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Abstract — Phosphorus was incorporated into Co/Al,O5 catalyst for FTS by impregnating an acidic precursor, phos-
phoric acid, in y-Al,O5 support to improve the mechanical strength, the hydrothermal stability of the catalyst particle,
and the catalytic performance as well. Surface characterization techniques such as FT-IR revealed that AIPO, phase was
generated on the surface of the P-modified catalyst. The addition of phosphorus was found to alleviate the interaction
between cobalt and alumina surface, and to increase reducibility of catalyst. The catalytic activity such as Cs, produc-
tivity and turnover frequency (TOF) was calculated to evaluate catalytic performance. The influence of calcination tem-
perature of the Al,O; containing 2 wt.% P on the catalytic performance was also investigated. Through hydrothermal
stability test and XRD analysis, the P-modified catalyst had strong resistant to the pressurized and hot H,O. The
mechanical strength of the P-modified catalyst was also examined through an in-house fluidized-bed vessel, and it was
found that the catalyst fragmentation could be successfully suppressed with P. Taken as a whole, the best performance
was shown to be at 1~2 wt.% P in alumina and at the calcination temperature of 500 °C.
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AA7PF ASE L AfARdo] dEo] Tk At sy A
AR Yulo S0 el B, S )
]iUH’\(blomass) o grE 184 H0 JPATE A|ZE = Q)
+ Fischer-Tropsch th/“‘ﬁ(Flscher-Tropsch synthesis, FTS)0] ti<t

7 2A 23S W T 1,2]. #H2ell, A% 712 (steam reforming
of methane, SRM)¥} ©|:F8}€k4 7l (carbon dioxide reforming of
methane, CDR)S 57 ARE-8l= B3/ o] 288 GTL(gas-to-
liquids) 7]%0] 7WkE] a1 Qlo], GTLY] A7)+ 5 shiQl FTSE
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2-1. F0 F=H| ¥ FTS HAE

Fvll= T PO R Az ). P A gFut A=A
(P-LFrvhE EFEL oib] Po] H7FES 0-4 wt%E WISHA]Y]
WA Az Jaks Po) AR *}%0}0% y-Al,05(Sasol
puralox, 50~100 p, 170 m¥g)oll $-43led A ZsIet. p A7t 4+
L= 110 °CollA 12 h B¢ ARA F, ARl AXLToA 5
h &<}t 248} vk @AlellA, A4k STEE, Co(NO5),6H,0%
TLE A2 ARgste] P-dFulute]] FRIAIZ oM, Zuidat W)
TLES] o] oF 16.7 w7t B =5 3I]lt). o] Fulli= 110°C
ol 12 h B¢ AZAI 3 air B-2)712 400 °ColM 5 h 5 24
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AZALE #HE Frlis CPAR)E E718H, xi= P/ALO,x1008] %
H)E YTt P-alumina®] 24257} THE Apolle HE50E
CPA[y]3} o] E7I8HH, y& 2= E HERATE CPAfy]
Zufo] p SRk 2 wt%® VAT A3

A3 CPA FUhE-2 44 Wik W-37)(CSTROIA F1) A5-S
H7Yert. o] FulURFEL P12] ex situZ 400 °CellA] 12 h 3¢
3HlE 5 3719k AEGlo] CSTRE %AXITE CSTROE 5 ¢
CPA Z17} 3451 &2i2]3l& 01*5‘}01 300 ml9] squalanes <]
o].oﬂx;]. §]—/K‘1Eﬂ/\E.‘_: l20h£?l’ A8 ].oﬂ ou:] H]—O_(P_E o]-a
755 (GHSV), 938 wikE S 742} 230 °C, 2.0 MPa(gage),
2000 ml/g,,/h, 1500 rppmo]iL, T & F/J-2 H,/CO/CO,/Ar(mol%)
=57.3/28.4/9.3/5.0013{t}. 91714, Ard- GC 4= 218t Uiy %5
EA=E 2130rH4,8].

