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1.1 SLIEREE

RNAFEFRFT VA (942 10 mm, £ 500 mm)
AT, SRR A 1 s, i FRA BRI R
L, B SO 9 AT AR HE T . AR S AR IR
SRR I A D I AR A T RS T ROV AR R, R
J2 U BE SR PR B - A A R 0 ) O B Oy +

0.1 °C), J& 1 v oK % Fk g 2 2 (2 kG BB S +0.01
MPa) . S i, AL 7E 5 5% (EE IR 4350
B Hy(HA o Ny) IR A S P FHE Z 240.0 °C i85 4b
12 ho BFURFRCH CO, A Hy IR AR, 4RI 1 2 il
& 7 5 I R 2 4 o A, T v A g B PR
T B O, S HoAh 2% I3 I 1k A %, AR AL 390 7E
AR, KRG SR GBI RN B4 15 2 H
P A K, N B T MR 2o T I SR £ 3
Sy AT ARG B, SN R AR A R T I I
s o

P, ®
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1 —Gas cylinder; 2 —Pressure gauge; 3 —Filter; 4 —One-way valve; 5—Ball valve; 6 —Reducing valve; 7—Mass flow meter;
8—Deaerator; 9—Preheating box; 10—Heating furnace; 11—Reactor; 12—Heat trap; 13—Holding tank; 14—Cold trap; 15—Back-

pressure valve; 16—Soap film flowmeter; 17—Gas chromatography; 18—Needle valve
B 1 SERAR SR SR A% N COy N il PR RS2 o S 6 3t

Fig. 1 Experimental flow sheet of CO, hydrogenation towards methanol in the isothermal integral reactor

1.2 KEEH

TETF UG AR B ) 2 S0 Z T, s S BR N HE
AN HZ A

PRS0 i) P S R A A AL DR AR R/ N R AT I
B o TE R 270.0 °C . W H 7 4.00 MPa, 75
9500 h™', JFURM SRR EL 3.3 B 451 T, 439 % %%
T kLA K 40~60 H (250~380 pm) . 60~80 H ( 180~
250 pum) . 80~100 H ( 150~180 um) Al 100~120 H
(120~150 pm) f# 4k 7] b CO, i &0 Az Bl Y 3% 74 1
i, 25 R F I CO, 7 1k 3 (Xepy) MR R 19.19%.
20.37%. 20.48% F1 20.50%, [H i, ek /)M i Ak 571 RE A%,

CO, H b % (Xco,) B W HE R, H ML AR F2 KT
80 H (180 pm) I}, CO, F AL AR EUIN, P n] B h
FEATH BRI N B . 28 1, A Sk it
80~100 H (150~180 um ) {4k 51

ALY R R T B A AR N A R EA T T
Bk o AR SCHK [10] AT 0, SRz %53 2k 9 000 h' B m]
THERAMTHER

ZE b, ARSI SR 80~100 H (150~180 pum)
i) Cu/ZnO/ALO; B el PEAE AL, J5URE 4% 41 43 JBE IR
38053 BN s Hy 69%~71%. CO, 20%~23%. Hi4x
N,o 235 JE 1 4.00~8.00 MPa, [ i i & 240.0~
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280.0 °C, Z5# 9 000 h™'
1.3 SEHIE

FIH IE AR 56 e 4 11 25 4 5286, 5256 A8 1 43 i)
R EE L R UL R E RS n(H,)/n(CO,) fB . 5255
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R IR A4 (in R ik 1, out FRomH ) 6
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2.1 ERENR RS
FEE 71 4.00 MPa, %533 9 000 h™', JEEMS n(H,)/

n(CO,)=3.4 W R N 55 1F T, 43 0 % %2 1 iR FE 210.0~
290.0 C Yo F AL e AR L I O, 25 2 an ik 2 fr
TRo BB RNRE R T, CO, BF LRI,
B BEPE (S cmon) FFEE T B, T=240.0 °C I I BEIRC R
( Yemon) e (8.84%) . MR TJy 22 M K&, CO, N
A B B OO, T e X RO A A (A
1A, CO, A iR, C—O fRE R, HARK
P, 2R RAIK, CO, MG TEAR R, ARAF & A il
S R A R4 o DR mT DRI, #E 210.0~240.0 °C
1) Tk B2 9 LN, CO, i & B R B S 10 R 8 ) 2 4
il Bt U e FH B SCRE K; THIE 240.0~290.0 °C
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Table 1 Experimental data of the intrinsic kinetics of CO, hydrogenation towards methanol
Vil %o Viow/ %o

