20210226 carbon-recycling-fund#R &

1 LuLco2mkFLRIL %
IR L 1=-/57 7 L4 fhig

BILRFRMARB LT R KL Fa
BLRFYRTFT7IVYERBEE X —K & L

“BRIACRFDKFAD D

Bk kEzE (HV Y >, LPG) DER
FL 74 DERK
FEE. N7 L VOERK
EBEXX /) —ILDOERK

>N




EMK$I$ BRI RIEFE —RBE (BR-TRIILF—IFEE)
FMARBLFRMET RV —M M TFHE
N ﬁn‘?)ﬁflﬂ"\“i"’

=

18 N & &

1995 EARICHAIEFERIFEL
1995-2001 [RIEX BhFEEHAEHRIR
2001-37F BWWARKIZHE. YRTFHIILYEZTHREI—F

HARAEMIREESE20065E. HAIRLXF—FEE 20174,
g T2 5201945, H R FEIT =i EE %ﬁ?&t JR & 5w KT
4503 ; FFEF 910044 ; 51 FA%L> 175 ; H-index 60.

J. Energy Chem., editor, board member.

B EEETEAEZED . IS0AND A /N—



C1 chemistry flow

Alr

. catalyst Water steam
Carbon dioxide
| FTE R
GTL EMeOH
CTL | &gk
BTL SyntheI_SISdgtas (ch+H2) /co_2d+H2 ik
CO2toX normalized to carbon monoxide e R

and hydrogen
lcataly%[s \\omaﬂcs
gasoline/diesel/

jet fuel/LPG

alcohol  ester organic acid

olefin




ClHEZEEATEILAIEDEREH: ZEEHEREZ—BICT A ESR

BB 77 ARIR(CED

R RREMA(L.

S B0 1)L AR
1EZP&E E|CORAEEE {EESAEREERSY N
RIS EA BE A EY(CERE
(&, ZRIfIFZ FERENZFD
RIRRVED. 2L\

2P EDARER(C
RITE9| AR
SMIILENL. Bl
IR% 7/t Dt AN

IR S fitia) E R AT )L AR L) D ELER
~hT7)L AR ZE 3R E T2 &5 H 8 A B o 3| ~




1 —1. LPGERL ChemSusChem, 2020

Scheme 1. Reaction scheme for CO, hydrogenation to LPG.

CO, hydrogenation to liquefied petroleum gas (LPG) can

be realized via tandem reactions over well-defined

capsule catalyst, as CO, hydrogenation to methanol over

Pd/SiO, core catalyst (step 1), and subsequent

dehydration of formed methanol into hydrocarbons over Figure 1. Images of Pd/SiO,, Pd/SiO,-S, Pd/SiO,-SZ and Pd/SiO,-SZP
shell zeolite catalyst (step 2). (from left to right side).

00 O

OO O~

Impregnation Hydrothermal Hydrothermal Crush

SiO, ==  Pd/SiO, wm» Pd/SiO,-S == Pd/SiO,-SZ =mb Pd/SiO,-SZP

Figure 2. Catalyst preparation process of Pd/Si0,, Pd/Si0,-S, Pd/Si0,-SZ and Pd/Si0,-SZP.



Figure 3. (A) N, adsorption-desorption isotherms, (B) NH;-TPD, (C) Pd 3d XPS spectra.

All catalysts exhibit typical mesoporous structure
with little micro pores, indicating that the
structure of Si0, is well preserved during zeolite
hydrothermal preparation process (Fig. 3A).
Pd/Si0,-SZ, Pd/Si0,-SZP and H-ZSM-5 zeolite
show two apparent desorption peaks, located at
220 °C and 450 °C, corresponding to weak acid
sites and strong acid sites, respectively,
responding for the dehydration of methanol to
hydrocarbons (Fig. 3B). Pd 3d3/2 and Pd 3d5/2
centered at 342.5 eV and 337.5 eV are detected

only on Pd/Si0, catalyst, indicating that zeolite shells have completely coated
the surface of core catalyst (Fig. 3C).

Figure 5. (A) Catalytic performance over different catalysts; (B) The catalytic

Figure 4. SEM images (A) and (B) of Pd/Si0,-SZ, (C) performance of Pd/Si0,-SZ as time on stream in 50 h. Reaction conditions: 4
EDS line scan of selected cross-section core-shell area, MPa, 300 °C, W/F=10 g-h/mol, TOS=50 h.

(D) Surface EDS analysis.

Pd/Si0,-SZ catalyst presents a well-defined spherical structure and H-ZSM-5
zeolite crystallites of long hexagonal shape are clearly observed. The surface
element of O:Al:Si molar ratio as 71.19:0.89:27.92, and no Pd signal is detected.
From EDS line scanning results, the Silicalite-1 and H-ZSM-5 element zeolite
shells with layers thickness of 5.5 um and 19.1 pm are clearly observed.

