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Abstract: The remaining residues in plastic recycling facilities are incinerated or landfilled. In this study, hydro-char was
prepared by hydrothermal carbonization of residue from plastics recycling facilities (RPRF) and the properties of hydro-
char were analyzed. Additionally, the physical properties of the hydro-char/recycled polypropylene (PP) blends were stud-
ied to evaluate the possibility of physical recycling of the RPRF. The hydro-char thus prepared was regular shaped-fine
powder with uniform size, and its bulk density increased compared to the raw material (i.e., RPRF), making it easier to
handle. The mechanical strength of the hydro-char/recycled PP blend was much higher than expected value, slightly
lower than the composition average of the hydro-char and recycled PP. When a small amount of the impact modifier was
incorporated into the blend, the impact strength of the blends was significantly increased. Therefore, it was concluded that
physical recycling of the RPRF is possible after the hydrothermal treatment.

Keywords: plastic waste, plastic recycle, hydro-thermal carbonization, recycled polypropylene.
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Figure 1. Hydrothermal processes and approximate regions of oper-
ation with reference to the pressure: temperature water phase dia-
gram (HTC: hydrothermal carbonization, HTL: hydrothermal
liquefaction, HTG/SCWG: hydrothermal gasification/supercritical
water gasification.).

AR o] L= YA ZJEl, 100°CoA AR elst
£ oFdA el (subcritical state)2t F-ECH(Figure 1). Y
A= A7 2% wet I shhydrothermal liquefaction)
9 &4 728K hydrothermal gasification) ¥ ¢ &3}
(hydrothermal carbonization, HTC)¢] Al 7FX 2 ydt}
(Figure 1).

oAl A5 o3t f71d H7EE AHelshs A=
2% A, AR 2K, Sl olella] gl xlsso] gk
th.% HTC 342 Aejd Ad=S A5 =2 vl 2
H7] dxrt w3 7AxE 7FRe] FEE 7] witol FHast
717F A vh o] ok g A5 Ed X3E] e E
e WAl A2 HTC a4 oA -2 AlA=] o<
wel717F A HAk. o]FA B4 hydro-chars A4 3L
Y A5E ARESEAY Mol £Fste] d8E ARgste A
T7F Bol =] ArtH0

F 2o+ Al 28 #H 7] E (municipal solid waste, MSW)
S HTC AHzlel] 4& 548 1% 988 A7sES =
Argt Q71 EhdkalA KPRt Lu 5 Fol, SekE,

T, 2AE, AT 5 £Fdld MSWe BARE Al FF¢]
AEE AF3HL o]& HTC Aste] AdE E4S 48t

Ak HTC A2l E42 i o] ZA 7H4asiial +
2 e o). 3 713 (hydrolysis)oll &) 3he] 22 &3}

o220l I FEA Eo] AFAEo] Vi dAyTE A
Al EoEdn. R do) AAHIAT LSS A
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THK(14%, Arerel AR Ao 2ha) vho A (11%)
3 JZHE 2 A (17%)5 Eate] Ad=ulroF MSW
S FARE F HTC A2lsld 545 AR A2 25
7h eSS WS Akl oS wik S8 SME
= A7 Fo @ s =3 HTC A2 § dojxl
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HTCS= polyvinylchloride(PVC)2} 7o) A4S Xt &2
o] dax AANE &3} 3iek. Shen T2 PVCel| AE2Q
2 Fad 5 &8I 210°C 23} $57|2 HTC #AE&
st & & As}(dichlorination) ¥ YA 2715 A TES

Zhao G- AAAER AsAellA 2 AF T H HEA
Z-2] 2~E] & (high impact polystyrene, HIPS), acrylonitrile-
butadiene-styrene(ABS), Z2]7}%.4]©] E (polycarbonate, PC),
Z) =289 (polypropylene, PP) & Zg|olro]= 6(polyamide
6, PA 6)2 250-350°C2] H{oIA F4=os} 22saTh A
g 257t S s AR e AHAERith 350 °Co
M PPE A7 BE W7 AEAE 80% o ol fri
I 7EAE WSk He PR ¥ FABFAA T 2
7t woldaE FAHAY] 18 HaL ©@shrt Bol 1
Y=o} gk A Hm it

