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Fig. 1 Influence of temperature on separation of xylenes
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1) A. Yonezawa et al., J. Jpn. Petrol. Inst., in press.

Copyright(C) The Japan Petroleum Institute 2021 All rights res@reeain-b01-03-01 -



2room-b01-03-02

H¥S $HB63MFR (FBEIOMMARAERSR)

Rh &F¥A 74 F 2wz A2 b Cl, C2 L&Y~

DSEIRER S ERAL
(#KBET %, FEHA ESICB?) Ok 5 a8 - TR - RHIE Sea -

AR t AA
R A L G A

1. #8
W RS S E Lz A & v B A AL EER -
ANF—e LCHHTE, Holk - el L 7
AR ) =V Tg EDAINTE D & P E ~ A T
B 2 oI kD LN TS, LAL, A4
vl C-H #eax L. B2 7mxx
RS CHREETH . FRIC A X — A~ FERIEAL
BEOKRIGE L THINTWS, ZL k. &8)8
ANKRENEEEENE L7284 T A AR ©
ARy R WERICENE TRt T & 2 HEENHE I
2o [1-3] DIDEBBOLAL ) —AbEIET D, X
Zvht Cl, C2 47 I AAN~DLERICE L 727
G HEH AR o o0 H 5, AW TIZ, A &
Y LEEERL A X ) =, FEZ T N~ ERERR
ICHRias 2 Rh &H YA 74 Mido®Zt#HiEL
toRhﬁMEﬁ%“‘RMéﬁwfﬁm koT
Cl, C2:EIRFKHIH»LRECH D Z L H RH L7z,
2. EE
H*-MFI & 3 \» 1% NH,*-MFI (& %1 Si/Al=20) %
€A 4 FEKE LTHWT Rh ¥4 5 4 il %
HELL 72, BRI CEMA A4 vk % v, Rh g
fifi % fii L 7z, Rh Ailf& & L C RhCly & % \» (&
Rh(NO;); % v 72 , Rh#HEFE 13£9 0.5 wt% & L 7=,
BREEEORMIIEREFEIC K > TTo 72, BFEEH
MEFECIE Ny & 3 i3 Hy 7 2 2 v CER 2 ek L
720 TETERER D S 13 Shan & OE[1] 2 HEfE L L
TREIE L 720 skl o i S o fi#fr 13 CO 24917
o—7¢ LTHW”Z IR (CO-IR) ICXk viTo7z,
3. BEBIUEE
RhCls /ARG 2 W72 [EH A A v acfikic kv, BE
WO % ke 3 2 s AT L2 (R’ 1), B
AR 1% 3625 pumolg'h' Th b EIRFKIL 82%
THhotz, HinGRIECHEL 238 ik ¥kt
RBETH o 7-,2F Y Rh{ERiifTiEIC X - T Cl,
C2 JJEHEHE & HilfH© & 2, CO-IR HIE DAERD 5
BEAH A4 A v Rk o s hiz R i E ko
Rh*# X Of RRZUREER FICEEET 2 Dicxf L, &1

HCHBANZHABCIE R 72 924 =5 50wt F
JRTBETH L ERbP o7z, TNLIEERD
EODMEERE D R OERTH L L EZ LD,
Rhe CuzfEiZd T3 TA R — N ERK%
HlfHc & 72 (K 2). Bl A % ) — VAERKE I ~500
pumol g h ' FEECTH - 7223 1]. DT 5 0.25 wt% D
Cu #HHEFT 2 DA T 2958 umol g h' D A% )
— VRN DS ATRE & 78 o 72, Cu HHEF R AT 5 12D
T AR — VEFR IS % 25, Rh 28 4L 4A FF X
NTHZRWIEAETIEAZ ) — APl ER Lo
7z, CO-IR DfEH A5 Rh & Cu lZ e  IKFFRD
iR CRARITICHEET 2 2 &b h o7z, o
T. ¥4 54 FHFLAIC Rht e Cut Y] IciliE 3
BIETARY DD AR ) — A~DRINFEARE %
FthT& 2 L& 2 %,

8000
| CH,COOH

| CH,OH
6000 M HCOOH

o~
)
o
©

n
N
4000-| 3

20001

Amount of product (10°mol g* h%)

o+

EE 17> Ktk aiRk

X 1. EAHA A v 53fuiEkd 2 iz eREcHiEl L -
Rh/MFI o filifit vk,

7776

8000

100

7541

Amount of product (10" mel g k1)

o

B 2. Rh-Cu/MFI DG, #ICHRATO BT 13
i (Wt%)ZEKL T b

[1] J. Shan et al., Nature. 2017, 551, 605.
[2]1Y. Tang et al., Nat. Commun. 2018, 9, 1231.
[3] T. Moteki et al., ChemCatChem 2020, 12,2957.

