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Effect of CFRP Recycling Techniques on the Physical Properties of

Recovered Carbon Fibers

Jisu Jeong*, Munju Goh™'

ABSTRACT: As the use of carbon fiber (CF)-reinforced composites increases, recycling has become essential for both
environmental sustainability and economic feasibility due to the high energy cost of CF production. This study
systematically compared recycled CFs (r-CFs) obtained via pyrolysis, supercritical fluid (SCF), superheated steam
(SHS), and chemical oxidation, analyzing surface morphology, chemical functionality, mechanical properties, and
interfacial adhesion with polymer resins. Results showed that chemical oxidation effectively introduced oxygen
functional groups while minimizing structural damage, preserving the mechanical and electrical properties of r-CFs
better than high-temperature methods. Notably, it significantly enhanced interfacial adhesion with epoxy resin. These
findings contribute to sustainable recycling strategies for CFRP waste.
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Pyrolysis (Furnace) 550 °C, N, with post-oxidation

SHS (Superheated steam) (Furnace) 550 °C, with post-cxidation

405 *C, 280 bar, H,0, High pressure O

Main treatment : 100 °C, 4 hin 1 M KMnO,

Pretreatment: 120 °C, 72 h in 1 M Citric acid

i Main treatment : 40 °C, 12 h in 1.5 M mCPBA

Pretreatment: 120 °C, 72 h in 1 M Citric acid
Main treatment : 100 °C, 4 hin 0.7 M NaOCI

SCF | l
| Pretreatment: 120 °C, 72 hin 1 M Citric acid l

| KMnO,

NaOCl

Fig. 1. Schematic diagrams of each recycling process

Table 1. Summary of recycling methods and decomposition
conditions

Mathods Decomposition conditions
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Fig. 2. SEM and AFM surface images of r-CFs obtained by different
recycling methods: (a) v-CF, (b) pyrolysis, (c) SCF, (d) SHS,
(e) KMnQy,, (f) mCPBA, (g) NaOCI
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Fig. 3. C1s peak fitting spectra of (a) v-CF, (b) pyrolysis, (c) SCF,
(d) SHS, (e) KMnO,, (f) mCPBA, and (g) NaOCl

Table 2. XPS C1s peak fitting results of r-CFs

Ratio of functional

groups (%)
c=C | CC c-0 0=C-0 Cis 01s oic
v-CF 66.26 | 18.03 8.60 .1 82.45 17.55 0.21
Pyrolysis | 5801 | 344 27.04 10.61 78.64 21.36 0.27
SHS 60.38 | 14.84 14.79 10.01 87.31 12.70 0.15
SCF 54.60 16.45 14.03 14.92 88.77 1.23 0.13
KMnO, 046 | 1060 1231 16.64 81,98 18.03 0.22
NaOCI 5750 | 15.04 11.69 15.77 84.19 15.81 0.19
mCPBA | 6612 | 1213 13.13 8.63 82.90 17.10 0.21
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Table 3. Tensile strength of v-CF and r-CFs

M (GPa) SD T-value P-value
v-CF 4.12 0.30
Pyrolysis 3.41 0.36 7.329 < 0.001
SCF 3.81 0.21 3.786 0.001
SHS 3.50 0.38 5.727 < 0.001
KMnO, 3.78 0.30 3.645 0.001
mCPBA 3.85 0.24 3.143 0.003
NaOClI 3.86 0.22 3.126 0.004

Table 4. Young’s modulus of v-CF and r-CFs

M (GPa) SD T-value P-value
v-CF 235 14.2 -

Pyrolysis 217 15.4 3.843 < 0.001
SCF 234 13.6 0.227 0.821
SHS 219 17.8 3.142 0.003

KMnO, 226 104 2.287 0.028

mCPBA 231 15.9 0.839 0.407

NaOCI 243 14.9 -1.738 0.090

E
Young's modulus (GPa) I
E)

g

Tensile strength (GPa)
g @
g ByE

Electrical Conductivity (Sicm) 5

EEZE

s B

Fig. 4. (a) Tensile strength, (b) electrical conductivity, and (c)
Young's modulus of v-CF and r-CF

