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Abstract — Global interest in hydrogen energy is increasing as an eco-friendly future energy that can replace fossil
fuels. Accordingly, a next-generation hydrogen production technology using microorganisms, nuclear power, etc. is
being developed, while a lot of time and effort are still required to overcome the cost of hydrogen production based on
fossil fuels. As a way to minimize greenhouse gas emissions in the hydrocarbon-based hydrogen production process,
methane direct decomposition technology has recently attracted attention. In order to improve the economic feasibility
of the process, the simultaneous production of value-added carbon materials with hydrogen can be one of the most
essential aspects. For that purpose, various studies on catalysis related to the quality and yield of high-value carbon
materials such as carbon nanotubes (CNTs). In terms of process technology, a number of the research and development
of fluidized-bed reactors capable of continuous production and improved gas-solid contact efficiency has been
attempted. Recently, methane direct decomposition technology using a fluidized bed has been developed to the extent
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that it can produce 270 kg/day of hydrogen and 1000 kg/day of carbon. Plus, with the development of catalyst
regeneration, separation and recirculation technologies, the process efficiency can be further improved. This review
paper investigates the recent development of catalysts and fluidized bed reactor for methane direct pyrolysis to identify

the key challenges and opportunities.
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Fig. 1. Main carbon products obtained as a function of temperature and catalyst employed in catalytic methane decomposition (MWCNT:

multi-walled carbon nanotube) [8].
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Fig. 2. Growth mechanism of CNT (a) Tip-growth model (b) base-
growth model [32].
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Table 1. Ni-based catalyst properties and carbon products

L R A LS A
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Methane GHSV Cyied denr (diameter