No. p/MPa 7/C N,/(L-min™)
H, Co, H, co, Co CH,OH H,0
1 8.10 253.0 0.075 69.14 22.63 59.66 17.94 2.24 6.72 4.48
2 7.03 262.7 0.075 69.14 22.63 60.01 17.86 2.53 6.61 4.08
3 5.99 272.3 0.075 69.14 22.63 61.13 17.89 3.06 6.12 3.06
4 4.95 281.6 0.075 69.14 22.63 62.47 17.86 3.79 5.57 1.78
5 4.05 241.9 0.075 69.14 22.63 63.14 18.92 2.53 4.68 2.15
6 8.02 280.5 0.075 69.59 22.19 59.90 16.95 2.89 7.12 4.23
7 7.00 240.5 0.075 69.59 22.19 61.84 18.07 2.20 5.65 3.45
8 6.01 250.5 0.075 69.59 22.19 61.37 17.76 2.43 6.03 3.60
9 5.03 260.3 0.075 69.59 22.19 62.63 17.97 2.78 5.38 2.61
10 4.01 270.3 0.075 69.59 22.19 63.17 17.75 3.39 5.28 1.88
11 8.02 261.0 0.075 69.84 21.75 61.01 17.12 2.35 6.39 4.04
12 7.03 270.6 0.075 69.84 21.75 61.11 16.89 2.76 6.48 3.72
13 6.00 280.1 0.075 69.84 21.75 62.13 16.86 3.36 6.07 2.71
14 4.01 250.8 0.075 69.84 21.75 63.58 17.81 2.69 491 222
15 4.98 240.8 0.075 69.84 21.75 63.33 18.00 2.26 491 2.65
16 8.01 271.2 0.075 69.95 21.27 60.60 16.23 2.63 6.82 4.20
17 7.02 280.9 0.075 69.95 21.27 61.58 16.27 3.11 6.40 3.28
18 6.01 240.9 0.075 69.95 21.27 62.21 17.09 2.17 5.65 3.48
19 4.99 250.9 0.075 69.95 21.27 62.34 16.98 2.43 5.66 3.24
20 4.01 260.7 0.075 69.95 21.27 63.82 17.12 3.03 4.97 1.93
21 8.06 242.5 0.075 71.03 20.66 63.15 16.41 2.09 5.76 3.66
22 7.06 252.2 0.075 71.03 20.66 63.10 16.24 2.34 5.88 3.54
23 6.02 261.6 0.075 71.03 20.66 63.34 16.13 2.65 5.84 3.19
24 5.00 272.4 0.075 71.03 20.66 64.15 16.12 3.16 5.51 2.36
25 3.97 282.0 0.075 71.03 20.66 59.66 16.11 3.88 6.72 4.48
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Fig. 2 Effect of temperature on reaction results
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Fig. 3 Effect of pressure on reaction results
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330 AR B TOR A o2 R CH SR B 22 O

546 35

W Sk LU TR, CO, T AR AR Bt e 1 S iR
A A 2B, 3 PR A T — b SR ) £ e B AR
T BRA B M 53— R RN IR FeAL R . (Hid &
(14 S B LE 2 38 st i R, R 5 AR G2 R TE
Feo CO, 5 M B BEIE LR LU 3, S TRV A
Ze e, SR AR b B S PO R A T R L

3 RNIEE

3.1 EHFHERAE 0% ER
T CO,. Hy N, M JEOBHSFEAE AR R A5 B
P 11 32V
CO,+3H, > CH;OH+H,0 AH,p5x= —49.4kJ/mol (1)
CO,+H, & CO+H,0 AHy =41.1kJ/mol  (2)
CO+2H, & CH;0H AHay = —90.5kJ/mol  (3)
B CO, & A B H P S 1 Al RWGS 2 v A
M7 o —MBETA Ry A B2 R 1 3 2R 4 o A B
S FRER A, RWGS [ 7 1 38 3 45 1 A0 9 g
figEh Ina sk co, Eam R, MRSk [15] HaaL
BCH AP H, A i 2 W B ), DAH R R i & H D
CO A B R s i A TR, R 2088 H,CO,H- |, H,CO,-
H,CO-. CH,OH-. HO-. H-, CO-%5 1 35> 16 4f G 1y
Bl 2R 1, Ik (4) F1(S) FiR:

Sufio

k 1w, (1 -
_ eoufi KflfCOszz3)
r= > 4)
(1+ Kco, feo, + Ku,0fn.0)
Ko feo f(1 - %)
" r2Jco, Ju, )

- (1+Kco, feo, + Ko fir.o)’
Kubota &1 LI H R £h I &0 CO, & & i H
Wit S o7 R A 2 BR | CO, 3 Ak 25 W B RWGS
R AR 2 B S T ) ) e A A 2, Hoh
r ATk R (4), r, I (6) FIR:
Jeo fu.0
kol )
1+ Kco, fco, + Ku,0 fit,0

r

(6)

