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B A= poly-lactic acid(PLA)O A A2 radiata pine ZF-(RDP), & #E ZEMIX), H2 $=3](CYP-B),
XG5 FA| R FuiR LA HCO), AAATA R CYP-B, A ko] ok 40%2 2FX] 8k Follsol] E2(black
soldier fly, BSF) “12]31 BSF-7|RF H&A|(PAR)E 3718101 A28t bio-composites®] T =, -5 (MAR), Zo]
AL ZAGT(LCTE), FHHEE(TVS)ell vIX= 1A 41s Bato] HA Alx 2305 Arlstaat a3k A
<& PLA(PLA-1)°ll S4A|= RDP, MIX, CYP-BE &30 Alx=3t composites(PLA-1/RDP, MIX, CYP-B)S] #7%
5= RDP X5 CYP-BE A|lZ% compositesel| X =0T, 2 Sl &gk X4 #iskE oJAlsl] ko] Abdst
Az AREE HCOS B85 F7H2.5 wt%ollA 5 wt%)= PLA-1/CYP-BY] 3455 F7MA 13t} PLA-1/RDPY] 37
%= CYP-B, PARS AHATAR #-83}0] A|Z8t compositesel A 3912, LCTES PARE A3 compositesell 4]
714 St MARE: PLA-1/RDPOA] AlAATHAE 21017} §1% 21, PLA-1/MIXOIA] HA|-Z2k~E B3 (wood-plastic
composites, WPC) “J4tol] §lof AHATA R AMF-% 32 1= maleic anhydride(MAA)RT} CYP-B7} &34Q1 7102
ZAFE QT Composites AlZ-oll 2101 PLA-1 2D Z2#)9] wjet] e} Aaglo] PLA-1/CYP-BS] 7%, MAR, LCTE=
PLA-1/RDP %! PLA-1/MIX}¥t} <=3t} 53] 50 wt% PLA-1/40 wt% CYP-BoIX AHZATAZA 5 wt% PARS] &
|07 ffEe] BAL NAEIT AvE £38P, 50 wi% PLA-191 40 wt% CYP-B, 5 wt% HCO 183l 5 wit%
PAR”} composites A|Z=E 93t A9 wljgh 27107 FANESIY o] 210 F A|Z3t PLA-7IF composites= =1
Aaeldox] aa1dE WpCe) Eotsto]| = HhAlEk(<1.5 mg/L) @ LCTE(<6.0x107/°C) 7152 w=slsion, 87
% 9 MARE 5 wit% MAAE A|Z3F compositesi.tF 9-73131T}. wWbA] WPC 7|EellA] 87M]= 571 3o st
FA 7S ST A kst §20] ARE EEkaE AR o) 7Fed A oR TdiEt. sk 1A 9§
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Abstract — In this study, PLA-based bio-composites were fabricated with lignocellulosic filler (RDP, MIX or CYP-B),
hydrogenated castor wax (HCO) as a dimensional stabilizer and CYP-B, BSF, which contains about 40% protein, or
proteinaceous adhesive resin (PAR) formulated with hydrolyzates of BSF as an interfacial binder. The optimal fabricating
conditions were determined by investigating the impact of various factors on the bending strength, MAR, LCTE and TVS of
the bio-composites. Bending strength of each composite, fabricated with injection-grade PLA (PLA-1), with either RDP
or CYP-B was higher than that with PLA-1 and MIX. When the content of HCO, which was used to suppress dimensional
changes caused by a moisture absorption, increased from 2.5 wt% to 5 wt%, the bending strength of PLA-1/CYP-B
increased significantly. The highest bending strength and the lowest LCTE were found in the PLA-1/RDP fabricated
with CYP-B and PAR. MAR of the PLA-1/RDP was not affected by the type of interfacial binder, but CYP-B was found
to be more effective than MAA, which is extensively used in the production of WPC, in PLA-1/MIX. The bending
strength, MAR and LCTE of PLA-1/CYP-B on all weight ratios of PLA-1 to filler were superior to those of PLA-1/RDP
and PLA-1/MIX. Particularly, 50 wt% PLA-1/40 wt% CYP-B added with 5 wt% PAR showed higher performances than
those with any other weight ratio. Composites fabricated with 50 wt% PLA-1, 40 wt% CYP-B, 5 wt% HCO and 5 wt% PAR
met the LCTE (<6.0x10%/°C) and formaldehyde emission (<1.5 mg/L) standards designated by the National Institute of
Forest Science (NIFOS), and exhibited higher bending strength and MAR than those with 5 wt% MAA. The composites
are expected to use as biodegradable plastic materials for various applications, satisfying other specifications in the
NIFOS’s WPC standard. In addition, this study demonstrated the feasibility of replacing MAA, which is both expensive
and poses human health and environmental risks, with a non-toxic PAR. Furthermore, the use of CYP-B as a filler in the
production of bio-composites enables waste recycling and is expected to provide a wide range of environmental benefits.
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oA 715 A4 polymerS thAI5Eo] 285 ATH3,4].
1} PLAS] & H]E, A3, W U943 9 shd REE, AlghA]
7VEA 07 lato] FH 91t A8 AehE] 3L QTH5,6]. Bos 1 kg?]
PLAS] A4k 7} ellA] 1.3 kge] CO7E Ml &= = HAIR = A 4]
ATH7]. o9 Ao E HAES FTHAZ AHE-SF PLA-Y
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A4S Al FSHeHs-13]. uebA] PLASF HRO 2 7?1]7‘?* composites
3D Zag A e, A38|g 15 A7), X440, QlH o] ulhAl,
7]’? oL "3%%% AFE= ]’LHZLZH Xﬁ]’ﬂﬂ A = }710 ael
I QUTH14-19]. 12 214 o] Bt