Catalyst Reactor T,q/C T /T conversion [mLe 0] [ec/o, %] of CNTs) Ref.
Core-Shell Ni/SiO, F(‘I"]‘;d'zbel%rf;lf;‘)’r 600 700 80% 24,000 563 % - [37]
. Microreactor .
o _ ) _ - ~
12.8mol%Ni/SBA-15 (LD. = 10 mm, length = 212 mm) 700 18% during 13 h 20~62 nm [38]
. Packed-bed reactor . .
0, 0, - = 0, ~
10wt%Ni/BPS (inconel-600, O.D. 3/8”) 550 700  18% during 90 min 1200~1600% 5~60 nm [39]
55Wt%Ni/SiO, F‘(ﬁg'tfg rrf:f]t)"r 575 700  54% during 300min 36000 . . [40]
4%Pd-55wt%Ni-
-+ 0,
15Wi%Cuw/ALO; Tubular fixed bed quartz reactor 600 700 58+2% 24000 70 nm [41]
SSWi%Ni-10W%Cr/MgO  © ‘Xed'bedav]g”fgln‘i‘éf)“z reactor oy 700 60 % 48000 ; ; [41]
. Fixed bed reactor
0.2wt%Pt-20wt%Ni/CeO, (15,225 i, =G0 Dmmm) 750 650 = = 525% 5~60 nm [42]
. . Fixed-bed reactor N _ 100~210 mgC/ .
Ni/Al,O5, Ni-Mg/Al, O, (O.D. = 1/4 in, length = 24 in) 650 650 45% (@Ni-min) Graphitic sheet  [43]
. Fixed-bed reactor o _
Ni/ALO; (L= 10 i) 470 650 79% 42000 50~200 nm [44]
10W%-SOWOANITIO, | 1y i‘;wnffjc{::;ficé%g mm) 600 700 50% 9000 1544% 25-450m  [42]
. . Fixed-bed reactor
0 g 500, _ -
15wt%Ni/RH-SiO, UL =22 i, it = 4460 ) 550 600 50% 18000 56~153 nm [45]
. Fixed-bed reactor o o
Ni-Cw/AlL,05-MgO (LD. = 18 mm, length = 750 mm) 650 750 30~40% 120000 670% 100 nm [46]
Table 2. Co-based catalyst properties and carbon products
o o Methane GHSV Cyied dont (diameter of
Catalyst Reactor Teq/C Tg/TC conversion [mLe. -h! y vie 9% CNTs Ref.
[ gcal ] [g( gcal ] )
Co/ALO, Fg%iﬁeforii‘:gr 550 650 65% 42000 50~200nm  [44]
10wt%Co/CNT U-shaped quartz reactor 400 600 - 18000 464% 4~12nm [47]
. Fixed bed reactor 0 _ _
Co/Sr, TiFeOy B = 112 s, It — i) 850 ~95% 6000 [48]
Horizontal quartz reactor o o
Co-Mo/MgO (LD. = 60 mm, length = 1200 mm) 800 800 86% 7500 60% 20 nm [49]
Co-Mo/MgO Qn U T 900 900 ~95% 4500 125% 13-28nm  [50]
£ (1D.=30 mm, length = 600 mm) ° °
Quartz tube reactor
0, _ ~050, Y ~
30wt%Co-Mo/MgO (LD. = 30 mm, length = 600 mm) 900 900 95% 14400 233% 2.5~38 nm [51]
Vertical reactor o o
Co-Mo/MgO (D =75 e, s = i) 500 800 45% 7200 160% 4~25 nm [52]
10Wt%Co-1Wt%RW/TiO, %"g‘i rg?ﬁg 600 600  50~60% 15000 423% 30~50 nm  [53]
Co-Mo/MgO 2D AT TS 1000 ~1000 - 18000 ~190% 2~30 nm [54]
(length = 1000 mm)
Co/Al Quartz reactor 700 600 - 54000 40% 10~40 nm [55]
Quartz thermobalance _ o
Co-Cu/cellulose (CI Electronics Ltd.) 850 800 2100 66% 40~50 nm [56]
o] F7} ghslra 27} 7hsst 5 Slle] Ao A1 vzt = A8 olUA & 2oL HhS ARES d5E 4 QU mhebA
A A A7, of 3ol A Sl particle 713l A Wttt Agkel HuE AEshs A2 829 34 AAE Ast a3t
[33,34]. base-growth MAYF2] 749 742 $t catalyst-substrate Q4o]t} Ni 7|5}, CoZ|5h, Fe 7147 9 U5 545 (multi-metallic)

% &A-go] EASL, Tip-growth WIAUS T FARH Bl
=5 ddelA = BhE ghAE 5% ShlE FE gk
A2}, 12U 733t catalyst-substrate S 2120 2 Q13| F4
AZE 12 e o2l ONTZE 55 fellM “37d3ith35,36). =
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Table 3. Fe-based catalyst properties and carbon products

