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Thermodynamic analysis of organic chloride generation reactions in
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Abstract: In order to analyze the source and formation mechanism of organic chlorides in coal—to—methanol syngas,a set of independent

reactions of the formation reaction system was determined by atomic coefficient matrix method. After calculating the standard heat of gener-

ation , standard entropy and constant pressure specific heat capacity of each component according to the Benson group contribution method

and manual query,the Gibbs free energy change of each independent reaction in the reacting system under different condition was calculat-

ed by thermodynamic methods,and the possibility of each independent reaction under the specified conditions was judged. It can be seen

from the calculation results that chloroethane , chloropropane and chlorobutane can occur spontaneously when the normal pressure and tem-

perature are lower than 550 K, and increasing the pressure helps to increase the possibility of spontaneous formation of such organochlo-

rides. The analysis results can insight to the generation of organic chlorides in coal to methanol syngas and the subsequent development of

the technology for the removal of organochloride.
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1 ARSHMRMNEHE

AR AT BELELE RY 12 RS S LA
4391k CH,C1 .CH,Cl, .CHCI, .CCl, .C,H,Cl .C,H,CI,
C,H,Cl,.C,H,Cl,, C,H,Cl, C,H,Cl,C,H,Cl &%
C,H,Cl, 1IEH ¥ S 8T 100 °C FEIEHE g 7
I RAE,

SR A AR T RO ¥ LAy A €L 0,
€0.CO, . H,0 H, HCl,CH, C,H, C,H, C,H,.
C,H, .C,H M C H, 33t 14 Fh, 7ER AR R AT fE
KA RN T FERCR AR LT, AR R R R
WAV o 12 02 4 SRR 3R 2 57 s oy 5 R e — 44
M7 R R 2 R NAR R Y SR R B R

CH, H, 0, HCl CO €O, H,0 C CH, CH, CH, CH, CH, CH, CHCl CH,Cl, CHCl, CCl, CH(Cl CH(Cl CH,Cl, CH,C, CH,C, CHCl CHCl CHCI
C 2 0 o0 0 1 1 0 1 1 2 3 4 3 4 1 1 1 1 2 2 2 2 2 3 3 4
H 4 2 0 1 0 0 2 0o 4 6 8 10 6 8 3 2 1 0 5 3 4 2 3 7 5 9
0 0 0 2 0 1 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cl 0 0 0 1 0 0 0o 0 0 0 0 0 0 1 2 3 4 1 1 2 2 3 1 1 1
(1)
XPR(1) #EAT R SEAT A 4, B 2 m] LAAS 3] G = (2) B
C,H, H, 0, HCI €O €O, H,0 C CH, CH, CH, CH, CH, CH, CHCl CH,Cl, CHCl, CCl, CH.Cl CHCl CH,Cl, CHCl, CH,Cl, CHC CHLCl CHCl
. 1 1 1 1 3 3 1 1 1 1 3 3
C 1 0 0 0 - 3 0 - 1 - 2 - 2 - - - 1 1 1 1 1 - - 2
H 0 1 0 0 -1 -1 1 -1 1 1 1 1 0 0 0 -1 -2 -3 0 -1 -1 -2 -2 0 -1 0 o
0 0 0 1 0 % 1 % 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cl 0 0o 0 1 0 0 0 0 0 0 0 0 0 0 1 2 3 4 1 1 2 2 3 1 1 1
(2)
A U pe B> 4
| BEARNARETRAARNRR 4, T4 1/2C,H,+2HCl ==CH,CL+H,,  R(12)
TSR AR SUNEAA ZR R 20 53 80 26 W ST v %)
K 26—4=22,J‘i*% C,H, \Hzxozﬁ HCl HiZE 4K 1/2C,H,+3HCl ==CHCl], +2H,, R(13)
RV Z A SR 2 43, TT B 5 0 4 B 1 R i — 120, H, +4HCl ——CCL43H, ., R(14)
AN S, A5 R iR R IR
C,H,+HCl ==C,H,Cl, R(15)
1/2C,H,+1/20, ==CO+H,, R(1)
C,H,+HCl ==C,H,Cl+H,, R(16)
1/2C,H,+0, ==CO0,+H,, R(2)
C,H,+2HCl ==C,H,Cl,+H, , R(17
H,+1/20, —H,0, R(3) 2104 28 T (17)
C,H,+2HCl ==C,H,Cl,+2H
1/2C2H4 )C+H2, R(4) 2444 252 2 2 R<18)
1/2C,H,+H, ==CH, R(S) CaHly 3G ==, 1, 0,428, R(19)
C,H,+H, =—C,H,, R(6) 3/2CHHCL==C, Ry, R(20)
3/2C,H,+H, ==C, H;, R(7) 3/2C,H,+HCl =—=C,H;Cl+H, R(21)
2C,H,+H, =—C,H,, R(8) 2G,H,+HC ——C,H,Cl, R(22)
3/2C,H, ==C,H,, R(9) 2 MRS R EIEIR A E S
2C,H, ==C,H,, R(10 ‘ ‘ . e e
T (10 SR I 45 S R A AT, T
172G, H,+HCl ——CH,Cl, R(11) AN SRERLEE SR T 46T L3R A b ST O ) 7 AT
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S e AR ArGr?[lO] ° AH%x = 2 (niAH%S,i) , (4)
2.1 ASWRNZHIE i

