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Functional Forms of Nitrogen and Sulfur in Coals and Fate of Heteroatoms during Coal Carbonization

Naoto TsuBoucHl, Yuuki MocHizuk1, Yohei Ono and Kazuya UEBo

Synopsis : The functionalities of the nitrogen (coal-N) and sulfur (coal-S) present in three caking coals with carbon contents of 76-81 wt%-dry and the

fate of these heteroatoms during coal carbonization have mainly been studied by the X-ray photoelectron spectroscopy (XPS) and with a fixed

bed quartz reactor, respectively. The XPS measurements exhibit that about 80-90 % of the coal-N exists as pyrrolic-N and pyridinic-N, and

the rest can be assigned to quaternary-N (pyridinic-N associated with the hydroxyl groups from phenols or carboxylic acids), whereas the

coal-S consists of thiophenic-S, alkyl-S and FeS,, and the proportion of the former is as high as 60-70 %. When the coal sample is carbon-

ized in He at a heating rate of 3°C/min, yield of N-containing species observed at 1000°C increases in the order of HCN < tar-N < NH; <N,

< 0il-N < coke-N, regardless of the type of coal, and the latter two are present predominantly as NH," and in polynuclear aromatic structures,
respectively. On the other hand, yield of S-containing species at 1000°C increases in the order of COS < CS, < tar-S < 0il-S < H,S < coke-S

with all coals, and more than 95 % of the coke-S can be regarded as thiophenic-S. These tendencies are also observed with physical mixtures

of each coal investigated. Possible mechanisms for the formation of gaseous N- or S-containing compounds in the carbonization process are

discussed on the basis of the results of some thermodynamic calculations.

Key words: coal; nitrogen functionality; sulfur functionality; carbonization; nitrogen distribution; sulfur distribution.
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ARPICEEN 2SR LML, AR B3RS
& UTH A (COG: Coke Oven Gas) IZFE4T L, 5D 132 —
I 2APICREE S NS, K<HMENTHB L DT, COGDK
HoriEa— o 2@ E EOBRBIH 2 & L TR X
N, —F, 3= A0 —IRIZELA DB FHER & LT
HDRTNOBH, 2o DAT T IERITIRBEFIZNOK + SOx
122 b $ %, £7, COGHDEN - HSHIZ & — VBB T
TECOMBIFRIZ A 2 & & 12, TR Bk O R E
BoOMBEAKFXE?, X512, 3= 2hOATatH
O—EBIFHEGE T O 22BN TP AT B,
P>, MROMHMEIZ BT 2EREMEDITH %
N, H A, A=), T— 0 ZANDSELE IS 5 B %
ST BRI LIIEETH D, Z ORI - Bin i
O BRI R AL D A2 & § 8RN 4R R O PR
X urI vy g MEAEANORIBICEEHRTE 5 &
Hliisxha,

BEAEDIIZIZAHE S &, FRHICHET 2 BROKE 71
vo— LBy oy Rlens 2EHERBETH DY,

AR OB FE Tl —E2 4 — L & UCThiEEL, 5%
DIZEMFICE E D, BRSO TR Z D v
T TiE, & — % K (tar-N) IZHCN, NH;, N, I
s b4 28, 72, HEH S OMRICHRS &, TR A
X VAR BROIRFETE £ N B Fe¥' R Ca IR HEABEN, K %
fIESE L 119 1000°C T D N LR I3 i K T 60% Hif % 12 3§
%128, 2D X5 s ENLEHOAKIZ KIFTERONLY
WREDHBIFHNENTVBEN, XA EEAL N,
ZHIZxE U, AR O I R A O REIC K X
T, WL T FeS, TIAAE L, Z OB IZ300°C 13T 4
503 LIB®, 350~500C Tld FeS, 7 6 D FeS LR A L
HEFTFT 21820, F 72 A EIZFA LB 20T 4
FARE D207 4 FEIESIZFA T 2 VBl WS 2B
RETE&HTIH, 27 4 FHRDZL < 1E250~600C Fi#: T4
s 20, FA7 = VRO HEEMP RS h
;:) 19—22)o