i?"é 9] PLA% L—EOVN A A9 A 7 QT’LO] Ag el

A=

r

ol my Jo it

5|

gl

27

i

Ol
[
&

L=}
RN

ogl:'m{}(‘

10

]_

=

3}
B

h=i

=
Za}
Fe

o ﬂﬂﬂ s
k>
:

N
rSL'

1

2

>,
>4

PN foli o ofrt
re

>R

N

1

f
0 N

e oﬂ, o
o 2 o ¢

o]_,"r_
S

b=

¥

[e]

R

=
m
Mo
i3

2

i

il

ul

¢

HE PN

wet A A, 71AE A W A AskE ket |
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a1, F54 2 HAES composites A7) Qo] AAATA R &4
k= A7 L AT A=l Yato] FREI Al =9, SA-E
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Sl AT FHEATH31-36]. 1HY 2l 52 w2 WA
© 2 maleic anhydride®} 22 &4 AHATAE EHXHQ -
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24 thfeh 22 Ao 282 A A3 8 Skt 3
g 8 33M3E TNAR7 I o5 18] epoxidation?} 2> 227
QHUH41-43]. 18] P2 bio-composites A 7= Qo] 7]E A
7N AAAEA| B} REgA o] -e8tal golgt FR Tt Tlsst
AA=2] G} o]e] AL Ths S Ak A7 Ao
2 gztsit

AL 20F 7 2] ofu] = Ako] peptide o2 AAHE A
bio-polymer=4] amino % carboxylic acid 7&°] =& ¥s7]o]H,
Z4J el hydroxyl, thiol, carboxylate, amine, phenol 53} -2
St Ws7] 1ES 7MKL Sl A o] s vk 5k
=Z 3 theFs #5 7] (polar, nonpolar, acidic, basic)”} A543 &
PLAS} 21540 9] #3E 74e] AdA| &8s 9dd = & 3o
sttt wEbA 2 A= PLAY SHAAIR H4A Adf4as A
T SAZ A3 AFE T3t A% hydrogenated castor oil
€13t HCO) 18] 3 ANAFAZ AW 53] (|5} CYP-B) 2ol &
w2 ghefo] oF 40%<1 142 2] 5 ol 5-oll (Hermetia illucens, black
soldier fly, ©]3} BSF) {23} o] 5 o] &-afo] ZAIg T A 4=}
A5 H7Fs1e] compositesS A Z31TH44,45). ©] oA PLA,
A L ARATA S TR, Xt A 3, PLASH F4
A 2] vjgtn]E Zel3ko] compositesS A Z5FA T}, o] A A =3t
composites®] VAL, 55, Aol GWZA S, FuHEES
Z3IQlet. st AA A ZA A8 71s2d0] ER1E CYP-BE]
AR ZA 28 7V = ZAFsIGAT o &A] 2133 composites]
A S5 EU|E PLA-7]4E bio-compositesol|A] A2 A 2
Al A2A 2] A8 7 2 composites A FE 93 24
AAB AL 7 ATE YTt
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2-1. BAIRE

Bio-composites A1 %% - 5 = Total Energies Corbion(Gorinchem,
The Netherlands)ollX] &1 §F AF=-8- poly-lactic acid(®]3} PLA-1)E
ARl A GAke] PLA-1S 150230 T2 825, 1.2~13 g/
em’d] AEE 82 0%2 ST PLA $77] composites
o] B4l nA= S K] fl8ke] PLA-1 £]of GEE
(471, Aol PLA-12 A x5k 7 st AHE-§ PLA(C] S}
PLA-2)%} $+& 8 PLA(C|3} PLA-3)E 982 ARSIt

Bio-composites A3l 3lo] T AAZ ) St d|FollA 55
e et (Pinus radiata, ©]3F RDP) B4~ F5(©]8 MIX)
S-S o] 88ISlT). gk AL AR Aol 7= st
Af-7e] A =5 (Chamaecyparis obtusa, E., cypress bark, SIS
CYP-B)E & FEZTHAFE FehollA] grst &, 15 o]
2 7108 s TR e 7R ARSIt 71738 CYP-BE
AHA] AR 2145 mAEA71(2.5 HP, 22,000 rpm)E ©] 88k 3t
A58t} o] 342 CYP-BS} 371 RDP, MIXZ 20(< 0.85 mm), 40
(< 0425 mm), 60(< 025 mm), 80(< 0.18 mm), 100(< 0.15 mm) mesh
FFYA R AE3H] composites Al Zol ARESIATE

