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Abstract — The integration of organic and inorganic building blocks into hierarchical porous architectures makes poten-
tially desirable catalytic material in many catalytic applications due to their combination of dissimilar components and
well-constructed reactant transport path. In this study, we prepared the hierarchical porous Co;0,@graphene 3D gel by
hydrothermal method to achieve high catalytic performance in PET glycolysis reaction. Obtained Co;0,@graphene 3D
gel consisted of interconnected networks of Co;0, and graphene sheets, providing large number of accessible active sites
for efficient catalytic reaction. These structural merits from synergistic effect of Co;0, and graphene gave a high perfor-
mance in the PET degradation reaction giving high conversion yield of BHET, fast degradation rate of PET, and remark-

able stability.
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Fig. 1. (a) Low magnification and (b) high-magnification SEM images of Co0;0,/rGO. (c) TEM image of Co;0,/rGO. (d) The EDS mapping of
Co (orange) and C (red) elements of Co;0,/rGO on selected areas.
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Fig. 3. (a) XPS survey spectra obtained from Co;0,/rGO (Inset shows a
C 1s peak.) (b) N, adsorption/desorption isotherms of Co;0,/rGO.

=

|3-50] #ol EAlsh= A& Holg= Ayfo|th B3k BET
07 026cm® g9 71T HT S} 1427 m? g! O] §&
A& 7}X]t Zg gRlepint. ol gt AT =719 71+
5E0] HoRQlE o] Fuljgl HFsta vk

3] 7} ‘E} W Zufjol] &5k Wh- a8 FYAIIT

_I?LFU

o7

LA
[}
i=]
L

fe

(r rlo b (2 BN

[N
vy

=
rEi

o
o

30 0

N
Sow 3

3-2. 0 M

Zu|Ed-g gelsr] f18fl PET Se|Fel Al wheel =
Aol =S FulE ARSIt SRR vk Sl A
E-S HPLCE ©]4-3810] 84591 BHET?] 92 &1 thFig. 4a).
2.485 min°lA] YEh= ¢ 9]53= BHET 2t UeR)E 1)
o)L 4217 minelA YRR 22 933 BHET Ho|HE e}
WA} 3]. o)z Hiw 9} thomr) o] EAlsH= 2S vERH, o)
5= 9} tho]u Aolof] 7} 211 Whg-o SJal EASHTH 18], FrlE
AHEBIA] ok w9k 248 Cos0,/GO HEA FHrllE AR FLS o
(Fig. $3)°ll 1]}k i”aLE %A}Ol TaRas SR AEEE A
£ FU3k A7kl B 2ol 93 A7|7} ulg- kA v
E}%E‘r 30%} Elasacls J—S—% A= 2 Aol 7t AR 603 o] $-
) & Al <k 108, Co,0,//GO HEA Fuj S

}3 f\l oF Lsufjo] g fol 7} vhi= Alg FR18E ﬁl‘}iﬂ} 9 1
ol ebA Bargk Ar14]9k 2ol Full gl w-s
controlled kineticsE X.©] 1. =1l A}€A] common second-order
kineticsS ®.QIt}. o]g{ 3t o]-f-2 %7] 3057t HES-& xjo|7} )
7}olew & X}O] Kol ¥H& Aolth B% &gk BHET X
we] Mg &S SRIs] fl5te A () B8 &S ARt
Ch(Fig. 4b). L2 3ZeflA] gkeleh 4= Q) %o] iﬂHE AF% 3lS A
601l 94.5%, 90%-0l] 96.7%, 120%¢]l 97.6%2] &5 BT, o=
O Wg SAPIEE AMES =259 Bl u gl S o ZH2 At

> Lo 1
EL
f
E
=
JHI'

2 nucleation-

Tae] AFA o/ 3D A 407
(@) BHET — L
monomer —— 60 min
- — 30 min
3
8
2
‘@
==
QL I Dimer
£ Cos04/rGO \ A
No catalyst J \

o 1 2 3 4 5
Elution time (min)

(b) 1004 o0urc0
— — No catalyst
X 80
m
& 60
m
S 40
k]
(]
.>_- 20- l
oL - wm I
30 60 90 120

Reaction time (min)

Fig. 4. (a) HPLC spectra of the product from PET glycolysis. (b) Con-
version yield (%) of PET-to-BHET reaction with time.

