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Figure 1. Temperature Programmed Reduction of the UCI unsupported catalyst in CO.
Peaks corresponding to reduction of CuO --> Cu metal, hematite --> magnetite and
magnetite -->a-Fe are seen. Peak identification is based on TEM analysis of samples
withdrawn at various stages as well as from x-ray diffraction
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a-Heby TEM

(Fig. 6)

a-Feby TEM

(Fig. 4)
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b. Comparison of the 1st and the 2nd run CO-TPR (UCI catalyst)
(2nd run after oxidation of catalyst at 500 °C after the 1st run)

Fig. 2 CO TPR of the UCI unsupported catalyst. After the first run, the sample was
oxidized and a second TPR was run. TEM analysis was performed as indicated by
arrows. These TEM images are presented in the following figures.

13



UCTH185-149, CO-TPE. to 290

S0

Figure 3a Low magnification view of UCI unsupported catalyst after CO TPR up t&C290he
“Swiss-cheese” morphology of the hematite catalyst is preserved, however the catalyst has com-
pletely transformed into magnetite
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Fig. 3b Higher magnification view of the catalyst shown in Fig. 3a. Lattice fringes corresponding to
magnetite can be clearly seen. The individual particles are single crystals.
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UCI-1185-149, CO-TPR-1 to 500

surface oxide

Fig. 4a Low magnification view of UCI catalyst after CO TPR to 8D0 Large

metallic particles obi-Fe are seen. The surface oxide is caused by exposure to air
during transfer to the electron microscope. What is surprising is the absence of any
amorphous carbon or graphite considering that the sample was reduced in CO at 500
°C.

Fig. 4b (on the next page) shows an electron diffraction pattern from this sample. The
large Fe particles give rise to the diffraction spots while the surface oxide (magnetite)
gives a diffuse ring pattern.

Fig. 4c (on the next page) shows a higher magnification view af-the crystals
showing lattice fringes.
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b B UCI-1185-149, CO-TPR to 500




UCT-1185-149, CO-TPR-2 to 410 a
o0 1

L by ¥

% UCI-1185-149, CO-TPR-2 10 410

¥
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.#.l'-i ) .

igure 5 TEM of UCI catalyst during the 2nd TPR (i.e. after reduction in CO, oxida-
lon at 500°C). Low mag view (a) and Higher magnification view (b). Note the
agnetite is much more dense than the one in Fig. 3 explaining the higher temperature
equired for reduction.
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Fig. 8 CO TPR of a supported Fe(Cu) catalyst. The catalyst support consists g
microspheres of silica. Three peaks are seen, first hematite --> magnetite, sec
Mmagnetite --> iron carbide and the third corresponding to the Boudouard reacti
-> C(surface) + CQ Peak identification is based on TEM images shown in Fig.

ond
pn CO -
9 and

10 and on the x-ray diffraction pattern in Fig. 11.
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PRFEBUCUAL-ED12-108
12 a 1 g/50 ml
Amplitude = 20

Mass Finer (%)

100 10 1
Equivalent Spherical Diameter (um)

Fig. 12 Ultrasonic Fragmentation results for catalyst PRFECUBUAL-ED12-108 (12

a), PRFECUAL4K-ED12-112 (12 b, next page) and PRFECUPRAL/4K-ED11-117

(12c, next page) prepared by Robert Gormley, FETC. Samples 112 and 117 have had
K added and had been calcined at 35@nd appear comparable in strength to the
uncalcined sample 108. These results suggest that calcination at this temperature doe:

not result in a significant increase in agglomerate strength compared with the
uncalcined sample.
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12 b

12 c
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13 a PRFECU-ED15-148
1 g/50 ml
Amplitude = 20

Mass Finer (%)

100 10 1
Equivalent Spherical Diameter (um)
PRFECUAL-ED17-169S

13b 1 /50 ml
Amplitude = 20
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0
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Fig. 13 Ultrasonic fragmentation results for a precipitated Fe catalysts prepared by Robert Gormley at FETC. Fig. 13 a
shows a co-precipitated Fe-Cu oxide catalyst, while 13 b represents a co-precipitated Fe-Cu-Al oxide catalyst with the -
400 mesh fines removed. Both had no K added and were uncalcined. The alumina does not appear to impart any
additional strength to the powder.
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Fig. 14 Scanning Electron Micrograph of sample PRFECU-ED15-148 whose ultra-
sonic fragmentation results were presented on the previous page. The catalyst was
prepared by Robert Gormley at FETC and is a precipitated Fe, Cu catalyst dried in
vacuum at 110C. The catalyst is composed of irregularly shaped agglomerates. As
seen from Fig. 13, these agglomerates are quite strong but they have a rather broad
size distribution with a significant amount of fine particles.
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Fig. 15 Scanning Electron Micrograph of a precipitated Fe, Cu, K catalyst spray dried
at UNM with a silica binder. Spherical particles typical of a spray dried powder can
be seen. Ultrasonic fragmentation results on this sample are presented on the next

