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ABSTRACT: Firstly, the existing resin—based carbon fiber reinforced composite (CFRP) recy-
cling technologies were summarized. Then, the economical efficiency, environmental protection
and degradation mechanism of different recycling strategies were compared. Thereby, the devel-
opment potential of mild chemical recycling and the new trend of green closed -loop recycling
technology developed from it were analyzed. Furthermore, based on the comparison of advantag-
es and disadvantages of different CFRP recycling technologies, the future CFRP recycling tech—
nology development on the maintenance of high performance and structural integrity of carbon fi-
ber and closed—loop recycling were prospected. Meanwhile, it is expected that designing new
resinbased materials is also an important approach to solve the current CFRP recycling problems.
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Fig. 2 Procedure of mechanical recycling

e 21 4k () 1 A< 7 2 35 13.61 69T /kg (2
94.2 5G/kg) , 1M 4N fif TR 5E - A L BT Yy A L2y
0.37 Jt/kg (£2.6 t/kg) ", L il 1k JF ik £F 4
F 28 5 FTRE VR A AH L, (T CFRP AR iy 95 in 741
FRARAR M AE A L8 . [E B, 1 S ORI = A
[ IR BE ) B 75 2% b8, Br L, XORP 4R B Al
i 107 FH I A (BB 358 2T 4 52 5 B Rk %) TR A 2
ANTE P T A 7 A i PR RE R AT AR S A AR
o R A RE R A 4L E G M BRI RN E, &
TRECR R By s, B R E A S,
S S IX A AR [T oSO R) F 1) SEAS TR i
1.2 #BEHA

FHEE T LB 10, #R ik Tl e e AR AT DA 3k 1) 7
= 1) CF IR i H rCF AT LR 90% DL/ g
VERE, RERCR PR SC LK 3¢ CFRP M (H . X
& B FITME— SZ 3=l R B CFRP % R 2% [ ik

15]



110 KA T AR AR

5 38 B 4

BITES,
12,1 &iE#ken Mk

ol PR AT DL R R AR, W
CFRP ik ARG PERE CF [, I8 b I B i
WA /N AR DURL A o ik LB fCF 9 5
B T [B1 WS 8 v B 3R RE R B B RD PR R
PR 5 4 S 4 ENY . Abdou 28N BIF 5Y K B AE
550 ‘CLL L ResRTFERE R 471 rCF . ELG A EER
FHIE 0 T2, IS0 i G A S4 ik 2F 4k L A 5 52 A
BT R A AT AR B R FE Ak g, AR ]
ik 2%~85%"" . M LA, AR T2 S H CF
ML M B PR LAt R . R, I il
Ay R2A T4 A8 300~800 °C Ay Ui R 16 T UK
Ry R, AR AT 8 B AR TE T 3EAT B AT i
W R SAR™ S T AR TS 2 4, IR i RS
T2l HES S, Lopez &M R AR i<
b4 A T T BT 5k BE 249 Ry I U £F 4 19 70%
S 2 JE IR 4T 4 90% ~96% (1) rCF .

X e AR T, 3 e T A R L A B A
B AR A A T A Ak, T DUAR 15 B AR Y
rCF [l F I R R 3 47 0 M e o SR A g ik 1A e
R AR B R fR AL Sk B L T2 AR X ik £
HE Pk RE T B A SE m HLEE L FUAEE O R B 4
s, W, B2 T R AR R R
B9 DL SR e R RE AR R I 8 UF AT, R A
fiff s T B — AL e ) [R) R
1.2.2 FAAKMAEE

WAL R R 1 28 SR R Ab SUk, 7E—E
TN . B R TR E A M BT R E Y LR,
W e e Bkl 2 s REE h U e 28R G
Yy, oR AR I RE i TGS A, RE
B ISR ET dE g S R e B A Je R,

LA R AR 0 2 st T R I AR AT A R T
FEAR T TR A, —EBE L T CFRP
LI 28 55 A o SR B WAFFE — 2Pk R, AN
TR BT T 1Y BEFE 0] L K AL [ AF B A 5 201
LT P RE M TE . ATERARAE . AR = A,
BRI T Tl Al RIS A )
1.2.3  #ok gk

— R B F . CFRP #46F H A8 b 4h i
PUIAR 5 SR A s g A 1 32 B 1 AR T ALY
KN o Bk 21 2 X e A7 B 1 W I g 77, CERP
A DLTE B VR TR 52 B E T A i Bk, 3 il
CFRP 19 W1 i 2 245 2 A7 sk 4ty o 1 T IR 2%

Lester 55" F 3 kW AU S XT & AW R ELE AL PR 8 s
2 J5 ] DLAS B AR X v LR A 5 B R JEET 4k 80%
1) rCF, Deng 2" % CFRP By [ 4T T 18 ik #4
filf FAL eI i e, S5 R R, O I L AL
S5 P I ) 45 T 56.67%, IR B T 15%.,
AR, RN AR L B CFRP Y RIS R % & rCF
Jo AR AN T A AR %

TR AR Mg 1k W DA S PR (BT it CFRP A9 H Y,
AF 3 T Hofh B A 32 I st R BB 4 5 P RR I T2
(T S BT: oS/ A S N (B [ N @y s <]
SR E U IOR MR A B 70 T2 Ak
FH AT I AR A i R ) ) R
124 fR=EDLK

i J G 04 g B I WS TT AR R, B IR R S
T BB RN F M o I RIS CFRP 4
S e ok A AR iR A it 7 A I A AR IR R
HA 5%, A ILHEATAH B4 B4 Ak T i
LB EA T, 38 F R T i B2 4t
REVR . [ 2 PR B B A Y e TR DA 4R
Bt RE R IE T — 2B R, o AR BRI,
DR E A R A CERP A7l 5 3
FEURY S A, R K BERE AR AR R B AR, A —
bl VA = R 7 1 VA Rl & W N R < 1 W o
CERIZ /7 T LUBERHER BRI BT 7= A 1) 38 43 il <
A Ry ik 2T 4 [l i TR 1 FAGUR 1 il A 4 R, AN
Wi CF rh 80% Jy 2 kg LA iy vCF, 1 B L LA
A4 A R AR BB VR 1 A T 2 6 I RB T .