Bio-composites®] W53 &-& $18 M7= I|miAbe] 242
shk-g-0 & ALk Eelo] = P El9] hydrogenated castor oil(©] 3}
HCO)E Hebei Guanlang Biotechnology Co. Ltd. (Shijiazhuang,
China)oll A Fulj3te] x40 g3}A] 2 AME-3FA T} Composites A
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TURE AME 257 PLAS X9 S B e 11k
AS A3 7R vekdt #5715 71 vl o] slgto)
AASH H] 40% =21 5 N5 ol(Precticus tenebrifer, black
soldier fly, ©1&} BSF) ¥4 () 29d 7 (&, 35)0 33w
o} ARE-3IItE. HCO Y BSFE CYP-BS} HU3H Wb o= Faj 1l
ZH3lo] 40 mesh > HCO & BSF > 60 mesh 2 371412 AFR-8f
et o] ¢} $hA BSFZ A s ©hul A Al 7 24| (proteinaceous
adhesive resins, ©]3} PARYE AHATHA|Z 71813}, sk X4~
QPISHA B ATAATANZ 217 ARE-¥ HCOS} PARS] U224
A gekE 9 (F)ol A ABAFEE maleic anhydride(98%, ©]13F MAA)S
ARSI

A 2N
AL (B oo
o
ot
et

2-2. M Z=A|

Gl A7) A2 248 48R BSFE 7M€ AR a3 5
60 mesh (< 025 mm) XF"GAE &gt 24-E AHE-31SIch BSF=
A 2le] 15~20 wi%2] Ao FQ Adio|v, Fe, Ca, P, Zn}
22 il 52 S8l TH46]. BSFE o8-8 HAA Ax2E
flate] 7hal W T A3t d ashe, o] & flste] AL
SRFEF (3t NaOH, 98.0%)3 ™4k(conc. 98%) T8--& 0|83
o] BSFE 7dllstelth. AddT AE Fato] A4 H 5% &
2] NaOH 4=8-91(500 mL)ell 200 g2] BSFE 33| £3192
v, 954+2.5 CollA] 24027t WH-3-A1A BSF ¢8| 723l &l st
BSF-AK)S 921 T}H47,48]. BSF-AK ] 1184 a2 38+1%, pH=
12.8, A %= 25 Tl A 500 mPasE 74 = Qlv). -8, BSF-AK2)
pH7} 12 o]2dl FAIZ A3 B8 915t FSAR A
BSF A 715281 5(]8} BSF-AC)S 5% 5 5.2] AF =8-91(500 mL)
ol BSF(150 gy& 33] F4& %, 95+2.5 CollA] oF 30211 ¥ks
AA ZASI T BSF-ACS] 18 T2 20+2%, pHE 2.00.2
Ao, vk T8 Al 7REEslEe] 5T 2 FEHE

Histo] M S48 Erkeioich. Tl A gato] T3 A A
HAE &5 18+ phenolic compounds”} =2 4] 9 &
A= FE30] BSF-AK 3 BSF-ACe] 718l3itt. o] 5 8to]

Xl ks

Y- (hot water extractive of larch bark, ©]3} LB-HE)S 31t} o] & A
A2 LB-HES] 11 &% &2 38% ]2, A=+ 1,000 m-Pa-s ©|
2, pHE 5.4 S350k

F &A1= BSF-AK, BSF-AK 18] 1 LB-HES &33}lo] %438}
A= A AT d3}E F35ho] BSF-AK/BSF-AC/LB-HES 118+
Sk 7] 70 wt%/10 wt%/20 wt% % 28 ste] ZA4|8FSI ). 3HH
HaA o] F7dEo] Wil IAE H3l| 7Fs/do] 9l 5% E=e
BAER TEAE AT 5, 280 S BRAIZA] A Ao
15 dropsE 7183 T). o] Al ZA1E ALY HAAE FHdAx
7](Unifreez FD-8, Daihan Scientific, Co. Ltd., Wonju, South Korea)®]|
P 1793 7FE A A AR AA T o] & 37
(Fritsch Pulverisette 19, Idar-Oberstein, Germany)©l] ¥ o] 1}3j 3+
% 92 60 mesh > PAR > 100 mesh 228 AW A A 2 g3}
ATt

2-3. Bio-composites K|
FAA, X5 sA| 2 AlAA EA| = A8l RDP, MIX, CYP-
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B, BSF&= A4k &%, A4 34 Toll F89 S22 composites®]
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PR
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101 105 C S2ol|A] 244]7F B2t 7zt
=, AHE 7R A el Wgste] BAekgich PLA, A, Al
HATAE Jallzl vhekst vig]o] upet 71§ wAjo] ¥ =,
AL o) BAAZIHA ZA3IS=H| o] TPl HAE = Ig
B3to] 2+ A8 E AdatA ESIGITE Al E Azl oA E3 A8
2F5-1]F weighing disholl B2 ¥, 213 2E(DH.WOV03030,
Daihan Scientific, Co. Ltd., Wonju, South Korea)®ll 4] 50 C 18] 1 50
mmHg®= 3037+ 7HdshaA] Alizsiglt.