A S 919 M| feT SvlEsl 71 HE 5% 179

Methane GHSV C denr (diameter of

o o yield
Catalyst Reactor T,eq/C Ty/T conversion  [mLe ] [ec/eu, %] CNTs) Ref.
o-Fe/Mg _ -~ = 03 ~16 nm
MoFeMgO _?;‘arf;“;::;aftgrzo mmy 00 800 36000 220% 8~16 57
Quartz reactor B B N 9
MoFeMzO (1 o e 1000 mm) 800 800 284% 10~15 nm [58]
Fixed-bed flow reactor
Fe/ALO, (LD, 10 mm. longth < 445 mm) 700 700 ~57% 42000 78.50% 60~70 nm [59]
Quartz tube reactor
0, — — 0,
SOWORFE/ALO; (11 _ (5 longth— 1200mm) 50 700 44% 24.4nm [60]
Fe,05-ALO; AD.= g‘;ﬁ?gﬂ;ffgrs 0 mm) 730 730 ~80% 2400 30~70 nm [61]
Fixed-bed quartz reactor
0, . — — - I~
0%FeMgO e 1000 mm) 800 800 10~20 nm [62]
Table 4. Multi-metallic catalyst properties and carbon products
. 5 Methane GHSV C,; denr (diameter .
yield CNT
Catalyst Reactor T,ea/C T,/ C conversion  [mLe'h']  [ec/ey %] of CNTS) Ref.
SwtYN1-3.3wt%ke, _ () - - ~60 nm
5.3wi%Ni-3 3wi%Fe/ALO, (Tlugufirlfa;g 600 800 48% 30~60 63
9Ni-1Fe/Si0,, 9Ni-1Co/SiO _ Fixed-bed reactor 700 650 50~60%  42000ml - 50~60nm  [64]
- 2 (LD.=10 mm, length = 445 mm)
9Ni-1Co/AL,O;, Fixed-bed reactor o B
ONi-1C0/ALO. TI0, D= 10 mm) 470 650  50~72% 42000 50~200nm  [65]
Ni-CW/CNT (D :?(‘)‘agfntulzrelgﬁfgoo oy 180700 75% - 750% CNF  [66]
. Quartz tube
0 _ 0 — _ 0
AOWOAPe-TOWOANVALOS 11y o o B 100 mmy 550 700 50% 58 nm [60]
Ni-Fe-Cu-Mg/Al,O, T“bt(‘ia]r)qiagil rlfg“"r 650 600 - 15000  10~30% 14 nm [67]
Ni-Fe/ALO, H"“fl"]“)talqu“;“nfr;‘;acmr 800 600  ~57% 7500 32% 10~50nm  [68]
Fe-Co/ALO, CAHN TG-2151 thermobalance 750 700 5000 128% 21 nm [69]

2-1. Ni 7|g+ =i

Ni 7|5k Zn)j€] 73-9- VD3 ol AbkskE XVl A7 HZHA =
71 SRl Z-EETH40-46]. H L AHEE TR o] Sl 24

Al Zuf W] B4 S-S WA ete] /S 57 HE
7= Aol & 4ot
Pd % Pt ¥ Ni-CuMgO-Al,0,
FulE st e 54 9 des ARG Fue
mesoporous T2 %A T BET %4 (126.28 m’g ) 7141 7] W&o
o] @A kg o] FE T Pd =Y 4% Pd/Ni-Cw/
MgO-AlLO; 7} 600 TollA 600 5t ] 11.2) 4 (vlgh Mg
60%, denr =70 nm)¥} F7F7d& LFERIAINE 1 o] 4 0% Pd 21
o] Z7ketd Fujl 3EHe| g F2o] WStk B 318t om 4
3] 39 Zu] TEM ©]v] A& Fig. 3o YEF T} Pudukudy et
al[42]2- 10%e114 50%2] vkt 12 &8 714]+= mesoporous
Ni/TiO, 9] &35 HIESFITE 9000 mih'g!'e] GHSVa}el
700 CToll A 50% #lgkell 28] Ni/Tio, S S A48 A RS o

mesoporous -5
Rategarpanah et al.[41]

56%2] Holl T4 FEo] Do Rt tlEo] 50% NITIO, v+
960%-2] AIZF FRL - b AN WS WGl o o] =, 54

A A Q] AAE AFE ZHgo 7 EJgR o} Te| Ui F7)¢) YA
AR} v ASHA] ke o] Q17 wlol2kar AT sisict. gk =7t
600 TollA 700 CE Z718F vff % Bl 5-80] 566%14 1544%E

S718hR= A& g1t} Donphai ef al.[391> 77| €h4 4
Aol 3l A B2/ s} == A sdet] A3l YA mlol R
< o AE)FHNYBPS) S 24 9 QA ol chiel el
th ® 3% mAYUES &3l Ni/BPS Fulloll CNT7F B/ o] U]
7o) & F-917}F o8] CNTS] "ol dot Hlo] 2~ 3% WiAYE
O % A He FuEcH B2 ONTE sk 218 EIsIsiT)
g4 Wk ol g} HES 3 Zu)) ebgA] =3k 3w 9tk Ni/BPS
Zo= o] kS 7)F 02 § 580] 550 TolA 1200~1600%
yield/gy; 9l AT AEF 02 FHujlo mesoporous:rLZ«] A