G T 28 T 2 i 2 5 6k, Jo
HiE A F CFRP JE R AL 2 [, HH & REAE .
TG Y W T AR T N . REE, BT
ol T R AT AEPERE T R, R T2 B .
1.3 fZFEIgEAR

FEFASR b, e T 2 T A AT A MR K
JCHIE e fr s B . ik — 2 B & rCF ML
PERECR B R, WP R I L= R Re SC B R
U PEfg CF By I, Ak [mSOR 8 1Ak 22 3850 78
el i OB S G N R o1 o A N e R R N i
REY, Mk B 50 B R B ok 2T 4R HE R
FREER /NI H =Y
1.3.1 A/ TERFRAT I E

8 /I I S U A S i U R N ) 42 5 Tl
TSRS AR TR B I SRR, B
FERRAR, WA 3G R, B ORI T i A% 3 0 R A
I RsRAL, JUHGE G 5 . AL



2024 4F el G

BT PR AT 2k 55 R TS B R WS 0 111

AR, A CFRP RIS # v, X 2otk R A Al F
TR 5 AW 3 1w AN AR ELAE T, AT 43 i R
S/ T = I 1 I 7 N S i
CO, BT B2 2 R 2 02

TR I AL 7K i BARL A I A U A, R R A%
A A HLE R R A, A SEBRR F v, K —
P25 A AL 0 SR R T RN A A, A R S TR
Fin A SEMLA (KOH) . A (NaOHD |
IR B R AR A R R i — 2D AR SRR R ASOR, fCF
HA DA Y5 8 B b sm B L7 3A TR
R HLIE R A e () R B8 A5 % DAL — 5 I 40
BUAS o [FIES, R IE S, B HE A 1 4% kA Ak
AR BEAL R, A5 200 BB AR T R R
B, FAN AR ZITIEN)TIZE AR
BONRRT, frit— B HEIIIIE

A/ I S R e ] DLAR i 5 4 F 2 A AR
LESRNRAY R P 1 i R NN T =51 4
REM IR LT 4, VBT LRk, T2, (A2
SN ok R T ) v U R AR AR LR 2, A
A B PR IR B, 4 AT AR AR B
CFRP [t AR % i 7 1l
1.3.2 KB A =Kk

R EOE R RAVRIE T (<230 C) H—
Tl fb 2 35 300 8 3 22 i 21 6 500 5 i R g 6 o, 45 31
BUA 1 BB 38 47 0 e 21 2 e B il . Ak 223 R IR A
AR TPy — 120 R0 el sk T s T
ERAER R, AT DLSE IUIRIR T CFRP 8]0 i BR 45 4L
te e Rl . FLHRE— R A K . BRI
1.3.2.1 CFRP#IK

7 38 b 27 3 R0 AR M A T RN AR PR T R Ak
CFRP, {HJ&—S HLE AT LLFE — @ 2 B 1
B2, P B S R SRR R, B
Jei VB T4 25 o (1) e 2 S ol HL = 2 SR B 245 4 4 )
BEIRDY W K A HLER AN & 3 TR B

TN
0/9/0 o 3

I C P10 P e

— TpTooho~ L O

o

AEHER A TR G

3 BKERNETRES
Fig.3 Schematic diagram of swelling degradation

mechanism"

Tian & F N-H 3 0t % ¢ il (Nmethyl-
pyrrolidone, NMP) 7 {5 ik 4l B w5 ik Jie [ 1 3%

AWM IRETHOE 2 L850 . 25 R RW], FEigRoR
X BRI 09 KA AR SR AR B, TR IK R
130% B, JLTF- 58 @R ff . Wang 57 & )8 & ik
P 7K W TR R ke R I - S8R R T - 1,2 9
LR O HEATRE R, 7E 4R SR K W h A
AN, ARSI S s K, B e e
LTRE AICL B ) % i 7% g . DL BB 58 Bl s
i XoF 3 ik 200 2% 1 i v A DR VAR T o A i BT AR
S IO BT 9 428 K 55 38 B A T i 2 S B0rCF M e
TR TV K R S B 0 R S ek i 4 ik 2 T
L, 4 SN N TA) S AR B, A AR v T R i
R, BRI TAEE cCF W Sk 6k

VS B S B0RT 1 S CERP %5 i T Ak 38 A 7% 741 32k
B —AEESH, BN Zhao G V5 H 5 H
FEN I R H B S AL R R IR (Methyl methacrylate
cured Epoxy Resin, MER) ¥ B 2 80MH i 1) — 5
H Xt MER #E47 WiAb ], K15 Z LA G4 m T
MER J& ZEF# il 5405

A B 5T N Ry i T o B — AN R S 6 RHE
AR T LK CFRP = 2 W 4% 25 # , DT S 350
S EEAL R R, (B CERP % Ik i B AR 3o 78 K L
P AV A o
1.3.2.2  Jlffk CFRP [ fi#

