.HIAE 1712em ' &b
{19 T 2 A0 A 0 (R 0 W] U DR i R £ 2 45 4
RIER CO MEEHRENAE 1604em ™" AbHTL T34
B IAV R W TR T 15, 25 RE BN R 20 A 1) RL R
Xt FRE BT 5 R 10, R I R ARRAE I /N 2 1
IR E T2 DSR4 T e P B A ) R O FE 0
P TR IS R I B fi 1 PO 5
212 fByiEaN K 2 R R B
sty FA L 12 % P 20 A I 15 1) e 1% i 88 5 e A A
FH % A, OH NH HI C=0 24 B AT w20 M5 507,
B LA REAN ), 7 52 1 AT LASR K FTIR Y6 A
S (KT H0™ ) I 4 A &5 K 45 L. 157em !
(C-Si-O ZhEsh). 190cm (CH; I ES) . SiC,

BIARAEAL M E ). 487em '(Si-O 25 I FZ ).
709¢m '(SiCy A FRFLAHFEEN) . 2903cm '(CH; X R
FRES). 2963cm ' (CH; [ AT FRB7 MR 5 ) Ak ) e
Ehr e .

100

80|
60y
40[
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Fig.1 Results of FTIR spectroscopy analysis of PDMS
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Table 1 Infrared characteristic functional group
PeF(em ") Ak Rk
1602-3826 oH Hp SR R A G (Y BRI (e il 4 it K )
JUAN VA 1
3336~3603 -OH R 5 BB IR Cp i B
2962 -C-H FEURERE LR 2 5)
R R 5535 AR s I B X0 CHL RN CH FE A 1) 5
2892~2919 -C-H
Fruff C-H
2780-2811 . rP RS MR A HE ¥ CHo R CH 2 [ 1)
XFRPAR C-H
1700-1735 o RS 55 I T RE AL 2 S A PR LK) CO i
1604-1650  C=0,C-N  tP&Esmps SREGMEIE 1 1% P 4iREs)
1223~1326 Si-CH; FHAEBIR B Si-CH3 SRS
482~528 Si-0-Si PAERR I Si-0-Si Fr RS
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ox10* o e i 30 221 #FaetE TGA X PDMS HI#Ea e HEYE
" WP 3 . T BB M 1 X BT B T AL B A

2 355 BUE 350~500°C 3y T S B AR A e

e 02 S0k 2 T 00 PR P A T 197 2555 — B B
i By 500~550°C I, 41k T 2 S 8 7 o
= BB (1 A 2 AR AT S 2 T RRR RS R
2x10*

1x10*

0 =1 1
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P27 (ecm™)
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Fig.2 Results of Raman spectroscopy analysis of PDMS

F2 NENFEERE
Table 2 Raman characteristic functional groups

BEEI D) ErAEMT MR egiem ) BKESR@u)
8 157446 76.5 2028.2
16 C-Si-O 93814 79.0 1204.4
24 325152 79.1 4095.6
8 149008 22.6 51215
16 Si-0 78763 23.0 2696.2
24 295692 22.9 9868.1
8 1041656 19.9 27011.6
16 CH; 591007 20.3 15284.3
24 1927867 19.7 50897.5

HER 2 %0, BEA P AR I 1) 39 010,102~280 400~
600~ 2750~3050cm " A Fry s T AR IS Bik F5F 038 7 1
5, 55 24d [ UEE TR R S5 UG 23 Il 21 /2 26 12d 1) 2
¥ UE P B AE A AR TR C-Si-O. SiO. CH3, %
FH R e U 11 32 % T 8 T A 0 I 8 e AU
A TR, T B T BT 2 2 A S A e L AE SR S )
2L, Si-O Bt FE X 5 GPC #3477 T E(Mn)M
29340Da Jik/NF] 7639Da AT, 1 F Ak 1) 4 1 &5 44
P L 5 R 1) YR (~CH) Bk A, 4 1) BT 2 T i
2 B AR P S5 5 [ (10 A5, AN T B 20 i 33 v
W 552 1) L UG ik 39 588 ) Ab, 5 RS 3 B A ik R v AT
RE e e — e S Ay L (0 T R P (R A )k
Bfif =y n D4, IX SRR IR B, T B8O S b
UG DR FEANWT b T 0 T AN Y B 06 B B PR AR
oA WA, e A T 20,8 2 B W, = )T
1) b AAOE e AR AR U X S DSC O H AR IR 1R 46
W AH W) 75
2.2 [EMRBN 2T

I B 48 =M BEMLEE R 550~600°C I, #4426 T340 %
TIECT B, 0 N A SRR PR R AE B o0 M e it B e
A AN AN TAIOL /D i

BR AR

J AR (%/°C)
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(%)
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E{
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Fig.3 Results of TG analysis results of PDMS
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Table 3 The temperature and activation energy of the sample

at the weight loss node

NI To(C) T (C)  Ru(®%) Tio(C) Efkl/mol) R’
0 427 438 2.32 574 60.45  0.9965
8 418 479 0.15 621 4799 0.9992
16 394 433 0.40 599 3725 0.9953
24 381 497 0.12 598 36.03  0.9231
32 365 509 0.14 600 27.01  0.9384

