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Abstract — Coke strength was increased by adding ash-free coal (AFC) binder. In this study, the effect of the AFC
binder on the physical and chemical properties of coke was experimentally investigated to understand the molecular
mechanism for the improved coke strength. For reduced CO, emission in steelmaking industry, torrefied biomass fuel
mixed with coal binder is also considered. The interface between the base coal and AFC was thus examined using Scan-
ning Electron Microscope (SEM). The coke strength was commonly measured by performing the indirect tensile test
and Nuclear Magnetic Resonance (NMR) spectroscopy in 'H and '*C modes. For comprehensive mechanism study of
the enhanced coke strength thus obtained, ordinary coal for thermal power plant use was carbonized with AFC for sub-
sequent SEM examination. The NMR spectroscopy results of coke samples positively revealed that the tensile strength
was proportional to the average number of aromatic rings.
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EvAloF A5 Mgk 5 ofel W& 551 KCHERS: 80
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W o2 A, o] Fh ol o) A BE AFC PR 7|2
S} F HAlE FEENS WP BelA 250 °CE 71E3ke] {7
S| & ZHh(Evaporation)A] A TLAFEH S AFCE A& WHjolH,
olz]gt Wl oJ3) Lojzl AlEE AFC_EE 3P| = sl
FAAAA 7)1 Ao 2= T8 7P A8k Coking Coal A
AHEEIATE 283 AFCE XA AlZ Al viQIE 2 AL uf
Jo 71 Sl digt el s Elsly] 98 eralabg et e
Jo] Adojupx] ¢hi= A Tl W4 Mgk 2 2ol Ak F <l
Hrork o |RI KPUARRS: ARSI o] AI7FA] ARbEL-
Al 7B GRS TS - E o] EE 9le 242 0.15 mm
u]vt 0.15~0.38 mm 18] 3L 0.38~1.00 mm2] =5 7T} Hhgk
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FH3E AR ES A AE e mrhye] dol A #97] oA
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2-2. 9182 &M

AF% BA7(TGA 701, LECO Co., USA)E ©]&-31°] ASTM
7)ol whet oF 5 g0 AMS- AlRES] THEAE AT olu|
AHEE AT ES e 4§ ASTM D3173-11, 33
ASTM D3175-11, 332 ASTM D3174-12 18] 1 g iy
ASTM D3172-138] 71391 &75}0] BA|Qitt,. )7 Uk
AH8-28] 91 Leco-TruSpec Micro CHNS®E #2E $] © ™ Free-
Swelling Index (F.S.1)3= ASTM D720 7|50 & H-A 5 Qir}, 24

H EAS Table 29} Zo] Faslic).
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2-3. Solid state '"H-NMR 575 2§

AFCE] 2 19 3 9} W& (Aromaticity) 574 & 13l
Solid state '"H-NMR (400 MHz Avance 11+ Brunker Solid-state NMR,
KBSI Seoul Western Center)d | 5 A28} T 4§82 4714
oz BREon, WS 4 H,, 6.0~10.0 ppm)et Al 714
A5 5o R GEIRE A 71 A ke B9, B
eI ol] F-2He F74x(H,, 2.0~5.0 ppm), ©A2] HERSIX]o]] -2
TA(Hp, 1.1-2.0 ppm), T2=2] k] Aof -2 F4H,, 0.2~

Table 1. Sample mixing ratio and particle size distribution of coal for coke making processes