AR g [ Ak 3 2 53 o e Ak RN I [ AL
4k 5 B PR A B i C—N % (305 kJ-mol ™) |
C—O—CH#t (326 kJ-mol ") FC—CHE (332kJ-
mol ™) ALY = HESSHR 2%, MR G CFRP A
) 2 A e PRk 2F R A X 1 b R A A B S B
HZAT B S0 77 0] o 7ERE R AR A g b,
T C—N R A XS T HADBERE SOAIC, PR O e i bl
— M BAE C—NH#EW 2 . Dang 513 HI0F5E T
AN TR) JHe 25 0y Joie I A 1) A SR B e A AT Sl 20 AR
R W e [ AL SR A T IR C—N T 2, &
FOTHE M B, HLELE 41, — Al , B
B 45 M IR 7 7E C—N 8, A HEBFE A .
PRHE C—NEERY BT RL, BN Ay 2 5 A e [ 1 B 48U
R A PHRHE FH i L

Schamel %5 5% I n— T 3k = £, F Jiig VF hy A5 AL
G IEATHI A 5L, E T i i Cope THBR
SR B C—N g AT S35 B 1Y) o Ui
BILTRI L 21 AR BR SR B A i, SR T NMIP %5 fik
55 HLO, B i 1 20 12 5230 T W R i, 1T rCF
T 7 A B R A7 [ i 5 CF SEAHH W] . Hana-
oka 2| FH A BR A6 IKIR (80 C) W JE T 43 i



112

KT TR R4

OH

5 38 BH A )
0=N'=0
l Beh s B
NG,
OH
| 2 H, H, H
-g—c—o—<::>—c 0—C'=¢—CH,—

4 FEREWLNBPFARENMEEWRKERTSBRRIE

Fig. 4 Decomposition of BPF epoxy resin cured by aromatic amine in nitric acid solution*”

XU F 28 BR SER) Jig Ri stl 78 e [ £ 551 20 B 1 B0 S
&, AE R A rh AR - HE Ok A R R Y AR
+, BN EALY) G I O e, B S K S
HC—NEWT AL, LB REREAR . S50 LR B,
[i] £ 751 C— N B S (6] 7 £ 2 45 0 R0 A 285 44 58 10 5 i)
PR E M AR 094 i S0CR . Deng!™ . Wang!™ |
ST ZnCL/H.O . ZR/AICL ., ZnCl/ L BEK %
W fit CFRP, 18 i 4 J& 85 7 % C—N i /9 Bie A2 AR
FH, W2 E M AR 1 SR BR S M . TR Can
AP 7o) AARGHEMBEFHE, XRETFBE
HEA S W 2% )5 1] L5 N B i 6 B 4 A
M C—N S rf (9 FL 20 A R AR %, 1858 C—
NE#R G RE, WM S IR T C—N# B2,
A% N AR & 2B A il o TEIB R IR R R B T
FAA R LB
1.3.2.3 PRIk CFRP B fi

1% I 351 Ak B0 400 B T 1 B A X AN AR HLAT
oKk A KRR . 5 R A R ARG RON BT
DL, TR B[ b 3 S IR CFRP &) T B i 010K .
Gersifi 8" R FE T TR I [ Ak 19 3 A 45 7K T il
BEARERIEE Z LB S5 (IV) IE TEER R
LI K Bp 2 B (Monoethanolamine, MEA) V&
YRR o At R AR, UESC TR A H B AL FE AN
P it ) S B A AE o Liu S5 9 LA & 4 B0 R 1%
1) B 58 A B BB 85 TR /K W AL TR R, SR
T W Nadic 2 15 [5] 10 19 U A 3585 R IR 7E 7K i
Kt o K Sk B, A TR B A U T e A
T HC At B 43 O B o 3K A TR 1 A A i ) 4 €5 Ak B
PEHUET Ik B0 Zhao 55 P08 H T — i fRT PRI 2R
PRI, I H MEA 1 KOH (118 A 1 06 R B
[ 1k 1Y) 21 S Bk CERP A RHEAT A2 i, e T
160 ‘CE T, 60 min PA i P 5 A 24 A 8 1) 1 4
BEFEAR S M B 0o A LRI 5 fr R o rCF

1 iuHéﬂ

BAWWEMRME, JFRE T 95% DALY J5 b Wi R
FURBE o % T 20 AE 38 i A7 5 7% 08 [ i 22 4k 1 i 71
FIVRE fi 10 PR AR g, SEEL PR RS Iy H 1.
8 FH ) R g 30 Il i g 11 4k CFRP 75 2 90
min, rCEHPERE FIET 6.5%,

'ﬁ:{:; . Ho;}_/oom

g R T

~w(

OO~
o * e ok

~0

Es5 IRERFEEMEA/ KOH & % &Y 4 7 5 Rz 4 E"

Fig. 5 Decomposition mechanism of epoxy resin in
MEA/ KOH system"™"

1.3.2.4  HAh R 67 X0 5% fig

5 Al B SR i i [ Ak R I Ak T SO
], 4 0 58 5 B AU i 5 00D o Tt I fig i B 4
R i 19 T A T 2 1 4 Sk Tl e ML 3 5 T 22 ) S
WSk A, BLBY B R TR i LA i 7)o
A S IR IR 4 2% (Ceric Ammonium  Nitrate,
CAN) BEMETESE AL (RuCly) F7E7E R R MR I %
W SL IR A R R A W SR I T o RN TE

Lo



2024 4F el G

BT PR AT 2k 55 R TS B R WS 0 113

80 "C R AT, PAHE A 73l 1A 6 A2 G A 38 50 R0 £
den RS T es =R DS IR DN E R B BRI ik /i ¥t
JIEAEARF A 25 0F T [ —Se IR AR IR IC T
Rk B XS RR IR (A BB 2544 o Zhao UL 2
T2 g VA TR A 0 A e 17 L ke T . 11 A B S Tl
[ A Y B 2 Bk 2354 v i) C—N B C—C BEIR
AWV ESE, BT 4 RIS BT AR o B2 OR R
N 94%, M ICHER R 5 R 97%,  HI 1 5 1 A
AR A T Rl [l i S M, A 6 R
I, TR I A PR AR R K L AR
FERALERANTR] , XD R [ i 7E MEA Hh i) 43 fifk i A=
T C—NEEE S . A SCHRRE A A R AR B 1 1E
RIA R A TN 8= R AT I 0 R 1
HARHUIAT SR 55 B — 2D A5