page.
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PRFECUK-ED19-98+Si02
(Spray-Dried)
1 g/50 mi
Amplitude = 20
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Fig. 16 Ultrasonic fragmentation results for the spray dried powder shown in Fig. 15.
For comparison, fragmentation results obtained with the base case Fe catalyst (used
for Laporte 1) and a Vista alumina catalyst support are shown on the next page (repro-

duced from our Feb 1997 progress report). The spray dried Fe catalyst (shown above)
appears to be comparable in strength to the alumina support (17 b).
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k15 min
10 min
5 min

b0 min

Fig. 17 Comparison of the ultrasonic fragmentation of the Fe base catalyst and a com-
mercial alumina support. The Fe catalyst appears to break down by particle rupture as
well as erosion, while erosion is the only mechanism occurring with the alumina
support. Compaction tests for these two catalysts are shown in Fig. 18
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Figure 18 Compaction tests of three catalyst powders

a) Davisil silica gel (strength = 20.12 MPa)

b)  Fe catalyst used for Laporte | (strength = 6.3 MPa)

c) Vista alumina support (strength = 7.4 MPa)

Davisil silica appears to have the strongest particles while the Vista alumina and the
Fe catalyst are comparable. Note that the Davisil silica is not spray dried and while
the strengths of the alumina and Fe catalysts are similar, their fragmentation behavior
shown in Fig. 17 is very different. The Fe catalyst shows significant breakdown at
energies where the alumina only exhibits mild erosion.

34



18 b

18 c

In(P)

In(P)

19

18

17

16

15

14

13

12

20

18

16

14

12

10

UCI-LAPI-COMP

-DR

UMC

1111

\Jlll\\\\

\\Jlll\\\

sigma = 6.3104e+06
| L | L L L | E
0O 02 04 06 08 1 12 14
e
VISTA-B-965-500C

C I ]
i sigma = 7.4384+06 i
o §
,O |
,O -
in ]
[ | L L L]

o 02 04 06 08 1

35



‘g|dwes paAladl-Se ay) ul usas 10U alam pue uolepixo ajdwes 0] anp aslie ajdwes pajorlIxa JUBA|0S ay) ul syead amaubew ayl "(1sA
eled Aue ureluod Jou Sa0p YdIym) Xem ayl Se ||om se ajdwes paloelixa JUSA|0S 8yl Ul Juasge Si 1sAje1ed paniadal-se ayl ul yead a4-0nay) moy
910N ‘1SAe1es Aue Jo 981} ‘Duofe xem ay) wolj Sewod dol ay) Te uiened ay| "uonoeIIXS JUSA|OS BIA PaldeIIXa SeM Xem ayl Jale 1sAjered siyl

Jo wianed Japmod e sI umoys os|y ‘(A1in|S) xem ayl ul paAladal-se 1sAje1ed IN®Y sexal ayl Jo sulaned tspmod uonoeiyip Ael-x 6T 24nbiH

Blay | -7 sealbad]

=2 0.2 S5 oS Sr 0 = o =7
T T 1 1 T T T [ T 1 | L T 1 1 L T T — T T T [ T T 1 T 0]
(d9) Bpmod pajoenxyg "
I |
1 7
20001 M
(T8) Aun|g N
O
&
oL 2
xepn podding %
of
3,
¥ 8T0'C | =
20001 24 -©
ode

suosuedwo) 'sM €eC = SOL ‘Gere-9dsS

36



‘(sInoy QEE weans uo awi GZye-gS uni) Joloeal Siyl 1sAered Bujiom syl Jo Jusnuisuod Jofew e si a4

-e Tey: S| sulaned pix JO Salds SIYl WO} UoISN|ouod a|gexelsiwun ayl “(Uspmod padduis-xem) xem ayl duis 01 D0y 01 dn winiiaH Buimoyy
paleay sem ajdwes a1enuaduod SIyl ‘Xem ayl wodj syead areuiwld@ o1 ‘(arenuadsuod Aun|s) Juawipas ay) BuizAjeue pue amas 01 1 Buimojie
Ag pasealoul sem Buipeo| 1sAfered ayl (A1n|s) Xxem ul paAladal- se 1sAered N¥Y sexal oyl Jo uianed Japmod uonaelyip Ael-x oz ainbi4