Al Az NEYd Z21489 teflon 32 Al 200 mm x
20 mm x 5 mm 27|18 & 41E 7 AR S AEE 2ol &
AFE 74 plate 9ol B2 5 WUE | glem’ol] 2520] e oke)
ARE 7} Boll A9 ot Aurt AR dst $lell vk
plates S T, o] 5 AWV|E &7 180 T2] &5, 24 kg/em®®]
o 1287 A2 AASATE Aol 45 plates: T
8] WA 5, AP Bl AlREE it 2 vkt
2 3N A FEEE Aol om, 244171 o] -85l of] W]

A
o ¥, 24 2740 ol gatic.

o

il
(o}
o,

2-4, B4

B A= A Z3F bio-composites®] PHEH Al EA A G- T
& Ik AR =S S7sISITh Composites®] 7=
Z1o] 200 mm, YH] 20 mm, 281 ¥4 5 mm=E 25 T %9}
50% wi=2] F3552lell 24A17F o B §-, ASTM D 79001 2]
A3to] Composites®] 5 el H3F 10 mm/min X2 352
7kl A5 T8I TH49]. S7E Composites®] $7d %+ 371

o) BFgt @A TS

2-5. X|=0FHY

Composite2] 2|52Pg70-> = HAF 28Hl ol 4] TA| gt “EA) ]
F9 FA3 47179 WPC 7|5l oAt S5
(moisture absorption, MAR) 2! Z 0] =) -7 5>(length coefficient of
thermal expansion, ©]3} LCTE)Z &4 3} tH50]. MAR =742 &
3% Z7do] Et compositesE o] 100 mm=E A cHalo] A-&-35F
St} ©] compositest= MAR 7l 2A] 25 C, AtliHe 65%2] &
&G0l 24471 o] WA EE £, 0.01 g FE LS AR TF
(W)= 57831t ©] compositesE 100+2.5 C A57F &7 F%
ol SAIZF F A5k =d] o] composites”} =3 W =
composites®} 53] QA= ZepaE o R i)
HAr7E €549 compositesE 23 T WYl 20i27F A8t £
o E71& #old eRER ¢s] AAS 5, THW2)E 573
o} o] gl S48 Wik W2E ©]8-8l0] MARE 37| 54]°]
gste] kit

MAR(%) = [(W2-W1)/W1] x 100

W1 =37 A9 T3 (g), W2 =37 3] TH(g)
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Composites®] 2|54 H71E $1$F LCTE= MAR 57 W3}
FYUsH 235l ol 2447 WEA| 8 composites®] A o(L0), U
Hl(WO0), FA(T0yE WA 43tk ol& Y3t 20 T YE2el
T2A1RF W28 5, ZIo|(L1), LIB[(W1), FAI(TyE A1S57d3kolth.
©] compositesE 60 T2 8@ 8o 6A17F WX gt 5, 2 o]
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(L2), UHI(W2), F7(T2)E T S381510.H, 317] 32418 o4
3to] LCTEZ 313t}

LCTE(1/C) = [(L2-L1)/LO] x 100

LCTE 57 A% composites?] W53} 2 B o] 1l 0]5-9]
o], Yu], T/ Hel&S s § 33 & & (total volumetric
swelling rate, ©]3} TVS)S 810 Al 1 X]9=<¢HAS vl

5 Bt

2-6. Composites?| M= =AM

Fourier transform infrared spectroscopy(®]3} FT-IR):= =A%
A A BE o] &sto] FAT RS wiMsh 2o | & APEE = Q= o]
L, A=) I dalel 7o) 7 et AR compositeS T
Sh= A4 24 ofl ARESISITE WA composites AlH T} 0] & #2517
3ol AFEE AEZ FLIR (IFS 66V/S, Bruker Optik GmbH,
Leipzig, Germany) = w41 38}51 0™, &4 1L =+ 0.07

em!, I (FHER ) 4,000~400 em! 2 A 8lo] S5k

il

2-7. 32y RUlERiE WEER| &3

Bio-compositesl|A] WEE = FLUElo| = k2 B e F
sl 4 98 2702 =FH 50 wt% PLA-1, 40 wt% CYP-B,
5 wt% HCO, 5 wt% PAR ] vl $HH] 2 A %3 composites (50 mm x
150 mm x 10 mm)E KS M 19980 w2} 24|13t HA| Ao B 0.2
Z793FATH51]. T3t bio-compositesol| A WEE= 3 71318
=& Ak flste] 4719k sd et 23 0% AZ3$E composites
(50 mm x 50 mm x 10 mm) 27§E 1 m39] 48 Aol Y11, &5
525 C ¥ 50%% 24A13F 7418 5, 1027F 120 mL/min 45
O AATIAE Tkl A U 371E TAEATE o] 24
EZAE F7] U2 benzene, toluene, ethyl benzene, xylene, styrene
9FS TurboMatrix 350 ATD system (PerkinElmer, Shelton, USA)¥}
Clarus SQ8T Mass Spectrometer (PerkinElmer, Shelton, USA)®]
AZd4 Clarus 680 Gas Chromatograph®. <73t