AAE A-gerhd /Pg/do] F7keto] B &S Hol= ANE
UepdTE, SEAIRE A4 0 & Ni &3-S 7S o S0 24
of] Bkax o] Bl A A tel] Aste] Sl EAJo] TRt
ATATE HojETh

2-2. Co 7|t =0jf

Co % Fle Mo 4 555 F71E |Aete] 2 ARS8t
[49-52,54]. Ko et al.[49] Co-Mo/MgO Zl| XA A 8] tha4d &
go] wgk Zaloll nX|= Jake A 213l Mgo2] 3 R EE
HASIAA ThE T 5498 2He FulE Az 170 m¥Ygd]
71 £ 81 EE A4S 2= Co-Mo/4MgO S 60.12%2] MWCNT
yield, 85.7% w& 2853 VeI T Co-Mo/4MgO Zufjell A
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Fig. 3. TEM analysis of the fresh catalysts (a) 55Ni (b) 55Ni15Cu (c) 55Nil5Cu and the spent catalysts after 600 min at 600 C(d) 55Ni15Cu

(e) 55Nil5Cu [41].

A3 El MWCNT= 34 270] 20.5 + 7.8 nm=Z 718 =2 274
5o} 27 BT w3k AnkA o 7 Aksh FAof o8| A
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32 S7IA7)E A w3 Wl UH52,53,56]. Esteves et
al [521& CNTE A A A= 083 Co/CNTE A|Z3te] Rkg-of] ©]
3190 ONTE Ful| XA Aof] Sg-3trhd AWH o=z 3¢
CNTE 9+ bl a3t (A AA F7o] Ed sl Auatal
th A A¥ Co 2Ho] HE7H FUE YAF S3o] WA H o
o] FrkskaL, ZA 2o 2 Q1 n)Ed sl AlRte] =HXTH=
A= BTk AHF 07 10 wt.%] Co RHOE AlXH =
7H¢ 3 ONT 56:(464%) 2 7P 22 ID/G (0.82)F LIERATH
Shah et al.[53]<> mesoporous TiO, XX A& o, T4
TiO, A4 Al $1¢ll Co-Rh Hie YAE 3% ] 0 2 A %3810
g5 #A3HATE. 600 CollA A E Tio,= AZ2¥ FHull= Tio,
} 3ol S/ s 9=l Znl) 9 Y3 S ERich e F
AR A ] 7 273, BRA, WHE ARk e YAk
uhe] gl om Hol ©a 82 6.41g/g,,, 40~50 nm2]
2] MWCNTE itk BEskeich 22 2= Co

Korean Chem. Eng. Res., Vol. 61, No. 2, May, 2023

=
AEEE

T3

o>
ol

e rlr b g

MR

Sl Co-Mo B Sl o] 2r0] 1 lom] Sl 4 BAIS
A5k I3 ey AAAE BEto] FPYS sk AT
7k 213 3 91k,

