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Mechanism of Competitive Adsorption of CH, ,N, and CO, on Coal Surface
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(Department of Materials Science and Engineering s Shanxi Institute of Technology »
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Abstract: The adsorption mechanism of inert gases CH, ,N, and CO, on coal surface was analyzed by
using density functional theory (DFT) M062X method. According to the Millikan charge distribution
of each atom in the coal molecules, adsorption vacancies on the surface of coal molecules were
determined. The adsorption models of CH, ,N, and CO, as single component gases on the coal surface
were established on each adsorption vacancy. By analyzing and comparing the microscopic parameters
such as bond length, bond angle, adsorption distance and adsorption energy of each adsorption model,
the author obtains that the affinity order of the three kinds of gas adsored on coal surface is CO, >
CH,>N,, and reveals the microscopic states of CH, ,N, and CO, adsorption on coal surface.
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TE M062X/6-314+G(2d f,2p) /K T #ATE S A (ZPE)RIE. FrA 5344 & 71k Gaussian 09 /4
FEIFAL 2 SE . W R RE TS A R

Eu.=Epom — (Ev+Eo0

Horh Ew R R, Eu WSS TREHED, Euon NS 1 R B9 RE TR AR I .. Ry I3 1T IR BRI
J - I B RE. ) Multiwin 3.8 #1 VMD v 1. 9. 3 435 RIS A2 2087 43 F A B4 (IRD.
1.2 BHFEBERBEEDH

RO ERESE . S5 3019, 24 ], ARG 731 1) 6 A G5 K4 R S5 AL AR A3 1 10 ST AR S R AR, 5 IR
WE L PR, K /NeR SRR R T AT, SR/ NRERIE T ER . fE LT, mEnIs &
FERE BB T B0 B — 45 S R L A D4 A — 2% S B 3L B9 4. SR DET 3158 7 sk Ak B o
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Table 1 Millikan charge distribution of each atom in structure of coal molecules

e Millikan By Millikan R ¥ Millikan & ¥ Millikan
i HLfif /e it 5 HL i 2/ e i 5 HLff /e i o L /e
1C —0. 288 9H 0. 141 17C —0. 448 25H 0.148
2C —0.156 10C —0.175 18H 0.152 26 H 0. 154
3C 0.296 11C —0.218 19H 0.115 27N —0. 445
4C 0.238 12H 0.133 20C —0.152 28H 0.213
5C —0.183 13C —0.218 21H 0. 144 29H 0.212
6C 0.091 14C —0.057 22H 0.132
7H 0.132 15H 0. 140 23C —0. 545
8H 0.163 16H 0. 140 24H 0. 145
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Fig.1 Framework model of coal molecules Fig. 2 Electrostatic potential energy surface of coal molecules
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Fig.3 Ten adsorption vacancy regions of coal molecules
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HiZE 2 AT UL MRS CH, 205 R 70 5 BT AR AR /DN 2 WD 7 W B ool 76 rh R B B fl 2 i S0 DL R W
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Table 2 Bond lengths and Millikan charge distribution of CH; molecules in adsorption state

[\°)

U IR CH, Wit & 81 /nm CH, W bf$ 2% Millikan Bt fif £ /e

W CH, R(C,—H,): 0.108 95 R(C,—H,): 0.108 9;  E(C,): —0.604; E(H,): 0.151; E(H,): 0.151;
R(C,—H,): 0.108 9; R(C,—H,): 0.108 9 E(H,): 0.151; E(H,): 0.151

C-CH,-1 R(C,—H,;): 0.109 05 R(C,—H,): 0.109 1;  E(C,): —0.599; E(H,): 0.164; E(H,): 0. 154;
R(C,—H,): 0.109 15 R(C,—H,): 0.109 0 E(H,): 0.169; E(H,): 0.150

C-CH,-2 R(C,—H;): 0.108 95 R(C;—H,): 0.109 05  E(C,): —0.606; E(H;): 0.151; E(H,): 0. 160;
R(C,—H,): 0.109 15 R(C,—H,): 0.109 0 E(H;): 0.162; E(H,): 0.156

C-CH,-3 R(C,—H;): 0.109 05 R(C,—H,): 0.108 95  E(C;): —0.588; E(H,): 0.154; E(H,): 0. 153;
R(C,—H;): 0.109 05 R(C,—H,): 0.108 9 E(H;): 0.157; ECH,): 0.159