1 B 2 B O R 0 K LA o, C L, Sin = 2 (nS3) ~Rino + Rlny, (5)
HC1,0,.CO .CO, M H,0 5% LYy 5 1) JEhl #4477 2% T=0,0,, (6)
B AT A GBS T B HSC Chemistry %K €9, =Y (nCS) , (7)

PErh S BOR S LA AR SCER S 01
AT A HLEAC P 8 8T 2 0080 T >R FH 26 AT 5Tk
VETEAA B BE B, 2 o i A A R
AT 5 178 e AROHDIR 2 i i 4R 2 8, R ot
WA R 28 (3) B9 Rozicka—Domalski 3 A1 57 ik
HEAE S AR (4) ~ (7) B9 Benson 4 A 57
Mk AR

© 2

Roft, € WA R R TR B T AT i
BEPRL ;A B C &5 R, BEY) B A R S
AL T A AR BB s n, @ FEA B ECH s H A K
S A s oA T RIXTFRER  m A PTBERDLAE Rl
BE(2") 0, WEERST T SR o, N 0 T
N FR B 5% SRTFRER  m SR o3 F- T AN KRR I i i -4

25 LRl St R #8441 4 Rozicka —

P’L:ZniAi_FZniBl'anici(l) . (3) Domalski % H7 45 2L HI B LE A WL 3R 1, &5 4 7
ke ©o 100 00 Benson 16 FE P (B ) 2 ek 126 2,
# 1 Rozicka—Domalski ;% B % F 5Tk E4E
.- - cl@;” /(] (mol -+ K)7) -

C—(H);(C) 3.8452 -0.339 97 0.194 89
C—(H),(C), 2.797 2 -0.054 967 0.106 79
Cy—(H), 4.176 3 -0.473 92 0.099 928
C,—(H) (C) 4.074 9 -1.073 5 0.214 13
C—(CD) (C); -8.543 -2.696 6 -0.425 64
C—(H) (C) (CD), 10.88 -0.353 91 0.084 875
C—(H),(C) (CI) 9.666 3 -1.860 1 0.413 6
C,—(H)Cl -7.156 4 -0.844 42 -0.271 99
Cy—(C), 9.324 7 -1.247 8 0.442 41

V2 Cy AN B2 LA XU 55— TR P R T

% 2 Benson iR AT EREE

AHgy ; / S/ €9, /(1 (mol - K)™)

i (kJ * mol™") (J+ (mol - K)™") 300 K 400K 500K 600K 800K 1000K
C—(C)(H); -42.20 127.32 25.92 32.82 39.36 45.18 54.51 61.84
C—(C),(H), -20.72 39.44 23.03 29.10 34.54 39.15 46.35 51.67
C—(C);(H) -7.95 -50.53 19.01 25.12 30.02 33.70 38.98  42.08
C—(C,) (H), -42.20 127.32 25.92 32.82 39.36 45.18 54.51 61.84
C,—(H), 26.21 115.60 21.35 26.63 31.44 35.59 42.16  47.19
C,—(C) (H) 35.96 33.37 17.42 21.06 24.33 27.21 32.03 35.38
C—(Cl) (H),(C) -69.10 158.30 37.30 44.80 51.50 56.10 64.10 69.90
C—(Cl) (H) (C), -62.00 73.70 38.90 41.40 44.00 46.90 58.20 61.10
C—(C1)(C); -53.60 -22.60 38.90 44.00 46.10 47.30 51.90 53.20
C—(Ch),(H) (C) -79.10 183.00 50.70 58.60 64.50 69.10 74.90 78.30
C—(C1),(C), -92.10 93.80 51.10 62.30 66.78 69.00 71.01 71.26
C—(C1)5(C) -86.70 211.00 68.20 75.40 80.00 82.90 86.20 87.90
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gk
AHgy ; / S : €, /(3 + (mol - K)™")
FEH '