ZO K, BREMEOBHEEZBT 2 F5I3IAL AT
bNTWDEH, ZTOMBGEE IZZ < D4 100C/min~
10°C/sec DFPHIZ H 0, Fb U 72 HRAAFESE T Tz
ZAT B0 AWEIZ T2 L IEETH B, 7 2 TA
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FTIIET, XEE Tk E OO T — - 28
WHAR FRR) PG EFh2BREMBEDOT 7 v 7 ¥ 3
F VT 4 EREHNCEAT L, REIS, 26 DAREFEERIC
VEWERE T TR L ZDENE S I E SAERMD 7
k=2 ZHOMTRONEHEEHENIZT 2T L%
FaHEHME Lz,

2. EE&

2-1 \AxEAM

AUBHZ L, FER O R B FEO FURHA (TR, GA, NW)
ZFITHEAI U 7z, Table 112, &40K D3 HHE 2R §, bk
DORFEIF2120m LT T, KK, BR, MEOEE=RIT, Z
nZh, 76~81, 1.0~1.6, 0.50~1.8wt%-dry D HFHIZ & -
2o £72, F—XF— - I 2 A — % —HJIS M 8801)
T 38X 72 B 5 Ui ) /E (MF: Maximum Fluidity) 8 (%, TR 23
3.8log(ddpm), GA %%2.8log(ddpm), NW 7%} 2.4log(ddpm) T
b7z,
2-2 HEBER

AT, LIROEGH S -V EBEL 22 —LD5y
fittr — 2 2 5 B B A B E R ROGAE (PR 40mm X & &
700mm) ZfiFH L 72, %E X, EEOER-IFND Y 59
AR=2Z (HZHE) #RITHEEDTHD, WEI3850C &
U7z, FEERTIET, FAK45g TR L 72 95K — b (30 X
200 X 25mm) & IO — VIR L, REICKIE Y
2T LA EERPER L TH 5 He (99.99% A E) # X %
X, RIS ERINE KU 2 O CEORNE 1000C & Tl
BUU 7z, I RUSAS O FHEE I Bl X 72 P N CHIE
U 72, MIEGHEE & R FR NS, 2R 24, 3C/min & 15min
Thd, ki, F—LDOGR— 2 I12id¥ )R- (i
ESmmuite) &L, FAF 2 — L OWENFIFTOfE &
AR 28 % & O FRFE Sy OWHA ] 2 Hil4H U 7=,
2.3 SRR

FEC2  2OFEBTRAET S EN KOESERMIZ,
T =D20KM b7 v TN TERATE & — L EARRWCIRRAC AR
MHEE DA AN EOIL 728, D ERTHALLTH Y

TN Ny I U Tz, 2, IR IR U 72 [H
WEI—20 A& Lz, X%y ZHOHCN - NH; & N, D
WL, &%, (P atik (32— FX b)) —RWiE s
L) & H A2 1 (GC) THN, COS-CS, L HoSiE, 2hZh,
LR E MR AR E GCTRER Lz, 4 — L2 — 27 2
MOBREMHEDEH RIZHNILT % ITCR I EE THIE
L, 4 LD NH & CNTIRIBSEEE T (JIS K 0102) 12 &
DER L7, HOoMOEBME, 1% 0&EMANTH - 72,
2.4 XBAEBEFHHAI

AR I -7 Z2HICEEN I BR LB EEE
EIZHANDS 728, XEOLE T 2 CXPS) 575 i % 1T -
7zo WIE TIE, BIRDORK 2 Itk FIZHRFFL, MgKa
(10kV X 10mA) % ##JH & L T, 4X1077~7X 107Pad H.
P TEE L I3450~50000], 5FIZS0MFEE L 72,
BHIXN7ZN1s&ES2p XPSARYZ NLDINw & 275 v
FidShirley#E I K D ERZE L, 56T 2L F — 13,0, D
In 3ds(444.9eV)?* ) IZTRIIE L 720 K<HIEhTnWB kD
12, XPSIEARRMALRE R OEL LRED T 7 V2 ¥ 3
TV T 4 OEFTIZERZE THEO—~DTh 21452, Ak
2 5 Bnm BT #E OV L GHIRIC 517 2 TR O RIEE
PANRBEETH D728, /N0 DERHELHEO RS %
KL TR had 5, £ 2T, L Z2AK & ER
L722—2 ZIZBL, XPSETLRIMTERLAN/ICE L
IES/ICHTFIb A LI U 72, Z OFR % Fig 11289, JllE
L7zA~T a i ORI D 6§, i ok bigm & <
—F L, XPSDHEHEA/ I DIRAEA T4 TR L T B
Z LR T Tz,