Copyright(C) The Japan Petroleum Institute 2021 All rights res@regain-b01-03-02 -



2room-b01-03-03

HE¥S $B63MEFR (FBEIOMARERS)

CHA ¥4 T A FHEF Pd-Cu fillllt 2 FN 7= 7 o = 7 PRIE

CRURBET) OZF W JR# - BB R A -

. WS

Wﬁsijx TIRFBRY 2 E TR « R ORS S
5, IFE OB bS =g AX e LT T
=T NEREED TS, L, BREERHCZE R L
¥ (NOy) ZEVETLIERH Y, ERIZHT TiX
X0 BFEBEFIEOE OB N LETH D, A
JECIE. BWERER M4 /79 Chabazite B 45 A b
FHEF Pd—Cu filiEl o DT, SO IBIT B0y D15&E|

ZH ST L, NOAERRDOEN Z it Lz,
2. EE&
i X AR L DRI U 7=, [PAINO,)(NHa), A

VAiE, Cu(NO;),- 3H20 Chabazite zeolite (SSZ-13, Si/Al
=20)%& HFEIR E L, Z25H 400 °C T 1 BEEIBERL 2 2
& ORI 2 7=, ARBE O IE 1.0wt.%Pd—4.2wt.%
Cu/SSZ-13 B L 1.0wt.%Pd—6.0wt.%Cu/SSZ-13 & L
72 £72 Pd, Cu ®—J5 % #HE; L7z 1.3wt.%Pd/SSZ-13.
4.0wt.%Cu/SSZ-13 bR L7z, 7 v = T BRBERUTE
PERRER 21X E R 5 E A RS EEE 2 Vv, 2.0%
NH3-3.0% 0,-95.0% Ar % 100 mL min™ Tl S ¢, H-
TRARFE COMMBTG M2 5N U7z, TEMERRBRATIC X AL
iié: L T 50% Hy/Ar % 400 °C T 15 43 [Eliim 7,

3. BRBLUBE

Fig. 112 1.0wt.%Pd—4.2wt.%Cu/SSZ-13 % /=7 >
F = T BREERUSIEMERERIC BT 2B A AHD NOEB
KON AR E DR R E 2R, 7 =T O
BESUGIE 180 °C M BERLAE L., H{LERAS 100%IZEET 5
200 °C LIFE, Np ZAERKIREE X 0.95%L4_E D @\ Ml CTHERS
L7, N.O EEA‘Z % 180270 °C DIKIEIEL & 270-500 °C D
IR SRR X, SRR ST D NLO BRI A3
FIp D Z LRI N, —J, NO KON NO, DR
1% 500 °C L F CIRER ST, N UED [ LD 7=
WZIENO DAERFIHINEECTHD Z ENRHALNE -
7

FAREE CONMIGE X ORy OREIZ-R 5N T 5
726, Pd fAEFE KON Cu HHFFE 2 2L S CiEMERBR
AT o7z, ZDFERD NH; #i4{bE36 L OVN, iR % Fig.
2 1ZR T, Pd ZHER U2, SR OABE b~
T 150 °C LA HARIR C© NH; BE3RA% 100%I2E L= 2 &
NH, Pd X NH; BREEICH 575 2 L3RR C& 72,
Pd/SSZ~13 fIEETIE NO <2 NO» NoO DA /A 54,
N BRI IR MEAHERS L=, — 7. Cu/SSZ-13 filt
TIZ NO =° NO, OAKITIFIER 517, FEIZ2 N,O &
No AR L, 98%LA ED Ny ER R AR L=, L7=A -
T, Cu 28 N;O fREIGS2 NO, NO, &#i%759 5 SCR
FOGIZEG- L CWA Z EAVRENT-, HEF Pd-Cu fifi
IZBWTC, Cu HEFRABINSE S & 270-500 °C TO
No BRI E L7722 &b b, BRI TO N,O A%
IHENIITEE Cu O R GNEETHDH EEZ HILD,
PLEOFER LV | FHEF Pd-Cu flEOIEMERER I BT

LAHRE OAHE b N BN EFOn ELlbE

Tt

Z2<H ZH0h

O i

RO NLO Rk XD NHy B LAVt S
THEIINH; & 1HE Lf_;fl“ﬁ'% N,O s a3 2 D
(S NHs SRR L2 Z S CRRT 5 &2 D,
— 07, RIS TR Ny BRI, PRITEBHAAIRE MK
WP 50 CEONT-Z Enb, ZORETIX
NoO SRS HEIT LIZS WZ ERERTH L Z &0
XN,

Concentration / %
o
[o3]
(=]
T
1

0.40 | ]
020 [ ' -
[ 7200 300 400 500 600 |

00 & 3 ——— P = il

100 200 300 400 500 600 700
Temperature / °C

Fig. 1 Temperature dependence of NOx and N2
concentration for NHs oxidation reaction over
1.0wt.%Pd-4.2wt.%Cu/SSZ-13 during heating process.
Reaction condition: Catalyst weight = 100 mg, 2.0%
NH3-3.0% 02-95.0% Ar, S.V. = 60,000 L kg~ h~".

—
[
-~

100

T Ll T

R 80 [ b
§
® 60 [ i
(3]
>
€ a0 ]
o —=—1.3wt.%Pd/SSZ-13
Rl 20 ——4.0wt.%Cu/SSZ-13
z —<—1.0wt.%Pd-4.2wt.%Cu/SSZ-13 ]

0 - - 1 .OM.I%Pd—G.O\INL%Cu/SISZ—1 3

100 200 300 400 500 600 700
Temperature / °C

(b) 100 : :

98
X
-~ 96
2
S o4
8 o
Q
‘ll
=

80
60
40
20
0 1 1 I I

200 300 400 500 600 700
Temperature / °C

Fig. 2 Temperature dependence of (a) NHs conversion

and (b) Nz selectivity for NHs oxidation reaction over

Pd/SSZ-13, Cu/SSZ-13, and Pd—Cu/SSZ-13. Reaction

condition: Catalyst weight = 100 mg, 2.0% NH3-3.0%
02-95.0% Ar, S.V. = 60,000 L kg~' h™".