Cm>

BA
‘b ~
- .-

W IEATEL o BN

/ ~k ~
el SORR g
it i O A
QRO BTGRP

ok
@ s

BIKBEE R
=3
=\,
~
. i g
EIlleraslid
6 RTEBFERN D RE T RERAEE SR
mY T ZH
Fig. 6 Closed-loop recycling process of bismaleimide
carbon fiber composites degradated bymonoethanolamine'

133 HifbF@ilck
1.3.3.1  J&mlER [k

J5 Rl TR ST R DA A VA2 S R 1) B85 v S X
CFRP A%, 13205 ae rCF, AT LA A A
5%, W T A LR R A R, FRAR T RN
WA M AR o T AR PR OR3P RN 2 5 38 25 T
12 A . WudE"H KCY/ZnCL#% #5350 C |
90 min N SE L T RALZF FAF CFRP 1Y C—N i 24
fif o AHLUE 5 vk I 5 U B LA B i — P k&
R H PR SRR R i A W R e, IR T,
PRIE TR A B B 47 A N 2 9l S AR R
1.3.2.2  Hfp2E Mg

FL b 27 B A 52 6 bR AR A0 FL R 28 BB AT 43 SR 28

i FH LU B L [ R CFRP AR IR I 7
K,k it T v R A8 U HL DA A bk i L Y
JE A CFRP FE S E N B, &8 (3ifr) #B1E
Ry B 5 Y6 A H SR ST VR, R L, SE
M2 IR B R AL I R AW, S EIRkEF4E . %7
TEAR T A, 6 A B B R A, AT A R RS
CFRP, $2 4t 7 [l i £F 4 vy F A 8 58 &5 09 nT g
PES . Sun % PHE HL AL A B AR CERP SE50 hRFEA
IFi) L figf S5 AR 3 RIS (] L 9 i o JHL AR A 23R 1 R i)
138 F T . PR GER B Ry AR £ 4 80% 1 rCF .
17 D AC et o 1 4 Ak A LB Tt — 2D SR

ML IR VE AR 5, BEP 8, R 2R
i, [RIBS AT DUAR B K R SF CFRP, 3 A Tolk [ i
A AT o AR [ B rh A AL EE DL R rCF
A BE = 70 e R AT .
134 %

Cheul-Kyu IR EH & (MJ &) %
R R R K 5 CO i (gCO Y HE) FRoR iy
T 2 SR L T8 6 CFRP A2 [l 5 #4 i J7 k iE 47
Fois, MHg5is.: bR BEFE (7.62 MJ Y
B AR (47.88 MT 248 1/6, i a SAHE
JiE: (1196.22 gCO, M) 29 3 1Y (5916.08 g
CO M) 1/5; A2 Rk i FH A [a) B 95 7] g 2l
A% CERP R fff 7= 9 19 0T Il g 1 2wl 1) FH 19 5 9%
28 DAAT JC 1 s R AR R 3R] A i 5 o fie 7™ 4 [ R
PRAE T R P I IE 5 R B SN A 1 4 P B
A9 780 25k 1 At i M SR, ko BRI T Y [ B
T2 AR R LR R

A 2% 9 032 [ CERP S AR | 4% (0 3R 4
ATERVE MR, H O BLAE B R A3 2 v ) [l e 45
A TE B — [ AR50 L B4 9 CFRP 52 50 B B
207 G S B A R LA 43 L R T R B
SR AT S A AR, O e Ry A
Ao MCHE 4 R B 0 2 1k BUEUTR ] 0 CFRP BEf%
HE— D fif ik e [, % CERP [l n] DL i
Tl Ak, T AL R — 2 5

2 WEEWBEFAREAR

AR ) CERP [m] i 45 2R 10 25 A X BE 98 3R 15 4
AE R AR ET 4k, 34 BE S BUAR I 9 gk 7™ ) 706 24 [l
W5 FEA o
21 EFWERBERNA

J F 0 i 19 A A0 P O AT DA e o R i AL



114 KT AR

55 38 &4 4 1Y)

U RR T IE, 2B W g I A MR kAT 1 4
SO I WA, i T e e AR i i 2 ) R R P P 3 A7
RO Mo LU, BT XEAR IR Ao B 22 S, nT RLER X
Pl 75 B AN R T U, A A T 5 I I
figt R T LA T T 2 R A A B B A
TR IT B A

Dang %" UHEFE T8 B JG MR 5 LR &
i — i DA PR K I 9 PP AR I, AR D SR OB B4
FH T #8589 R S8R, (ELIX 32 BR T R A i 1) 2
T, TS Y ITEAEA R TR S 6 %
AR o DT VR TR, (H R T X
ok e R P AR 4% o Tian 55 5% DAFACTE P RS I fie i
R i R L R T, FIH NMP 2k (8
VA IR 1 R R R SO b R AT U I, T B
VAR NG 7 A 2 ) LE B9k AL, itk al 1o
AR A Rl KR B R A BT, D [T s A
Je 4 3 2R IR A9 A 4R T8 U . Chen
A5 POV P 2 T P S 1 e A T 2R I i gk 2T
eSS hE, BRSO 3 R0 A 4 S B 4T 4 b
W Wk vl LASE oy . B  m R RE L AT
iR RG] o Long S50 5 1 il IR i e K v
WAE N E AR R B T CF, 33 T 0 TR K
(>800 0O Y REfR =¥, HrpRAR nlE 0 R4,
S PR AR AN AT 8 B, B I T RS I CFRP
HH o R TS TR A 8 R TR AR BT R 10 R Y
PG 2, FE AN [F) 0 SRR 0 I B8 A R s 24k
SRR

[Cot| |Co™| SR HLIEF

NO: NO:
)N TR .
MG -

B8 mMERMEELFRWIZREBERELBRALESHE
el
Fig. 8 Controlled degradation of amine-cured carbon
fiber composites by ammonium cerium nitrate oxidation

system'®”!