2-3. Fe 7|2} =0f

HERS =47 Raalr] 95
A7} g ARgSHE Aol Fast A aolehs HellA g g
gl 187341 Fe Fulli= a7H4Ql tigto 2 B 4= gt} B84 A4t
3HE0] XA P Fe = AR L FHA5H AtE 1 glom
E3], MgO, ALO; ¥ Si0, &= tlEAQ) E84 Akska x| x] o]t}
[57-62]. #|<* Fe 7|4k Zull 5 Fal] 2kl 7-2]7]olx¢] A3 HErh
CNT 573l w|X|i= el disl 2413 Akl7) QA 57,61]. Park
et al.[57] Mo-Fe/MgO Zrljell tial] gk iefH Ao glof
v gl WA &5, o ok 9 AR S AN
400~800 C HEIollA gl 57} F71ghel| uhe} ONTS] 27 &
Eo} AR S A By g9l At SR
CNT &7 #3527} S7H8hthal B a3 Th Yan er al [6112 Fe,0,/
ALO; FlE AR 3l vES Wil 3hed VA, 3 %
71 74 9 7K 299 FEE T4 CE AL 1 A
w|gkel] o)zl helE Ful] &4 2ol Fey,C7F A E]o] G740l <]
3l e FuRct o 2 84S Kool vl & XA A ¥
Uk B gk AvpA o 2 vjgk 9] 7] 94 Fe,04/AL0E 730 C
2 7Fdshd A 9 4 Bl RG S o] o] St
Z& RIStk Full Aol P st A Abel T3k B g E o)
Wang et al.[591 7152 “Tip-growth” ®-2]0] o} “base-growth”
WA 02 ONT P48 FH8H: FullE 7idste] Full AAAdS

PhssH sHe A1) ewe] A9A B 4TS Bt

& A o2 s SlsiME



e
TA

¥a

SR S $13t A

Fe/ALO7} Fe/SiO BT} 45 Qks) A7) Alo] <] A5 2kgo] 1
ek Ao ® et oM CNTE X368k ¥ iUH% Arto s &
23t A F3HATh Fe/ALO, FulolA 358 ONTY] 58
TGA B4l 2J5hd 96%ell =23ttt

2-4. Multi-metallic S0
Z < Multi-metallic 18] &4 A& shefo] w|el ASE gha
ATzl mX|= Pkl el vk 2L E| ATt Tezel er al[631>
goFst ol Ni 7149 Fuljof] == Fe H7 15l 1 6315
ZAFsHITE Ni Sl ol FeE 3 71ald v &2 3h7h A A=A =k
600 CollA z7] Hgk Aggo] 7HA3sIIct. A2 S % Fe H7h=
e/ H FAS S7MAIFCE 28 BET 294 9 7|3 73] 9}
] G2 Aol elli= Hgh *474]7} A Bt 75 DA 2=
iuH FA ol FHAQ J &S v)FIvka AFSISI) Ayillath ef al.
2 W&k 73l A7E 913 NiFe/Co 7|4E Znlje] Sujj &4, H
945 4l Q492 91533t XRD 4] A ¥} multi-metallic 57 2]
A7 3717} monometal S H ) 2 Z1 o F wrE F ) o] =
multi-metallic 2] 24 1-9] F7ll| sdE ™ ©]7-2 monometal &
wfjol] B]3)] multi-metallic 7H2] PQ_'MO] o =& olg = 4
ATk EA T Ni o] 52 Ni-Fe Srll& @ 55 i
th o] 2 wiEk A3 BT Nifl 7= S2) /P33 STt
71038tk AFFTE. Al Mesfer ef al [66]2 HEr Zv 1312 9]
3} Ni-Fe-Cu 7|4}t multi-metallic 5] 22 3}ol] ¥allA A5
ot A5} O:‘:IL A} wgt Fal S s J 4w vk A4
o] Fuljo] Aol oEsh= o7 et Sl 9ol e v
a ‘)rinTEJ A7LS T2 Ni 290 et gEp & S g1y
ok AA o 72 opeFst v/ mE YIS Fe w5 (wt.%) >
Cu 25 (wt.%) > 24 5(C) > Ni 25 (wt.%)= J 35T