Copyright(C) The Japan Petroleum Institute 2021 All rights res@roeain-b01-03-03 -



The Japan Petroleum Institute The 63rd Annual Meeting of Jpn. Petrol. Inst. (The 69th R&D Symposium of JPI)

General presentations Room-B

B0O4-BO7
Chair:Akira Oda(Nagoya Univ.)
Tue. May 25, 2021 11:00 AM - 12:00 PM Room-B (online-b)

[BO4] Control of hydrocarbon oligomerization in phosphorus modified CHA zeolite
and its prolonged catalytic lifetime in methanol-to-olefin reaction
ONao Tsunoji1, Ryota Osugaz, Toshiyuki Yokoi? (1. Hiroshima University, 2. Tokyo Institute of
Technology)
11:00 AM - 11:15 AM

[BO5] Control of Al distribution in CHA-type zeolite framework and evaluation of
ion-exchange ability
OYoshiyasu Imanishi1, Ting Xiao1, Ryota Osuga1, Mizuho Yabushita1, Sachiko Maki1, Kiyoshi Kanie1,

13 (1. Tohoku University, 2. Tokyo Institute of Technology, 3.

Toshiyuki Yokoi?, Atsushi Muramatsu
JST-CREST)
11:15 AM - 11:30 AM

[BO6] Development of zeolite catalysts for CO2 conversion
Shuhei Yasuda', Takeshi Matsumoto', OToshiyuki Yokoi' (1. Tokyo Institute of Technology)
11:30 AM - 11:45 AM

[BO7] Study on the synthesis conditions for the TUN-type zeolite and its catalytic
properties
Feiyu Qin', Yao Lu’, Yong Wang1, Junko N Kondo', OToshiyuki Yokoi' (1. Tokyo Institute of
Technology)

11:45 AM - 12:00 PM

©The Japan Petroleum Institute



2room-b04-07-01

U U fERi CHA ¥4 714 ML DR

GHER EE3MFR (FEIMMARERR)

Ly

tkzm=4 ) =

E%t@ﬁﬁlﬁﬁﬂk MTO KT I A il fy o 4k

(R R -

1. #E

FEOAMRFBEFRNOLDOA L7 ¢ VBIEFEE LT,

Methanol to olefin (MTO) iinds OV DR %
WZHEB P EE > TS, Rl S 7ailifL 2o/
MFLEA T4 b (CHA, AEI%E) 13, ABUSICH L
THENTEEA L7 ¢ R 2 /328, — 5T,
Aﬁﬁm KBS LA TR & LT, EOfiliH

TV, U BRI XD EMITEA T A N ORI
%ﬁﬁﬁé& W2, I—7 a5 RS L
TR EILTWD DS, /INIFLEA T4 MIZED/hE
PRAIFLIC X B ILEIRR D 7= 012, — B ERIC X
%V ANERFBRAIRETH > T2,

AR TIX, BT LT T =F Lk A
R=U LEAWTZEREY BRI LT, U B
fifi CHA B4 7 A4 h &G L, £ MTO fillitRei: %
M U772, ARRICHWD T F LR AR = AT
FLNITFRAFT 5 LI, BERkIC K> T U ki
~EB L, BATA MEREEEEMT DR E A

HoTWB, AR LT U AERREEDE 72 5 fili D fik
PEROGSETR OWIMERHMAT 5 Z & T.MTO USNMZHIT

% FRBER A M) B O R A FiA LT,

2. B

BEH L2 1256, B RRHCEINT 57 R 7 =F L7k
AR=T AOBEIEESET, U AEMEDORR D
YA A Ml (CHA, P-CHA(0.19), P-CHA(0.44),

CHA

N
(=]
L2

O: Conversion

~—{ l: Ethene

<{>: Propene

| &: Butene

\ | #: C1-C4 Paraffins
/\: Over C5s

©
. 9

P-CHA(0.19)

AL i o LR

BT R OHEF HIE - K IE A -

LIl

WL

r\~

71w AL PIAL BE) ZAR L, MTO fildftReit: 2 5 F
i L7z, fiEoWMaiL, oo, XRD, %%
W7, ~ ¥ v 7 fialEs (MAS) NMR &5 X OF
NHs-TPD HIFEIZ L 0 iTo 7=,

3. MRLBZ

Figure 1 (25 bz U ERE L OKREAflgED
MTO BUShERZ R, U ABRREE IR AT L 7w g
BT T o 7 a3 (60-80 C-%) M5,
U MBS A L 7 ¢ ERMEICR S 2B A
ELTWRWZ ENg0nd, —H T, U UAERED
& &I RS OIE RS SR ST,
NHs-TPD JIITEMN G i S A7z U R & 2 5iig S
DORFEMNASINE 2D . S BT, ISR O H
[R#EREZ H B L OBC MASNMRIC L W ot L7z &
A, U AEERE OIS T, AT L7
IRFBRT DI EFEMENMET L TWD Z EHBA L7,
PAENG, VMBI L > TH72 0 SN BEE o
BRI X > T, BALKEREOBE 24 ) I~ —{b2
Pl S, fEEMAMER ST D Z EAH B
Lo,

1) Y. Yamasaki, N. Tsunoji, Y. Takamitsu, M. Sadakane, T.
Sano, Micropore. Mesopore. Mater. 2016, 223, 129.