XF T EARTE CR R S IR B Al AT R,
ARG B AT B, JF A& i R S T 2K
ST SRR, JF HOR sk S i 58 R S B i T
Tl A= 7 AT SR T i i 22 PR
22 AIHRERMEERNA

2011 4%, Montarnal & & 1 T “Vitrimer”
MES, Bt 17— B A a) % R R M BB Y A2
A REY . B BA SN, 700
- R IV AL R R AT AT s s S g, R HES
A FNEERL , (AR R I S S B . T )
AL A WA . AR R BB . 46 E/ W
OB . KRBT R4S (Diels-Alder) fin
B A X s AN HE A — S B AP (i
BELOOGRE L AL . pH AR TR AT RUR A i Eln]
RN o A AR A ] A SR S R 4% (Co-
valent Adaptive Networks, CANs) nJ DA # g i)
Ra Aok T O F ) FH T Bk . Yu B8R & i A 4
J&HEAL T Zn CA) 2K 35 4 CANs SR [ 4 3 45 1) 1
160~180 C WYL T [Efif, SR SR EWILT
100% 1y [l . 5k TE L. WA . iR
FAFURFN S 45 Tl T o TR o Iz o

BRI S 3 A AT DAAE 52 5 B4 R[] s
AL R A, B R S AR LA
TR 52 G MR Ak 2 RS E Mo AT R R Y,
fif By CANs 4 2 19 7T FE 2B R 3K 31 A= 7= Ak s FHATS
e it — D0 R et .

3 RE

AN CERP MISCE AR AR B S an 52 1 77 .

HFT, B 2T 2 AR i 0% el ) H T A7 2
255 THUE, CFRP [FIUCAEDS SC B AAS . =
B SEIR A IE IR, (BERE CFRP Y
KON BT DA B B AR 4P T SR i R e i, 2252
A P AN B AR, AT R T B IO A A ] R

1) ZFh & 12 35 58 50 PR £F 2 LSRR, A
T R A B £ 4 A= 7= AR, SR rCF M BE T B A 1)
FEATY SR VAT Fff R o 35 907 194 Il oA D 3835 3530 7 ol
WA, 8RB T2 SRk 2F 4E P g R B Z Y
WHEER R, SCIR AR 4t s M Re 4y, R A(E15 QT
IR

2) B m Tk RE bR 2F 5 8 S, AR 4R
MR BAE T PR mA. @ IKREFE ik
T, BRAR LR £F 4 lAS S 30 PR B [l i A



2024 4F el G

BT PR AT 2k 55 R TS B R WS 0 115

%1 CFRP BB AR GG 5
Tab.1 Advantages and disadvantages of CFRP recovery technology

Jiik it 5 B
1. RN IR I ] £ 24 e 1N LR
R 2. BRMALR 2. B LFUEBUIRAE i 352 K
3. TEH g 3. PR T £ 44 b i 19 7 A
1. R AT EWR
RIS L R
2. B A B BB AL T | 2 TS e
T 7 LRl 3. SN %, BEAE K
A 3. HUbR AR T L b ] 15 5 4. 1CF fyHUBRH: A A T-f6 2% [ 19 1CF
M 4. 7 5 Wb i TR BB R} 5. [EIKCTH: 2T 4 1 47 B
5. A FE 4L 2% 4 7 6. H vk e A R — AL

(CO) MR =AM —# AL (CO.)

L. 0y B IR A AT 4
LEVRIA R RENE LY A i
3. MR s

2. B -CF BRARE K )2 VR, 27 4k

7. LZEZHON rCF 1o fE Rz o 2%
L B2k A 85 %1

2. W& RLBAT A

3. BHMHAR

L ) B BB 2T 1. R 00— 2 005 3 9 0 R B
2. 301 —CF B AT 1R 1) 13 2 M Rt , £
{359 1 g KRR BB
3. 2 ST R T 08 , 4 B A 2 8 BRI
4. REFEAE LA ESRAE
L. B B IR 2T 4 1 B AR
Y T £ I 2. BREIA T » B FEAR X 2 5 1 2. VAT R A
3. LEEH
L. By B I L4 L%Wg%%ﬁ%%%%ﬁ$%
. 2. BRI K UF 2. TEH K
LR 3. BERE(S . i 4 BERA
4. 8T FOK Sk R
TR IR, 2 W 2R T P A [ R TzPrvh-11A.

3) R 2 Bk 4e T L ST B A B 2T 2 Y )
W, R 22 A 22 o] B AT TR N AN . RSB
IR £F 4 K B 25 R I AT 82 T, SC 80 CFRP A
SER Y AR I, 3 A N TR AR A 1
PERE, JE W H AT EMPRAER T AR,

4) % B CFRP &#r i, witmtae. ol
e firk 1) T RO ARE MG S AR A AL, W Bl 27 A T R
P45 )T 1S i ke CERP [B1i 4 5 AR 7)1

S
[1] SARKER M, HADIGHEH S A, DIAS-DA-
COSTA D. A performance-based characterisation

of CFRP composite deterioration using active infra-
red thermography[J]. Composite Structures, 2020,
241: 112134.