HE7104 wiEE= 714 %?}%S FID AZ7)el AZ= Gs-
GASPRO capillary column®} TCD 7% 7]°ll A2 % Porapak Q/
molecular sieve(SA) packed columnol FarElo] 9= 22kl gas
chromatograph(YoungLin Acme 6000 GC)E E3lo] #-A1%¢]t}.

2-2. 0 EA A

CPA ZFflell thdt FTLIR 2HEHL 4 em™'2] SV == DTGS
KBr AZ&717} 429 Nicolet 6700 FT-IR A1 Ak%o}oq 712E
o}, Bk /\]'EH—’] Zu] MZS FHylog wlE &
HolderE AHg-8lo A9 ERS SA5150Tt
CPA Zfjo] ARG P-L7r|ute] 94, 713 Ha, 715 Afo] =
1= constant-volume &2} 42|21 Micromeritics ASAP-2400<-
ol-gato] —196 °Collr] A B2 G241 02N E] it 7189
T3 0.999] A= (PPO)eld] A= om, 713 Alo] = s
BJH(Barett-Joyner-Halenda) =25 ARgslo] A4 5249 &
}+ B JX] (desorption branch)Z-E] AlAb= o SlTk, A2 %15-9] CPA
Zuj|o] 390 XRD WS THE T4 ARt AHskal
Co,0,479°] =715 Adsl7] flste] Cu-K, radiations ARESH=
Rigaku 3]8A15 5810 4938150t} Coy0, A7 2] A171= 9719
717} 7P 233t 26=36.8°114 Sherrer®] 321 o]-g-3to] At
tH15). HES HIAE §- Sulls Aol2Reito R vig] AlFste] 5
] o] g AASKL A

TPR(temperature programmed reduction) 23> |2
C0;0,°] $Hl =5 dAsp] flsto] 3= 3ieh. TPR A ©
CPA 1= 200 °C71HA4] AE &5 AElZ 7143k 2 h &<t
afo] S B3 vE 29EES AT F 50 °CE Y7HA
VI 5%H/Ar 8724 30 mimin] FEFETR &
AL, 10 °C/ming] 7FEEER 50 °CollA] 1,000 °C7HA] 7HAEE 3 3F

Z5of|4] 303 TF-FAI g w7k AR EE AXHEA A

”’“E WA A A 5, TCD7F 42k 2211 Geoll Hfjol#] 4]

Magnetic Film

L

o)
b

gl
of

28

2
2T

f
e 2o

0:M“-{NL

=31},
3. Aeddnt 3 aF
3-1. CPA(x) EOie| SMEM
CPA(x) Fullol] AHE-¥ P-&dFu|L}e] B84 B4 dis

Table 1] A5} p-Lu)Uo] M7}E= p
we} ¥AH, 71359, 713277} AR sk 4TS Bk



FEEA Y 71 bdY] o SHfeld CSTRe At

Table 1. Physical properties of P-Al,O; supports with various amounts
of P in alumina

Notafi BET and BJH methods
otation
Surface area (m?/g) Pore volume (cm?/g) Pore diameter (nm)
AL O4 162.6 0.485 8.89
1P-Al,O4 163.4 0.477 8.87
2P-Al,0; 164.4 0.468 8.53
3P-AlL,0; 154.8 0.437 8.47
4P-Al,0; 150.3 0.417 8.43
3
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Fig. 1. FT-IR spectra of CPA(x) catalysts. The x is the weight per-
centage of P in alumina support.
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P 7} &5} 7Rk Fischer-Tropsch 748 FE Zuj) 231

AJE AIPO, 7ol 23k A 07 KT 10,11]. P SHo] Tk
T ¥F9 A7 AFeH, Al T thA 52 wavenumber
%0 7 o] F3girt. o] 71 Pe §Ho] T7HE 179 intensity
7} S7¥eksl o™, P-0 X AgtEo] ARA =2 wavenumber® ©]
TS oJujgitt.