2) Y. Kakiuchi, T. Tanigawa, N. Tsunoji, Y. Takamitsu, M.
Sadakane, T. Sano, Appl. Catal. A 2019, 575, 357.

P-CHA(0.44)

3
£
(=]
o]
©
(&)
B
% .
% 4076 o5
Woow o, - L
A L]
% _‘A e A _Ax z A A A 77‘\,,‘,‘,‘,,‘ A A
ﬁgaa;xgg AL\Axgg 2 4 4 4 s »
01 2 3 4 5 6 7 80 1 2 456780123456 8
HEsRE [h] muEHw’fEﬂ [h] FEksRE [h]

Figure 1. Changes in the methanol conversion and the product selectivities as a function of time-on-stream over the
CHA zeolite catalysts containing different degrees of phosphorus modification. Reaction conditions: Paeon), 5 kPa;
WI/F = 34 g h mol; reaction temp., 623 K. o: Conversion, m: ethene, <: propene, A: butene, ¢: C1—Cy paraffin, A:

over Cs.
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Fig. 1 TPR results using Ni/MFI catalyst under
C2H4 and CO; (1:1) flow.
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1. Introduction

The TUN-type zeolite is a novel medium pore
zeolite with a three-dimensional 10-ring channel
system [1-2]. Its topology is similar to the ZSM-5
(MFI-type). Since its discovery [2], TNU-9, which is
the first example of the TUN-type aluminosilicate
zeolite ([Al]-TUN), has been expected to show many
unique properties in the field of catalysis. In recent
years, it has been investigated as a catalyst in various
acid and redox reactions [3-5]. In this work, we report
the synthesis of aluminoborosilicate TUN-type ([Al,
B]-TUN) zeolites and their catalytic performance in the
n-hexane cracking reaction. The replacement of Al
with B and

characterized by various techniques. The catalytic

subsequent acidic properties were

performance of [Al, B]-TUN zeolites for n-hexane
cracking reaction was compared with [Al]-TUN, ZSM-
5 and Beta zeolites.
2. Experimental
1,4-bis(N-mthylpyrrolidinium)butane (1,4-MPB) as
the OSDA was synthesized and purified according to
the literature [2]. 20A1 ([Al]-TUN) and 150A1-30B ([Al,
B]-TUN) were synthesized using the molar gel
compositions 1Si: 0.6 Na: 1/20 Al: 0.15 OSDA: 20H,O
and 1Si: 0.68 Na: 1/150 Al: 0.08 OSDA: 19H,0,
respectively. The [ALB]-TUN as seed crystals (5 wt%)
was used in the synthesis of 150A1-30B. The mother
gel was hydrothermally treated at 433 K for 14 days.
The H-form of the products were obtained after NH,4"
ion exchange and calcination.
3. Results and discussion
In addition to [Al]-TUN, the aluminoborosilicate
TUN-type 150A1-30B was successfully synthesized by
well tuning the amount of Na and OSDA in the
synthesis gel. The Si/Al and Si/B ratios in the as-made
form for 150AI-30B were found to be 28 and 39,
respectively. In the FTIR spectrum of 150A1-30B, a
specific band assigned to the “bridged” OH group of B-
(OH)-Si was clearly observed at 3721 cm™. A strong
band at 1380 cm™! was also observed for [Al, B]-TUN,
which is ascribed to the tri-coordinated boron in the

=l
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AL DIRE R U 1%

D T b
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i

3
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zeolite framework. These results support the successful
incorporation of the B atoms into the framework. The
2’Aland ''"B MAS NMR spectra also revealed that both
Al and B atoms were successfully incorporated into the
framework. The acidic properties were evaluated by
NH3-TPD and pyridine-adsorbed FTIR techniques.
Compared with 20Al, 150Al-30B exhibits a lower
amount of acid sites and a stronger Bronsted acidity.
In the n-hexane cracking reaction, 150AI-30B
shows a higher durability than 20Al and Beta, while
ZSM-5 has the highest durability. Regarding the
products distribution, the P/E ratios (selectivity of
propylene/ethylene) at TOS = 0.08 h for 150A1-30B
and 20Al were calculated to be 3.6 and 3.1 respectively,
and they were significantly higher than that for ZSM-5
(ca. 2.1) and Beta (ca. 1.9). The TUN structure has an
advantage in selectively producing propylene most
likely because of its unique shape selectivity effect.