B X 72N 1s& S 2p A2 X T b DI 2 Bt iR b T
3, EHEVE OMREE T AL F — IS, ¥ = BIRE T
ZREARE L, BEOLGAITEICEY D VAL va— LAl
7% 5 QN WU OO = FHIZ S5 L 724529, ZhUsxb L, Biisk
DLGAETILFLI, F4 7 2 VAIZ LU TFeS 1247 L,
2010 & 2psn D T XL F =22 L K 2 X7 ML ORAENEIZ,
B, 1.2% 1.6eVIZEE L 722, REHTEO BN £ 3%
DFHNTH - 72,

Table 1. Analyses of coals used.

Provimate analysis (W%-<ry)

Ultimate analysis (Wt%%-dry) Maximum fluidity”
Coal

C H N s O Ah VM FCW (log(ddpm))
TR 763 47 12 14 50 114 269 61.7 38
GA 793 46 16 050 53 87 237 676 28
NW 814 51 10 1.8 6.6 4.1 310 649 24
a)Determinedby the Gieseler plastometer method (JIS M 8801).
YEstimated by difference.
VM, volatile matter; FC, fixed carbon.
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Fig21Z, (i L 72 =F DR ON 1s XPS 2 X & |
LNERT, MPOFEBETEDLT IS, WThOBAE
400.5eV & 399eV LIz, &4, F¥—2 Ly a L& —%
B BN AXRT I (396~404eV) 2B & 7z, BEfE
DOWfFEIziks &, ¥V Y VAL Ea— LAz LTI O
BRIE, T Eh, 3987, 4003, 401.4(F0.1)eVIIN IsD
WALANLE—% 525 LREINTNB40, 2T,
INS6DOERFEOHIG ZTERENICERT 5720, WlEL -
N 1s A2 PO HHEEIT > 72 & T A, Fig2 DRI
R & DD, ARBTEIEIERIO 2 X2 b A R & < 5
Box oy v vl o — L& Uil 5%
DTIFE & D B DHIEG %KD, Table 212 F & @7, HITE
L =HoOBERRTIIE e — L IREE £ <, Z20H41F
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KI45~60% & 5D, WATE Y ¥ v AI30~35%) 1% H >
2o DF D, ITh6DOARPOERD KBTI HE KB
TAEAE L 7z, JERLOE A, R 3R & H 5 A 66~8Twt%-dry
DOINFED 7L T X il Bl X T 59, Table 2
IZEZDT X, WFROLRAIZE 10~20% FLE O MUK
RIS DBAFAE L 720 Bk % ANTEYEH 2 HC500°C % ThiEk
T2 L, WA AT 5 —77, €)Y VALIGHAL, £
72, TOWMEBKRTIIEREGERIIZIL 20, BREID
WA 20T, WHMERIZIE) D VRIZT =/ — LS
LARFVNIEO OHIEDFNL L 72 FRELE ZEZ 5T\ 59,
Fig.31%, Fig2 & [Al — D ik B DS 2p XPS A X7 b L %
EbHT KMPOEBIZHENE KL, ThEDHKIE
164eVIHAICFEE 2 2D T a— Fa ZAX2 ML (162~
167eV) % 5:-Z 72, AP OERIMEDOREKTH 5 T L F L
e F47 2 VORI, &4, 163.3 & 164.1eV, FeS,
13163.7eVIZS 2p3p ¥ — 27 28T DT ), Bl X N7z 164eV

1.0 b —
O Coal e
o

08| @ Coke %

= o

Xv 0.6 [ o

5 [ %

Q 0.4 v
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Fig.1. Correlation between surface and bulk N/C (a) or S/C (b) ratios.
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Fig.2. N Is XPS spectra for coals used.
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Table 2. Nitrogen functionalities of coal and coke samples de-
termined by XPS measurements.