Table 5. Electrical conductivity of v-CF and r-CFs

M (S/cm) SD T-value P-value
v-CF 7071 20.7 - -
Pyrolysis 676.9 25.8 4.083 < 0.001
SCF 705.3 223 0.265 0.793
SHS 684.6 29.7 2.779 0.009
KMnO,4 703.3 239 0.537 0.594
mCPBA 695.5 38.9 1.173 0.251
NaOCI 704.3 21.2 0.423 0.675

of M= r-CFe| 7|41 54 Aste] F8 Ul 123
ol o3t &4 gt Absh jZ oz A Qlrh12].
A8 A}, 01AF ) 7FAF wol A A& e o

e} [

=
£3 (pyrolysis) 2, virgin CF (v-CE 4. 12GPa) tfH] 17.1%
7Lé“—’5} o, BHpF7] (SHS) FH-2 15.0% Lﬁ\ﬁ}?‘i
I, 2 A4 (SCF) 4 i]'sm *1@]' -2 oF 79
QU 3w fAEo] BA et
A A £ 23} (Table 3, Table 4)2}= U3
A4 (t-test) 21}, B3|} SHS H o= &g
% r-CFi= v-CFof| v]gj| 1% =7t FAF o2 {-ou|st
Al 2 ApolE Helem (p<0.05), SCF 4 3}5H4] Akoh
O Aol r-Ch= -2Ju|gt 2ol HolA] it} (p>0.05).
A7) AEE A e fARE 7 7Fo] ¥hzkE ¢lot (Fig. 4b,
Table 5). @53} W SHS *]2]% r-CF:= v-CFQ} v L3} uf|
A7) AErEoA {o3t Zfo] & H o (p<0.05), SCE
KMnO,, mCPBA, NaOCIZ #2]% r-CFE= A3 o7 §9
n3k 2po| & HolA] Rttt (p>0.05). o= Tt Akst W
A Eo7E 71AA 5 ot Ao A o
2 n| A= AL olu|slic].

b
o
b
Hum



Effect of CFRP Recycling Techniques on the Physical Properties of Recovered Carbon Fibers 213

CF ER| sp Bwl A Pt 7
Sl A SlefotEE, A2 E B F g FEE B
sk Alo] - Fastch shebe Akeb e Bof Aol
CPi= v-CFol| H]3) g4 0.2 10% o] 4} 4k4: 7]uko] 2§

712 ¢ wo| xz3kslar glrk. o] A wH Ao FpAtE
A= 74 9 4714 BAo] 2 §AH9l7] thizel, shet
2 ALBPEE T et TRA A Aolo] FRE AT
she Ao gheheth olejgt ol A akoba Areh b
ARa) 9 SHSRT CRe] 814 B4 B glo] gt

il
oX, rIo o

oo HATHI3] B3, 75719 =Y E A W &
AW FE E A HAE R 7o AR Z|diEr
3.3 CF AlH

Felo] S S e AR o SIS G TS
SaAS -CHE B R Aol ALE 4T B
2 49 ABL, 0 A0 RTehE FAH 5L
517] 919} %2 AW HErelo] Waalrh A
A Aeas A f o\ A BB A, o
= A A AATOI A o 2 wAIT} 0] Slck. o
ol ©]a CERP v3olx 2ol wAlsta, 1
498 AR QAL 45 A AU vl B
el ols 4 Hick. olejgt 2o e 1)
A5 7he] 7e A RAEo] o5 elAE At A 5
SAcH14L
o] A oAE 4 Yk FEE Ao A
At 7} % (Interfacial Shear Strength, IFSS)E £-3f 3 71 H T}
IFSS= &g F-5 GAA wid o] A7 Adsh= @5
A= UEhlie, g% dolo] AR5 I off 25
A A F)S AR #HA R U o= Jojdnt
(Fig. 5).
r-CF| Al g2 E4S B718h7] 918l @Y r-CFef 4
& E7H A 7H9] HE7) (contact angle) I IFSSE 574
Shlet (Fig. 6). i ko= B4EHd ofvlA o FA] (EP)
TAeF A7ka] Eefotu| =6 (PA6)E ARESHIHE L]