5.5
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Figure 1 Catalytic cracking of n-hexane over 20Al,
150A1-30B, ZSM-5 and Beta. (a) conversion (coke wt.%),
(b) selectivity ratio of propylene to ethylene (P/E ratio) as
the function of time on stream (TOS). Reaction
conditions: P nexane = 20 kPa; W/F,pexane = 1.84-4.34 g-cat
h mol,hexane 5 773 K.
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Fig. 1 FE-SEM images of Pt/MoOsz catalyst with
different morphologies.
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Fig. 2 Yields of products in the COz hydrogenation and
the amount of surface oxygen vacancy in Pt/HyMo0Os.y

catalysts with different morphologies.
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polyethylene glycol surfactant and supercritical drying

(University of Toyama) oPeipei Zhang, Xiaobo Peng, Guohui Yang, Noritatsu Tsubaki

1. Introduction

Methanol is a key commaodity for chemical industries. In
last century, the ICI Co. Ltd. developed a widespread method
that employed Cu/ZnO/Al;O3 catalysts to produce methanol
from syngas (CO/H2).? However, high temperature (250 to
300 °C) and high pressure (5.0 to 10.0 MPa) are utilized in
this synthesis method. The high temperatures result in
thermodynamic limitation for the CO conversion, because
methanol synthesis is a strongly exothermic reaction (CO +
2H; = CH30H, AHzx = -90.8 KJ mol?). The equilibrium
conversion of CO is only around 25 % at 300 °C and 50 atm.
It is highly desirable to develop low-temperature methanol
synthesis (LT-MS). Although several research groups have
focused on the LT-MS process (100 to 180 °C), harsh
operating conditions prevented them from large-scale
industrial applications.

Herein, we present two improvement strategies on the
traditional co-precipitation method for Cuzn-based catalysts.
Polyethylene glycol (PEG) as a surfactant is utilized in the
precipitation process, to enhance porosity and increase surface
functional groups for the CuzZn-based catalysts. Supercritical
CO- drying is employed in the drying process to improve the
number of active sites for them. The physical and chemical
properties of these CuZn-based catalysts are systematically
investigated by multiple characterization techniques. Further,
we evaluate these CuZn-based catalysts in alcohol-assisted
LT-MS, and the catalysts optimized by both improvement
strategies exhibit superior performance at a low temperature
of 170 °C.

2. Experimental

The CuZn-based catalysts were synthesized via a
homogeneous urea co-precipitation method. Typically,
Cu(NOs)2-3H20, Zn(NOs),-6H,0 and deionized water were
added into a beaker, to prepare an aqueous solution. PEG
(0.05 mol LY and urea were then introduced into the
agueous solution. The mixed solution was stirred and heated
on 95 °C for 2 h, to obtain the precipitated precursor. After
aging for 24 h at room temperature, the precursor was filtered
and washed with deionized water. The solid product was then
dried with supercritical CO; at a temperature of 35 °C with
pressure of 7.5 MPa for 6 h. After the supercritical CO;
drying, the obtained sample was calcined in air at 350 °C for 1
h, and the resulting catalyst was denoted as CuZn-SC-P3. By
using the PEG concentration of 0.08 and 0.13 mol L%, Cuzn-

SC-P5 and CuZn-SC-P8 were fabricated, respectively, while the
other treatment processes were the same as CuzZn-SC-P3.
3. Results and discussion

Il CO Conversion

60 - I Total Carbon Conversion
9
- 40 |
.0
p
¢
c 20}
(@]
(@)

° S g0 o f° 7,0'?6 o®°

O I o & \)10'5 o . 07,(\'5

Fig. 1 CO conversion and total carbon conversion over the
CuZn-based catalysts from different preparation methods.

The catalytic performance of various CuZn-based catalysts
synthesized by different preparation methods was studied for
alcohol-assisted LT-MS, as shown in Fig. 1. CuZn-I and CuZn-I-
SC revealed that conversions of CO and total carbon were about 3-
5 %. CuZn-P0O and CuZn-SC-PO exhibited a CO conversion of
476 % and 49.7%, respectively. Cuzn-P5 realized a CO
conversion of 51.4% and a total carbon conversion of 45.3%.
Among all the catalysts, the CuZn-SC-P5 produced higher
conversions of CO (55.8%) and total carbon conversion (49.5%).
Hence, the catalytic results of alcohol-assisted LT-MS reveal that
via the two optimized strategies, a CuZn-SC-P5 catalyst exhibits
superior catalytic performance. It is significantly different from the
CuZn-based catalysts prepared by traditional impregnation method,
and also better than the catalysts treated by sole PEG treatment or
supercritical CO2 drying. The present work provides multiple
strategies to improve catalytic efficiency, and will be beneficial to
explore new approaches in catalyst synthesis.

1) Zhang, P., Araki, Y., Feng, X., Li, H., Fang, Y., Chen F.,
Shi, L., Peng, X., Yoneyama, Y., Yang, G., Tsubaki, N., Fuel,
268, 117213 (2020).