Fig. 2(a)ll BRI A3} o], 37| 5 A4S A%, CPA(0)E X
3 e FuEe] XRD el Co,0, Avte] fF3lo] Lyl
XRD H&12] 20=36.8%114] Scherrer?] &2]2 014314 Co0,0,2] 2
7715 AAFsEe] Table 20 YERASITE. CPA(1) F712] Co,0, A
43717} 11.6 nm=A] Al A8kar, vhE SullEelks A7+
13.8~14.8 nm JE= AAFE I o] 32 A4 2] PE FASHH
Co,0, A4 A717} ZopAu} #5ke] PE T A4 dFuute]
Z2 229} TLES] sinteringell &3l Co,0, AW A717F AXE= A
©2 HQIth Bae 5[410] Bt vl k= p 5] 2 wt.%elA]
Co0;0,2] A% A717F 7H¢ 2l vttt Bae 5ol ARESH AX A=
FExAo] 350 mY/golut 1 Aol AREE XA A= ARk 2l 170
m?/g 2] Zfl A|zol H A3kl po] T ANl 2 FolE 1o
2 Roln] AR 7% o]of 7]QI3k Z1o 7 Wt} o] A¥}E o]§-
31o] Co%2] 712 molar volume correction & ©]-8-8t0] S=Ats)
o] HH[12], 8.7~11.1 nm =D & 5= AUk Fig. 2(b)= A5
Zelg] HkS710A 120 h ¢k FTS HIAE & AZ3 Zuj 9]
XRD &S Rt FulE kgl 15k deiMs &4 F
AA TS F310] Co metal AFEIZ B/ SPA)AHF S}, HES- 3 A8
Z9 Full= Wh F Cof) Akl 3719ke] A, g AlH W @

ok3HA LR, Co metal peak &4 35531}

PE F7ksle Fafjo] eHl5/do] il E = 22 Fig. 39 YRy
ATt Fig. 3(a) TPR 22T} A= P H7tel| mhE 250 W
7} 5518 HolA= =t} 3R, Co;0,7F CoOE A Co’
7 5= 7ol ddah=s 200~700 °C] ¥ AAS AXtslo]
Fig. 3(byell 9 82 Yeh) 23, P H718S SV w4
thA el 3k (relative reducibility)®] S7Ha= & 5 Atk oLk
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Fig. 2. XRD patterns of CPA(x) catalysts with various amounts of P in alumina; (a) Before FTS (calcined in air); (b) After FTS (used). The
used CPA(x) catalysts were previously washed with cyclohexane to remove deposited hydrocarbons on the surfaces of the catalysts.
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Table 2. Catalytic performances of CPA catalysts with various amounts of P in alumina for Fischer-Tropsch synthesis

- — =
Catalyst CO Conversion Hydrocarbon Selectivity % (;?;S;‘r g;ys)t(aélge Co ;f{eDfrom TOF* pro dl(J.:chivi iy l;ﬁggggig;z
% CH, C,-C, Cs. nm nm 1075 105! 10757
CPA(0) 42.71 2.96 3.59 93.45 13.8 10.4 3.46 9.70 1.90
CPA(1) 46.62 5.02 591 89.07 11.6 8.7 3.27 10.15 1.56
CPA(2) 42.86 2.63 3.02 94.35 14.2 10.6 3.45 9.84 1.36
CPA(3) 42.46 6.41 6.98 86.60 14.7 11.0 5.31 9.07 1.20
CPA4) 35.19 6.86 7.41 85.73 14.8 11.1 5.04 7.45 0.99

9CO moles converted per second/Co’ moles on the surface.

bin this study defined as CO moles converted to Cs, hydrocarbons per second/total Co moles in catalyst.