[2] ARWI. 2023 4F @ sk & 4 & & MR T B M S R/
OL].(2024-03-27)[2024-04-15]. https: //mp.weix-
in.qq.com/s/_9_jXw6biCoXTzPrvh-1IA.

LIN G. 2023 Global Carbon Fiber Composites
Market Report. [R/OLJ. (2024-03-27) [2024-04-
15]. https: //mp.weixin.qq.com/s/_9_jXw6bi-CoX -

(3]

ARRN . LT 4 T LGSR 2022 2 BRERZT 4k 52 45 1
Bl (01, GigiR S, 2023(5): 16-35.
ZHAO Q, JIANG J J, ZHANG L J, et al. Sim-
ple and mild method for the recycling of carbon—fi-
ber —reinforced bismaleimide resin composite waste
[J]. ACS Sustainable Chemistry &. Engineering,
2023, 11(7): 2830-2839.

RUDOLPH N, KIESEL R, AUMNATE C. Un-
derstanding plastics recycling: Economic, ecological,
and technical aspects of plastic waste handling[M] .
Munich: Hanser Publishers, 2020: 14.
NAVARRO C A, GIFFIN C R, ZHANG B Y,

et al. A structural chemistry look at composites
recycling[J]. Materials Horizons, 2020, 7 (10):
2479-2486.

GRS ETT . XA, AF. BREFAENHG SRR SR A
A BPR BRI BOR (0] A MR, 2022,
39(1): 64-76.

HU Q L, DUAN Y F, LIU Z, et al.

status of carbon fiber reinforced polymer compos—

Current

ites recycling and re-manufacturing[J]. Acta Mate-
riac Compositae Sinica, 2022, 39(1): 64-76.



116 KR T AR R A2

55 38 &4 4 1Y)

[8] ksl woleT, fiR, . RS HRHEIT

MR BT (J]. & e 4, 2023, 52(5): 38-
41, 93.
ZHANG L R, YANG Y N, LU C, et al. Re-
search progress in recycling and reuse of carbon fi-
ber composites[J]. Synthetic Fiber in China, 2023,
52(5): 38-41, 93.

(9] BN, #hUIE, B, . BRSO EIL

SHAAHA ] M-SR, 2021, 35(S2): 627-
633.
HU W J, ZHONG M J, YANG Y, et al. Recy-
cling and reuse technology of carbon fiber compos—
ite materials[J]. Materials Reports, 2021, 35(S2):
627-633.

[10] BUTENEGRO J A, BAHRAMI M, ABENO-
JAR J, et al. Recent progress in carbon fiber re-
inforced polymers recycling: A review of recycling
methods and reuse of carbon fibers[J]. Materials,
2021, 14(21): 6401.

[11] ABDOU T R, BOTELHO JUNIOR A B, ESPI-
NOSA D C R, et al. Recycling of polymeric
composites from industrial waste by pyrolysis:
Deep evaluation for carbon fibers reuse[J]. Waste
Management, 2021, 120: 1-9.

[12] PIMENTA S, PINHO S T. The effect of recy-
cling on the mechanical response of carbon fibres
and their composites[J].
2012, 94(12): 3669-3684.

[13] #:# X, fyass, ST, . LHEEaEASR
AR RN FE A IMD . dbst: v Bk AL,
2021: 2-76.

[14] LOPEZ F A, RODRIGUEZ O, ALGUACIL F

J, et al. Recovery of carbon fibres by the thermo-

Composite  Structures,

lysis and gasification of waste prepreg[J]. Journal
of Analytical and Applied Pyrolysis, 2013, 104:
675-683.

[15] JIANG G, PICKERING S J, WALKER G S, et
al. Surface characterisation of carbon fibre recy—
cled using fluidised bed[J]. Applied Surface Sci-
ence, 2008, 254(9): 2588-2593.

[16] XUE X, LIU S Y, ZHANG Z Y, et al. A
technology review of recycling methods for fiber—
reinforced  thermosets[J]. Journal of Reinforced
Plastics and Composites, 2022, 41(11-12): 459-
480.

[17] #Rmedd, /b4, E&EH, F. WAL SRR
W5 A AR R ], ma T RR RS TR,
2020, 36(8): 182-190.

DU X Y, CHENG X Q, WANG Z Y, et al.

Recycling and reusing of carbon fiber reinforced
polymer: A current technical progress[J]. Polymer
Materials Science and Engineering, 2020, 36 (8) :
182-190.

LESTER E, KINGMAN S, WONG K H, et al.

Microwave heating as a means for carbon fibre re—

[18

[

covery from polymer composites: A technical feasi—
bility study[J]. Materials Research Bulletin, 2004,
39(10): 1549-1556.

[19] DENG J Y, XU L, ZHANG L B, et al. Recy-
cling of carbon fibers from CFRP waste by micro-
wave thermolysis[J]. Processes, 2019, 7(4): 207.

[20] Z ik, GREF4eE G MORHE Y09 Iml i 5 0 42
AR, YTk, 2013 (12): 36-39.

LUO Y F. Technology development of recovery
&. reuse of carbon fiber composite[J]. Fiber Tech-
nology, 2013 (12): 36-39.

[21] =k, fRfEoc, frdl, . WIREE GMEIEFY

(5] e PR BROIR R e S # (T] . AR e 4l, 2019,
33(S2): 634-638.
GUO Q, XU H Y, HE K, et al. Recycling sta-
tus and development trend of resin matrix compos-
ites waste[J]. Materials Reports, 2019, 33(S2) :
634-638.

[22] LIU T, SHAO L, ZHAO B M, et al. Progress
in chemical recycling of carbon fiber reinforced ep—
oxy composites[J]. Macromolecular Rapid Commu-
nications, 2022, 43(23): e2200538.