Sample Particle size Reference Coke 3% AFC 3%AFC + Torrefied Fuel
0.38~1.0 mm 33 mass% 33 mass% 33 mass%
Coking Coal A 0.15~0.38 mm 33 mass% 33 mass% 33 mass%
Under 0.15 mm 34 mass% 31 mass% 28 mass%
AFC Under 0.15 mm 0 mass% 3 mass% 3 mass%
Torrefied Fuel 0.3~0.5 mm 0 mass% 0 mass% 3 mass%
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Table 2. Properties of samples
Coal Properties Coking Coal A AFC_P AFC_E Torrefied Fuel
Moi. 2.46 0.43 0.31 4.07
Proximate analysis, V.M. 34.64 77.16 91.61 68.11
(db, wt%) F.C. 54.47 22.30 8.04 26.41
Ash 8.43 0.11 0.04 1.42
C - 78.58 82.09 54.66
Elemental Analvsi H - 837 9.10 595
(ed";;";asis, r“j‘t%‘s’ N - 0.34 0.24 0.18
O - 12.44 8.41 39.21
S - 0.27 0.16 0.00
HHV (kcalkg) 7417 8,483 8,516 5483
F.S.1 6.1 >4 >4 -

3¢ Moi.

1.1 ppm)© & 7= It} Chemical shifte F5-52Q]1 Tetramethylsilane
(TMS)E 7153153 th.

2-4. Solid state *C-NMR 5% 2!

AFCY 4bar 73 32 9} W/ (Aromaticity) 574 93]
Solid state *C-NMR (400 MHz Avance I+ Brunker Solid-state NMR,
KBSI Seoul Western Center)dx & AFE-3131t}. PC-NMR ~HE
How 49 &2 §32 Fuwds)el wet gojwlon, A
W= ©A(C,y 0~93 ppm) TLE] 31 ©A(C,, 93~171 ppm)E
R 2 AT S48 NMR 20 dha) A7k A
2 o] EAE L 718kl o, 71 5852 Phenolic hydroxyl
group (148~171 ppm) 18] 3 Carboxyl group (171~200 ppm)°.Z

F58FR a1, A kA g5l A Phenolic hydroxyl group?] 2FA~ 9}t
Carboxyl group®] A& A|£18t He -5 Ether typei Alklst
St

2-5. FJA %!-I: Alé-l I:CIJ-H-I

s g oking coal AZ 7]+ FAwto 7 HHsla
AFC(AFC_P, AFC E)sa} Torrefied fuelS 717} 3 wt%e®] H7Fshe
e = A2 QAT 2 Aol = Lab-scale®] T2~ A2 91314
05 A 9 A 28F3 21 Lab-scale Coke-making Apparatus
(LCA)S] 7] 7)2kei= Fig. 13} 2t}

ok 509 HAY, HAy} AFC 183 HAy} AFC ¥
Torrefied fuel®] -Z3¢ 2] gko] <F 800 kg/m*2] Bulk density= &
Q1= 200 g load7} A7|ZelA L57} L7 B2k A %4]Q)
= (F 6.24 kPa)= 7T A7 2 Uie AATEAE o] &3t
E34] B97] e 2 A&HE 1273 K7HA] 3 K/mind] &5
7 a1 7FE = 1273 Kol EEahd 3054t 252 SAA AT
zl/v}/ki Wzrent, el 7b7ke] 276 gl 2 o R
FIA NMEZS WMz o E ]zl— o]_oﬂq_
183l FEE7-2 Indirect Tensile Test (L.T.T)E 5540 o]F0]
Hom oli= Metolu} I S AR I 3 SHS
-14°H ol 3l=2 o] &3l 7 Al 7w =% vialo]n Miyagawa

9101l &J5ke] g2l = et THs A A% 7] (Universal Testing Machine,

KSU-]OM, 10 kNYE o]&-3to] T2 & diste] 7kl St
ka0l Z4H e FA el tigt Indirect Tensile Strengthi= T
w3 2ol A ()& Fsto] AAT

: Moisture, V.M. : Volatile Matter, F.C. : Fixed Carbon, db : dry basis, daf : dry ash free, HHV : Higher Heating Value

200g load Elecmc furnace
(6.24kpa)
Lab-scale coke sample
N,, 20L/min
— 3K/min to 1273K
20mm \_isothermal at 1273 for 30min /

Fig. 1. Schematic of Lab-scale Coke-making Apparatus.