2-8. AR o SAH 2

Aol ZAkE A7 1A= PLAS] F7(PLA-1, PLA-2,
PLA-3), =4 A9l E-E(RDP, MIX) 2 43 %(CYP-B)2] AM-&-3,
A A A 9] FF(CYP-B, BSF, PAR) W X|4=914 314 <1 HCO
H7VFQR.5 wi%, 5 wt%) 50 EFH ST ZF 3712] composites Al
Ho g% 9l A/ (MAR, LCTE, TVS) d3}& B <l
Ztel] whE PEFS ZARFIATE 471 Q1A Q- Minitab 22271
2 (Minitab LLC, Anyang, South Korea)2] ANOVA & o] & o]&
5tod 95% 212 Mool AR S Faeqitt. BA A o=
p<0.05 =520l A -2 o] Qlthar E2) Aafof thko] Fisher's
LSD (least significant different: #4722 78S I8t vkl
W Foll 7HE wol AR5 Student t-testoll 2]sko] 2 7k
7re] Zpolel tist o8& F7FE FAiTt

3. Z4u &

3-1. PLA &8
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Fig. 1. Effect of the type of poly-lactic acid (PLA) on the a) bending
strength; b) moisture absorption rate; c) length coefficient
of thermal expansion (LCTE); and d) total volumetric swelling
of composites fabricated with raw PLA (PLA-1), PLAs for
injection (PLA-2) and extrusion (PLA-3) processes and its
mixtures included 50 wt% of each PLA. Different capital letters
over columns indicate significant difference at p = 0.05 (least sig-
nificance difference test).

composites®] E/Joll thgt PLA E72] &S LJERA Zlo]T} PLA-1,
PLA-2 18] 3 PLA-13} PLA-2(°]3} PLA-142)E 212} 50 wt% =
Stste] A|Z8t composites®] €7 =7} PLA-13} PLA-3(¢|3} PLA-
143), PLA-29} PLA-3(°]3} PLA-2+3), PLA-3 "FO 2 #| %23t A5

Korean Chemical Engineering Research 63(4) (2025) 105138

o} =4t} o] ARERE $E§ PLA-3S W= B
composites E7d =0l FA A Q1 J3S v|HTkE

LCTE®] 7%, PLA-2%FC 2 A %3k composites”} PLA-2+35.T}
SO M (p=0.04), 71 £]ofli= 2Fo]7} I3t Wb MAR ¥ TVS=
PLAS &7 2 E3zdol g8 &S A sieh. A9E T
3td, AF&8 PLA-1, PLA-2 = PLA-1+27} composites A Z= ]l
Aget 2 07 =L PLA-27F 94F PLA-1S =iulellA] A
407 A7l IAIR @7) PLA-15Y o) & AFHollA bio-
composites A|Z=E THEZE PLA-1THS ARESR= A0 2 A48t

3-2. SHH1S| EF

PLA-1(67.5Wt%, 65 wt%)°ll Z2A4 (30 wi%)Z E--(RDP, MIX) &
= 49&(CYP-B) 18] 1L bio-composites®] U5 -8 $15}7
H7FAI (2.5 wt%, 5 wt%)Z <A &~Q1 HCOE 4 g-3to] A=zt
composites®] 73 =1= Fig. 2014 R w9} o] PLA-17FO 2 A
23 compositesi T} A WSk o= HAd 9 i e 5
o] composites ol A 2573 2] PLAS} 31814 © 2 A3t} oF
o} et Aufo|ths2]. M, PLA-1¢] Z A= MIXS} ] A
23} composites(©] 5} PLA-1/MIX)2] 7%+ RDPS} 8] #| %
3l composites(©] 3} PLA-1/RDP)E t} S9k=H] o]:= MIXE 74
e H 0] A AfololA] 71Q1st AR FHT S MIXE
RDPS} Hlwato] Fn]7} whe J3ko] -4 u) 7} ol f74 =7} ot
W 210 = FhheTh4s5].

MARS] -5, W54 714 f18te] A composites &% Ty
2.5 wt 2l 5 wi%2] HCOE H7HZ AgsliSel = B stal &
HAAZ AREE 2] B3t W 59O 2 PLA-1REO & A58k
A BT} = (Fig. 2). 38, F4A4 2] F5ell 2 MARS] X}o]&=
SSlTt. kA PLA-714E bio-composites #1320l 9101 MAR 741
< gk 371 A7 oA o] A7ENeH, sl oA o]} TSt
8-S A&e ool MAR Az}e} ¥ 2 composites®] LCTE
2} TVSE FAAIY AR o= TA dE =T o= 54 Ai4
Al A L] ARl &5t FAst Aufont. shH, FA19] F5el
U LCTE % TVSE] Afol= I3l o] A3}E Euj = RDPS}
CYP-B7} PLAE ©]€-3F composites A Z0l| 3lo] THA| = Agtet
Ao 7 gt