Pd/Si0,-SZ capsule catalyst exhibits LPG
selectivity up to 35.6% by CO, and CO
conversions of 5.5% and 12.8%, respectively.
Furthermore, Pd/Si0,-SZ presents highly stable
catalytic performance in 50 h reaction.
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Wr1: Fe—Zn—Zr and HZSM-5 weight ratios: (b) 10:1, (c) 8:1, (a) Fe—Zn—Zr core.
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1-2 H7ENrfiEDHY Y VERK
1-2-(1): /h 7/t 7L S 7> (4 //¥F 7 1 >i-C5-C11) D—ERA

F  Fe-Zn-Zr@HZSM-51 7L ILERIEDSIY/AI2EILEEDER, L VIR ESHE
granular—-mixing (X9 2 1E N4

CO, Selectivity (C-mol%) HC distribution (C-mol %)
Catalysts conv. I-C, Aroma.
(%) CO Oxy. HC C, Cou Cs, /Cs,(%) /Cs.(%)
reen 23.0 449 00 551 14 545 441 769 177
2r@HZ5(38) : : : : : : : : :
e 215 424 01 575 14 428 558 919 52
2r@HZ5(50) : : : : : : : : :
Fe—Zn—Zr
@HZ5(100) 23.5 85.5 8.7 5.8 27.1 2.9 64.0 6.9 92.2
e 201 476 00 524 14 546 440 747 19.6
21 /HZ5(50) : : : : : : : : :

5.0 MPa; 340 °C; 6 h; 3000 ml/g/h; H,/CO,/N,=72/24/4; Fe—Zn—Zr:-HZSM-5=4:1 (weight
ratio). Oxy=oxygen compounds; ﬁC hydrocarbonI C;,=C;, 1soalkanes; Cg,=C;,
hydrocarbons.
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Nature Communications, Vol. 11, 4098, 2020
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>’Fe Mossbauer spectra
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It - Fe-SCR (size: L50xD8) for CO2 hydrogenation. Reaction conditions: P = 1.0
MPa; H2/CO2 = 3.0; flow rate, 20 ml min-1; time on stream, 10 h.

BI4LIE © The Fe-SCR was calcined in air at 873 K for 60 h, and then reduced by H2
at 673 K for 10 h with the H2 flow rate of 40 ml min-1
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Catalyst Preparation:
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Figure . CO, hydrogenation performance. (a) Catalytic selectivities and conversions, (b) Catalytic stabilities.

Spinel catalysts exhibit benign catalytic performance including product selectivities and catalytic stability.



Scheme A homemade three-stage reactor
system for CO, hydrogenation.

To further enhance catalytic yield, a homemade three-stage
reactor system was designed for removing formed water.



Figure . CO, hydrogenation performance of K-ZnFe,O, over the three-stage
reactor system. (a) Catalytic selectivities and conversions, (b) Catalytic stabilities.
Conditions: 340 °C, 2.0MPa, GHSV = 24000 mL ht gt

High catalytic activity (70.8%) and ultra-low CO by-
product selectivity (3.7%)

Catalytic yield of a spinel catalyst over a homemade multi-stage reactor system
presents an ultra-high value.
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The traditional indirect route for PX
synthesis from syngas

CNCNC N NC N

Syngas Methanol Light olefins Aromatics para-xylene

S— A

A new bifunctional catalyst for direct
synthesis of PX from syngas

® Generally, several steps and more catalysts are necessary for PX indirect
synthesis from syngas.
® We had successfully developed a new bifunctional catalyst for PX direct

synthesis from syngas. PXZEfEISF Ak hiFK, [iES 16



Kinetics diameter of aromatics close to the pore size of ZSM-5
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H-ZSM-5 zeolite
channel

o Q <=
S-1 membrane erases zeo outside

acid, stopping PX to MX/OX

‘E NFriedel-Crafts& Rk .
LA A Bl
Only 1- and 4- positions can be

accessed by methanol. High PX
selectivity.

CrlZn+Zn/Z5@S1 hybrid catalyst
Chemical Science (cover paper), 2017, 8, 7941-7946. 1s



JRFlZCcOoMLCo2(cTIVE R | A+ MEREE

v 350 °C, 3 MPa, H,/CO, =3
(5.42 vol% CO in feed gas),
flow rate = 10 ml min-t,

v 0.5 g Cr,04/H-ZSM-5

(oxide/zeolite mass ratio 1);

different SI/Al ratio of ZSM-5 zeolite

Catalysts co, (o]0 Hydrocarbon distribution (%) STY of 1A 1
Conv. Sel. ey, ¢, 9 C,, CH,OH C., Aromatics (9cn Kgear™ 1)
(%) (%) +DME
Cr,0, 141 291 26 01 0.2 0971 0) 0) 0
Cr,04/H-ZSM-5(20) 298 178 41 326 0.3 0) 12.0 51.0 21.8
Cr,0,3/H-ZSM-5(40) 345 114 15 149 15 0 6.2 75.9 40.4
Cr,0,/H-ZSM-5(80) 270 135 103 98 14 0) 12 66.5 27.0
Cr,04/H-ZSM-5(120) 258 178 85 54 3.1 0 23.5 59.5 22.0




Characterization

SEM images of H-ZSM-5 and H-ZSM-5@S-1

H-ZSM-5 crystals have been encapsulated by Silicalite-1
BEREE T HS-1EZBIBLI-PXILEE R DOEUS-1RSN R
IZEWT. ML TELGL., PXOEEREFELFERK.