2) Chen, F., Zhang, P., Zeng, Y., Kosol, R., Xiao, L., Feng, X.,
Li, J., Liu, G., Wu, J., Yang, G., Yoneyama, Y., Tsubaki. N.,
Appl. Catal. B: Environ., 279, 119382 (2020).
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Iron catalysts supported on nitrogen functionalized carbon
for improved CO, hydrogenation performance

(University of Toyama) oRungtiwaKosol, Guohui Yang, Noritatsu Tsubaki

1. Introduction

CO, thermal catalytic utilization can be achieved via a
modified Fischer-Tropsch synthesis (FTS) or methanol-
mediated process (methanol to hydrocarbons, MTH).
Considering the fact that Fe-based catalysts have two types of
active sites under working reaction conditions, namely, Fe3O4
responsible for CO intermediates formation and FesC, for
subsequent chain propagation, it is widely used in the process
of CO, hydrogenation via FTS. Moreover, nitrogen
incorporation as a promising means can well regulate the
surface properties of carbon supports by promoting the
formation of defect sites or regulating nitrogen configuration
structure, '

Herein, ethylene diamine (EDA, NH,-CH»-CH,-NH>) as a
nitrogen incorporation source was selected to modify the
chemical structure of carbon support, and its promotional
effects for CO, hydrogenation were investigated. The EDA
loading amount was also investigated towards an optimal
catalytic behavior effect. Meanwhile, to further enhance heavy
hydrocarbon selectivity, potassium (K) alkaline promoter was
further utilized to modify nitrogen-doped catalysts. Based on
the characterization findings and reaction results, it is disclosed
that the improved surface alkalinity by nitrogen doping and the
increased carbide content, owing to the addition of K promoter,
enhanced the catalytic performance of CO, hydrogenation.
This work provides a new insight for strengthening the
catalytic performance via regulating carbon surface properties,
being approached by nitrogen incorporation as well as
electronic promoter modification of carbon support.

2. Experimental
The Fe-supported nitrogen-functional carbon catalysts

were prepared by the incipient wetness impregnation method.
Firstly, the nitrogen-functional carbon support was fabricated
via a one-pot hydrothermal treatment of glucose and ethylene
diamine (EDA) at 180 °C for 24 h. The obtained nitrogen-
functional carbon supports with different weight of EDA are
named as C-1EDA and C-2EDA. The as-prepared C-1IEDA
was then impregnated with an aqueous solution of
Fe(NOs3)9H,0 under ultrasound for 30 min. The final sample
was calcined at 500 °C for 5 h in N, gas atmosphere, which is
denoted as Fe/C-1EDA. The loading of Fe used was 20 wt%.
The K-promoted Fe/C-1EDA was prepared by the treatment of
Fe/C-1EDA with K>COs solution via the wet impregnation
method (1 wt% K). The sample was then calcined at 500 °C in
N, gas flow for 4 h, and is named FeK/C-1EDA.
3. Results and discussion

The catalytic performance of different catalysts investigated

for the CO, hydrogenation is depicted in Fig. 1. As for the reference
Fe/C catalyst, the main hydrocarbon products are low-carbon
saturated hydrocarbons. In contrast, Fe/C-1EDA presents a high
catalytic activity as well as high Cy+-olefin selectivity. It is implied
that, with the incorporation of nitrogen atom, uniform distribution of
small-size carbides particles is formed, which is crucial for
enhancing CO; conversion, thus leading to an enriched -CH, surface
concentration and finally boosting C-C coupling towards more
alkenes. As illustrated in Fig. 1b, with the addition of K, hydrocarbon
distribution changes obviously. The selectivity of heavy
hydrocarbons (Cs+) increases from 16.4% in Fe/C to 34.7% in
FeK/C-1EDA, more than two times. The high CO-selectivity may
be ascribed to the promotional effect of K promoter for the RWGS
reaction. For FeK/C-1EDA catalyst, while maintaining a high
activity, it shows a lower CO-selectivity. Besides, its heavy
higher than that of FeK/C.
Correspondingly, the catalyst with both nitrogen incorporation into

hydrocarbon selectivity is
the carbon support structure and potassium modification presents
benign catalytic activity as well as higher olefin-rich hydrocarbon
selectivity.

(2) IS (b) I cH, I cc’'lcc/Mlc.c, llc,.

Fe/C Fe/C-1EDA  Fe/C-2EDA  FeK/C-1EDA
(c) = (d)
40

Ul Fe/C-1EDA

FeK/C
Pyridine N

p

Fe/C

FeK/C-1ED.

g

Fe/C-2EDA

g u

)

Pyrrolic N

CO selectivity (%)

FeK/IC

1T 2 3 4 5 6
‘Time on stream (h)

1 2.3 4 5 6
Time on stream (h)

Fig. 1 (a) Schematic diagram of CO; hydrogenation over a nitrogen
into corporation into carbon-supported catalyst; (b) Hydrocarbon
selectivity distribution over different catalysts, data collected at from
6 h (TOS); (c) CO; conversion vs time on stream; (d) CO-selectivity
vs time on stream. Reaction conditions (Fig. 1b, d): 300 °C, 1.0 MPa,
12 g hmol ™.

1) Guo, L., Sun, J., Ge, Q., Tsubaki. N., J. Mater. Chem. A, 6, 23244-
23262 (2018).

2) Guo, L., Li, J., Cui, Y., Kosol, R., Zeng, Y., Liu, G., Wu, J., Zhao,
T., Yang, G., Shao, L., Zhan, P., Chen, J., Tsubaki, N., Chem. Comm.,
56, 9372-9375 (2020).