3-3. Hydrogenated castor oil2| X7|2F

PLAS} &5 = S0 0 2 2| %3} bio-composites?] MAR 7Y
S ko] FJmkab-2] 42423} (hydrogenation) RH-g-2 F3to] A
Akl €221 HCOE H7HAIE 283819 compositesE A28+
] o] I el Al HCOS] 3 71Fe] composites =73 ol PIX&= P&
Fig. 3ol YFERAISIT 53 W 3t 2] S5-2) d3tgle]l HCo 37t
e 2.5 wi%olA 5 wi%® S7HA31E W, MAR, LCTE, TVSE=
B5 2o 7) AT, 3 RDP % MIXZE A28t composites?] £
=5 HCO A7) 7l ok 3k A O L HRDP: p=0.34;
MIX: p=0.89), PLA-13} CYP-BE & &35} #3238k composites(©] 5k
PLA-1/CYP-B)°ll A= F 7183 th(p=0.04). ©] A = CYP-B9}
HCO 7Fe] 7% AHg-2 2 Qlste] B4 L7t F71aellthe 2 9
ulab, weba] 712 HCO &)of] vhefst S57-2 71A7F 87
Lo mA= GEE AR O H, 1 A= v oA Aret

ek,



Yang, I. et al.

50

¥
N
o —

40 | '
30 | J

20

Bending strength (Mpa)

10 C

b) 0 ¢
S w0l
2
£ 30
] B
2 20 [ B
- . B
2,
El A
-, L= //A
o) 151 |
1t
9 r
3
2 6L
AB A
| an A |
0 .
d 57
Py T
S o4l B
j
2 T
g 2t A
2 T
g y
| I M
3 7
=
= %

No WF RDP MIX CYP-B

Type of wood-based filler used in PLA-1-based bio-composites

Fig. 2. Effect of the type of lignocellulosic filler (WF) on the a) bending
strength; b) moisture absorption rate; c) length coefficient
of thermal expansion (LCTE); and d) total volumetric swell-
ing of bio-composites fabricated with PLA-1 (67.5 wt%, 65 wt%),
radiata pine (RDP), hardwood scrub (MIX) or cypress bark
(CYP-B) flour as a filler (30 wt%) and HCO as a dimensional sta-
bilizer (2.5 wt%, 5 wt%). Different capital letters over columns
indicate significant difference at p =0.05 (least significance
difference test).
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Fig. 3. Effect of the content (2.5 wt%, 5 wt%) of hydrogenated castor
oil used as a dimensional stabilizer on the a) bending strength;
b) moisture absorption rate; c) length coefficient of thermal
expansion (LCTE); and d) total volumetric swelling of bio-
composites fabricated with PLA-1 (67.5 wt%, 65 wt%) and
radiata pine (RDP), hardwood scrub (MIX) or cypress bark
(CYP-B) flour as a filler (30 wt%). Different capital letters
over columns indicate significant difference at p = 0.05 (least
significance difference test).
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Fig. 4. Effect of the type of interfacial binder (proteinaceous adhe-
sive resin, PAR; maleic anhydride, MAA; black soldier fly, BSF;
cypress bark, CYP-B) of 2.5 wt% or 5 wt% on the a) bending
strength; b) moisture absorption rate; c) length coefficient
of thermal expansion (LCTE); and d) total volumetric swell-
ing of bio-composites fabricated with PLA-1 (67.5 wt%, 65 wt%)
and radiata pine (RDP) or hardwood scrub (MIX) flour as a
filler (30 wt%). Different capital letters over columns indicate
significant difference at p=0.05 (least significance difference
test).
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Fig. 5. FT-IR spectrum of a) proteinaceous adhesive resin (PAR),
maleic anhydride (MAA), black soldier fly (BSF) and cypress
bark (CYP-B) as interfacial binders, b) composites of 60 wt%
poly-lactic acid (PLA)+30 wt% radiata pine (RDP)+5 wt%
hydrogenated castor oil (HCO) as a dimensional stabilizer+5
wt% PAR, MAA, BSF or CYP-B and c) 60 wt% PLA-1+30 wt%
hardwood scrub (MIX)+5 wt% HCO+5 wt% PAR, MAA,
BSF or CYP-B.
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Fig. 6. Effect of the weight ratio of PLA to lignocellulosic filler (RDP,
MIX, CYP-B) on the a) bending strength; b) moisture absorp-
tion rate; c) length coefficient of thermal expansion (LCTE);
and d) total volumetric swelling of bio-composites fabricated
with PLA-1 (60 wt%, 50 wt%, 40 wt%) and lignocellulosic filler
(30 wt%, 40 wt%, 50 wt%) with 5 wt% hydrogenated castor
oil and 5 wt% proteinaceous adhesive resin as interfacial bind-
ers. Different capital letters over columns indicate significant
difference at p = 0.05 (least significance difference test).
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Fig. 7. Effect of the weight ratio of proteinaceous adhesive resin (PAR)
to hydrogenated castor oil (HCO) used as interfacial binders
on the a) bending strength; b) moisture absorption rate; c) length
coefficient of thermal expansion (LCTE); and d) total volu-
metric swelling of bio-composites fabricated with 50 wt% PLA-1
and 40 wt% lignocellulosic filler (RDP, MIX, CYP-B). Different
capital letters over columns indicate significant difference at p
= 0.05 (least significance difference test).
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Fig. 8. Effect of the PLA type on the a) bending strength; b) mois-
ture absorption rate; c) length coefficient of thermal expansion
(LCTE); and d) total volumetric swelling of bio-composites
fabricated with 50 wt% raw poly-lactic acid (PLA-1) and/or
PLAs for injection (PLA-2) and extrusion (PLA-3), 40 wt%
linocellulosic filler [radiata pine (RDP), hardwood scrub (MIX),
cypress bark (CYP-B)], 5 wt% proteinaceous adhesive resin
(PAR) and 5 wt% hydrogenated castor oil (HCO) used as inter-
facial binders. Different capital letters over columns indicate
significant difference at p =0.05 (least significance difference
test).
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BT SHolA A3t oF o= A7) Fi