(23] XUIFTHE, RM3E, sk, 5. morrabetafesTt
i [J]. ¥54F244, 2022, 53(9): 1005-1022.
LIU X H, XU S M, ZHANG F, et al. Chemi-
cal upcycling of polymeric materials[J]. Acta Poly-
merica Sinica, 2022, 53(9): 1005-1022.

[24] GONG X Y, KANG H J, LIU Y Y, et al. De-
composition mechanisms and kinetics of amine /an-
hydride-cured DGEBA epoxy resin in near—critical
water[J]. RSC Advances, 2015, 5(50): 40269-
40282.

[25] LIU Y Y, SHAN G H, MENG L H. Recycling
of carbon fibre reinforced composites using water
in subcritical conditions[J]. Materials Science and
Engineering: A, 2009, 520(1-2): 179-183.

[26] LIU Y, LIU J, JIANG Z W, et al. Chemical
recycling of carbon fibre reinforced epoxy resin
composites In subcritical water: Synergistic effect
of phenol and KOH on the decomposition efficiency
[J1. Polymer Degradation and Stability, 2012, 97
(3): 214-220.

[27] FN . BRI COL YR AR TSR 2T 4 1 iR A% i Ik 52 5



2024 4F el G

BT PR AT 2k 55 R TS B R WS 0 117

MOE T EgE (D] A8 B8 Tl K4, 2014:
12-14.

SUN X. Research on recycling method of Carbon
fiber reinforced resin composites using CO, under
super critical conditions[D]. Hefei: Hefei Universi-
ty of Technology, 2014: 26-28.

[28] OKAJIMA 1, HIRAMATSU M, SHIMAMURA
Y, et al. Chemical recycling of carbon fiber rein—
forced plastic using supercritical methanol[J]. The
Journal of Supercritical Fluids, 2014, 91: 68-76.

[29] OKAJIMA I, WATANABE K, HARAMIISHI S,
et al. Recycling of carbon fiber reinforced plastic
containing amine—cured epoxy resin using supercriti-
cal and subcritical fluids[J]. The Journal of Super—
critical Fluids, 2017, 119: 44-51.

[30] OKAJIMA I, SAKO T. Recycling fiber-reinforced
plastic using supercritical acetone[J]. Polymer Deg-
radation and Stability, 2019, 163: 1-6.

[31] OLIVEUX G, DANDY L O, LEEKE G A.
Degradation of a model epoxy resin by solvolysis
routes[J] . and  Stability,
2015, 118: 96-103.

[32] OLIVEUX G, BAILLEUL J L, GILLET A, et

al. Recovery and reuse of discontinuous carbon fi—

Polymer Degradation

bres by solvolysis: Realignment and properties of
remanufactured materials[J] .
and Technology, 2017, 139: 99-108.

[33] ZEgedk, TMUI®, sRARME, 4. BRI MUK 5+
WLl AR RS Y I B SRR D], BRI TR,
2022, 16(6): 1917-1924.

LT Z X, XING M F, ZHANG D H, et al. Re-

cycling of waste carbon fiber — reinforced polymer

Composites ~ Science

composite by acetic acid swelling method[J]. Chi-
nese Journal of Environmental Engineering, 2022,
16(6): 1917-1924.

[34] KUMAR S, KRISHNAN S. Recycling of carbon
fiber with epoxy composites by chemical recycling
for future perspective: A review[J]. Chemical Pa-
pers, 2020, 74(11): 3785-3807.

[35] TIAN F, WANG X L, YANG Y, et al. Ener-
gy—efficient conversion of amine—cured epoxy resins
into functional chemicals based on swelling-induced
nanopores[J]. ACS Sustainable Chemistry &. Engi-
neering, 2020, 8(5): 2226-2235.

[36] WANG Y Q, CUI X J, YANG Q Q, et al.
Chemical recycling of unsaturated polyester resin
and its composites via selective cleavage of the es-
ter bond[J]. Green Chemistry, 2015, 17 (9) :
4527-4532.

[37] 2, sRLUA, BR4ESE, 5. mar9EiMl. 3
fiw. L. HHERSEHRAE, 2007: 55.

[38] ZHAO X, WANG X L, TIAN F, et al. A fast
and mild closed-loop recycling of anhydride-cured
epoxy through microwave-assisted catalytic degrada—-
tion by trifunctional amine and subsequent reuse
without separation[J]. Green Chemistry, 2019, 21
(9): 2487-2493.

[39] YIN J, LI G M, HE W Z, et al. Hydrothermal
decomposition of brominated epoxy resin in waste
printed circuit boards[J]. Journal of Analytical and
Applied Pyrolysis, 2011, 92(1): 131-136.

[40] DANG W R, KUBOUCHI M, YAMAMOTO S,
et al. An approach to chemical recycling of epoxy
resin cured with amine using nitric acid[J]. Poly-
mer, 2002, 43(10): 2953-2958.

[41] DANG W R, KUBOUCHI M, SEMBOKUYA
H, et al. Chemical recycling of glass fiber rein-
forced epoxy resin cured with amine using nitric
acid[J]. Polymer, 2005, 46(6): 1905-1912.

[42] SCHAMEL E, WEHNERT G, SCHLACHTER
H, et al. Chemical recycling of carbon fiber rein-
forced epoxy composites using mild conditions[J].
Chemie Ingenieur Technik, 2021, 93(10): 1619-
1628.

[43] HANAOKA T, ARAO Y, KAYAKI Y, et al.
Analysis of nitric acid decomposition of epoxy resin
network structures for chemical recycling[J]. Poly—
mer Degradation and Stability, 2021, 186: 109537.

[44] DENG T S, LIU Y, CUI X J, et al. Cleavage
of C—N bonds in carbon fiber/epoxy resin com—
pos-ites[J]. Green Chemistry, 2015, 17(4): 2141-
2145.