Pull-outtest curve

Fin

20

Pull-out force
(External)

-
7]

Force [cN)
1

Resin
(Matrix)

L,

o 20 40 60 B0 100 120 140

o

Displacement (um)

growth

E
[FSS = —=——
mXdf XL,

* Fy: Maximum force
*dy: Fiber diameter
* L: Embedded length

Fig. 5. Definition and equation for calculating interfacial shear
strength (IFSS)

‘li‘

Curing W
EP

s W El
= CF Clamping system Grab
= [pms - — ¥ Pull-cut (IFSS)

* Heater ﬂ-l
LS ]
Melting
AEmbadding i
i Contact angle
Measuring

Fig. 6. Schematic illustration of the measurement method for
contact angle and interfacial shear strength (IFSS)
between resin and r-CF

Contact angle (%)
2 B8 &8 88 = B
Contact angle (%)
B EEEE 2 E

IFSS (MPa)

e &
=
s &

Fig. 7. Interfacial properties between r-CF and resin: (a) Contact
angle and IFSS with EP resin; (b) Contact angle and IFSS
with PA6 resin

B AT £AE I 9 G2HRE T LEolA 5

;(] oz /U-?;zﬂ— /\

o}t IFSSE= tHal CF/ 2] B

Sfod, 447k WAl Zolek el A 2l T2 S5tol

Alelgle. A AL B S @A 2ol dg7t
of 151 4= 9l 3 E£A4

o 4T 4 9liES £ Aol 24 B2 asislo] AZH

Fig. 72 5= 7H2] &8 s=A] ¢} r-CF 7o} =2t 8l IFSSE
Bojze}. ofg] uhe EEUAES LpERTE EP S2x|9t0] 4
=242 PAGO] HIsf oF 50% H7| LEbd o, o]= EP 4
7} PA6KLTE W AT AEES 7hA T gL o]
aith QubHo R Yot e Fejn] SAl wo EUY

28 UehiTH1s).

FH 2e7 7R =1 (R,=314 nm), Akas RS 227 (C-
O 8l 0=C-0) Hl&o°] 7 =2(37.7%) L3l Xiﬂ r-CF
L EP $=x]9}9] A&7}o] v-CF(32.9°) 5T} 7| 7443} 24.6°
2 yepfglon, ole] wel IFSSE v-CEe] 75.2 MPao] 4]
88.4 MPag Z7}5}1c}. p71A] & SCE (R, =282 nm, 28
7] 28.95%) 2! SHS(Ra=271 nm, 2-&7] 24.8%) %2 r-CF%
EP =) oo] HE27bo] Z42f 22.6% 31.7°2 Wgkon, o] =
EY 2% S7kek 4 28719 EAF HERgae]
E4S FHAASS HolZt

ahi, 570 ATk WA IBSSO] S71R A A H A

gon, o= $9 M=, 452 #H ZE, 287 w9
e 5 o AW S4o] St ez 283517] el
ot ol € S°1, PA6 24| = H| L] {1'1‘—% @E% M B,



214 Jisu Jeong, Munju Goh

HE52o| = Etstal IFSS7F At 4 o2 SHA| yreh
F= Zioh E&8l APE -Che £ 2271 571
ol E7-6kaL, PA6 =2 2ke] ] E2}o] v-CF(54.2°9) 1
o E2 59.1°5 YEhlo] 5840l 23518 g4skyit). SCF
9 SHS A2 r-CE= U3t A4S B on, o= PAG
=0 Ay 0 giAEo] A8 THo] ulyst 22 7
AESA 23] Lol A0 PAS X &
= AEs S85 Ao R Agfjste], U 2271 St
oo w g$o}ﬁ HE2o] S71sHA = AtH16,18].