LCTE

Total volumetric swelling (“/n&

g. 9. Effect of the content of hydrogenated castor oil (HCO) used

TS HCOE A -8-3Fo] Al %3t composites®] MARE 2] -8-5¢]] as a dimensional stabilizer on the a) bending strength; b) mois-
w2 zjo] 7} 919lth. LCTES] A5, HCO 2§ o] 5 1l gjiiie) ture abst.)rptlon rate; c) length coFiﬁc1el;lt. of th;zrl'nal expanS}on
3.0.2F Tloli 3 o6 . o (LCTE); and d) total volumetric swelling of bio-composites
285 Xbelliz 2fol7E g1l o, 60 wi%e PLA-12 10 wi% HCO A fabricated with raw poly-lactic acid (70 wt%, 67.5 wt%, 65
%3t composites©l| 4] 65 wt% PLA-13} 5wt% HCOZ #| %3t wt%, 62.5 wt%, 60 wt%, 57.5 wt% and 55 wt% PLA-1), 30
: L1o) _ e o o] AQ olH 1l wt% cypress bark (CYP-B), HCO (0 wt%, 2.5 wt%, 5 wt%,
composnesé_ﬂ}o ST (p=0.01). WHd ”I;VSL HC94 SRS ‘ﬁT = 7.5 wt%, 10 wt%, 12.5 wt% and 15 wt%), and 5 wt% pro-
AL YT A sttt o] AHE =R bio-composites A teinaceous adhesive resin as an interfacial binder.
Zol 1o 5 wi% B 7.5 wi%2] HCOE Ao d ShA| 2 4-83h=
Zlo] A Zziole} FekEr), PAR 18|31 5 wt% HCO2| w3 71 0% A% bio-composites
o BEEE FLdstolE F2 0 mg/LE SAEHNCH, o] =
3-8. 32 RUslelE UEY A= -2 A7 By Al oA A5 9] @
47) A7 AvHE EUR 50 wt% PLA-1, 40 wt% CYP-B, 5 wt% AEZL WE 715(< 0.02 mg/(m* hyS R o] 9} o]

Table 1. Content of volatile organic compounds emitted from the bio-composites fabricated with 50 wt% raw poly-lactic acid (PLA-1), 40 wt%
cypress bark (CYP-B) as a filler, 5 wt% proteinaceous adhesive resin (PAR) as an interfacial binder and 5 wt% hydrogenated castor oil
(HCO) as a dimensional stabilizer (unit: mg/(m?-h)

TVOC? Benzene Toluene Ethyl benzene m, p-Xylene Styrene o-Xylene
Bio-composites 0.9+1.2 ND? ND? 0.4+0.7 0.7+1.4 ND? ND?
PEBM! standard <4.0 - <0.08 - - -

1“Standards for pollutant emissions from building materials (PEBM)“ in the *Regulations of the act on the control of indoor air quality” designated by the
Ministry of Environment of the Republic of Korea.

2Total volatile organic compounds.

3Below detection limit.
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s

djsto] =7t HEE A 92 o]+ composites Aol AHEH A5
of|A] 7]Q1st Ajolrt,

Table 1:> Fd|sto] = WAakey S o AHEH SUde T+
compositese A WEE = A {718 (0l8F VOOyE 57
Atolrt. F3H 7713HE(TVOC) 2 toluene®] WE-2
7ol w371 el AR 2] AHAAe] 2%
Wz 7SR Wekom | 71 9]9] benzene, ethyl benzene, xylene,
styrene> &SR] A, Wl & F2XE HERSITE. whet
A hFIRE BIRSE A Fibel] theksh AlEE Al (Q1EIR] 0] A,
7HA )R 280l 7FsE A ow ATt

ofX

Y b ok 1o

=
Mt

=

PLA®Y E47) AAG-2-7 0k F2 A 9F APAE-7 0k X420 31A),
Tl 7R AHA A S E318te] A28 bio-composites] A7
£, MAR, LCTE, TVSel tist 574-& Fato] old 7|ut A4
A9 A& 71543 composites A ZZS 23 H A A4S 2AVSH
Sct. o] Ay EdlE Fls U8 o9l At