C-CH,-4 R(C,—H,): 0.108 9; R(C,—H,): 0.108 95  E(C,): —0.595; E(H,): 0.151; E(H,): 0.158;
R(C,—H;): 0.108 95 R(C,—H,): 0.108 9 E(H;): 0.155; EC(H,): 0.151

C-CH,-5 R(C,—H,): 0.109 0; R(C,—H,): 0.109 0;  E(C,): —0.561; E(H,): 0.157; E(H,): 0.152;
R(C,—H,): 0.109 0; R(C,—H,): 0.109 1 E(H,): 0.142 ; E(H,): 0. 148

C-CH,-6 R(C,—H,;):0.109 15 R(C,—H,): 0.109 0;  E(C,): —0.531; E(H,): 0.136; E(H,): 0.139;
R(C,—H,): 0.109 0; R(C,—H,): 0.108 9 E(H,): 0.152; E(H,): 0.119

C-CH,-7 R(C,—H;): 0.109 1; R(C;,—H;): 0.109 0; E(Cy): —0.581; E(Hy): 0.149; E(H;): 0.141;
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Continued to table 2
W B o7 CH, W ff 58K /nm CH, W Bt 45 Millikan H fif & /e
R(C,—H;): 0.109 0; R(C,—H,): 0.109 0 E(H;): 0.1645; E(H,): 0.155
C-CH,-8 R(C,—H;):0.109 0; R(C,—H,): 0.108 9; E(C,): —0.577; ECH,): 0.147; E(H,): 0. 147;
R(C,—H3): 0.108 95 R(C;,—H,): 0.109 0 E(H;): 0.159; EC(H,): 0.151
C-CH,;-9 R(C,—H;): 0.109 0; R(C,—H;): 0.109 1; E(C;): —0.565; E(H;): 0.144; E(H;): 0.149;
R(C,—H;): 0.109 1; R(C,—H,): 0.109 0 E(H;): 0.158; EC(H,): 0.151
C-CH,-10 R(C;—H;): 0.109 05 R(C;—H,): 0.109 0; E(C;): —0.566; E(H;): 0.154; E(H,): 0. 146;
R(C,—H;): 0.109 05 R(C,—H,): 0.109 0 E(H;): 0.147; E(H,): 0.152
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Fig. 4 Equilibrium configurations of various adsorption states of CH, molecules by coal molecules
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AFETEAR 2 SRS SEA5 3 18] g, R WA CHL 3 70 05 3 T 1) 182 B0 s 3 0 L g A

PP 4 AT UL o RS TR AN [ R R 57 e X 8 AN () TR RS 45 25 45 4 O . C-CHL -1 Ml C-CH,-2 #y B2
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—4.82 kJ/mol; C-CH,-3 Fl C-CH, -4 ¥y BLE CH, 731 W B £ AN 5 £ 56 B RE 14T 9 B 07 A7 J7 X 38000
S R RS . LI B RE 43 5 — 2. 69, —2. 20 kI /mol, I 2 W0, SR IX IR HL T B R B AR, R
W RE /D . R T B 55 s C-CHL-5 Al C-CH, -6 #9802 CH, 2 7 FAT TR IR S 3C—4C #EAY 1 T7
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Oy F VAT TR 2N 2R IR T B 5 AT DX S A RS, L B B 43 D — 6. 71, — 5. 35 kJ/mol;
C-CH,-9 il C-CH,-10 #AYJE CH, 43+ FA7 T A M A IR T8 1 5 F0F 5 DX A S £y 08 B 28, JHG 02 Bf
fesrmlh —6. 21, —6.69 kl/mol. R 3 Al U, ZEFHEHHE P 6 HMHy# C-CH,-5,C-CH,-6,
C-CH,-7,C-CH,-8,C-CH,-9,C-CH,-10 By Ffl REH K » 45 Foyd s 3aem, m T80 F by
T TR ORIRA A B BT X8, 1 CH, ST 38 C M H MR E R T X5, s
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Table 3 Adsorption distance and adsorption energy of CH, molecules