Iiguez 5= BIStEol 217 34 & PP, Z]o€dl
(polyethylene, PE), Z2]o| €l ©#H & ©] E (polyethylene
terephtalate, PET), PA 65 22 H|- &2 93t A|§& HTC
Aglste] APES AT AEE AA Z 1A A
S BAEHA A 2320 hydro-char®] FEIE Zhao 5
Axet Aol frAksiaith

olFe] &3 A AFEFE & 7 A
248 AEZ o gladd} &8sl
42 AgkE Y PRy 9% S 2 SR A B
7] 4% FHE Witk Abdolth tiEe] Aelae A
4% hydro-charg S = ARg-sh= ] #H4lo] A7 W&
o ZTtAE o2 HE AAE hydro-chars ET]|F o2 A&
Bst7] flsl Zadk AER1 7IAA Ao APl B
& 5740 A A= 7S 2ol

o] AFM e Fek2d Al $ AES HTC A g
hydro-char®] =22 &gl HAsto] AFaididt. 7H8 2
AR NA AT A DL SekEe AR ©A] 3
Al AE-§ AR o]Fo] © & HAEAFE AXA Hr
A o 2 A &g FekEe PET/ESEEME /4% 7
o] vl 7R EEjEo] 212t fadk s s Hed)
AP A B E]R] Zgk QIS Bobd Azt iy
sHAl Ak o] A F =S 210-230°C] o}Al &€
= HTC A 2|3t hydro-charg recycled PP(rePP)<} &393}
of Al EAMEE Azt & 2 EAS RALel HEes
9] A Z-g 7hsS ATsiih.
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Mz, Ao ARE Sekrg A & Z)E(residue from
plastics recycling facilities, RPRF)S 5, HQHA] AR A&
& AlEe] dEFekiy AN fa RS dEs &
& MAQER a7ty g Ee =2 olth RPRFE] 74
e FERLE EF6te] FAIRE T8k3laL Table 19]
UERAT} Recycled PP 722 d|&Ek2g AdEAdo)A PPt
oL s 2245 Al § o} kES AA Al FE
2 Axg 2ot HrlEe] 54 A A5 A7l w2
A E B4 HapF A7) wiEe] o] ArellA] ARS-El RPRF
9} recycled PP= ZE 722 & YFE ASolth oz
recycled PP= rePPZ 3 3tt}. A& o] PP-g-MAH(maleic
anhydride grafted polypropylene)®} TS dAEw
(elastomer)”} AFE-EIA =0 2 545 Table 29 YERATE
TS glycidyl methacrylate(GMA)@} hydroxyethyl methacrylate
(HEMA)E PPol| Z2}2EAA /)2 E PPE A|xsl=d] A
4% GMAS} HEMAE Y=g|x] Alzohkm=h)Z e 7438}
At 7iEel] AR Szt ZiAAIRL diculmyl peroxide(DCP)

Table 1. Composition of the Residue from Plastics Recycling
Facilities

Feedstock Content (Wt%)
Forms 10.9
Paper 4.0
Textile 6.3
Coating films 4.7
Films 51.8
Rubbers 4.6
Hard plastics 9.8
Glass/Ceramics 3.0
Woods 1.3
Clay/sand 3.7

Table 2. Characteristic of Elastomers Investigated in This Study
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Figure 2. Diagram for hydrothermal carbonization process.

T d=EgA AlantERE s

< Ets}(Hydro-thermal Carbonization). RPRFE 210
°C X3} 757123 MPa)2 1A7F € ©SHHTCAA hydro-
charg A|Z3ITh AHEE W7 1E A2 $0lA At
AR = ARESh=s WES7])E 6000 L 70|t} Figure 29 4=
4 gl F4S YeRd g E YeRdth RPRFE ©Eo|
FAEE 7)o B & NkV1E Bl 5] MEE
o] H#olA FAHE 210°C, 24 MPao] £3} 5715 wt
S719 7Rt} 1A)7F ik & 5] MEE FTOY release