[45] WANG Y Q, CUI X J, GE H, et al. Chemical
recycling of carbon fiber reinforced epoxy resin
composites via selective cleavage of the carbon—ni—
trogen bond[J]. ACS Sustainable Chemistry &.
Engineering, 2015, 3(12): 3332-3337.

[46] LIU T, ZHANG M, GUO X, et al. Mild chem-
ical recycling of aerospace fiber / epoxy composite
wastes and utilization of the decomposed resin[J].
Polymer Degradation and Stability, 2017, 139: 20-
27.

[47] WU T Y, ZHAN W W, JIA X L, et al. Sol-
vent—free rapid degradation of epoxy composites
and recycling application of high performance car-
bon fibers through the synergic catalysis effect of
molten salts and titanium dioxide[J]. Polymer

Degradation and Stability, 2022, 196: 109849.



118 KR T AR R A2

55 38 &4 4 1Y)

[48] EL GERSIFI K, DURAND G, TERSAC G.
Solvolysis of bisphenol A diglycidyl ether/anhydride
model networks[J]. Polymer Degradation and Sta—
bility, 2006, 91(4): 690-702.

[49] LIU T, GUO X L, LIU W C, et al. Selective
cleavage of ester linkages of anhydride—cured epoxy
using a benign method and reuse of the decom-
posed polymer in new epoxy preparation[J]. Green
Chemistry, 2017, 19(18): 4364-4372.

[50] ZHAO Q, AN L, LI C B, et al. Environment-
friendly recycling of CFRP composites via gentle
solvent system at atmospheric pressure[J]. Com-
posites  Science and Technology, 2022, 224:
109461.

[61] ZHAO Q, JIANG J J, LI C B, et al. Efficient
recycling of carbon fibers from amine-cured CFRP
composites under facile condition[J]. Polymer Deg-
radation and Stability, 2020, 179: 109268.

[52] LO J N, NUTT S R, WILLIAMS T J. Recy-
cling benzoxazine—epoxy composites via catalytic
oxidation[J]. ACS Sustainable Chemistry &. Engi-
neering, 2018, 6(6): 7227-7231.

[63] WANG Y Q, LI J L, ZHOU X X, et al.
Chemical degradation of carbon fiber reinforced bis—
maleimide resin composites to recover carbon fiber
and nitrogen doped carbon materials[J]. Compos-
ites Science and Technology, 2020, 199: 108342.

[54] LEIBNER T, HAMANN D, WUSCHKE L, et
al. High voltage fragmentation of composites from
secondary raw materials—potential and limitations[J] .
Waste Management, 2018, 74: 123-134.

[5656] ZHU J H, CHEN P Y, SU M N, et al. Recy-
cling of carbon fibre reinforced plastics by electri-
cally driven heterogeneous catalytic degradation of
epoxy resin[J]. Green Chemistry, 2019, 21(7):
1635-1647.

[66] SUN H F, GUO G P, ALI MEMON S, et al.
Recycling of carbon fibers from carbon fiber rein-
forced polymer using electrochemical method[J].
Composites Part A: Applied Science and Manufac-
turing, 2015, 78: 10-17.

[567] CHEUL-KYU L, YONG-KI K, PHIRADA P,
et al. Assessing environmentally friendly recycling
methods for composite bodies of railway rolling
stock using life-cycle analysis[J]. Transportation
Research, Part D: Transport and Environment,
2010, 15(4): 197-203.

[58] TIAN F, YANG Y, WANG X-L, et al. From
waste epoxy resins to efficient oil/water separation
materials via a microwave assisted pore—forming
strategy[J]. Materials Horizons, 2019, 6 (8) :
1733-1739.

[59] CHEN H D, LIU X H, HE Q, et al. Upcycling
waste thermosetting polyimide resins into high—per-
formance and sustainable low-temperature-resistance
adhesives[J]. Advanced Materials, 2024, 36 (4) :
e2310779.

[60] LONG Y W, TIAN F, BAI L, et al. A mild
and efficient oxidative degradation system of epoxy
thermosets: Full recovery and degradation mecha-
nism[J]. Green Chemistry, 2022, 24(18): 7082-
7091.

[61] MONTARNAL D, CAPELOT M, TOURNIL-
HAC F, et al. Silica-like malleable materials from
permanent organic networks[J]. Science, 2011, 334
(6058): 965-968.

[62] 2=k, BRIG, BAED, 5. TR P E PRI K

FoRR T e S S AP RHIP e e (U] BB PERE IR, 2022,
37(5): 60-69.
LI W B, CHEN J, HUANG J R, et al. Re-
search progress of degradable thermosetting resin
and carbon fiber reinforced composites[J]. Thermo-
setting Resins, 2022, 37(5): 60-69.

[63] YU K, SHI Q, DUNN M L, et al. Carbon fi-
ber reinforced thermoset composite with near 100%
recyclability[J].  Advanced Functional Materials,
2016, 26(33): 6098-6106.

[64] X, #emfE, BRM, . EYHEEPIE R T
BRI BT kR (D], & 4r T2# 4, 2020, 51(8):
817-832.

LIU T, FEI M E, ZHAO B M, et al. Progress
in biobased vitrimers[J]. Acta Polymerica Sinica,
2020, 51(8): 817-832.

[65] PIMENTA S, PINHO S T. Recycling carbon fi-
bre reinforced polymers for structural applications:
Technology review and market outlook[J]. Waste
Management, 2011, 31(2): 378-392.

[66] LAUZE M. Recycling carbon fibre reinforced com-
posites: A market and environmental assessment
[EB/OL]. 2014[2024-5-15]. https: //escholarship.

mcgill.ca/downloads/0c483m94s?locale=en