(kJ - mol™") (J+ (mol - K)™1) 300K 400K 500K 600K 800K 1000K
C,—(CH) (H) -5.00 148.20 33.10 38.50 43.10 46.90 51.50  54.80
C,—(C)(ch -8.80 62.80 33.50 35.20 35.60 37.70 38.50  39.40
C,—(Ch), -7.53 176.30 47.70 52.30 55.70 58.20 61.10 62.80
A IE 4.19 — -5.61 -4.56 =339  -2.55 -1.63  -1.09
(P R) (KER) 1.3 — -0.75  -0.04  -0.13  -0.71 0.00 -0.13
(BT (EdE) -3.3 — -4.06  -2.93 -2.22 -1.97 -1.00  -0.54

TEAH Qs ; (SS  A3 3N @ BUBEFAITE 298 K B AOFRIEA: U AR iR

WA €Y, SRR N (3) , Ao i) TSR (K(8)) , A T F 8 Wk 4,
SRR F 3. (RN €O, I, I L4 A A o €7, =a+bT +cT® +dT°, (8)
300~ 1 000 K #AHIE17 £ Wit mIH /T #55) ¢9, 5 A a b e d WERHFHL

xR3I MBABSAN R FHIE
CP i /(T (mol - K)™h)
4155 " 5 c

CH,Cl, 90.44 -0.081 1 0.000 2

CHCl, 116.51 -0.104 4 0.000 3

ccl, 149.89 -0.219 8 0.000 5

C,H,Cl 135115 -2.200 07 0.608 49

C,H,Cl, 14.725 2 -0.693 88 0.279 765

C,H,Cl, 13.501 -1.721 72 0.542 338

C,H,Cl, -4.697 8 -3.036 57 -0.230 75

C,H,Cl 16.308 7 -2.255 04 0.715 28

C,H,Cl 0.763 7 -2.257 89 0.137 03

C,H,yCl 19.105 9 -2.31 0.822 07

F4 BEETEINRNZHIE
N AHS) ./ S8/ CF: /(1 (mol - K)™)
(kJ * mol™")  (mol - K)™) a b/1073 ¢/107° d/107°