Nitrogen functionality (mol%)
Sample
PyridinicN  PymolicN  Quatemnary-N  Oxidized-N
Coal
TR 30 61 9 —
GA 34 45 21 —
NW 35 55 10 —
. Cd(e __________________________________________________________________
TR 12 2 61 5
GA 15 30 43 12
NW 16 34 39 11
TRIGA 15 25 48 12
NW/GA 16 32 2 10
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MED Y — 27 (Fig3)iZ B2 F 4 7 = VRIS T 2
DIFHENTH D, T2 T, TOHEHEERD B0, ‘ZEIJE
L7S2p AR ML & Bk L 7 =FOEZEIC
FHEL72& 2 A (Fig3 DR, SRAO Y — 2 DRl %
WD 2T L g & < —F L 7z, Table 312, Fig.3 D
V=23l fEREE LD, PRI ZESIZ, wWih
DARTEF A7 2 VEIRZRNTH D, ZDHEIL60
~T70% AT LD, REIZTILFULINZL < FeSy 1310
~15% Td > 7z, (LFHHEE O TGARP DR D
EAEFNZEZ A, i%ﬁ@%%%ﬁﬁﬁwkﬁf i3]
13 FeS, & 7w &N, XPSTIEDHKER (Table 3) & I1FIF KL
720

— Observed Thiophenic-S
—————— Curve-fitted
Alkyl sulfides
FeSz
&
S
£
]
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&
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Fig.3. S 2p XPS spectra for the same coals as in Fig.2.

Table 3. Sulfur functionalities of coal and coke samples deter-
mined by XPS measurements.

Sanpe Sulfur finctionality (mol%)
FeS, Alkyl-S Thiophenic-S

Codl

TR 15 19 66

GA 9 20 71

NW 14 2% 60

T

TR 0 3 97

GA 0 3 97

NW 0 1 %

TRIGA 0 3 97

NW/GA 0 2 o8
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32 EEBECOERLHRDITH

Fig41Z, TR, GAZ% 6 NI NW KD 1000CIZ B 1 B & %K
SiEFEDT, WTFROLORICEWTEERED 5L ik
O — 2 ZHIZfRE SN, 2 OPGRIZ TR A158%, GA 7355%,
NWA60% T db - 7z, —J, 5EOIGHIE S & U T &
N, ZOHR Tl NI S %<, W TN, >NH; >
tar-N > HCN DJIE & 7 - 7= (Fig.4). 2D & 5 BEER i &
FIRWPDERDT 722 aF )T 4 (Table 2) & DRIZIZ
PHTE 2 BIERIZEED S e 2 5 72, T ds, & A WILEEREAK S
EEA, ZOFEGNTIEELRONH B &S h, —7,
CN REBRERIIBAERDONEP 57T EH 5, 0il-N
DK EAK G HDIERNH, Th - 72, i, WIS
FBETAHNH; DL L 1ZA A LhOKFICHD A Zh, “K
LS5 Z L ARBKRL TS,

s T3 XS %H@: 2 Z BB ICI308
ﬁ,%@ﬁ@ﬁm@ma%%mm AT B, 2T, GA
ETRE L IENWAEERI : 1 TYELRA L zidktos
KO FH RNz, Z DFER% Table 412787, TR/GA &
NW/GA D KRGO ITLE il & T3 75 Hrfifiid, Table 1

DOFERICHEDEZFHELAEEIZIT-HL, ESR05H=
1Z TR/GA 5% 1.4wt%-dry, NW/GA % 1.3wt%-dry T & - 7=,
Table 4 IR 6N 5 K512, Th o OREGRE» S DENAE
B OUEDNEIX TR, GA, NW H i (Fig.4) & (EIE[H U
T, coke N2 & i< & 5 —JF, HONId e 3K <, 7=,
MG & FHEEORMIZ K Z BB Nk 572, O F
D, REBRZMET TR, RARPOEROGHAREOIT T IE
FIERHR DOFER A & HEFITRE T dH - 72