WEE do] 735715 AAS] s Ao R U & b
$715 €9 H2|¥ hydro-charE AWtk WHS-7]oA Y-

19-9] hydro-char= 5715 g X&et S5 Adejo] A
fo| A oFF A= WxshH 71x7F H At A 222l
hydro-chari= 80 °C 2F7Z71914 2477+ Ax - A18-3)
t}. AlZ¥ hydro-char= Figure 20 YeRd nle} o] H
FEHZ &% oflx FE= A}

OHIZEL/rePP SHUE I AJEFIZ. 80 °CollX 2477} ©]
A Az o| ZE D} 1ePPE §HF B E dry-blend § A%
wll X] 9] A (extensional batch mixer, EBM, Korea)ol|A] 10%
7+ &8 Edsrh ARSE WX YA A7l AL
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Code Materials Supplier Grade MEF1¢ o’ 1d30¢ 12507
mEPR Propylene/ethylene Exxon Mobile (USA) Vistamaxx 6102 3.0 0.862 7.05 5.96
EOCh Ethylene/octene Dow Chem. (USA) EG8401 30 0.885 6.10 491
EOCm Ethylene/octene LG Chem. (Korea) LC670 5.0 0.870 7.14 5.88
EBCm Ethylene/butene LG Chem. (Korea) LC175 1.1 0.870 7.36 6.53
EBCI Ethylene/butene LG Chem. (Korea) LC168 1.2 0.862 8.76 8.02
PP Homo PP SK Corp. (Korea) H220P 2.0 0.913 - -
PP-g-MAH 5 wt% of MAH Lotte Chemical (Korea) GMP3020E 10.0 0.912 - -

“MFI: melt flow index (g/10 min) at 190 °C and 2.16 kg. ’r: density (g/cm?). “Iz30: impact strength (kgf cm/cm) of eco-powder/rePP/elastomer
(30/70/10) blend. “1z50: impact strength of eco-powder/rePP/elastomer (50/50/10) blend.
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gl 2 o]FeA BRI FoAle g AY He
g oJu] 733t 21742 (extensional force)E WA HTh ALEA}
£8A= 7 chamber Alo|E WA 02 JE31A He=u &
a7 BlrtE AlESIA AfrEo] REEETEA EHo] #
o} AAMgE &4 7] (mixing mechanism)y= Son®] &7t =
ol 8] 7lsE o] Aok T == 220 °CHTE ™
H Bt AEe vE FY0F AEEH] AR Al E F4
Ao E AxEATE HE Edl=e] 2448 AHsl] {8t
o BHE code Foll =AE 7= S £ eco-
powder/rePP/elastomer(30/70/10)2.2 YEPH B == eco-
powder: rePP: elastomer=30:70:10(FAIH])2] v &2 A %3}
Aths ofrjojtt.

PP-g-GMA$} PP-g¢-HEMAE A %3}17] $138l¢] PP/DCP/
GMA(or HEMA)=100/0.2/2.0(F-A¥])2] H]&Z dry-blend &
kS A=Esiith AR dETIE v HIAY olF%E
71(BA-11, D=11 mm, L/D=36)E °]-&3l31°2™ 160/175/190/
190/190/190 °C, 100 rpme] Z71 02 =313 th.

EMENM B9 oA AFL wsR|EAIE71(QMI00T,
Qmesys, Korea)2 3 3F 1tk ASTM D638 42 utet
150 mmx12.5 mmx3 mm®] dog-bone FEN2] AJHL- A3}
Atk 20kN 28 AFE-3199 21 crosshead speed= 50
mm/min2 A AT Izod TA7dEE Qmesys AFS]
QM700A pendulum impact testerS ©]-&3te] =4 3} T}
(ASTM D256).