“in this study defined as CO moles converted to Cs, hydrocarbons per second/reduced Co moles in the catalyst.
abe Activity test was done at GHSV=2,000 ml/g-cat/h, T=230, P=2.0 MPa and H,/CO=2.0.
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Fig. 3. H,-TPR results for CPA(x) catalysts; (a) The effect of P addition in alumina on TPR profile; (b) The circle represents the relative reducibil-
ity defined as the ratio of the peak areas corresponding to Co;0,—~CoO and CoO—Co (200-700 °C) for each catalyst to the peak areas
corresponding to Co;0,—~CoO and CoO—Co (200-700 °C) for CPA(0) catalyst. The square represents the relative reducibility defined
as the ratio of the peak area corresponding to cobalt aluminate reduction (700-900 °C) for each catalyst to the peak area correspond-
ing to cobalt aluminate reduction (700-900 °C) for CPA(0) catalyst.

Aol 7] wFo|t}, #at ol 700 °C ©]3-o] YERR= cobalt = A FLE ARE A7, wiZE o] mig- 31 cobalt
aluminate(CoALO )0l k= T2 WS pE 78t wle} aluminate(CoALO,)E FAS7|% 1] AdF o2 2ule= &
ashe A4S Bl ol THE 4lslE2] Svls HEo) uj7} =7] fJaixE ol st ShlA 2] #AIE sidstoiof sh &
27} 55 LRI Pt, Ru, Re¢} 22 71548 o-§ap7Iut, A =374 }zirconia), 71}
A¥s}=-(lanthania), "8 (manganese oxide)?} 22 4lslE &
3-2. CPA(x) S0 FTS Z1} E1e] EE AME31e] promotiondh= o] Al el SITHI].
De Jong 5[13]°1 &3P, turnover frequency (TOF)R= Co’7} #| sk, & A9 o " Aifella] Wl A Zol[4], PE A Az
A A e}e] Az a-go] mlg- AAY A2 = %, Co’2] 7171 8 nm 3t rod e LR 2| A G A: 350 mYg)ll H7kske] Z)
opdell= A2l A EHE Rk vl Sl sl oL EdelM= A S Alzshd, S-/97) Al Co B45:2] o] FolxiA] mlola =
A A 2ke] FT 2G-S Akl flate] ' v ARE AAAE 3% W7o Holdk Fnl) e HSit). £ A F TOF &
AREBI oM, Co® A F79] FFE AAIE] IR $lste] & Ao AR, A8 2FuUel Puralox SFHVHEEHR: ~170
WE 718 ul$- ddshA Alzstsivkar Rassict. m?/g)ll PE 71810 FllE AlZs0l S ul, Fig. 43)°l 29l 214
Hhdof|, Table 25 A B, XRD &l 22 =743 €% =717} d TOF7} 5718kl ol WA A58 AA™ Full] gl57do]

8 nme WA, P Ego| ol s TOF: 5718k Kl NAg Aol 7118t}
olefgh AN FUE 53 STt Alo)e] Bl A & Ade At S, Bae ‘s[4]0] Hast AAe} G, TOF/L 573 P §Hgol
|3} p 7 dFmue] EAe] 71Q1%E Z10E HojzIct ANby o Z A FHolgks HolA] oal H5Ed] Sk AES KAl olefeh 2h
A7}, Blefok(titania), &R, T4 Fo] AAAR de o] & ol k7] ElQle] Alo] (1452 SEle|uke 7] vs. A4 17wt
=, o GFuLpt A o THE 45309 s Agol S71), HE8--12(230 °C vs. 220 °C), 18] 2L ARE-gF GFuut A=A
et o7 deA glom, olg st EAJOZ lsto] FF helo] & o] 5293} Ao 2} A (170 m¥g vs. 350 m%g), 7157
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Fig. 4. Catalytic performance with various P contents in alumina
support; (1) Cs, productivity (10‘4 s, (2) Modified Cs,
productivity (107> s™), (3) TOF (1072 s7"). The definitions of
Cs, productivity, modified Cs, productivity and TOF were
shown in Table 2.