slskA AFSHKMnO,, mCPBA, NaOCl)Z A 2] & r-CF=
EP(28.3° 31.1° 26.9°) & PA6(44.3° 44.1° 49.3°) -] &=
oflA FE2ol 1 A== Akt of2fjt 74l XPS
BAe E3) golel 24 27| =2 29.0%, 21.8%,
27.5%)0]] 7]¢13t Aoz, AR o 71 SF0 Y =
T (Ra= 234-248nm)yto 2= A x| x| ok}, 181} PA6
5:x)9] A9, TA 28710 Belo|E BPea HES} &
oF Fa4 Aol AlgtE gt

EP $=X]9} r-CF 7}2] IFSS:= v-CF tjH] oF 4~25%7}4] 5
olu|stA| Z7)stg et E3|, =& 28y de & 7= 5)s)
Z A3} r-CF (KMnO,: 29.0%, NaOCL 27.5%)+= 212 94.2
MPa 9! 82.7 MPa?®] =2 IFSS 12 UEML}. o= =4 2
7100 ot S84 P A A Aol A 9] ARt st
A Agto] 7]QIgt Ao wekEh

B PA6 4=X)9} r-CF 7H2] IFSS= v-CF tH] Zoj] 6%2]
Aol Hylom, 54 2487 EAol= Eekal A &
= Al o]t o]= PA6S] w2 H=rF AT &=
Walistal A o282 AFA7] dlEolth16-20].
% Htoll A= HE2 ) IFSS 11| Al S SHe=

SRR F A Afolo] WA= Tt At

li siad = glon, sAef =, AR, A &Y

fr e

o, flo
mTS I

212

mlo

i

4or

i Ar
2

--- EP resin --..__

LLC\.

Smooth surface

(b)

- PAB ~. [ w},

Rough surface

Smooth surface

Fig. 8. Schematic illustration of interfacial adhesion mechanisms:
(a) Epoxy resin and r-CF, (c) Polyamide 6 and r-CF

19
=

_04 2 m 21—3.7] =y 3059,] 1—4-
=tk webA JE542 A
A2 -G AN IFSS 84 Alofl=
4 248 BE Teels B3 Yoo

o] Azt A Aarss %61 W
o oL, 57 9k 4§ 7he)
48, Bl A1) et E43t g w72
%) A WSS AN olele 24 S wte,
B E4 2 r-CEo) 44 50
e 13 WA UZ e Aol 2 AZH e Helsic. of
gt A9E vlE o 2 Fig. 82 thofel ¥ = W 318} 2}
/715 2= r-CFo} &7 7HA] 4] 7he) 2 viAYSS A
gokal Ut 9 FEiE BEs] AlAEkst] flsf, Sl
A2]E r-CF (A% 32H)2F NaOCLS 53t 31814 &g r-
CF (w112 )9] AFM 0|2 & thiE A= =43}
shelth EP A= Whg/4d 4b7] (-OH) 9 o ZA =
(epoxide)7| & Eglotal o], sletA o & A&-g5 r-CF &
wle] 4k g4 2-87](-OH, -COOH)} 7 B A3He
3L 2= 9Jr}. o] B}5hA AZS FAFAY| L, 7t A
W ABAGE fEdth B A W 7Hl rCR: 7]
A4 7] AgH(mechanical interlocking)S SZIA1A H2HES
|5 ARl i

3HH, PA6 4= A| = r-CF9] 2}-§-7]

ARk, FE=7F ot W 2o uhet XEIE Zo]7t Xﬂ e 4=
Tt PA6= BH RE =710 93t 7| AA 7] 4
AlRtA ol Aut, 54 28715 &3 2kt A9k OIW sl 4
Ztof| 711 4= Sl

=2
o
ol

o
B 7}
4

o
oy of
£ r§£
ox o
o o,

oot
olo o
Lo g

of
—_-

2
rE o
o rﬂ il
Jo SN ) flr og
W 2
i)