3) Kosol, R., Guo, L., Kodama, N., Zhang, P., Reubroycharoen, P.,
Vitidsant, T., Taguchi, A., Abe, T., Chen, J., Yang, G., Yoneyama, Y.,
Tsubai, N., Catal Commun., 149, 106126 (2021).
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HIERIERE (L% 3 & L C CCS (Carbon Capture &
Storage) i O BHE R HIfF SN TR Y, ITFE,
(b FRIE D FEFERR BRSO E L D F M D
BNTWD. fEk, {BFPRIANCIZE ) =2 ) —)v
T IR EDEKRT I VBV L R TE R, ITE
TIET 2 /R Y ~— & L AVESFHRICHEF L7 [E R
WAEMNHEERIN TS LA, BEEEEME, 72
IR 2 A D6 RIE KD & CO DILBEZ >
MHTXF—HEMELS, EEFEME SR &0
STERRNH 5. AR ZRIBRAERR O 72 DIZiT,
CO; #[FINTE, FAFRE= R/ F —|Z Lo THbE L
7ok FE & RO S THMALEWIZER T 2 Hik
(CCU; Carbon Capture & Utilization) ™ B 5725 V8T
b5, CO IILFHINCLERMETH Y, FIoHIEK
REERR E L CHEGT 272038 HE vEL X
LD COFHANMETH D Lnd, EiEEEmA
WEATHAEORRIENMLE LD,

CO, DEHIED—oL LTXFMmRET NS, ¥
i, =F X —JHE L THOKFEE CO, & DRIGIC
FOEFEELTEWETHY, FRFETRETH
DD PN T WDk FEFY YV TWEE LTHE
EENTWD. COp 16 DFIEA RS I 4R b4
RS> Pd 2 R RN EME A2 RS2 L3S
NTWAD, ERCmT TEAEERFI ML\ L
SHDLEEBIT, K VIRMARSM TEIETEZ =3 fid
BEDOBRFENMIE L SPTWA. FexlE, CO, WEHE
H T 5K YU = F L A4 2 v (PEL
poly(ethyleneimine))iZ3E H L, Zivid CO, KFEALfil
W EAITHZ LT, CO, ZRBFICKHB~LE
BarTRE AR EARREDOBR R 2 B4 L7z, (LFHICRE
REFARDF 7 ZBEINICT 2 R Y ~— & kFEfil
WO FE#ACiAD D Z & T, IS &AM
BN TR RE R AR AR DO BRI 21T o 72

2. RYZF LA Iv—&REERE S

PEI 22X LT HHEOT I/ KRY ~—I2iFH
BEDO LK 2K 3IMT I ) ENGENATVD. Fex
I%, PEl(branched, My =1,800)? 17 X / F&lZ Ir 7~
AT 4 RIS S ST E A EIr A X
RAT ¢ EEIRAREE(/PN-PEN 2 &Rk L=, HIC
IR A2 @D D720, ZhEm7T AL Vb
BNt F % ) ) F 2—7 (TNT)DHIFLNIC
TEAL U 7 il & FH 8 U 7= (Fig. 1)%.

FT-IR, XAFS #MIEIC LV, TNT I[ZEELEL
I/PN-PEl DOREENHERF SN TV D 2 E D3R S 1
7o. F7=, IrIPN-PEI OEEACHIE T TNT OHIFLE
ERREIIR T L2 & D, BELSEARIT TNT #1
HANICETIE SN TWD Z L3RR Sz,

>
-
—

CO, \
N\/\N/\/N% i
n

II'
o J
B H H H
HCO,- g

¥ Chylr~
1 Ph,P.
i HCOO:

l' TNT support é PEl-tethered i
\, Ir-iminophosphine complex

Fig. 1 Synthetic procedure of Ir-iminophosphine-PEI
complex immobilized on titanate nanotube.
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Fig. 2 Catalytic activities in CO, hydrogenation to
produce formate using Ir/PN-PEI@TNT and the related
catalysts. Reaction conditions: (Ir 5 pumol), solvent (0.1
M NaOH ag., 15 mL), CO; (1.0 MPa), H, (1.0 MPa),
140 °C, 2 h.

CO, AKFELENE, AT v L AR ISR FTE
B Oflfit L 2 LT NaOH Kigik 2 A, ROGH
A (Pcoz = 1.0 MPa, Py = 1.0 MPa) 2 3 A #%, 140 °C T
JNER, FEHR L CiT o 72 (Fig. 2). Ir/PN-PEI % Petto
TNT OHIFLNIZE & LT 5 2 & THRMEER 2 65121
L, NaBlo> TNT MiALNICEELT 5 2 & T3 1%
P £ Tk L7-(TON = 210@2 h). 78 2 7 ¢ »EfL
FNIENG A TRIEYE TH - 72(TON = 62@2 h). Ir
L3-edge XAFS 35 X O XPS HliEDOfE 6, mAT
A NN L2 Y T Ir(M)REA 7= B IE T
HBTHDHENFBRENT. 612, RIGHIEICE
T3 Ir ORFTEEOEALSKEF O Ir—e KU K
FEADIBRRNRE SH, ZANTHE: L7z CO lTskEx
WS 52 L TCXBT =AU DNERT D b0 L HEE
hiz.

f it AN BB 72 0 D CO, W A5 & & g M oo [
IR R S =2 LD, PEL B X OV TNT 1K
D COWAEREN R XA RICHFSTHLD &
H2RIn7-. £7-, INTICEE(T D Z & Tt
RIS E L. Zhux, A A% RS TNT
FMZ PEI 23R WAET 5 2 & TRISH O Ir D%
ERPE SN0 EEZ HND.