87 B A7 W Bff FE 28 /nm Ecnm+ we/a. u. E../(kJ * mol™")
C-CH,-1 0.314 —599.192 02 —3.11
C-CH,-2 0.352 —599.192 67 —4.82
C-CH,-3 0. 369 —599. 191 86 —2.69
C-CH,+4 0. 356 —599. 191 67 —2.20
C-CH,-5 0. 333 —599.193 32 —6.53
C-CH,-6 0. 346 —599.193 37 —6. 66
C-CH,-7 0. 351 —599.193 39 —6.71
C-CH,-8 0.353 —599.192 87 —5.35
C-CH,-9 0.333 —599.193 20 —6.21
C-CH,-10 0. 351 —599.193 38 —6.69

2.2 B FRIWMA A N, B HS AR M
B A N2 B A MFE R FRAUR T2 7, 8 TAEWMES 7, N—N#K N 0.109 3 nm., ABEFHY
Millikan HLAT 24 0. SE5r 555 N, 43 19 22 T g B 285 A B an /&1 5 ez, i &S AT UL, No ok 5 4 1
WS E R 10 AR 3, B 10 AN ERE BY P W B AS . RS N, 23 19 N—N B4R Millikan H,
i or AR S T3 4. MR A AT WL RS No 20 F RSy LT RIS, 38 WIAE WL B i 782 b T b 2 4
SR DL RO E O RE LA M s N, A3 T W BT S 59 Millikan B A7 22 (AL A 0. 006~0. 040 e, 2B 2% 18 43
TR MR F1 0 N 72 A T 08 A AR AR T (= A T 15 = s A AR
4 N, FWRMZAEKT Millikan BT 5%

Table 4 Bond lengths and Millikan charge distribution of N, molecules in adsorption state

W B A37 N, 0% Bt 45 8K /nm N, W% fff 5 Millikan H 77 & /e
JEEs N, R(N,—N,); 0.109 3 E(N)): 0; E(N,); 0
C-N,-1 R(N,—N,): 0.109 3 E(N,): —0.010; E(N,); 0.033
C-N,-2 R(N,—N,); 0.109 3 E(N,): —0.015; E(N,): 0.020
C-N,-3 R(N,—N,): 0.109 3 E(N,): —0.017; E(N,): 0.040
C-N,-4 R(N,—N,); 0.109 3 E(N,): 0.006; E(N,): 0.015
C-N,-5 R(N,—N,); 0.109 3 E(N)): —0.017; E(N,): 0.043
C-N,-6 R(N,—N,); 0.109 3 E(N,): —0.001; E(N,): 0.019
C-N,-7 R(N,—N,); 0.109 3 E(N,): 0.008; E(N,): 0.009
C-N,-8 R(N,—N,): 0.109 3 E(N,): —0.0165 E(N,): 0.032
C-N,-9 R(N,—N,); 0.109 3 E(N;): 0.028; E(N,): 0.002
C-N,-10 R(N,—N,); 0.109 3 E(N,): —0.011; E(N,): 0.037

R R BEE N 0 T S A R S A R R R AT DI A . F W S B R B RE S TR 5. ik 5 T I,
N, o3 A 5 (W B B8 O 0. 3~0. 4 nm, W BFBE 19 26 X5 (EL 249/ 7 kJ/mol, /N T4y 310K B 119 55
{H 20 kJ/mol. JHW% B 5 10 B REAO R EL R W, N, 207 FUBE e 118 B9 0 39 s THeiste . T
B> T A>T N2 TR A Rt o5, R bl 2R TR & GO . 355 1 UK N, 73
T AT R . I, FERE R N, > ik B b, Ny 2p TR 7 B AR AR . I DAYEFE AR )
N AAFAEA S A A A 1 ) ). SR W] N, oA SR T 1 1 S T T B
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Fig. 5 Equilibrium configurations of various adsorption states of N, molecules by coal molecules
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Table 5 Adsorption distance and adsorption energy of N, molecules

W B 57 A5 % Jf ¥ S /nm En,m+ zee/a. u. E../ (k] - mol™")
C-N,-1 0. 357 —668. 240 03 —1.25
C-N,-2 0. 387 —668. 240 26 —1.85
C-N,-3 0. 389 —668.239 58 —0.07
C-N,;-4 0. 388 —668.239 98 —1.12
C-N;-5 0. 359 —668. 241 60 —5.37
C-N,-6 0. 356 —668. 241 96 —6.32
C-N,-7 0.362 —668. 241 95 —6.29
C-N;-8 0. 357 —668.241 59 —5.35
C-N,-9 0. 339 —668.241 91 —6.19
C-N,-10 0. 357 —668.241 95 —6.29