C,H, 52.5 219.25 4.922 146.103 -67.29 10.135

H, 0 130.68 27.052 9.698 ~14.546 8.006

HCI -923 186.9 30.596 -8.743 14.739 -4.948

CH, ~74.48 186.38 25.286 16.614 71.816 -41.964

C,Hg -83.85 229.23 5.402 178.003 -69.352 8.718

C,Hy -104.68 270.31 -4.219 306.046 ~158.506 32.111

C, Hy, -126.8 309.91 -2.812 392.035 -201.602 39.347

C,H, 20 266.73 3.668 234.563 -116.139 22.096

C4Hy -0.5 307.86 2.284 328.66 -160.25 25.907

CH,Cl -82 234.3 13.863 101.351 -38.882 2.574

CH,Cl, -95.4 270.44 13.258 161.697 -130.726 42.628

CHCl, -102.9 295.61 23.99 189.185 -183.946 66.514

ccl, -95.8 310.02 40.197 207.099 -234.409 91.942

C,H,Cl -112.3 275.89 -0.552 260.457 -183.852 55.443

C,H,Cl 28.5 264.08 5.948 201.779 ~153.486 47.684

107



2024 41T 1 kA g B K 5530 %
2k
il AHgy ; / 5%,/ CP; /() + (mol - K)™)
) (kJ - mol™) (J+ (mol - K)™) a b/1073 /107 4/107°
C,H,CL, -130.1 305.17 13.528 262.618 -191.437 55.416
C,H,Cl, 2.4 287.98 14.82 232.723 -213.531 76.13
C, H,Cl, -142.3 320.14 29.881 279.633 -243.08 83.314
CyH,Cl -144.8 306.05 57.654 64.096 198.395 -135.237
CyHCl -21 296.5 28.313 203.267 -100.709 17.504
C,HyCl -161.2 355.27 56.307 161.488 140.106 -121.33
2.2 WMMERMAGCS SRENXR A STy =AST, —AS) (13)
F5X(9) ~ (11) 715 L3k 470 57 ) g 7E 298 K . .
FRUEIR A 00 B AR R RAG A8 (AHS ) | R A AH(T) =AH, (29815 K) +
B N , ,
(A5 ) BARFE LHESAE (A,CO, ), Fi 1B A |7 acsar+ [ accar+amg, ., .
5 298.15 T
FRI AL (AHS, ) B (ASS, ., ) (R (12) ~ ' (14)
(13)) . FEMEIHEAL F,#0(14) ~ (16) TFRHAEA A SO(T) = A $O(298.15 K) +
RS TE A HS (A SS K AGE o r '
d fT" AL g jT ACrnir v as0
: + ' +
ArH§ = Z ULA{HS” (9) w815 T n, T erme)
i=1
e (15)
ASY = Xusa, (10) A G =AH - TASS, (16)
U Gy UL
r~“p,m = UL m,i Y N /,
e S i FE St 4% A ST S A HS A5 1R 43391 4 )
Ach(Hg) = Ang(g) - AfHE(D ’ (12) 1 R,
O 300
% : : : f : = R(1) A A = R(11)
o O LR
o B e B e A —_~ =
% 80l *R(4) % ;kkkkihkkk:::: VR(14)
? T S S S = = S ¢ R(©) .EIOO' eeseenes .o ’ggg;
2—120 45(?) = e oo 000000000 'R(17)
<~ 444t aCCaeteeada > =
T 160 cREH | T O trrrrrrzrrrrii oo R0
< T *R(9) < *ee e st etreee = R(20)
-200+ 4 R(10) -100} L RO
240 ¢ e e 00000000000 D O o + R(22)
2 ' R — : -200 s ' —
g8 888888 8 8 8 8 g8 888888 8 8 8 8
< vy O ©~ o (=)} (=} — (9] o < v < vy o o~ (<o} (=)} (=] — (9] o < wy
Temperature/K Temperature/K
(a) (b)
B1 MR JE XAk S UL A HS B %o

HIIEL 1 (a) AL, 3 R JCHL MR e B e 1)
A SBT3 R TR SR 5 7 L 1 (h ) mIRL AR P
FRGE R AP Rl Ok Ak AN
Joe e ST e S5 AT BIL S A 1) SR DA AR S T 5 3k 4
PSL A A H BB R T v /N R R, A
SRR AW IASRE . NBh 128 R AR — R iR
BlENEE DN Al I S IR S 1 N A VB
V-7 (14 P[], 3 TS0 S A T 5 (EAR T 22 A
FER , MR A A T A R R 247, (B RO
i BE BRI, STk 58 AR 2 T B — AR 7 R
108

B, HaAE s e, R T RS2 bs T 2B A
T I SN R

SV TR E X 45 A ST R A, GS I 2 0 4 531 an ]
2 FR,

M2 (a) AN, 765 450 ~ 800 K T, A2 i
CO.CO, Bike I sr Vi A,GS ¥I/hF 0,3
WA sk S 20 23 1) B I A48 S R VA5 R 3T A &
AT, BB, an b H BT A 1 100 K
BEA AT L A & Az B AR AR A B AR 1 s 1 I
KIRIEH R 450~1 100 K T A L9847, & 2(b) A



XU IR A T P B AL I T4 ) 5507

2024 4EHET) 1

60 J— = R(1)

D ,Et‘ * R(2)

o x AT 4 RE)
—0—20'*:12* '5:‘...‘ v R(4)
S ool T ga¥eerit. | * RE)
- +ett < R(6)
:\\-;—100- :: - » R(7)
S -140f - e RO
N *—R(9)

-180} . « R(10)

-220+ v

S o 2 © 2 @ © 2 =@ © = =

oS O f=3 (=] (=3 (=3 (=] (=3 (=3 (=] (=3

<t vy O [ 0 [} S — (Q] o < wy

Temperature/K

(a)

—

AGY(KI + mol™)

S

(=1

S
T

. = R(11)
vvvvvvvv e o R(12)
7Tl
o ® A A v

200} 12::“““::-- + R(15)
000:3300'30000 <« R(16)

1001 ql3<<:<:;4ll<< » R(17)
s> e *iat » R(18)
e SO e R(19)

OF oo+ oat o R(20)
- o R(21)
-100} o = = R(22)
S o o © o o o o o o & o

T AR SIS 2SI FR

Temperature/K

(b)

M2 RSB AA M SRR A GO By %

N REALT 550 K B, SO0 R(15) 19 A,.6S /T 0,
RIW] /A A= BUSA & e ; I BE AR T 850 KB, &2 i
R(20) FIR(22)8A,GS ¥/NT 0, BImT H KA A
PIEFIE T BE . AT AT B R i e A
FERARIR 3 5 A A DL ARy s BT A sy
N A, GS YR S5 1 ik B T v i 4 K, B T R
JE A B A BCAhA HLEAR P G A A