A NS QA oA e sehH S g =
gate] FARAAFA W (SEM, Tescan Mira3)ell A EZ=29]
REZZX](morphology)e H&sISTh AR} FAF A #4171
(differential scanning calorimetry, DSC, TA Instruments Q20)
£ AHgste] ERlEe] 94 548 AFSHAITE 8-10 mg
ANEE A& 71F stollA 300°C7H] 228 AL 587
RS @ olHe AAT F 20 °CAES] FE=E -50 °C7H
WZIAZ|HA W7 348 ARk -50 °CollA] 537 FAA]
71 & TA] 20 °CARS] =2 250 °C7HA] S-2A17|HA 52
FAE Ak st 2 B S 96t AR
(PerkinElmer FTIR Spectrum Two)E ©]-83}] 400-4000
cm™ T HLJOA 270 7 1622 AT EEEA
(thermal gravity analysis, TGA)< Perkin Elmer Pyris 1
TGAE °]&3lo] $24% 10°C/min 2 F A2 7]
800 °C7HA] S48t dlZEde] dr 2 Y= XS
A7 915t 0.01 go] NFTEZE 20 cco] SFroll A
71 T 3 7 g BANE SEtols Skl "oE| X
Fekn|i e s Azt
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Figure 3. FTIR spectrum of Eco-powder. R: soluble fraction of eco-

powder in xylene at room temperature, H: soluble fraction of eco-
powder at 130 °C, E: Eco-powder.
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stk Az dZELe] Hg A7]= 45.6 mmIASL HT
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(EVA)7} AT} 15063} 1600 cm™ ] ¥ A& B4 o] A F
(C=CYIlA 7191gt A o= AzHET), Hlszgh 9)x]9] A E0]
W gk, PS e 1Ed SAo|solA A &
3] o] M3 o= BEdole EAsA| R Al &8 ==
AE FolE Aol Holx] & A E Hol HTC 34l
71 g3} B4 71218k 9=e}t AzbET) 3438 em'Y] 9=
= EZ(-OH)elA 71€E g=0lt}, o] == PVCOIA 7]
olgt Aoz FAHHEL o] HyHE PVCY FTIR &
HollA -OH =27} = 7971 2 8ot 7keAly Clt
o] F)ge] oJgt Fa g AYZhET) 2800-3000 cm'Q] T F+=
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Figure 4. Thermogravity analysis (TGA) results of Eco-powder,
polymer mixture and rePP. Polymer mixture is mixture of 5 differ-
ent commercial polymers (PP, HDPE, PS, PA6, PET) in equal
amount.

49 YeRAtt. Figure 49 polymer mixtureZ WEPH H& &
A} A8l 71 wo| ALg-E] = EAKPP, HDPE, PS, PA 6,
PET)E &Y HlE&E 53t AlIEE YERATE. rePP9} polymer
mixture= 300 °C2} 450 °C Afo]9] F2 2% F7A] & &
&7} TSR Tk of| . e 100 °C FE] A|2Fsle] A48
w37 218 =50 800 °C7HA] #all7t Al Zl8) = ar Fa) =%
2L e EZ o] 20% o)delitt. olaiEe] sl F
71%&2] $he2 Table 19 UERA ule} o] 7%E WA =
o} HTC 348 ARA| 22 rePPY} polymer mixture &<
800 °CollA] 3l =A] = 2HiE o] A HA gb= videl
o] & T ZHFEo] 20% ol Tkt wEgk EAl, Fol, A
e f718¢ AEZ Q02T TGARA F Z-fEo)
HA e AoRE BuEe] Utk glade] A=
el ZHf-Eo] To HolX|uk o] Ao 249 of| FH L)
ABAA EA)7} gheFo] w9 Sk mEbA] 20%7F HiE i
3 =S fF71EY Bl S fEoE HRlth
Adolfsson 52 PPE T} 2= 2 A|7ko|A] HTC 2|35}
3 EFH 2SNl 23 gl SU1EeE 2l 2
= WS SV HAL 250l B ZEo] SRS
AT 152 E5 ghAsyt 18 Hol wE) ppe] 2
st F43] WolA= A BESIST ode] A%z
FE of| s Bt B &ES 1 A oflsEg
T8 A FollA At A freEfigh 22 o] Aol vhast
HHE AXHEA Bo] HskgS AUS JAE F Aot &
237} A HATHE AL FTIR 150634 1600 cm oM %= &
M Y=

Figure 59 DSC 5 I ZE YepYTh o2 +2-S
1254°C2} 159.0°Col A F 7N 2] 733 €8 3] F(melting
peak)e} 105.5°C2} 220.0 °Col Al F 72 oFst &8 9=
(melting peak)S ERATE. o] ZE-2re] A8 24 (Table 1)
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Figure 5. DSC heating thermogram of eco-powder, rePP and virgin
PP.