5 88 Hole Zo|t3,8,19,20]. PET 2] Z¢
Al2nol|A] HlE SALo| = Hul 2 =2 AREEE A AL =, T
SAjol= %01] THE SAlo|E= 7Y Sl a g
3]. SFANE 71 0] A-skal e
iAMEJ TEAE Fste] W WAz
S ulSo] o] o] HiE TR wEke o] = e
SR S TS 5 7 U o] A= v A7]9] 7]
Sl HhgEo] FulEH O R ks ARE A e
W ¥AS E3)) PETOIA BHET R 22 s F3}4]o] H
EE3= 17t 209 Ao JES T 7S Ho|= Ao
Fullo A G220 FA3S HolFQlrial 3 4 Qlrt

I THARS
do ] 71];1]%40 &UH /\]/\91_0_ 7Hul;]_7] o 3]_ E]%
2|2 HL%OHH 3D C0,0,/GO2] AAHE 7F50I 52 Bkl sloict
}E} FHulji= vhew iﬂ%cﬂw %‘%% %811 %

Rl %o 1 Sol= on ZHﬁkaﬁ“iﬂl ?Lob_ BHET
Qlt). Zuj] o AYAFL3F T HESoA] L
BHETS] =55 &0 10]-7] 935}te] 'H NMRY 13C NMR AFEH
e T oP"ﬂD}(Flg 6). 8 8.08 ppm | =13= WAl ol A 47]2]
ofZnte g ES EAE YeRATE 9] § 4285 5 3.69 ppm>
COO-CH, %} CH,-OH?] W& @l 3 2 2.8 717} LpebdIt). § 4.93 ppm
¥ H3 slo|EEale] Z2ES vepih 13 3C NMRO) 935
& 'HNMROIA oS8 g wof] F-3t Al vhefubar k. o] 2 gt
ATz, Fo o) AR HEG oM E HE wkol M g o] 1E
% BHET®Z 9] A o] 2 ojub= A& 213 = Slgith. =3,
183]704] Sl AR Sla-5 S 3aolle =reaL 93% o1 de] =

Korean Chem. Eng. Res., Vol. 56, No. 3, June, 2018



408 R LI L

1004 o75 972 97.1 96.8 965 96.2 958 954 952

90

Yield of BHET (%)

0 2 4 6 8 10
Reuse time

Fig. 5. The conversion yield of BHET (%) with reuse time of Co;0,/
rGO (200 °C, 120 min).

8.08

A BC
bl
H07CHZCH20—g

o

I
C—O—CH,CH,0H

<B

<+ C

ie l

8 6

o
I Il
HO—CH, CH,0—C: T C—0—CH,CH,0H

- GHT DMSO
J

95

4.92
4.29
4.27
L o
3.70
3.66 3-38
—

DMSO

4

Hz0

129.92

61.45
59.39

165.57
134.13

150 100 50 0
Chemical shift (ppm)
Fig. 6. H-NMR and C-NMR spectra of BHET (9™ catalyst reuse time).