S=— (1)

lo

3714, S& T2 Indirect tensile strength (MPa), P& T3
failure load (N), r& T4 AE2] 217 (mm) 18]l = FIA A
Ev/l Tﬂ](mm )= ‘JV—"I ,]u]t‘il—l:]—

3.8 3 o

3-1.SEM O|0|X| Zz} £

AFC (AFC_P, AFC_E)7} 7}l KPUA]§FO] LCACIA ZA A~
Az A3 207 w3 ag-S AR AUZ 2] Scanning
Electron Microscope (SEM) ©] 1] x| & Fig. 2¢]| L}ERY ). KPU
MRS FSIE 284 ¢b7] wiitel 24 F917]¢A4 l"iEH FHE

A BEAFOE A At QIAE7 2] 9] A 25 Aol &
S| ok=t) 1# P2 AFCYHE] Binding 98]& ﬂ'é}ﬂ T AE
Zz710] ® T} Fig. 2(a)c KPUA B} AFC PEHo] 87 ghalsl A

Fl

a) Thermal coal (KPU) +AFC P b) Thermal coal (KPU) +AFC E

Fig. 2. Analysis of sample morphology by using SEM image. (a) KPU+
AFC_P, (b) KPU+AFC_E.
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Table 3. Distribution of hydrogen type and number of hydrogen type per 100 carbons

Sample Hydrogen fraction [%] Number of Hydrogen (-/100 Carbons)
H, H, H H, H, H, H H,
AFC_P 385 28.0 16.4 17.2 492 35.7 20.9 22.0
AFC_E 38.0 28.8 16.2 17.0 50.5 383 21.6 22.6
Z9] olu|x|E KoFH, Fig, 2(bys KPU R} AFC_ERt] 87 el sl Brd o2 EAsteE 35/ kA Vi E YE
ghsle AE9) o|n|X| & HolFErt, I o|u|A] B KPUME ¢4t o] A3t A3tolt}. Carboxyl group?] -9 71 H]-E-2 AFC_E
52 AFCHEZ 3l F”o] Hogl o, vl 71375 AT+ o] 6% YL X7 1007 T4 5 Har 4 OS2 Carboxyl group?]
GAFS k7 Q). o] Wetted areat}al H2jo], A HES] =), 2} FEHZ EAGE A4 Mg 2318 AFC_PRe] 0.6/ = B
45 FA 58 st e 2 E v|5d del2 FE A A= R o2 LERE 2™, Phenolic hydroxyl group?] 73-¢-
Pl B35 T FH] Aol AFCS] Wetted area™ 18k AFC_PEFO] AFC E¥HHT} 6.5% 9 52| Bl &S o 7}% A7 1
Zhg-0 A semi AL AT Z7] Ao 58S F= Ebkow 1007] &4 5 2] O 2 Phenolic hydroxyl group®] 73
FEl = Yepd 210 % o et 9% AFC_P¥to] AFC_ERHRTE 3.37) ¥ Hrlar 245 ).
3-2.NMR Z1} 3-3. A3A FRIAE 9 As =X Ay
3-2-1. Solid state '"H NMR 4] A3} Qb Mgl LCAE o] 8310 ©b3ld 7 A"k A (Coking
Table 32 F-4% AFC 2%l il E=Ash= 4579 ¢4 B4 coal A) 100%E ©]-43 FAX, A Ae AS 7|22 3%
10070€] €kEol thaliA] a0 2 EAlehe 4572 T2 /55 AFC (AFC_P, AFC E)7} A 7}8 232~ 9 AFCS} Whetsl a3
YER ST, 7 AFCell EAIBH= 74 7382 Blsdt A aks Hoj
11 3lT}. Aromatic hydrogen®] 74-$- 1 H]-&2 AFC P¥ro] 0.5%7% 1020 (@)
T =A% 100718] ©HAs F HA S 2 Aromatic hydrogen groupS] 1000