(1) §&8 PLAR U AEE PLAYEC 2 A %3 composites®] ¥
7% 9 LCTEZ} -3kl e, Fal ek 1ielsto] PLA-1S
bio-composites A% AT = ARLSFSITE

(2) PLA-1°] Z=# A2 RDP, MIX ¥ CYP-BY #H7l=
composites®] T W MARE A31E ] oL, LCTES TVSE 7
A=At Composites®] £S5 THAAEE v w83l wl, PLA-
1/RDP ¥ PLA-1/CYP-BS] 3757} PLA-1/MIXH.TE 34T},

(3) AP sA = AFE-8F HCO2] Eo] composites®] &4 ]|
T X = kS A3 A3} PLA-13} CYP-Bel 5 wt%2] HCOZ
A 7¥sto] Azt composites?] =7} 2.5 wi% HCOE 713t
o] %3 A} £k} o] 5 A 2)8}3L CYP-B, RDP, MIX®E #|
Z3F composites®] B B2 HCO &gl wh xjo]7} §liT.

@ ARATA Y] FFHE E9S vus 2945 B, AR EE
PLA-1/RDPoIA F-A3%HA] CYP-B, PARS #7}3le] A %3t
composites?l| A =30 ™ MAAZ A3 compositesl| A 71 &
gttt ]9} FAFSHAl LCTEE MAAR.TF PARS 3 7}18ko] A %23)
composites Al FSITE MARS] 7-9-, PLA-1/RDPO A & A4
SHAE 2Fo] 7} 919 S1}, PLA-1/MIXo A+ MAAKR.CE CYP-B7F
29H Ao 7 A Wb PLA-1/RDPYIA MARS) TVS,
PLA-1/MIXoI 875, LCTE, TVSE AW A e 9] oJ3kS 1k
oFQket.

(5 PLA-1/CYP-B9] ¥74%, MAR, LCTE:= PLA-1/RDP % PLA-1/
MIXE.T} 9523131 © 1, 53] 50 wt% PLA-1/40 wt% CYP-Bel| A
FH A Ao =® vERsTh o] wiEH] A AEATAZA 5 wi%
PAR?] H7h= PLA-1/CYP-BS] 34 ES 57417t}

(6) PLA-1/CYP-Bell PARS} HCOE 371510 #1228t compositesell Al
CYP-B & PARS] Wi S 72} 30 wi%2} 5 wi%= 179313 HCO2
A g-2Fol| w2} PLA-19] vl §] & 2 3to] A 238k composites®]
EAS B, AEE 5 wid, 7.5 wive, 10 wi% 18] 11 MARE 5 wt%,
7.5 wt%, 15 wt%2] HCO 285l 4 HCO$le] A| 223 composites 2}
20| 7F 1t} 12 Y LCTEE 60 wt% PLA-1, 30 wt% CYP-B,
5 wt% PAR, 5 wt% HCOX.T} 55 wt% PLA-1, 30 wt% CYP-B, 5 wt%

ok
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PAR, 10 wt% HCO W] 2 A 2238}t compositesol|A] 3k oL, T
Hjgh] oM = 2o] 7} Qilek wbd TVSE HCOS) 44 o3
4l A gkl JakS W] kst

AE T3, 50 wi% PLA-19] S A2 40 wt% CYP-B,
AP SAE 5 wit% HCO, AFAA AR 5 wi% PAR®] composites
AZE 93 HA 21 R o7 ZALESIT) o] ZAA A 23
compositesi= = JAF ISRl of| 4] 31A| 8 HA)-Z2k 8] composites®]
LCTE(<6.0x10%/C) ¥ EF&dslo] = WAbe(<1.5 mg/L) 715
TRkl on, F7 % W MARE WPC A4kl 9lo] Alad gz
AREE AL Q1= MAAR A2 compositesH T 9531310} whebA
S B e] WPC 71204 878 E WA gkl digk
A 7S ST A et §29 AEE EEkAE AR
ggo] 7FsE A o2 ZlgjEct, 13k Q1A 2 3 f3lAdo] Sl
1712 4 AASAQl MAAC tigh F-543 9] vkl 7]t A
HAZA L] A 74 & AN S 54l CYP-BE composites
A g TAAZ Sg3tozm H7|=2] AArdstE AA 73143
9 A1 SrHolA thefst oS Al TS A O o idE

z A

= ATE A Y] “EARA L 1FTEA] o) 87 JNE AL
Are] x el gete] =3 I U HFH THRS-2023-KF002481).
ATl Al bio-compositesell A HEE = WA F7185E Sl
E3E F A2 s A 57719 7147171 e A
T 1] 31 bio-composites?] A|Z W AT Aol =S F i
Ojgh AR 8 SR ol Al TAFEH U
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