HY L5 AT O, R T AN ] R B AL et Xk 7 AN ] 1 W S A A5 25 4 2 - C-No-1 R C-N,-2 #4512 N, 43
- B A O % SRR RE A L O R O DX A AR W B A . LW B 43 i — 1. 25, — 1. 85 kJ/mol,
T C-N,-2 My R 5| SRS N, o F R B A 5 C-NL-3 F C-N,-4 #BLZ N, 43 F 0% 7
FEM 55 < B RE A 1 5 BT 5 DX 0 S A R A, IR BB 43 3 S — 0. 07, — 1. 12 kJ/mol.
2 P DLAZ DK I ) L T 2 % B ARG, PR B F B85 5 C-NL-5 AT C-NL-6 # L2 N, 70 1 P AT F IR
g FE 3C—4C S L7 FT J7 DX 0 S B A, SRR B 8 4350 o — 5. 37, — 6. 32 kJ/mol; C-N,-7
A C-N,-8 M AR N, 43 F A7 0 42 00 2% 3RS T 1 05 AT D7 Xl 0% 7 #5 W B 28, HL W0 68 43 31 Ry
—6.29,—5.35 kJ/mol; C—N2—9 Fl C-N,-10 ¥ 8J2& N, 43 P47 THEA MR 318 07 FUR 5 X380
S RRE S, B RE A N —6. 19, —6.29 kJ/mol. #1135 Al WL, FEFSFHIRHEI AN 6 MR C-N,-5,
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B A CO AWM ME . HEM AT, HC—O#K N 0.115 7 nm. JESFFXF CO, 5 1Y 2 Fl 0 B
BV A 6 Fros. & 6 ATUL, CO. 0 F 54 7 10 DWERHAL i, T 10 AN Fa e 14 1 i W B2
W B S CO, 43 F A A Millikan HLff 43 81 F 36 6. B3 6 0] 0L . WK BRJS J4E40 F A1 CO, 0 T T 28 ik
N, RO TE B 3 R R TR Ak A L AU LA R R I RE SR s C O, 4y T W B RS 1Y Millikan L fof
Z{A R 0.007~0. 145 e, FRLESF R CO, 5 F [HAEFE— & I ALVE HL. BT B CO, 437 1 T i
B 25 AR R R AT A Ak . R B B B RO O B RE S T3 7. i3 7 R UL, CO, xRS 1 B W R B
0.29~0. 33 nm, W/NF AL T A B2 (AT RE i 100 7 I A9 #% F0 51 J0 B B0 . IR RE 14 48 X3 8 35 /15
F 11 kI/mol, /NT 9y B BF A9 B 52 (8 20 kJ/mol, 7EufE4E S EHITE I s i T4 F it o+,
COL I T WAL AE S 7 I 737 ke 2 AR AT & GO . 355 0 FUBCm) g, PRk, 7 5 W B
CO.rFid i, COL A F R T MIE AR AR /I, I LISEAEAE 1o £, RAEAE A 2 5 S 55 0 1
6] 77, FWICO, 43 78 15 3% 187 (14 WL BT e T 40y 340 0 i
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Fig. 6 Equilibrium configurations of various adsorption states of CO, molecules by coal molecules
HI T 6 R UL o JRE TR AN ] W RS AS7 A50F 152 AN [5] £8 I8 BRSSP 25 2548 . C-CO,-1 Al G-CO,-2 F R CO,
35 W R R0 B 2 Y BE P B T AR T DX R R R R, L RR RE 23 301 D — 9. 50, —10. 79 kJ/mol,
HITE 2 Al 0L, Z RS EE T W R . T CO TAAER « i, T @R, T2
oy 145 CO o TRIBH G HER, H CO 0 THIR o 8ol 5B W p-n WIIMEM, g CO, 5>
TAEIZ XA W BT RER R 3 C-CO,-3 Fl C-CO,-4 # BRI CO, 73 W B e AU 5 £ 1 5 RE W B9 B 5 FI R
T X 5 ) S R LS . LR B RE 430 — 3. 83, —3. 47 kJ/mol. FHIE 2 AT WL, 3% X I LT o 2 AR
PRI I IR B A FH 85355 5 C-CO,-5 Fl C-CO,-6 # B CO, 43 FFAT T PR IR 3C—4C Y _EJ7 FIR I IX
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Sl - BT S HCBRERE 3 3 R — 7. 98, —10. 16 k] /mol; C-CO,-7 FIl C-CO,-8 ##IJE CO, 43 747 T
T Ao MR FR T b T 0T T DXl S A I B A, HE B AE 23 5l O — 10, 74, — 8. 09 kJ/mol; C-CO,-9 F
C-CO.-10 I JE CO, 73 F VAT T A M FR - T b 07 R0 O X8l i) ~F- i i B 28, RGBT i 43 ol oy
—8.82,—10.16 kJ/mol. 6 MK C-CO,-5~C-CO,-10 ¥J AL F I35 & IR b ()M 25 . 95 B FRIE Al
1) o FPUAR R 0R TR AL CO. 3 F s 71, B on WHIEH
F 6 CO, 5 F WM 25481 F1 Millikan BT 53 76
Table 6 Bond lengths and Millikan charge distribution of CO, molecules in adsorption state