BHET 785 Hol= 218 #R18 4= SlSIthFig. $4).
4.4 E
B toliis IIE SAlo|=/aed 3D AL AT o
) AL

st T2 ARIE Tl ATH 2719 71wt W W
A= FulE Al PET S Z A A 12 Fvj
stef o= ZARSHATE B3 o] 5] =l 3hehA
SEM, TEM, XRD, Raman, XPS, BET 52 % FA}3}
SEETFAAA 02 o] 9= e BR1sklaL, Fvllel
g Eeto] AU E HEZRGA| S FOR MH Jls FRlskd

m ok

_gJ
T
o

DR ox

_'>LFU
% 2 o ob N fu

M ¢
ol)l‘
JZJ.
1y
Nk
10
ﬁ
L
_\‘i
EE

> rlo
2 o
)
{o
>i}£
rlr
S E
e
=
l
o
™
H

iy
ik
do my >

> o

Ak ok ALEE FuE 93] AYARETE HESoll A =2 FA 9
BHET R HZ 95% oAk AFgE A0 2H HA Al Zn)
Al 2~Ellof] A3el Zul|d-g Wit -2l o] 9f 12 YAl s

Korean Chem. Eng. Res., Vol. 56, No. 3, June, 2018

BeRe 3 2Ru /1S AR] F £

1E7EAR o] #]eof] ofste] AE 3l o ool ZAR=R Yt

@AM E: 2016002240001).

References

. Arico, A. S., Bruce, P., Scrosati, B., Tarascon, J. M. and Schalk-

wijk, W. V., “Nanostructured Materials for Advanced Energy
Conversion and Storage Devices, Nat. Mater., 4, 366-377(2005).

. Simon, P. and Gogotsi, Y., “Materials for Electrochemical Capaci-

tors” Nat. Mater., 7, 845-854(2008).

. Imran, M., Kim, D. H., Al-Masry, W. A., Mahmood, A., Hassan, A.,

Haider, S. and Ramay, S. M., “Manganese-, Cobalt-, and Zinc-based
Mixed-oxide Spinels as Novel Catalysts for the Chemical Recy-
cling of Poly(ethylene terephthalate) via Glycolysis, Polym Degrad
Stab., 98, 904-915(2013).

. Wang, Q., Geng, Y., Lu, X. and Zhang, S., “First-row Transition

Metal-containing lonic Liquids as Highly Active Catalysts for the
Glycolysis of Poly(ethylene terephthalate) (PET); ACS Sustain-
able Chem. Eng., 3, 340-348(2015).

. Khoonkari, M., Haghighi, A. H., Sefidbakht, Y., Shekoohi, K. and

Ghaderian, A., “Chemical Recycling of PET Wastes with Different
Catalysts}’ Int. J. Polym. Sci., 2015, 1-11(2015).

. Duque-Ingunza, 1., Lépez-Fonseca, R., de Rivas, B. and Gutiér-

rez-Ortiz, J. L., “Process Optimization for Catalytic Glycolysis of
Post-consumer PET Wastes}’ J. Chem. Technol. Biotechnol., 89,
97-103(2014).

. Vitkauskiené, 1. and Makuska, R., “Glycolysis of Industrial Poly

(ethylene terephthalate) Waste Directed to Bis(hydroxyethylene)
Terephthalate and Aromatic Polyester Polyols; CHEMIJA., 19,
29-34(2008).

. Lépez-Fonseca, R., Duque-Ingunza, 1., de Rivas, B., Amaiz, S. and

Gutiérrez-Ortiz, J. 1., “Chemical Recycling of Post-consumer PET
Wastes by Glycolysis in the Presence of Metal Salts, Polym. Degrad.
Stab., 95, 1022-1028(2010).

. Choi, B. G, Chang, S.-J., Lee, Y. B, Bae, J. S., Kim, H. J. and

Huh, Y. S., “3D heterostructured Architectures of Co;0, Nanopar-
ticles Deposited on Porous Graphene Surfaces for High Perfor-
mance of Lithium ion Batteries) Nanoscale 4, 5924-5930(2012).

. Baydi, M. E., Poillerat, G,, Rehspringer, J.-L., Gautier, J.-L., Koe-

nig, J.-F. and Chartier, P., “A Sol-gel Route for the Preparation of
Co;0, Catalyst for Oxygen Electrocatalysis in Alkaline Medium’ J.
Solid State Chem., 11, 109-281(1994).