Bjay | -7 s2al6e]
S9 09 S5 oS S o se oc Sz
T T T | — T | — T T T T T T T T T | — T T T T T T T T T | — T | — T T | — T T ]
ANS B
— o5
SENTESVeS! Joo B
Aun|s ;C\/ v T
.
IepANDd Padd LIS-XenA e =
— oSl o
| @,
- =
— ooc
-1 H
0sZ

37



‘o

Al@1unap-sl JUsNISU0d Jolew ay L "ainbiy 1xau ay) ul [e1ap Ja1ealb ul umoys alse eyl syead jenpisal sawos aas am ‘Yead
aY) gyumnoeNgns 18y "0z ‘614 ul umoys Japmod paddiis xem sy Jo uianed pix ay) Jo Juswaulal pjlaAlsy Tz ‘b4

ey | -2 saalba

GOl G5 o8 =7 G9 o5 S Se Gc Sl
___________________________________________mNI
[eNPIS9Y
T i 1 TN P, (s

T T jﬂ _J_._.a_—..._... D
...*_ L] P
. (@]
SFT10'1T ﬁuam_:u:m\.q M
MBI 60LlT I COLF'1 . Gz =
(4]
o
&
. >
Ll ] %u
_ Hsz &
B =
" |
! — QalL
L8TOT _
=

ol eydje 1oy Juauuaual Jopmmod padduis-xean

38



"SapIgJed uoJl wol) awod Aew syead 1ayio ayl ajiym amaubew
0] puodsa.iod Aew y ¢G'g 1e Mead ayl ‘Jspmod paddins-xem sy WoJL 9340 JO uonoengns Jaye [enpisal ayl gz 'O

elay | -z sealibaq

SOl G 58 Sl SO o5 S e S Sl
r—r1r 1 1. |1 T ‘1 1 T [ T T 1T T [ T T T T [ T T T T [ T T T T v 1 T T [ T T T T [ T T T 1 G-
Iy f.. :__ _____._ 1§ 1Rl X M ;.______._ r.r___ _7_;:___:____7_ LHIR _________:__L__ -y .__ | ___: u 7 0- =
T T T4 (UMY o™ AR TN
b | N
[enpisay] — W N m
= % e | 1@
- S ! s 3
— o % — =
— I3 9 ol
= . = 1 F
. £ = 1 &
& = = 7] =
= = — 0L
95 FLTST —
s_! Sl

TO.__ eyd|e Joj ausulal 1opmod padduis-xenn

39




"uni 1-4 e bBuunp weals uo swi buisealoul Je umelpylim aiam 9 pue 4 ‘3
|[dwes ainbl) 1xau ayl ul umoys sI uianed pix SIYl Jo MaIA papuedxa Uy ‘19)ue|q 18Ul Ue Japun paAoWwal uaaq pey pue
XeM 8yl ul paAladal sem ajdwes SIy] “unJ | -4 e wodl Y3y woll paniadal sajdwes Jo uianed uonoeiyip Ael-x €z b4

eleyl-z soalbac
ocL oLL 0oL 06 08 0z 09 oS ot 0g 0c ol

.__{....J_Hllh - I - _________D

A // -

3 44 =
— 0oL mNN

© n 3
. =
—{ ooz ®
- j 1
i =1
_ D
— ooe R
. =
Joor 3
— ~~
= 1
. S
— oos
. =~
] (9]
— ooe &
1 ooz
__wm._gmw 4O pu= 9ec-Ord

40




"1SAje1RD

Bunjiom ayy Jo uonisodwod aseyd ayl anlasald 01 Aressadsu SI 1@yue|g 1aul Japun Xem 10y JO [eAoway “lojoeal Aun|s
1-4 ue ul sjunowe uedilubis ul Juasald aq 1ou Aew aaubew Jey) s1sabbns Jnsal siyl ‘emaubew Aue 1o} 82UapIAS ou
' 919U] pue apIgJed uodl woll awod 01 Jseadde syead ayl gz 'HBi4 ul umoys sulaned pix ay) Jo MaIA papuedxa uy 2 b1

eleyl-z sealba
=le} 09 GG

furd jo pusa)

©

BB bZIO L
229l GOl L

LoLz L

@hm%_\m@wm;

__ww_\_mw JO pus ggc-0Ory

QoL

8=

xew)) Asusiu| pazijeuwloN

9¢ =

(sdoyl )’

41