_r,
It o> lo

r
-
b

>

s
aQ
o
)
x
I
o2
rsi
>

4. 48 B

33 CFRP AJH-E A &bshal ohefet -8 W —H%
Aol Al W EE 29 3tk AR A & F Sl
a4l (CHE 34sto] 2214 548 2ASHIT &
ATE oy AL 7|eS TUS 2HA A A wagh
O &2H, 7 o] mE &g ghaAF (-CFo FH&
APHR o7 Hre 4= Qe & skt

3ls} AlEhH S B8 92 r-CF= oF 93%9] A= &
Algs Hol, g WS4} 23 SHS mg B} =

[e]

r

. oF 99%0] Tl e A7 HE
o] 7)0] &40l f1e-g LEh
57
_%

0

<
I
o)
=

o
P

:(O ox
N,

o
flo

@)

lss]

1o

it

19] =Q1-& r-CFo} LB u

A7) o 7lelst .

7o) Aol wAAE Bt olal, r-CF

o) 7 2% 9 7)%57]9ke] AU A ke S84 Aw

Hzhelof] are lzlwsswlw_ 4 4 2k
o} 4 BEEE

T 14% FAA AW, o] = wna shala] A B Ag

£
2
e
_>fl_|4
i)
rlr ﬂl
<
@
i
= -
E
Tm
>
e
b
o
NI

-10 o,

I mlo

g



Effect of CFRP Recycling Techniques on the Physical Properties of Recovered Carbon Fibers

215

B so]ch. b, PA6 4:4]9] A9 A4l o}

. g A% A4
r-CES] U] T2 U] A5 AgtElo], B 2% £7}0] of
o] EtakA L] pgkeh.

£ ATE AA 54 nEa A g2

FAoleks T 7HA ZHel A 3t Al g ol 14
B2l r-CF AZHE WA AS AT B3] 145 2
3

REFERENCES

1. Pakdel, E., Kashi, S., Varley, R., and Wang, X., “Recent progress
in recycling carbon fibre reinforced composites and dry carbon
fibre wastes,” Resour. Conserv. Recycl, Vol. 166, 2021, 105340.

2. Liu, W, Huang, H., Zhu, L., and Liu, Z., “Integrating carbon
fiber reclamation and additive manufacturing for recycling
CFRP waste,” Compos. B Eng., Vol. 215, 2021, 108808.

3. Vo Dong, PA. Azzaro-Pantel, C., and Cadene, A.-L., “Eco-
nomic and environmental assessment of recovery and disposal
pathways for CFRP waste management,” Resour. Conserv.
Recycl, Vol. 133, 2018, pp. 63-75.

4. Li, Y, Wu, Y, Li, K, Lin, H., Wang, M., Zheng, L., and Wu, C,,
Zhang, X., “Recycling of epoxy resins with degradable struc-
tures or dynamic cross-linking networks: a review; Ind. Eng.
Chem. Res., Vol. 63, 2024, pp. 5005-5027.

5. Kim, K.-W,, Kim, D.-K., Han, W,, and Kim, B.-]., “Comparison
of the characteristics of recycled carbon fibers/polymer com-
posites by different recycling techniques;,” Molecules, Vol. 27,
2022, 5663.

6. Ateeq, M., “A state of art review on recycling and remanufac-
turing of the carbon fiber from carbon fiber polymer compos-
itey Compos. Part C Open Access, Vol. 12, 2023, 100412.

7. Zabihi, O., Ahmadi, M., Liu, C., Mahmoodi, R., Li, Q., and
Naebe, M., “Development of a low cost and green microwave
assisted approach towards the circular carbon fibre compos-
ites,” Compos. B Eng., Vol.184, 2020, 107750.

8. Kim, D.H,, Lee, M., and Goh, M., “Enhanced and Eco-friendly
recycling of carbon-fiber- reinforced plastics using water at
ambient pressure,” ACS Sustain. Chem. Eng., Vol. 8, No. 6, 2020,
Pp. 2433-2440.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kim, D.H., Yu, A, and Goh, M., “Oxidative chemical depo-
lymerization of thermoset epoxy resin for green recycling,” J.
Ind. Eng. Chem., Vol. 96, 2021, pp. 76-81.