Copyright(C) The Japan Petroleum Institute 2021 All rights res@reein-b12-12-01 -



2room-b12-12-01

3. RV=FLiAIv--BE&TRFRNEMEE
TNT (IR AY AW ZA L T\ D
720, WHEIGTOT 2 )R Y ~—0OEH kT S
T, RBEEMESRBICIK T LTLE Y. ZhUCE
DO E LT, FZE U MIZER L. HER
Bt-~%E nm OHIRZEMZRo>F 2= Y DX, 1€
kDAY SHARTIINATERVWE KRR A My T
RfEIEMREA CIAD S Z LN TE S, £, N
CEPBETE D ZEMMPHIRSND 720, ﬁm$
O FbSEVE PR OO YR HH SOV SR 20 i L, AE iR A e
ﬁﬂﬁ@@ﬁhﬁ%ﬁf%é.%:fﬁﬁﬁ,cw
WAERE A FFD PEI %2, ®VWKFEEEZ AT 5 PdAg
FoRiFE EHICHFZEL Y HITHRE L, BHEGEDOH
FIERIZ LY CO W RN K~ & A Ha n] GE 721k
RESEFEL 12 %L%ﬁ@%%%ﬁot@@$®

a@’ 4

. L g

| R H,®
""é}}]'v?;{.%'v'[;;;.m.n;{"'g i

o~ 55 ",

At | gm) H xé%%

H H Al \1P§dAg i
Fig. 3 Illustration of hollow-structured catalyst
encapsulating  PdAg  nanoparticles  and PEI

(PdAg+PEI@HMOS) for CO; hydrogenation to formate.

FTiE B PEl(branched, My = 1,800)% & &e7 €
=T KIEWRIZ Pd, Ag RIBMA KR Y% J — V&N %,
NaBH; #5759 5 Z & T PdAg 7 / ki+ —PEl BEHEA
PRS2, 20k, VU BE, MILEKRA 2 &
Wz, AHES U B = VAR SE S 2 & Tl
AR LTz TEM BEOREE ) O b x p 2ot it %
BT HERRA#KS Y BRI +TH Y, RI+£I3K 400
nm, ¥ = /LR XK 50 nm & RS 57z (Fig. 4).
XPS, TH#E~ v b7, TG, [EA NMRHIEICLD
HZeREEINERIC PAAG F / ki 1-& PElI MNE ST
WA Z ERMER SN, £z, VU= WZIER

1.8nm DAV HLEHTH I ERMHRINT-.

Organosilica shell

Fig. 4 HAADF-STEM image, elemental maps for Si, O,
N, Pd, Ag, and elemental line scan profile for
PdAg+PEI@HMOS.
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Fig. 5 Catalytic activities in CO, hydrogenation to
produce formate using PdAg+PEI@HMOS and the
related catalysts. Reaction conditions: catalyst (Pd 0.38
umol), solvent (0.1 M NaOH aq., 15 mL), Hz (1.0 MPa),
CO; (1.0 MPa), 100 °C, 22 h.
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otz 2Dz kiPHﬁC@M&k%%%L
PdAg 7 / KiF TR ICIEME T 5 2 & CTXERA RS
MMEEEND Z k%rﬂ?“%fwé. F 7o, AT
BS)FHNC AR 72 I 7 U — 5 F T HRE
CO/KFEkIZ X B FH(HCOOH) A= ki %%i%rb
7o, EBIT, AfEITEIEOK T g0 ke <
ﬁ@ﬁbﬂ%T ECHolz. i, A Y B
= VORI TIZ L W PEI OEHS° PdAg 7/ Ki
DORFENIHI S NIZ72DTH Y, Afilis CO, kFHE
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LED X5z, ZAAEROMALZE IZBE O RE
ZERLT 52 & T, MEEMIC i@ﬁnhcmm
FACABLEME 2 BB S5 & & b AEIC b ER
tl%%ﬂ%%%bt ITHECIE, SRR 2 7
VIRER L HAEEE D Z L TRAT D CO 0 5 [EHE
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1) Y. Kuwahara et al., J. Am. Chem. Soc., 134, 10757 (2012).

2) Y. Kuwahara et al., Chem. Eur. J., 18, 16649 (2012).

3) Y. Kuwahara, Y. Fujie, H. Yamashita, ChemCatChem, 9,
1906 (2017).

4) Y. Kuwahara, Y. Fujie, T. Mihogi, H. Yamashita, ACS
Catal., 10, 6356 (2020).
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#I13KI70% D COL R TH V. CH RS L,

TDEx @ﬁz%ﬁﬂiﬁ%ﬁﬁﬁ 1359 0.6 *&z{;&) v . %EE [l] C. Fukuhara, et al., Fuel, 282 (2020) 118619.
PEED CO, H AMBATF 72 oL i [2] C. Fukuhara, S. Ratchahat, M. Sudoh, R. Watanabe,
& 2 787, etal., Chem. Eng. Sci., 219 (2020) 115589.
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