3. RSS0M CNT2| =3 HS R CVD test

3-1. Carbon nanotubes2| 25 £M
5 HTe =2 4 9 23 A9 a8l Qlo] 44 44
o] A7) wzoll % bl ool &89 a1 QltH70-74]. CNTS] ¢
A EAJof| st A= ol A=A gkt YA} A7 &
Zgo] 7}3llA agglomeration size:= w3 FX|4F “1o] ¥} bulk
densityt= J33] 7] wlioll Geldart’s classification . & 42 8H&
35 ™8] of %’371 3o th72,73,75]). whebA] CNTE] 2814
E23& olalak] AslAE &3 5401 = nEARe] fs Pl
3k A5 Faraoksttl{76-83]. Wang ef al.[84]S S ¥ Ui
A=) f-5 542 S3A vIHAL 53K (agglomerate particulate
fluidization; APF)$} -&-# A 7] L 15 3H(agglomerate bubbling
fluidization; ABF)Z #73}Th APF= 7]-1L 55 Al AR %
71327} glo] T uitell A =2 A #AkE o] Sl -3 S
A 2Elof| X 2] QIAEAF T Bl =3t f-5 S Hl & KAt ABF= YR
AR 7|Al- 1A F-5%5 ARl YA} Abo| &2 7|27} e
-5 FHE BATH85]. ABF= Y AH=°|Y Geldart group C
Azpol| = LpER =] v]sle] APF= vl 54 4%1 RS ol ARk
LERdT)
Valverde and Castellanos[86,87]= &A1 o +4 3 f5=2
solid like fluidization®} liquid like fluidization ©. &= oL Al&-3ls)

ol

55 Slesl 712 F2 5% 181
10
A

10° SFB

o

E

&

S SFE
10%
10 ; )

1 10 100
y (umy

Fig. 4. Modified Geldart’s diagram [87].
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F3le} AR AE-S Hol= FElE 5581l Liquid like fluidization
SHAEO] HA ks o 7]4_7P SR Sk FEE S
L IR E 45 7ol Wt solid like ﬂuldlzatlonoﬂ/ﬂ liquid
like fluidization® 2 -5 54Jo] W3lstal ] 2 F-&0lA= 7]
3 53k FHIE Zh=t) Fig. 404 £ 4= 3150] Geldart group
C 4AFe] AF& solid like fluidization to fluid like fluidization to
elutriation (SFE)%} solid like fluidization to fluid like fluidization
to bubbling fluidization (SFB) e & 7515t
Yu et al.[88] BHAU - FH $3 A= APFO AFS Bl &,
frgol T7Fghel wel ABF As-& WERAThaL 4938181tk CNT=
78d3] AA BEE FE3) o] FRAIRE ONT F-&3telli= 43t
3| AEHZ A A7 EA S 853} 7] oA Geldart group A ?J
Ak} AVl vl A -5 8191 APF A5 K.olil ABF %
AA W 2 wE fEEt 540 ® e gitia "113’—5’14\‘:]'
Jeong et al.[75] ThFet 8 2] MWCNTE] 538 A5 &
Z"ﬂ’\i ZA}S”‘:‘r 73t g =ell oall Wole = F 3% CNT Ak
538} 7152 Geldart A group 1A 7538 A5 FARHY &
B7go] A skl eh U8kl & *1 4] bulk density”}F 1w %] &
CNTSI A= Geldart group BY] 53 FAFsICHL 2431510} &
A3t 29 ONT 3 A2E 538 2 bulk densityol] w2} 2
6‘] = 05 E/\q o l?'_o E}«— Ao o oLa _EL/:‘] ;C:i EEH i]-o]g]_oﬂl:]_‘
5} Jeong ef al.[89]> MWCNT S A19] faoiets 54& 4
gkl 1 A71E 7S Fell ARSIt MWCNT 631419
bed collapsing #}8-2 Geldart group A ¢ AR T} Geldart group C
AA+E] bed collapsmg JJrX* o ¥ 77k Bl o= whsl ATt uqaw
CNT= 21 54 size W bulk density®l] ©2} Geldart group A &
Geldart group B9] %5 545 YEFN™ bed collapsing 54 <
Geldart group C 5= 7}2] Qlthar 8k 4= QIt} Kim et al [79]
CNT 55 487 38 Ul ONT YAk A5 gelsh] S8l
fo ] A &304 P SRS ol &3to], ONT3AA S =71 ¢ ¥
S7sISinh. 714l {550l S7Fek= vlAkE = ONT 33419
Heywood 743} Feret 2170] 718k L, 34 Wl CNT A7}
S7F Fdtkar Waskelvk. 5k, 71A19] o] Sk ONT
A9 FYE Sk 22 ASS,