T To 2 A B 73 AR s Too 22 K TE20% I FRIUR B Ry 2 5k B B T A 25
b PR AL A e s T R T A% 0 S B

g LR B MR 5 0~32d, W1 46 40 fift i 2 A
27°CRHE 365C. 1K = EA T PDMS K4 B
CGMCC 0452 Ffi A 73 iR /N R S e i
KA KA1 T 43 74 2 18] 1R AH B4 F o,
FLRATEE HEAR IR U 0 TR PE SR AW, I BE R S
FEAE B B S A W AT SR AR 1 2 gl J3 ) A i
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ith 2 b I Ay T 45 2R S A i R R S K ) i i
TP TR T 170 8% 3l A Le e B AL VS 1L BE 60.45K0/
mol, [ A Jo A R AL RE BRI 2 27.01k)/mol, IR
AR N T BUR A g R TR 4L, PDMS HE—20
e R E AL AP

222 difbtEfe MORHE AT AR AR AR R B
TGP 2 0 R R 1 A 46— 2oy T 451
(OF Tt 2GR =B 2 25 A (45 S . 30
A e A I PSR i F5E). A9 DSC WF USRS ) i
By 531 45 A6 A VP Al 25 40 B it 2 vh 3R S e R
PR I T Bosq S5 i B % 1 DSC
(R TBCIATH 2 5 8 R PS8 ) 2 U3 %6 B T TR I AR
I 7 RS ) VIS [R] £ B PRI AF X 45 ot R 5 sl ) &
% a,

fwwmw u

Q= So =0
memw Ui
0

U o)1 Oty 73 SR I ¢ IS i 45 AN (I 7]
t—>o0) [RIAFIXH 45 i £ PDMS  5¢ 4= 45 i I AR A X6F 45
[ 0=37.43.

)
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Fig.4 DSC thermal image of PDMS

PR X AT UGB 4), 060 BT R ACHE PDMS [4F
TEAE AV AE PR 5L, 7 W A 1 o 4 ) T v
A G o B A B AR IS RT3 n,PDMS 838k 25 T
BB A B P T e A B A R T BB R AR A
THEWT S, T 800 T 2= KBS 2 = 1N, R S
Wy B 1438 B 66 18, T g 5 8L T AR L A 2k
RGP S AERE S 7 PRERE K DA G,
B A YR ) A 5w 46 SR S I &

s 5 Rl e, AT kg K B ) L HE S s ot DX 5 il
g T AL AE 24,32d W SRS, &5 O O IR
64.5%- 61.5%, ] BIF Bk A e KAk /b S I %2
Ty A BEA AR J ] e AT 4 i 06 AR TE HL I (IR T )
31,55 B rh & i e AR AL A — B

F4 HRERFHIESH
Table 4 Crystallization characteristic parameters of samples

W) BEREALRFAR  ShAARE JREIGELEE  AGERK JRRIEY diRE
(d) B(TC (T)C ImC (g dg ()

0 -122.7 -76.8 42 2423  -25.06 66.95
8 & =75.5 —42.8 19.75  -26.24 70.10
16 ’ =793 =372 26.14 2525 67.46
24 ¥ -80.9 -38.0 4579 2415 64.52
32 N —-82.5 -37.7 748  -23.02 61.50

VE IR TR R R T RO AR O S g R

2.3 [EfEEP T

231 SRR S B A B AR R
i 7= ), FH U o v 35 €0 1% 93 BT PR A o A2 v SRR A
YRI5y TR & 5 B, 5 B s od A b
[ 4 1 1 (Mw=63843Da Il Mn=29340Da) # Lt ,
CGMCC 0452 AbHLFE &Y Mw(34713Da) il Mn
(7639Da) /3l i N BE T 29130Da I 21701Da(F
5).Mw A7 (B 5) 87,5 AR A BRRE S A b, 22 50
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Table 5 Summary table of molecular weight distribution

N [ (d) Mn(Da) Mw(Da) DPI
0 29340 63843 2.176
8 28256 60977 2.158
16 14438 45709 3.166
24 12723 42802 3.364
32 7639 34713 4.544
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Fig.6 GC-MS chromatogram of degradation products after

32days
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Table 6 Results of Determination of Degradation Product

Composition

4 1 ) (min) EACEE (%) £ & (%)
4355 96.6 IESIGR L] 31.69
10.099 95.6 D5 4.81
12.592 91.64 D6 5.61
16.822 77.32 D8 3.23
18.55 76.87 2.49
20.10 66.94 2.03
22.79 72.56 D9 2.02
23.98 68.18 222
24.49 83.62 0.78
25.08 69.11 2.68
25.59 82.87 0.74
26.13 71.15 2.794
26.62 81.42 L10(MDgM) 0.713
27.11 70.57 2.77
29.33 71.11 1.83
30.78 70.98 1.50
32.60 70.2 1.24
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V22 100 (1 A5 P A B A FH 3 ) AR B i 20 SN0 I 5K
B A A P L RL(2909,2800,1454,1712cm ' WL
W I3 A5 B BHAL ). R P HPLC-MS % i i R b 1)
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Table 7 Rhamnolipid quantitative test content

Fefiisf (el (d) 2Bk (ng/mL) R i (ug/mL)
4 0.05-60 0.995 0.052
8 0.2-60 0.993 0.327
16 0.2-60 0.993 0.421
32 0.2-60 0.996 0.815
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Fig.8 Mechanism of cell hydrophobicity improvement
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