Horp oy SRy S N TR, kR N TR E R, KR B
BRI, a Fl b R, Thr M FRm i, BAY
F 2 T SR B ke AT BB B K R

kj = kojeXp(—ﬁ),] = 1,2

1 1 .
Ki = eXp |:a,' _bt(_ - :):| sij\jCOZ9H20
r T

Hort kg FRMRIE T, E 8 VTR LA, R 25 1

12w, K; Zill K awiipas CO, S A b B B S
1 RWGS S [ DA B 2 7 1) ~F- A 0, T8 ik n
K (8) F(9) 7w, #5443 1% & A1 SHBWR( Starling-
Han 2 #F ) Benedict-Webb-Rubin ) Rk 25 77 f 35207,
T R E T YR

4553.34

1.665 4 + -2.72613InT-

Ky =exp|1.422914x 10T+ x(0.101 325)
0.172 060 x 107*T% — 1.106 294x

1077 +0.319 698 x 107 T*
™)
4649.92

—~11.499 8 — +3.206 6InT—
0.010725 1T+ )
0.697 955 10°T2 - 0.336 848x
1087° +0.811 184 x 10727
32 BHHE

PEHL CO 1 CO, Ry KA 4y, H LIS 43 O
JEE IR 43 B0 H A RN S B A ) % 257 O AR H A pR R

KfZ =exp

N

§ = Z I:(YCO,OUL,I' - yCO,ouLj,c)z + (Yo, oui _yCOZ,oul,i,c)Z:I )

H o BRGS0 T2 BRAE, youe RN
S5 i SRR TR

K R KRR 2 (2 R+HR AR %), R 25 4152
B B 7 AR AR RS 1 ISR 2 AT S U, 153
B B 28003 50

A 1,

4921 1% 10*
ki =3.3103x 10° exp(—9—x)

RT
1.2211x 105)

k, = 1.840 6 exp (— RT

1
Keo, = exp[—0.313 7+7.789 9% 10°(- -

>]

11
Ko = exp [0.242 2+6.755 5% 10°( - %)}

N~

PR 2,

4.1617x10*
ky = 3.886 4 x 10° exp(——x)

RT
1.2378x 105)

ky =3.965 0 exp (— RT

11
Kco, = exp [—0.246 1+6.752 1 x 103(? - %)}

11
Ki,o = exp [3.450 8+6.136 1x10°(- - %)]

TR 1 AR 2 h T {H Yk 534.438 K.
33 BRI

X Rl 7 A AL AT GE TR g, 4
2.3 R,

43 5 n



55 3 BHRAE, 25 Cw/ZnO/ALOMEAEALT 1 CO N HY BER A 3] Iy 2 331
F2 O G R4 IR S E AL R UG
Table 2 _Statistical tests of kinetic model 1 Table 4 Physicochemical ~significance test results of the
Equation N M, rs F Fy05(8,16) parameters in kinetic model 1
Yeo 25 8 09990 21425 2.59 AH/KI-mol™))  ASO /@ mol” K1) $0,/(-mol™t K1)
Yeo, 25 8 0.999 9 384743 2.59 Co, H,0 Co, H,0 Co, H,0
‘ —64.77  —56.17 —123.79 —103.08 213.65 188.72
3 G R 2 TG
Table 3 Statistical tests of kinetic model 2 g . JURNN
. F5 AR 2 S E AL R U
Equation N M, P’ F F05(8,16)
Table 5 Physicochemical significance test results of the
Yeo 25 8 0.998 6 1556.6 2.59 parameters in kinetic model 2
Yeo, 25 8 0.9999 325332 2.59
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Fig. 5 Measured values of CO and CO, at the reactor outlet and calculated values of model 1
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Fig. 6 Measured values of CO and CO, at the reactor outlet and calculated values of model 2
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Abstract: Since the industrial revolution, the use of fossil fuels has led to a sharp increase in CO, emissions,
which has caused a series of environmental problems. Therefore, the conversion and utilization of CO, have become
one of the most important green chemistry research topics. Among them, the preparation of methanol from CO, is
considered as a promising resource utilization way. The effects of operating conditions on the hydrogenation of CO,
towards methanol were investigated in an isothermal integral reactor. The experimental results show that under the
experimental conditions, higher conversion of CO, and yield of methanol can be obtained at a reaction temperature of
240.0 °C, higher reaction pressure and ratio of hydrogen to CO,. Meanwhile, the intrinsic kinetics of hydrogenation of
CO, towards methanol was studied on a Cu/ZnO/Al,O; modified catalyst with 80—100 meshes (150—180 pm)
under the condition of 240.0—280.0 °C, 4.00—8.00 MPa and 3.0—3.4 of feed gas n(H,)/n(CO,). Orthogonal
method was used to design experiments and measure the kinetic data. A double-rate intrinsic kinetic model expressed
by the fugacity of each component was deduced by taking the hydrogenation of formate as the rate control step, and its
kinetic parameters were estimated by the maximum inheritance method. The statistical test, physicochemical meaning
analysis and residual analysis results of the models show that both the kinetic models are applicable, and the relative
error of the proposed double-rate kinetic model is smaller than that of the model of CO generation by direct dissociation
and adsorption of CO, in the literature.
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