W2 B3 A5, CO, W it A8 K /nm CO, WKt 2 Millikan Hff i /e

WEES CO,  R(C,—0,):0.115 7; R(C,—0,): 0.1157 E(Cy): 0.500; ECO;): —0.250; E(O;): —0.250
C-CO,-1 R(C,—0y): 0.115 95 R(C,—0,): 0.1156 E(Cy): 0.473; ECOy): —0.198; E(O,): 0.226

C-CO,-2 R(C,—0,): 0.116 05 R(C;,—0,): 0.1154 E(C;): 0.390; ECO;): —0.148; EC(O,): —0.210
C-CO,-3 R(C,—0Oy): 0.115 753 R(C;—0,): 0.115 6  E(C): 0.447; ECOy): —0.212;5 EC(O,): —0.208
C-CO,-4 R(C,—0O,): 0.115 7; R(C,—0,): 0.115 7 E(C,): 0.493; ECO;): —0.229; ECO,): —0.226
C-CO,-5 R(C,—0Oy): 0.115 8; R(C;—0,): 0.1156 E(C): 0.370; ECOy): —0.149; EC(O,): —0.189
C-CO;-6 R(C,—0;): 0.115 65 R(C;—0,): 0.1158 E(C;): 0.288; E(O,): —0.122; EC(O,): —0.166
C-CO,-7 R(C,—0O,): 0.115 45 R(C,—0,): 0.116 0 E(C,): 0.390; ECO;): —0.148; E(O,): —0.211
C-CO,-8 R(C,—0;): 0.115 6; R(C,—0,): 0.1159 E(Cy): 0.388; E(Oy): —0.157; E(O;): —0.198
C-CO;z-9 R(C,—0;): 0.115 65 R(C;—03): 0.1159  E(C;): 0.402; ECO,): —0.161; EC(O,): —0.188
C-CO,-10  R(C;—0;): 0.115 65 R(C;—03): 0.115 8 E(Cy): 0.355; E(Oy): —0.136; E(O;): —0.192

&7 CO, 5> F bW B BE =5 Fn 0% BT B¢

Table 7 Adsorption distance and adsorption energy of CO, molecules

M B 57 4 % B E S /nm Eco, s+ zp/a. u. E./(k] + mol™")
C-CO,-1 0. 297 —747.278 20 —9.50
C-CO,-2 0.319 —747.278 69 —10.79
C-CO,-3 0.323 —747.276 04 —3.83
C-CO,-4 0.323 —747.275 90 —3.47
C-CO,-5 0.312 — 747,277 62 —7.98
C-CO,-6 0.319 —747.278 45 —10. 16
C-CO,-7 0.317 — 747,278 67 —10.74
C-CO,-8 0.317 —747.277 66 —8.09
C-CO-,-9 0.312 —747.277 94 —8.82
C-CO,-10 0. 316 —747.278 45 —10. 16
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Fig.7 IRI analysis of interactions between coal molecules and CH, ;N; , CO, molecules, respectively
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Fig. 8 Adsorption distance curves (A) and adsorption energy curves (B) of three gas adsorption states
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