Fig.513, Figd & A —EBRIFOME T MEERb T, ER
DA LRI, EOL 3T —2 2hiciffich, 2
DU IL TR A356%, GA2368%, NWA351% & & 1, FF
7 = VR E D %\ (Table 3) TR ZE 2 5 72, EFLIRE
LA OESRIZBT$ BRI B &, #ERBRG AL BY
WIERICRETHD, FA T2V RNV FFH T2V o Y
NV FF T 2V DIS0CIZ B B 5 EIE10~25% Hif
MG EIN TS, BifEd 5 &SAERMICBL T,

Fig. 51289 & I IZH,SINFE (15~30%) M b <, ;R\ T
TR 7\
GA /I N\
NW 7=\

0 20 40 60 80
Yield (N-%)

100

Fig.4. Nitrogen distribution at 1000°C for coals investigated.
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Table 4. Nitrogen distribution from pyrolysis of coal mixtures at 1000°C.

Composition (Wt%o) Yield at 1000°C (N-%)
CokeN TarN HCN Ni; N
TR GA NW
Observed  Caleulated®  Observed  Caleulated®  Observed  Caloulated®  Observed  Calculated®  Observed  Caleulated®
50 50 58 56 29 30 18 19 76 75 12 13
50 50 59 57 23 28 21 22 11 76 88 10

9Arithmetic mean of each yield obtained when each sample was pyrolyzed separately.

Table 5. Sulfur distribution from pyrolysis of coal mixtures at 1000°C.

Composition (Wt%) Yieldat 1000°C (S-%)
CokeS TarS CS, Cos HS
TR GA NW
Observed  Calculated®  Observed  Caloulated®  Observed  Calculated®  Observed  Calculated®  Observed  Caloulated ®
50 50 63 62 44 37 055 057 023 0.18 2 2
50 50 58 59 41 41 063 082 026 038 28 23

Arithmetic mean of each yield obtained when each sample was pyrolyzed separately.

0 20 40
Yield (S-%)

Fig.5. Sulfur distribution at 1000°C for the same coals as in Fig.4.

% < DA 0il-S > tar-S > CS, > COS DA & 78 - 72, AW
FRTIEE 72, RFEEICHKS $ED £ 4~ F 4 — )L (CH;SH)
RIAYFF = (CHSH) & E SR Eh7zn, Zheo
INRIIEICIH T E 2 IEENE 572,

Table 51%, TR/GA & NW/GA D B IRAYIO /@ TO
MM Th %, 2o OB ORE & A &IXTR/IGA
730.90wt%-dry, NW/GA %} L.1wt%-dry T & D, Wi h §
Table 1 DFER» S HH L2l & B < —F L 7z, Table 5 &
Fig. s D kA 65 & 2 7k & 512, MiRARE & TR, GA,
NW 2 5 D& SR DOUEDNEILIE U T, coke-SH b
< COSHR KA 5 720 F 72, HoSICRIE Gl A 5151
fiti 2557 ol 5 7253, 2RI/ 5 & il OMORIZIEA
T 2E W T e < (Table 5), EROGH & RIRRIC, RIEBRS
7T TIRIRA R OB T O A0 IS % 250k
IR OFER & HEHFTRE T d - 72, SHRIESFIHO AR % 1
A L7z& %2, Table 4R Table 5 TH LN ZZMRNED X
HNZEAT D0 TN UNERD 5,
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33 OA—VZAFDEREMEDILFFRE