ACS Catalysis, 2019; Chem. Euro. J., 2019; E UK. HEkFFEF




Catalytic performance

Table. Catalytic performance of tandem catalysis for CO, hydrogenation over Cr,O4/H-
ZSM-5(40) and Cr,0,/H-ZSM-5@S-1.

Catalysts CO, co Hydrocarbon distribution (%)
Cc:nv. Soel. CH, C,,° C,,~ CH;OH+ Cg, Aromatics
(%) (%) DME
Cr,0,/H-ZSM-5 34.5 11.4 1.5 14.9 15 0 6.2 75.9

Cr,0,/H-ZSM-5@S-1 27.6 12.8 16 171 1.8 0 9.2 70.3

Table . Products distribution in aromatics.

Catalysts Selectivity of aromatics (%)® ¥
B T E o-X m-X | p-X| AC,) A(Cy.)
Cr,0,/H-ZSM-5 03 18 - 31 04 | 76| 401 226 759
Cr,0,/H-ZSM-5@S-1 09 74 13 3.8 6.2 | 25.3| 18.1 7.3 70.3

Reaction conditions: 350 °C, 3 MPa, H,/CO, = 3 (5.42 vol% CO in feed gas), flow
rate = 10 ml min-t,oxide/zeolite mass ratio = 1 (weight of bifunctional catalyst, 0.5 g).

B = Benzene, T = Toluene, 0-X = ortho-xylene, m-X = meta-xylene, and p-X = para-

xylene.



PART 4  Syngas/CO2 to MeOH: new method development

FTERRR. £5—DOC1{EE DR KIG
THAAF/—IILEREEZ#HT H:
HIIEBRAZ/—ILE T O AT D B F

Background:
High-temp. ICI method, 300°C, 100bar, 20% max. conv.;
Conv. = 0% when <200°C STY=400 (cycled)
RERIG : SiRTF, ERETET ., BAOFELEERD
LR FZREEESH., ERIL— FOBEENFBE

Low-temp. method until now fBNL, Mitsui, BASF,
Sintef et al.)

CH,OH+CO = HCOOCH; + 2H, = 2CH,0OH
catalyst: CH;ONa or CH,OK + Raney Cu/Ni
Trace CO, and H,O in syngas deactivate 2
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»New reaction path of methanol synthesis was proposed
at low temperature by using alcohol as a catalytic solvent.

CO +H,0=CO, + H, (1)
o LLSE _
A )— HCOOR +2H, = CH3OH + ROH (3)
IVE R
D ME—
DEF CO +2H, = CH3OH

MeOHIIfttE, BIE, #METHAS(=Z=DD#%E)

»The effects of supercritical phase (SC) ROH on the new
methanol synthesis are investigated.

»SC ROH also acting as a catalytic solvent in the catalytic

cycle via reactions (1) - (3) will work more efficiently. 24



STY:1200g—MeOH/kg-cat.h

|
8 Methnol

M Ester

Non (He)
Hexane

2—Butanol

||[

2—Propanol

1-Propanol

‘\

0 20 40 60 80 100

Yield(%)
Activity comparison
(Reaction conditions: Catalyst 0.5g, CO/H, (1:2), Reaction pressure

62atm (CO/H, : solvent=10 : 52) Reaction temperature S43K , Reaction time 6h)

J. Catal., 2001; J. Catal., 2004: Accounts of Chem. Res., 201325



Reaction mechanism re-design o ‘
DRIFTS Tin situfiZBA;F A& ;). Catal.

Addition of ROH as catalytic solvent alters the synthesis route.
Surface formate hydrogenation to methoxy is a high temp. step and this

is avoided by ester cycle.  MeOHDA&E: Al + Vit + il R=Me

CO, +H,

\f» CO +H \
HCOO(a) + H(a) /( \
H,0 HCOO(a) + H(a)
HO(a) High Temp. Step. # >_<
% H

H,CO(a) HCOOR ROH
£)L—k
/\ I8
2H
CH,OH % H, 2 CH,OH

PEEICHE, KFBRKI\F, 200°CHE 1 Our new methagd




CO, Conversion (%)

100

CO,h DD MeOH:
NPT EEE
RANERILE KR EF

CO,+3H,=CH,0H+H,0

(e}
(e
1

1

!

- 90 atm
1 70 atm
© 50 atm
+ 30 atm

oD
o
1

40 10 atm 100 *
20- ‘:‘-? 60 -
5
o+ o 90 afm
2713 3713 473 573 673 773 873 973 1073 S 10/ NCO_+(3n+1)H.=C H +2nHD';?Datm
7 2 2 n Znsd 27 50 atm
Temperature (K) ° 130 atm
g 10 atm
20 -
CO,M5DFT: ‘ |
o 24 317 s =1 42
AN FTEETEE 0 .

- N 273 373 473 513 673 773 13 073 1073
FEHIEZL Temperature (K)
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Liu, Tsubaki, et al Chem. Letter, 2007
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