25 o2 ES 57%7F BEFIM FeElstAL hard plastic
(10%)2] A% F-Eo] PP} PEO|ERE 43k 50% oo PP
v PERFH fEfsilvhal € mebs 1055, 1254 2
159.0°C9] &8 ¥ 3E PES} PPEREH & AL & 4 2
105.5°C A9 #]a= vlg- oFsk 2102 Hof o& FE-2
LDPEXE U= LLDPEY HDPEZ} 84 @o] shiElo] gltia
AJzZrE . 159.0°CS] PP §-83 A% ZstA YERA ofl3
Earo| = #) @2 ko] PPyt EehE o] 2SS & 5 Uk
220.0°C 249 3 8§ vI= YA 69 Jo= F74
Hh &5 Foll= tlFE PP} PEZF ARS-H AL T H &9
E 9% UAE3} PETE AR-ET) rePPE 159.4°C2] PP &
FI A o] 9Jex 124.8°C 107.4°CS] PES] €& A&
VERATE FESE 228°Ce] oFst 889 YAESE F4
), ddsis 22 rePPoll= 9] PEZF 2] AL
AgolANE YUEE 4o ks AKS & F ATt rePP
£ Qe STy Al Aol S=2-d) osle] PPE
= EAS FAL HESte] YA FEE RHE A8
o} Aol ME A Ayl HE2ES Al Ju
mE} JERke] SR WHEP| wiitel| PPl PEVF SE=
7497t WAL di T R 4ol Ao v
Virgin PPE 593 2794 DSC =42 3} heating
curveZ o|ZET 2 rePPo} A UEPATE ARE-SE virgin PP
= dHEA7E AE AREEA] 22 homo PPE 8§ (heat
of fusiony> 89.3 J/g, 88 = (melting temperature}= 162.5
°CE ZHEAt}. o|Z 23} rePPolA PE % PP A2 &
FELE 77} 12,09 46.1 Vg2 = ATt rePPol| ZgE o
AE PP AE-2] 88Yo] 46.1 J/gO = virgin PP 51.6%%
24 =AU}t WA rePPY] PP} virgin PP} A3} 750] &
AEPA rePPol] PP AJE-0] 51.6% ATHL 1A == A
T rePPol| &A= PP AR AA 3t Sy 24 sk=rt
homo PP2] AHT} & 715Alo] =T} rePPol| E45= PP
o]e]e] Aito] PP A3} Aol dFE FULS = A
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ol BES AAkEE PP 5 90| B 2 FHEAIVE £
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PPO| Z1E T} 3°C 7HF St mebA rePPe] PP A33te] &
H 24 51.6% oldeletal & = Slth. Ee PPe} PES] &8
¥|= A7124] PPek PES| = FgStalth. PES] 5ol wh
2 88739 A7 g2r] wiiol ¥ S Yle E
7Fs8lth. PE 3e] 4835 Ho}l LLDPEY] HDPEZ} &3
Hol & Ao HRlt) 8§E27E e rePPoll= PP/
PE=7/3, 9| E-Toll= PP/PE=5/5%] A2 PP9} PE/} &
=] U= A= FFH o] AxE T rePPoll=
2k PP7} 60%, PE7} 26% 2 1 £]9] IEA} 14% =
=] = AR FYE 22 WPHO R o5 o
£ 22 oF 15wt% A =2] PPet PEZ} e Zoz FAgt
T Atk A71A 15 wi%e] evl= A5e] Bt s %
A=A &3S wie] A gholar ShollA] ¥hgl ule} ro] 4
TS HTC oA g8yt o= Fx 2= A7) o)
ol 50% ©]4+e] PP/PE 98 XA w B30 ehhdlo)
oJste] S-FHo] A Holxl AYde & F UTh

Figure 69 o3 £ rePP ¥ o] EZ/rePP A =2
SEM AFIS YRt rePP= A2l AHele 2A B
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Figure 6. SEM micrograph of rePP, eco-powder and their blends:
recycled PP, eP10: eco-powet/rePP (10/90), eP30: eco-power/rePP
(30/70), eP50: eco-power/rePP (50/50) and eP100: eco-power.
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