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5.2.6.2 Titania vs. Alumina

The significance of titania vs. alumina support in ruthenium catalyst
performance was investigated by comparing the performance of Catalysts 5245-61
and 4966-72 prepared by conventional aqueous impregnation with the same
ruthenium compound on titania and alumina. Identical preparation procedures
were used, except for the reduction step which was higher temperature with
Catalyst 5345-61 (Table 5-42). According to STEM examination both catalysts
consisted of ruthenium particles which were smaller than 2 nm. These two
catalysts were tested at 2H,:C0 feed ratio, 208°C at inlet and 35 atm in Runs 30
anc 25, respectively. It was previously reported ruthenium agglomerated on
alumina but was stable on titania.

Titania-supported catalyst showed 45% CO conversion at 460 gas hourly space
velocity at 2 hours on stream in Run 30, while the CO conversion was 15% at 140
hr"1 after 2 hours on stream in Run 25 with the alumina-supported catalyst. T.
initial activities in moles CO converted/sec-mol ruthenium were 0.0099 for
titania-supported catalyst and 0.0028 for alumina-supported catalyst.

The selectivities of these two catalysts were compared at 11% C0+H2
conversion. Selectivities to methane were similar with the two catalysts while
the selectivity to CZ-C4 products was much higher with the titania-supported
catalyst. The olefin to paraffin ratios were much lower with the titania-
supported catalyst which showed minimal water gas shift activity. The alumina-

supported catalyst, on the other hand, apparently showed significant water gas

e ~ -

‘ -
shift activity, as previously described.
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5.2.7 Selection of the Most Suitable Catalyst Development Approach

The ruthenium catalyst test results presented in Sections 5.2.1 and 5.2.2
and summarized in Sectien 5.2.4 indicated that a non-Anderson-Schulz-Flory
catalyst approach with cutoff at a carbon number of 20 was not feasible. The
products obtained with ruthenium catalysts obeyed the Anderson-Schulz-Flory law
with increasing chain growth probabilities at increasing carbon numbers. . By
controlling the ruthenium particle size on alumina it was possible to achieve
high chain growth probabilities which resulted in very low selectivity to
undesirable 1ight hydrocarbons. Catalysts prepared on titania and on Y-zeolite
resulted in higher selectivities to light hydrocarbons. None of the ruthenium
catalysts that were tested were stable. Improving catalytic stability while
maintaining Tow light ends production was identified as the most suitable
catalyst developmental objectiyg:,fS:ace the ruthenium catalysts that were
tested deactivated regard]g:g"of/ige natura of suppert material new ruthenium
catalyst compositions were evaluated.on alumina in order to imprOQe stability.

These results are described in Section 5.3.

5.3 Modification of Alumina-Supported Ruthenium Catalyst

Composition to Improve Stabjlity

5.3.1 Iron-Modified Ruthenium Catalyst with 1% Ru

An iron-modified ruthenium Catalyst 4966-102 (1% Ru, 0.5% Fe) was prepared
by the reverse micelle technique and had 2-4 nm metal particles according to
STEM examination. The iron:ruthenium atomic ratio in these metal particles
varied between 0.3 and 1. For this catalyst, the ruthenium partitle size was 4

nm according to EXAFS. -
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Catalyst 4966-102 was tested in Run 44 at a Hy:CO feed ratio = 2.0 at 210°C
and 35 atm (Figures 5-265 through 5-269). The gas hourly space velocity was
adjusted from 500 hr-1 to 125 hr-1 and then finally 75 hr-1 at 11 hours on
stream. A maximum CO conversion of 65% was obtained at 25 hours, after which
the conversion gradually declined to 36% during the following 20 hours, which
indicated that the catalyst was not stable.