Liang, Y.-C., Zhang, X.-H., Wei, X.-H,, Jing, D.-Q,, Su, W.-G.,
and Zhang, S.-C., “Contribution of surface roughness and oxy-
gen-containing groups to the interfacial shear strength of car-
bon fiber/epoxy resin composites,” N. Carbon Mater., Vol. 38,
No. 6, 2023, pp. 1116-1126.

Liu, Y.-N,, Li, M,, Gu, Y., Zhang, X., Zhao, J., Li, Q, and Zhang,
Z., “The interfacial strength and fracture characteristics of eth-
anol and polymer modified carbon nanotube fibers in their
epoxy composites,” Carbon N. Y, Vol. 52, 2013, pp. 550-558.
Ma, C., Sanchez-Rodriguez, D., and Kamo, T., “Influence of
thermal treatment on the properties of carbon fiber reinforced
plastics under various conditions,” Polym. Degrad. Stab., Vol.
178, 2020, 109199.

Obunai, K., and Okubo, K., “Mechanical characteristics of
reclaimed carbon fibre under superheated steam atmosphere
and its feasibility for remanufacturing CFRP/CERTP;” Compos.
Part A Appl. Sci. Manuf., Vol. 176, 2024, 107843.

Gamstedt, E.K,, and Talreja, R., “Fatigue damage mechanisms
in unidirectional carbon-fibre-reinforced plastics,” J. Mater. Sci.,
Vol. 34, 1999, pp. 2535-2546.

Gomez, C., Salvatori, D., Caglar, B., Trigueira, R., Orange, G,
and. Michaud, V., “Resin transfer molding of high-fluidity
polyamide-6 with modified glass-fabric preforms,” Compos.
Part A Appl. Sci. Manuf., Vol. 147, 2021, 106448.

Zhu, Y., Ma, Y, Yan, C, Xu, H,, Liu, D, Chen, G., Shi, P, Hu,
J., and Gao, C., “Improved interfacial shear strength of CF/PA6
and CF/epoxy composites by grafting graphene oxide onto car-
bon fiber surface with hyperbranched polyglycerol,” Surf. Inter-
face Anal., Vol. 53, No. 10, 2021, pp. 831-843.

Wu, Q, Zhao, R., Zhu, ., and Wang, E, “Interfacial improve-
ment of carbon fiber reinforced epoxy composites by tuning
the content of curing agent in sizing agent,” Appl. Surf. Sci., Vol.
504, 2020, 144384.

Sun, N, Zhu, B, Cai, X,, Yu, L., Yuan, X,, and Zhang, Y,
“Enhanced interfacial properties of carbon Fiber/Polyamide
composites by In-situ synthesis of polyamide 6 on carbon fiber
surface,” Appl. Surf. Sci., Vol. 599, 2022, 153889.

Sakai, A., Kurniawan, W.,, and Kubouchi, M., “Recycled carbon
fibers with improved physical properties recovered from CFRP
by nitric acid,” Appl. Sci., Vol. 13, No. 6, 2023, 3957.

Yu, J., Meng, L., Fan, D., Zhang, C., Yu, E, and Huang, Y., “The
oxidation of carbon fibers through K2S208/AgNO3 system
that preserves fiber tensile strength,” Compos. B Eng., Vol. 60,
2014, pp. 261-267.



	CFRP 재활용 기술이 회수된 탄소 섬유의 물리적 특성에 미치는 영향
	1. 서 론
	2. 실 험
	2.1 재료 및 CFRP 제조
	2.2 CF 재활용 방법 및 분해 조건
	2.3 회수한 CF의 분석

	3. 결과 및 고찰
	3.1 CF 표면 특성
	3.2 CF의 기계적 및 전기적 특성
	3.3 CF 계면 특성

	4. 결 론
	References