FEE TASh= 742 7i9= AFC_ERe] 23|19 1370 ¥ gkl

980 —
hahalel=
960 —
3-2-2. Solid state '*C NMR ¥ A3} 940
Fig. 3> KCHE 9§30} o] 28] 5% ¥ AFC 2%l o3t o0 28l
Solid state '*C NMR Spectrum& H.o]F+= 12 Z o] TMSE
0 ppm . 7)E3l0] Eabile] o)A ste] 9.8 Ajoltt. Table 41 s00 1 o
A AFC 2%l tial] EAlsh= 35/ Ak &7 100712 880 4
860
Coking Coal AFC_P AFC_E AFC_P + AFC_E +

Bulk density [kg/m’]

‘ | 100% Torrefied Fuel Torrefied Fuel
17‘1 Car 9|3 Cali 30 (b)
25
@
Q.
2 20
C=0  ArOH E=3
200 Raw coal c
——AFC_P 2 15
D ——AFC E »
2
c-0-C £ 104 217
93 67 2
o
4
F— 2
O o054
200 150 100 50 0
ppm 00 Coking Coal AFC_P AFC_E AFC_P + AFC_E +
Fig. 3. Solid state 3C NMR spectrums of the AFC_P coal and AFC_E 100% Torrefied Fuel Torrefied Fuel
coal. Fig. 4. (a) Bulk density of the coke and (b) Tensile strength of the coke.
Table 4 Distribution of oxygen type and number of oxygen type per 100 carbons
Samol Oxygen fraction (%) Number of Oxygen (/100 Carbons)
ample
i COOH Ar-OH -O-(diff) COOH Ar-OH -O-(dift)
AFC P 24.0 66.6 9.4 29 7.9 1.1
AFC E 30.0 60.1 9.8 23 4.6 0.8
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FEE ARHAFC)S HIRIH R o] &
(Torrefied fuel)7} 242} 3% 71 72~ 2] Bulk density 2} Coke
tensile strengthel] T3l Fig. 4°ll &3} tt. Fig. 4(a)°A % &1
3t 4= 91 5%©] Bulk density®] 73-$- Coking coal A7} 100%% 73-$-<1l
984 kg/m® Q1] Wk AFC7} H 718l 25 AFCS) U7} v
olfr= 1Kttt B FAE Koz, AFC_P¥o] 7k A
921 kg/m®, AFC_E®ro] H7ld 3% 917 kg/m*] Bulk dens1ty~
HOJFQIt 2 Aol ARSE B4 - = 0 2 Rigks)
9 Torrefied fuelo] H7}9 A2 AFC PEH AFC E¥to] H71s
242} 2] A2~ thal 911 kg/m?, 903 kg/m>2] Bulk densityS L}
EFJISITE. Coking coal A} AFC % RIets} A5 5 H7ke u) 7%
WHske] e Fig. 4(b)E &3l &1 = Ut LCAE &3l A%
% Coking coal ATHS- 0] &3+ T A2] 7= 1.56 MPa® LJERE
A9k, AFCE VIRIG & o] g3} A% 732 FEi= AFC_P
gho] K7t 7o 2.32 MPa, AFC E&te] H71E 7 $ol+=
2.17 MPa= ¢F 39%~48% I = 57}t S7Fst 215 Kot o]
AFC7} A3} 37 5 vRIT 2419 o8 F-25] -3sf Wigl

on], A S 918 AV EA Y S e ARE AlRE
th Al &olA olibsle A THES A WY T ARE Foto] &
Ao olrksteia 715-E fl8) wheksl AR E A7k sl o
M= AFC P¥r3} HHer3l A8 5 M7kt ma29 Ao
2.16 MPa, AFC EEJFJr i%i} ABRE HA7I3t a2 ArE=