. Sinha, A. K., Seelan, S., Okumura, M., Akita, T., Tsubota, S. and

Haruta, M., “Three-dimensional Mesoporous Titanosilicates Pre-
pared by Modified Sol-gel Method: Ideal Gold Catalyst Supports
for Enhanced Propene Epoxidation) J. Phys. Chem. B, 109, 3956-
3965(2005).

. Kumar, N. A,, Dar, M. A., Gul, R. and Baek, J.-B., “Graphene

and Molybdenum Disulfide Hybrids: Synthesis and Applica-



13.

14.

15.

16.

= o O
A S-S

R4

Qlgk s
tions, Mater. Today, 18, 286-298(2015).

Choi, B. G, Park, H., Park, T. J., Yang, M. H., Kim, J. S,, Jang, S.-Y.,
Heo, N. S., Lee, S. Y., Kong, J. and Hong, W. H., “Solution Chem-
istry of Self-assembled Graphene Nanohybrids for High-perfor-
mance Flexible Biosensors, ACS Nano, 4, 2910-2918 (2010).
Sangalang, A., Bartolome, L. and Kim, D. H., “Generalized Kinetic
Analysis of Heterogeneous PET Glycolysis Nucleation-controlled
Depolymerization, Polym. Degrad. Stab., 115, 45-53(2015).
Yang, M.-H., Jeong, J.-M., Lee, K. G, Kim, D. H., Lee, S. J. and
Choi, B. G, “Hierarchical Porous Microspheres of the Co;0,
@graphene with Enhanced Electrocatalytic Performance for
Electrochemical Biosensors] Biosens. Bioelectron., 89, 612-619
(2017).

Choi, B. G, Huh, Y. S., Hong, W. H., Kim, H. J. and Park, H. S.,
“Electrochemical Assembly of MnO, on lonic Liquid-graphene

2

=— 7

tol=/ae] A2 v 3D A

17.

18.

19.

409

Films into a Hierarchical Structure for High Rate Capability and
Long Cycle Stability of Pseudocapacitors; Nanoscale, 4, 5394-
5400(2012).

Yang, M.-H., Jeong, J.-M., Huh, Y. S. and Choi, B. G, “High-per-
formance Supercapacitor Based on Three-dimensional MoS,/
Graphene Aerogel Composites, Comp. Sci. Tech., 121, 123-128
(2015).

Park, G, Bartolome, L., Lee, K. G, Lee, S. J., Kim, D. H. and Park,
T. J., “One-step Sonochemical Synthesis of a Graphene Oxide-
manganese Oxide Nanocomposite for Catalytic Glycolysis of
Poly(ethylene terephthalate),’ Nanoscale, 4, 3879-3885(2012).
Lee, K. G, Lee, S., Chang, S. G, Choi, B. G, Seo, J., Sangalang,
A., Kim, D. H,, Park, T. J., Lee, M. K., Lee, S. J. and Lee, H., “Bio-
inspired Hierarchical Nanowebs for Green Catalysis;, Small, 11,
4292-4297(2015).

Supporting Information

— 200 ym
KAIST Magelland00

mag @[ WO | det |ui

250x | 3.2mm | ETD | 0°

TR

HAW | ma

& W
~ | 500kV_ 0.80nA | 363 pm | 350x  3.6mm |ETD | 0° KAIST Magellan400

Fig. S1. Low and high-magnification SEM images of rGO gel.
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Fig. S2. Pore size distributions of Co;0,/rGO.
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Fig. S3. (a) HPLC spectra of the product from PET glycolysis using

the Co;0,/rGO composite. (b) Conversion yield (%) of PET-
to-BHET reaction with time.
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Fig. S4. The conversion yield of BHET (%) with reuse time of Co;0,/

rGO (200 °C, 120 min).

Korean Chem. Eng. Res., Vol. 56, No. 3, June, 2018