Fig.612, W= =fEDJERK A 6 D3 — 2 ZADN 1s XPS
AT PN EIRT, Fig2 & DO ih 5 A Z & 512, Bl
ENZART P LDERITTHEIHZTRES EZAD, I
27 Z T O XPS R 13399eV ¥ TIL N9 % —7, 400.5~
404.5¢V TIERE < &0, 400.8(£0.1)eVHITRICE L — oA
HBLL 72, 2D &S 5 2T P IILIZTR/GA R NW/GA Hi3k
Da—2 2 THEMMN &7z (Fig.6). 7 2T, SRR
EAEEEHIIZERET 5720, BME NN 1s ZAXZ b LD
WIE AT 5728 2 A, Fig6 DB TR X512, Wi
OB Y UV Ya— UL ORI % 402.9¢V
SRS R IR I -2 B0 o hiz, Z0O%
FKFIIFEA %O T — 2 Z [IGEFE T O 2% 5072 R 12K
EN7z0hE L\, Table 213, Fig.6 DIFIE 2 EED K
R EkbT, WFhoa—2 2 THNUFMARE L < (40
~60%Hif%) G Eh, ROTEu—LARLL ¥y vy
B BRALRI DB A KIS~ 15% TdH - 720 F 72, WHEREITR
DRBDC 1s XPS AR ML AWK L2 A, =2 2
T 284.3( £ 0.D)eVIZHENAL U 72k R IZ)ithd & h 5 22429
Pl — o Bl S 7z, BIIEOMRICIRS &, MU=
KO BN B RIRIE A 500°C (T £ TR T %4,
ZThLBREE L BAL, 2512, REORERL & T
% DT, 500CLLETHEET 2 UM OEEIL, Ak
GHETHREE (CY D VBIZT 2 ) — AR HLEF VLK
DOHIEENEUN L 22 EHE) L3R A, REE LML S
L7 b2 L > T B ERB IR TS0, 5T
KEFFRIZ B ONTEMA L2 EBRh OIS RO E K
NEZEND, BIRENZ 212, ZORRBEOEHE DR
5l (Table 2) %, £/ MF{H (Table 1, TR/GA & NW/GA I3,
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Fig.6. N 1s XPS spectra for cokes formed.
— Observed Thiophenic-S — Observed
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Fig.7. S 2p XPS spectra for the same cokes as in Fig.6.

%%, 3.3 &2.6log(ddpm)) DIEEE L TH -7z, T DFER
&, AR DAL RIGE 236 & 75 & B O WYUK 28 R DAk
RRBDFERACORE & PET 5 —DOEBELRK T Th 5

ZEAEBRLTOED0E LAk, ZOMIIE S %O
HEThH 5,

Fig.71%, Fig.6 & [6l— DD S 2p XPS Z X7 bLTH
%, TR, GAZE 6 TNINW 2 S 4K L 723 — o 2 THEUAIX
N7z ZAXRT PO, W63 2 KR O R (Fig.3) 12
R, 163eVAHE TIREMME T2 DIZH L, 164~167eV
TIIFEA EZLET, T OME, T — 713K & Fkk
12164(+0.D)eVATHIZHIE L 72, FHM D 2 X2 b Ui,
TRIGAENW/GAH» 5D I — 2 22K L T Bl &7z
(Fig.7). Table 313, Fig.7 DY — 2 sy 8ifit (Kb o) o
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MR F LDz, =2 ZOFHICHKS T, Biid O K5
97% L L) EFA 7 2 VRITIEEL, R0 7 e il
LTRD O, FeS; i3t e hanro72, 0F 0, &5
DOMEREO BT AEFE THF L WA L, ARPO
BRMHE DL L, F4 7 = VIRIEZBRFIZS50CHIEE T
WZEIZ AR X 2D, FeS,13350~500C THEFE 3 D3ETT
HZERIB LU TFReSICZE LT 2 20 L |G SN T B, £
Z T, FeSDAHEDA M4 fEil§ % 728 Fig. 7128 L 7292l
DARY M EFNRT=D, ZOMICKEEINDS 2p3p v
FIL(160.8~161.4eV)PIFD 62 > 7z BIEZ D
HHIZAES A TH 228, fel#kEoa — 27 ZRPGEFETO
ZHEIIZFeS KD XPS ¥ — 27 DR LK T 45]
HZFTO»rE Lk,



3-4 HRRKEN - ESILEMDERBEBOWKR
TRz L1, RO REEEICERT 2 ENEO
UL T HCN < tar-N < NH;3 < N, < 0il-N < coke-N D I T #
ML 72 2% (Fig4), € 6 DY & AP ER DL EIRE
(Table 2) & DB PHMHE 4 BTRIZRED 5 e h > 72, Fig.8
12, BNERP ORI RITT AR P OREZEEH = (C-%)
DEBAEDT, (HL, T Z TIETR/GA & NW/GA D #it 5
LR BIAtEDH B E DD, C-%AEINT 5 & coke-N,
0il-N 7% & UMZ NH3 (334 K3 2 1A 2 /8§ — 77, N idik4d
L, tartNEHCNE H Z DL L 572, 2D KD hE
ForAn & AR vh o 2 35 R 00 NV 2 W e e A BRI & e
Mo 72D T, GNAERMONEEILC-% THEIL 2=/ B
LEZH6ND, AROBAHTE 7 MIRIC B 1 5 BROMEHESE
BCBL T, WIS IR S a-N A RAE L, RS0 Tk
WIRIGAE Z O Sy T T, 720 —#IZHCNIZZ L
L, WNTHCNZ2 S NH; RN, BT 5 &) 2% — 4
NRZFANSN TS5, REESMHT TIE, NH; &N,
DU tar-N & HCN DU % L0l > T D (Fig4, Figs,
Table 4), B X N 7-FiE D DEEHEIZ tar-N S HCN 2 5
R Eh7zEdD MM, HONA S DONH; &N, D4
B, FRCISA L 72 &9 2RI (1), (2), ))& L Tk
145008 Lk,