Korean Chem. Eng. Res., Vol. 61, No. 2, May, 2023



182 oA

Table 5. Experimental conditions and results of methane decomposition in a fluidized bed reactor

Temperature Catalyst Reactor Fluidization parameters Results Ref.
Tred Tea Amount LD. Height Vol.flow U, Bedheight do Methane  C,;q
. . Catalyst (dlameter of Wall . v
[l IC] (m) (@ (mm) (m) (mlmin) @ms) (mm) (D Conversion g/, %]
5 5 60%Ni-5%Cu- 3 9 one 400
550C 750C 5%Zn/ALO, 125 5 12.7 800 45 1.36 60~80 MWCNT  75~90% 45~50 % [90]
= 750C  Fe/AlL,O5;-MgO 60 15 15 60 60 0.37 10 40 MWCNT = = [91]
- 600~700 Ni/CeZrO, 125-200 34 550 2000 - - 47~64 MWCNT ~90% 51%  [92]
600C  600C Fe-Co-Mo/AlLO; 125-200 2.0 50 1430 2000 - - 3~25 MWCNT - 90%  [93]
- 750C Fe/AlL,O4 150 1 10~27 350 ~1185 247 20 5~80 MWCNT 75% _ [94]
850C 750~850C  Fe/AlLO; 91 25 36 —  400~800 0.25 - - - ~95% 10%  [95]
850C  850C Fe/ALO, 50 16 27 100 - - 1030  CabonNano g0, - [96]
Onions
32 /35 HE7I0IMel HIE Zof =5l oFt.
==ukS uf] 23 A =4 amacz and Labojko i/CeZrO, = Sl
T 55 WES7]0M AT vgk Fuj) B Ao AY =3 L d Labojko [92]+= Ni/CeZrO, F 1| E ©] 43k CCVD

uFe @J}*‘ Table 51| L}‘ﬂ 33T}, Parmar et al.[90]> Y2
Fufjol] ZXAE ARg-sle] 52 e ek, v 8 3 A <l
qe 04910134 Z—JJr 7lﬂu CNT &8 71 9 Zn)] A8
?O}Oﬂ\:} Az —t—*;fi CNT A8 3} 8 #o) 58] <] vt
S A8 F717HA >90% z7] vle A3E-5 Algehs Zlow
o] A Fof] Fulj= 2ddet B4 &4 glo) ths Wh ] ellA
gt IS 35S otk A E BAE wEst 598
B35 A3} CNT ODE F2 60-80 nm F9]0] 32 4o)= 5 um
A ACE FFHAT o] Az 59 7INE ONT 2217} =7
e WelehA oo 3 ol A 3ol E8E e
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Fig. 5. The scheme of the catalyst preparation (a) and installation used for tests (b) [92].
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Fig. 6. Activity for methane conversion on the fresh and regener-
ated 40FeAl catalysts at temperature 750 C, 150 pm grain
size, 1 g catalyst, CO, flow rate 200 mL/min, total flow rate
200 mL/min (50%N,-CH,) [94].
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Ny+H,

Carbon source gas

Fig. 8. Schematic diagram of the structure of the reaction device. 1.
Main reactor, 2. Gas distributor, 3. Heat exchanger, 4. Catalyst
inlet, S. Product outlet, 6. Catalyst activation reactor, 7. Gas-solid
separator, 8. Gas supply unit, 9. Degassing section [98].
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