(8~9 nm vs. 7~13 nm), 7] 553 (0.4~0.5 cm’/g vs. 0.3~0.7 cm’/g)
9 R 78 vs. JAR )R] AR D7) wiEo|th(Table 1).
BEARE o714 F&EBlojof 8 L2 TOF AHehi= &2, Table 22

® (o0,

®  ®Cpa700]

J\ CPA[500]
J\ CPA[400]
} CPA[300]

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Two-Theta (degree)

(a)

Intensity(a. u.)

Fig. 4(1)ell 1 27 2 Aollx] AlFA A 2sto] ARt ¢,
productivity(FY*# Co £ C, 2 A¥H CO &)= P 7ol
1~2 wt.%R] 790l Hohigks Hof o] =2 Ays}l FEs B
Sth(Bae & =9 AYE o]8310] Cs, productivitys AXFSHA
B, P AE7IFO] 2 wi%el A Cs, productivity”} 8.09x107* sL2A]
He7t B& & 7 AATh. gk, F9UE Co 5 FHdE ks 7
© 2 modified Cs, productivitys AAFete] B, Fig. 42)4F P
H7ygo] S7VETE S "ol Ae & itk TRE
o] A Fu9 FAXT F 0, Al gste] A=At
(3C0+20,5C0,0,). ©1213t #AA2 P Hrledo] 5575 At =
7F3EARE Table 20 HQ) OiZ FLE A Q) 77} Friste] mwt
E AAo] BAlr) tha 74t Zlof| 7|Qlsitka Al

3-3. CPA[y] 012 SMEM

P Le] A2 2lo]= XRD | oA A FEeAA]
LY TH(Fig. 5). Sherrer &2[15]= AF&-3to] A4t Fig. 5(2)<]
Co,0, A% 2] 1715 Table 3¢ YERISITE. 300 °C 4 Al A7 <]
717} 12.0 nm&A] Tha Zhou) HbA o & A Ajo| 7k v ok
ko m WMo 12.0~14.4 nm3Ith. Fig. 5(bye A44] &8f2] W87
o4 120 h &< FTS HIAEE 7% $2] XRD Zd#o]t},

CPA[y] Z1|2] SHIEAS Fig. 60 YERAISITY. Fig. 6(a)= TPR
Atz A 215 300 °Col A 399 3 EAo)

® (o0,
® wax '
¥ Co
v CPA[700]
* o o o °
-
=
8 CPA[500]
= hm"'“m“ IMHMM st b —
]
=
S
=
- CPA[400]
*ﬂll Il!*mlwllllﬂwlm ~ o -A "
CPA[300]

5 10 15 20 25 30 35 40 45 S50 55 60 65 70 75 80
Two-Theta (degree)

(b)

Fig. 5. XRD patterns of CPA[y] catalysts containing 2 wt.%P in alumina calcined under various temperatures. (a) Before FTS (calcined in
air); (b) After FTS (used). The used CPA[y]| catalysts were previously washed with cyclohexane to remove deposited hydrocarbons on

the surfaces of the catalysts.

Table 3. Catalytic performances of CPA catalysts with the 2 wt.% P-alumina supports calcined under various temperatures for Fischer-Tropsch

synthesis
— = =
Catalyst CO Conversion Hydrocarbon Selectivity % Co3ot.‘r‘;;y§$g§ s1ze fr((ir(; )S(IIZ:D TOF? pro dEs&Vi 5 gggiﬁig}f}
% CH, C,-C, Cs, nm nm 1025s7! 107457 10757
CPA[300] 36.89 4.42 7.03 88.55 12.0 9.0 2.60 8.12 1.13
CPAJ400] 37.81 3.22 422 92.56 14.4 10.8 3.05 8.70 1.18
CPA[500] 42.86 2.63 3.02 94.35 14.2 10.6 345 9.84 1.36
CPA[700] 40.47 3.87 5.00 91.13 13.4 10.1 3.46 9.17 1.22

“The average Co;0, crystallite size was calculated by Scherrer equation from the most intense diffraction peak at 26=36.8° (D=KA/B, ,c0s05; D=Crystal
size, K=Scherrer constant, \=CuK ,=X-ray wave length, B, ,=Full width half maximum (FWHM), 6 ;=Bragg angle)[15].