HCN +H, = NH; + C- (1)
HCN + 3H, — NH; + CH, )
HCN — 0.5N, + 0.5C,H, 3)

Fig9lZ/R L7z & 512, (1), 2), G)ROEH#EFX 7 2 HH T 1L

80
60 ”’t’J/;,c,CiISN'
[ ]
9
2wl
=
=
=
Oil-N
20

74 76 78 80 82 84
Carbon content (Wt%-dry)

Fig.8. Effect of carbon content in coal sample on nitrogen distri-
bution at 1000°C.
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F -2 (AG)IZ, &4, 500C TlE—18, — 19, — 4kcal/mol,
1000°C T2 +0, +12, —4kcal/mol E3K® 5N, (1) &R
25 DNH: A RIMMEIRIEE R Z 0 55 <, —7F, G)RuHS<
Ny A U 72 AR fE T CIRiE 12 B b & 8 M
T LS,

F 72, NH; O—EBI3HEEE L 72 H,O & tar-N E D KIBIZ & D
B Eh 2 B4 6033, 22T, arNOILEE
R UV ELTEBTERLET S L, ZOLEW
& H,0 & DG ((4) 22) O A G 13 500°C T id — 29keal/mol,
1000°C Tid — 124kcal/mol & 7 1) (Fig.9), i IZ NH;
ERIZHRITH 5,

CsHsN + 5H,0 — NH; + 5CO + 6H, 4)
A T, Fig.8 13 Ny D i3 ikl ¢ i NH; IR 23K i
flZ R L7248, ZHUENH; DN, & Ho NOREE ((5)R)
IR 2 AR E 2 6, ZORIBIEETIIE &4 KR
IZHAE 5 (Fig.9)o

NH; — 0.5N, + 1.5H,

(9

FHHO OIS &, NoDF kY — 2R 5 # O
RIRFEERATH D, IRILERPISTTA GEh 544 v
LHIRRED Fe+ 1 F A 2~ 1X700~1000°C ¢ [EAH N, 5 )i
ZFHLUSEHET 5231, Fig8IZ/Rd & 9 1IN, & coke-N
DGR D JRFERATFHEIZ R TA <, ZOEBIL— F O%
B3N & o 72, ZHU, IKRALE R IZ ARG R T GE
AR WERR T, 2D &5 BFSTOEE RN DN

50

-100 | S

Standard Gibbs free energy change (kcal/mol)

-150

200 400 600 800
Temperature ('C)

1000

Fig.9. Temperature dependence of standard Gibbs free
energy changes for HCN+H,—»NH,+C (Eq.(1)),
HCN+3H,—NH,+CH, (Eq.(2)), HCN—0.5N,+0.5C,H,
(Eq.(3)), CsHsN+5H,0—NH,;+5CO+6H, (Eq.(4)) and
NH,—0.5N,+1.5H, (Eq.(5)).
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»elEbhs,

ESAERMOPIEIZE LT, REIZIK S $Cos < CS,
<ms<ms<H§<wmsmmfk%<&bwg$ het
DA " HEHOFERR 2 IRA L2 GATEED L hh o