2.3 MIIRMK Gibbs BEHBET ACY 5ENM
X&

H 55 2.2 9 AN, HOA AR A HLE A By ST
K% R(15) R(20) K R(22) AJ 7E48 & R W 414 F
B &I, W5 5% 0 il R ) Ui AL AN 28 9 1
OUT  RNE SR R AT [ & 37 91 A A DL R
Y Sr O A GS Bysgm, TR R R4l
A AR E T BT IHA L, % RK
HRE, H RSN P AL PSR 2 B BE R
ARV RV, R (17) ~ (18) 43 3k iz # e
BRI HIREAE AHE T s ASe )

AH(p,) -AH (p,)=p,V,- V+ll M
P2 P1)=DP2V27 PV 2T0‘5an1(V2+b)’
(17)
V,=b a V,(V,+b)
AS® -AS# =Rl + o
(py) (py) n V,=b 27 n V,(V,+b)
(18)

FR A S5 TR 2R A I Bt A Ak 1 RT3 05 i 25 A4 T
EIZE Ao R (19) L (20)) , ln AR B
T G S P, AT 3 a2 ) SCk el s 2

a’' = 0.427 48R°T>/p (19)
b' =0.086 64RT./p,, (20)

WRAEAF RS A o b BUE, RAK(21), 3K
fifAZ Ty R AT AR B T E B R I 551 T & 1 43 JEE
IREFR VRIS (17) L (18) RISRAGF45 4170 1Y
JaAS AH® SRS ASE

a - pT*°b* = RT" ab
—V + 705 V- 795 0,
p P p
(21)
AHI(T) = X v [AHD(T) + AHI(T) ],
izl

(22)
ASO(T) = ivi[ASﬁi(T) +ASE(T) ], (23)
AR E RN B AR, RN R R
0.1 MPa J+ & 4.0 MPa i, | ik 4% 0t 57 52 W 8 72
A HS B A SO Wit H o it (22) & (23)
FR, CHIFE 0.1 MPa 45 € T BE 45 140 25 Al Sr
NI EE IR K A A HS 5 BE R AR A LSS AR AR
(22) .(23) 43R AFE4E E W BE R JT 0.1 MPa
TFE4.0 MPa 554 T 2 ST RV kS A8 A HS K
A SO BRI (16) 3R R4 2 # AT 1Y
KM AGD SR E 3~5 Fiw

30¢ —=— 700K
25+ —— 750 K

AGo/(KT » mol™)

0 05 1.01.5 2.0 25 3.0 3.5 40 4.5 5.0 5.5
Pressure/MPa

B3 KRR TKEE R AGS

P& 3 AT, XS SR A BUSORE , J2 E F T

3.0 MPa S IR 750 K I ORI A, GE 1811 0,
RIZE I 107 25 A M A 15 2 0o T B4 i 35 2 I 2% 1F 5
WAL 750 K, SOV 75 T 3.0 MPa i, Sl e A
R A,GE /NF 0,7 HRAERA S, HE 4 7]
A B R e B RN, R R ) 2.5 MPa
B EE 1100 K B, OB A G 2 0, BIHZ R I 444
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R e I QN 530 %5

70
60 —=— 700 K
—— 750K

50
40t

/(kJ » mol™)

0
Ar(;m
—_

(=]

0 05 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0 5.5
Pressure/MPa

B 4 RBLIE Jp 7t @B KRN AL G B &

r7m

70 —=—1 100 K
60 ——1 150K
50F ——1200K

/(kJ « mol™")

0

m

AG

0 05 1.0 15 2.0 2.5 3.0 3.5 40 45 5.0 5.5
Pressure/MPa

S5 REEADMATRERIEAGS

r7m

Ry A U N BE SN B4 i B S5 5 TREE 1100 K
SN B 18T 2.5 MPa i, A2 G R B OV G A, GS
INT 0, AT A RAESEN S, HELS AT 8 TR T
Yot A2 B N, SN R F9 2.0 MPa W IR 1150 K
i, SO A LGS A0, BN 25 R 5T e A
SN (A S 2 g 25 5 TRLBE 1150 K, SO e 1 i
2.0 MPa i, S T heA U= B A, GS /NF 0,7 A %
AT b, MK 3~5 Al &S B R A,GS
YIRE 13 KMy, R J1 0.1 MPa F+%0.5 MPa
B, A, GS BRI ; It 0.5 MPa Ji5 , 4R K
FET1 A, GS WM /D, 2 B AR ] BN 3 3 T 36 K
I 3 RT3 K ST B N L & iHEA T AT

XFT IR R AT ST SO i S I
RRAR S B B S1 3k, A, G 349080, 36 BH AR R
JE GRS R TS RN H &R AT, o B
FE B B R v, AT R AR B AT BILE AR R
AL ANBEREA T bt
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