2.10 MPa® 7]5=9] Coking coal ATHE 0|83t I HTH=

A7y AA SVl M 2 A4 9 A{ALS 7T Al

3H(Resolidification)& S Ao 7| Aaix= Fdge] &

01 FoJE ol f& AFCR A7b FAs ks 0 vt 29 v
4 O g]—o L 2= o]gi;].

3-4. AFCO| EXI7Z} FIA ZT Zi0] ASab HI|

3272 NMRAHE ulgro 2 Az W FuEd (6]
Zsto] AFC PEHY}F AFC E¥FS] Aromaticity (f,)5 =&38FIt}
T2aL o) S ko & Hyk Bapw el ujof] sk ek 1129
NFE F531900 1 @ﬂlﬂ—% Table 591 J2I3FSIt}. Fig. 5= 4
oA AE Ao AekellA fElE AFCE I H7HAIR
gl Ax el 380 293} Naoto[6]2] ATA 5} 3k=t
o] 501 AFC P¥F W AFC E8HS 0] 83+ 2 A9 Anl=

Ji8k Zlo|t}, Fig. 5ollA1 ElF2]7} §lo] AlAlE 2F 5ol thaliA
W 187} gl 00 $1X)3 KRSE KRSA EHES: o]-&-3to] 1t
Sojx A0, AMEo|F-2 5% AAjE MEE] o]Fe 7
7ro] £ ®-9)7)o)A FEE AFCol thdt H A el BApr o)
gk ek e e sG]l sl f1xIskar vk FaiEE 6]l A
7|5 FA2~ AZE AER] KRSA Eh)r 2712 HyperCoal®] ‘?J e
Aol wdsh, My A AR 3 wivolth. 18]
AR A2 -ir%lﬂ AFCe]| EH?SHH Aromatic ring®] 715 (R )7} &

FAARE) 7} STV QS wA|aL §lom,

A3t Ayt ettt

Table 5. Aromaticity (f,) and number of Aromatic rings (R,) of the
AFC(AFC_P, AFC_E)

Sample Aromaticity £, (+0.03) R

H B a
AFC P 0.75 0.71 34
AFC E 0.70 0.69 29

& @A BelA 9 set 54 399

J ® |AFC_P
= IT-
F | B 38L
= AFC_E
5@
g
Z Raw coking coal
2, @Mu-400
g Pa-4008
2 e e °,
5 0.5 KRS Mu=360 Pa-300
0

0 1 2 3 4 5
Aromatic rings |-|

Fig. 5. Relationship between number of aromatic rings of Coal binder
and Coke tensile strength.

4.8 E

ATl FA AR ARkl 3 Aeks vikly
24 718l LCAR ZAAE AZSkaL AFC7F AldHg 52
7ol tial] m) = el tiste] ARSI SEM, LT.T, NMR
S 53 AFCZF H7ReE FA el tigt J3-e vletsioit).

rir

733k

[}

tlo

(1) AFCE vRRIY 24 71t 334 AE s 5718t
gRlaqlrt.

(2) SEMOJUIAE Sl &lsh g Aeta} AFC7} ©3he o
ARS EJ'O 3 A} Wetted area’} 5] Aol A3 EAs= A=

alskglar o) o) e Auist /b k2] JEAgol Z F1e
QTS T A B8 5 Yok oz B

(3) AFCS} AFC W HHeh3l A7) Hrleo] A&y maA+s
Bulk density”} 7H4-3t 53 Sroll = Bretal A A Skl
71T WA O R 35%E oAl etk

(4) NMRE4 & 5-8F0] WEF<4d (Aromaticity) 5 413151 2.
AFCE] Q1 AR el EAlshs = a2l R )E
EESIGIT o) AR T80 e} Anle she Ao o
EpstTt.

Al

B ATE AR AR Ao g Shate| U A7) EE 71l
(KETEP)] A& Wo} =283t 24| 1L THNo. 20131010101810).
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