7z (Table 5). % 7z, coke-S DY RIFBEMIZRELF X 7 =
VIR OB N L K (Table 3) TR E L 572, D F
D, FeS, & 7L FILBIDMH OB N L L, i h 3
ZSHOWEDHEHIE» > 720 22T, &SERDDOIL
%kEF$mﬁ®77yavaf0?4®%ﬁé%Nt
ASUAHE S AEBNI AR, 72, RO/ BRI X N -
C-% KA (Fig.8) & A o uzs 5 7z, ;ﬂ &, BiEEL - &
SHIOIER R I -2 2D RGN 720 & Lk
W BDWFRIZHE S &, Faik 0D FeSy 13 B3 i HF 12 350~
500C TFeSIZHinftd 5 1820, Z DFERIE, FeS, 2T 5
DH,RCOEDIE%EMEL TFeS EH,S (O)R) & LK< I

COS (MNA)IZEMNTAZLAERLTNEDNE LAk,
FeS, + H, — FeS + H,S - (6)
FeS, + CO — FeS + COS (7

Fig10i2 £ H L 72 & 912, (6) & (DR D AGHHE 1X350~
500C Tid, %4, —1~—5& 42~ & Okcal/mol & G5 X
n, @R FEIFEMNIKZ D 5L, £/, DR EHT
EhVWEEDbLND, FeS,D—Bid Q)R HD Z FeS & HL
R ICZLT 5 & PRI 28 LAknh, ARIDE
500°C LA N CIEAEST L v (Fig.10),

FeS, = FeS + S (8)

50

-100 |- ~

Standard Gibbs free energy change (kcal/mol)

400 600 800
Temperature (‘C)

200 1000

Fig.10. Temperature dependence of standard Gibbs free
energy changes for FeS,+H,—FeS+H,S (Eq.(6)),
FeS,+CO—FeS+COS (Eq.(7)), FeS,—FeS+S (Eq.(8))
and C,H,S+4H,0—H,S+4CO+5H, (Eq.(9)).
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Fig.5 %> Table 5 1D H,S D — i % 72, NH3ZEK (4)R)
T L7z & 502, HRSHOH,0E & — L EDRIGTHE
XN BEMEA S 5., 7 2T, tar-S DAL EEREE fi Rk h
MED TR THBF 47 =V (Table 3) E RAEL, ZD1L
BEMEH0EDORIE (9R) DAGHEZFIFEL7ZEZ 5,
350°C T — 6kcal/mol, 500°C Tl — 33kcal/mol, 1000C T
1% — 123keal/mol & 7 1) (Fig.10), V-7 i A9 12 13 HoS AR k12
GRITH -7z,

C4HS + 4H,0 — H,S + 4CO + 5H, )

Si%iE, HAREN - GSILAMOERIZ RITTIRED
WBLFNL LI, EIa— 2 2T OERLHEED
Ty ovaFr VT4 ZBLEHSMIZL, ZORBRIHED
W22 B e A B RE D R S BT B B,

IRFZEGH RN T6~81wt%-dry D “FEDJFORK D& R &
fifi ¥ DAL HE & w7858 F2 (3°C /min, 1000°C ) TORMI~T 0
TCEDIT S & FITEANRTAGR, DI O %1572,

(1) FARPOREFEZFICET LR ) O VR L

TagEh, ThoDZ IFEHRHIRBBE LM L
DU ST LR S & - 72
() BEEICBIL T, ARBPICEFA 7 2 VRIBRE S

<, ZTOMIZT L FAAIRFeS, & LTEEHN, BED D
DOHEZHBIRZE (KT L7,

(3) B N7=ENERIOWHRTE, L 726K T
I3 HCN < tar-N < NH;3 < N, < 0il-N < coke-N DJHTH K L,
0il-N D KEB/FHENH, & U TAF(EL 72,

@) —H, &SEERMOINEDFEHIECOS < CS, < tar-S
<oil-S<H,S<coke-S& 7D, F72, &TDLHK THED
CH;SH X C,HsSH DAER A Z - 72,

(5) b U 7=A5 503 R O FORHR & 1A L 7zalR T
/o, BNL L CIZESERMOIEIZEA K DR
»E R 5 fEEIFIF L 7=

KR ZZT 5125720 WﬁHK%%W%T%E-
RGNV N oy 7xmﬁmﬁ (EA ek
ﬁ?%l%ﬁ%ﬂ'ﬁ*ﬁZﬁﬁ)#BW%%%%oto
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