b¢dThe definitions and the test condition can be found in Table 2.
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Fig. 6. H,-TPR results for CPA[y] catalysts; (a) The effect of calcination temperature for P-alumina on TPR profile; (b) The circle represents
the relative reducibility defined as the ratio of the peak areas corresponding to Co;0,—~CoO and CoO—>Co (200-700 °C) for each cat-
alyst to the peak areas corresponding to Co;0,~>Co0O and CoO—Co (200-700 °C) for CPA[300] catalyst. The square represents the rel-
ative reducibility defined as the ratio of the peak area corresponding to cobalt aluminate reduction (700-900 °C) for each catalyst to the
peak area corresponding to cobalt aluminate reduction (700-900 °C) for CPA[300] catalyst.
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Fig. 7. Catalytic performance from the cobalt catalysts over 2wt.%
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Korean Chem. Eng. Res., Vol. 50, No. 2, April, 2012

CoALO, 73] CPA[400]5 Tt Zdth 2] © =2 T Zo] F A% 52
APS B33, CPA[400] CPA[300]°] Z $1= <]t} o]&3t A3
2 modified Cs,8] AW E LA eTHFig. 7(2)). TOFS] -9,
CPA[500]2} CPA[700] Ato]2] Ztol7t AC) e Z1 o= yEbsitt
(Fig. 7(3)). CPA[500]- Table 3]l B! A7, cO A%H&3} ¢, A
Yo7t B Al Eol AAdo] wlg =& S-S & 5 Qlok B
gk ohe}, Table 39] C,(CH,, #IEhS] MBI% B8k 2,630 % HAE
Uehflo] 22 e B 9alolt) Fig. 604 =2 dhlds
B CPA[300] F1li= 7|tieh= 2] cOo MgHgo] AlY vk,
Cs. % C, A8 9G] Al EA odteh. CPA[300] F7] Cos0,
A% A717F ok FSafel] n]ste] Ao o2 2k A3 Fig. 6(b)°
CoALO, “de] oFo = whasizidl, P-dFuu Exiel ghelido] &
2] 92 mljg- 2R FTHLE AlslE A Eo] Wo] THEoXth: A
ok 4= 9lom, o] Az Fujje] 24 9 Helrl Ashd Zog v
It} webA, p-2nute] 2427} Aol 400 °C oV Fo]
oF AIPO, “o] A= F/dx]o] P H7 el whE shlido] F7tste]

ol Aol Flo] GRS o 5 T,

3-5. 852 08¢t N2 = EHAE

RS HAEE FE([710] A0E 5T 7] Fule] AAE
Frasto] 24 A&st BlAE7|(Fig. 8(a))e AME-3te] 3= St
HIZ U gas distributor plate $1°1 ©F 3 g2 #U¥ CPAKx) FHllE
B, 3715 HE5E 3 mmin®E T8k wlEeld SHE
E3A7IHAT 5 hEE FAIFE - thimble filterol] H21%] whiLE =
WIS 3] weight loss(%)E S d3HAT. o], FUS = &
715 5571 ALA saturator vesselS FAIA, FIR}e] vzt
T QI 715 Holek gt} Saturationgle] MHEEE HIAESHH
712 Qo] AFlo] AdrF {55 4] el n]Ag &
IR} o] rhRE Fule] e A7 s wito|t).

Fig. 8(b)2] 1213 weight lossE =2]3}8t AxpaA, ¢-Fuut
Wi P2 A7t SRS weight loss7F 7HASHe 2 UERARICH

Hl-T 2




FEEA Yl 7R kgAY hdo® SHfeld CSTRe Ajet P 37k vt 719k Fischer-Tropsch 48 E S 235

Fluidized Bed
Gas distributor plate

13in clamp

Thimble filter

Orifice

Weightloss (%)

0.25 in

P/ALO; (Wt.%)

Air —»
Gas distributor plate

(@ (b)
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due to the changes in the amount of P in alumina.
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