The iron-modified ruthenium catalyst's performance in Run 44 was not
noticeably different from the performance of the ruthenium Catalyst 4966-96-1
with mostly 3-7 nm ruthenium particles and tested in Run 24 under similar
conditions, except for the higher apparent water gas shift activity exhibited by

the iron-modified catalyst.
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Figure 5-268. Lignt Hydrocarbon Selectivities in Run 44 with Iron-Modified
Ruthenium Catalyst 4966-102 (H,:C0 Feed Ratio = 2.0, 210°C at
Inlet, 35 atm)

OA Before Peak Conversion
@ A @ After Peak Conversion

2.6
Lo
32.4- -
832.2- O O O O -
T 20} ( 1 ) B
]
g 1.8 i
1.6
12
10 -
R
5 8 .
2
E - -
8 6._ A -
48 A
Qé‘ B A A —
S 4} A -
2s | A ]
<& -
2+ O% i
i <& i
0 1 | ! | 1 | i 1 1

O 10 20 30 40 50 60 70 80 90 100
CO+H2 Conversion, %




- 442 -

15 23 25 36 35 40 4s 53
HGURS ON STREAM

10

E
.......... e S e R EE BT LANEE
® T SRR EREREE “
....._ H “-l—nn_rluunl .|—14“.-*.- 1 (] ] ] (] ] "
Yy I A A [ ] ] B it S s I
o™ Vv [ Vo 1 oo H
c A [ S S N S A N I !
& o beteded R A R A e deefedod-
- SO RN SRR :
o e 1 ] 1 ] [ D P T deobastaadae H ! H | ! H
-~ “..*u.*..".. onfeek o Yy o.al-n-d_-“'n“nnnn.. ...".-
ac oo : A T R :
u= Ll I O F SR O P S 0 !
r { ] [ 1 1 cdamionbonfaye ..
Ca i o ARN ERER |
- e deefed 4 T sebedeefonpesies
PO [ [ [ I 1 H : H
nnw.oo ! {0 Coon vele } i :
.. boon -4 ! ! A AL EEE R RET N e
rl H H H [] ) [
o~ Pk .-t Lol " "
a8 ‘r*y 4 ] nn.—.rlﬂvo --Pnn_l .“-n
2 P " “ “ “ 1 [] 1 [] ]
Q0 [ ' " “ N “ :
-I..n/m .r.“ " oun..J.clm-_.... .n..
] 1 []
& P L “
4 T I O L.
@ P P "
o P oo .
£ o . " SERRRERE "
(4 A - PSR S SR S N S L
— “ " " » t ) 1} ] 1 [] [] )
o o | SRR :
\—L e -._ “ ' ' n. . 4 baskhadecloataal { P
8o Porob i SRR "
’ H L] [ [ 1 1] [] 1]
3Rt boteedeepertodeagentedde fonj
EQ i bob " A A |
e H ERER 3 P T i
O . bl dl ; o gt o
2L bk de 2 B R AR S R 4 S ARRERLTEE L ICT DN BRCRE N B SIS
t " " " “ H H ) " “ “ ] 1] 1 [] 1 1] [ () 1 ) 1] () " “ "
ag . 1 + | PR S S S 1 " " " “ ' .. Lo e
& peobeds S ART AT SIS BN R 3 N S P K O S 1 St
P Porar b ™ N 3 I
N H H H 1] L] 1] [ L] L]
vE dudl i S SO U A0 0 U O O O O O T SO O S I O B RO | O
- o ' A ¢ A ——
.n- H _-l.—.-—...._nc._-.*-..n.._.- A H ] n ) Y (] [) [] ] n ] [) ] ) (] . ] [
cE T R I A i R ISt IR 0. SIS
H ' H H H H H ’ H E} ’ [] [} t L} 1] L] [} [} 1
-—. ) N H H H hH H H H H H H H " " " [ -“‘I\d-“‘ ] L] L] 1] 1] [] ) ] [] )
£ b e A P e A R i e B S B e G s
H ‘ H ' H H H ’ ) 1 L) 1] r [ t 1] () 1 1 1] [] ] 1 1] . 1 ) 1 [] +
M . N N o ! ! M H ! ! 1] [} L] [] 1 [] » [} 1] 1 ] 1 [ 4 1
55 ——t e i e —t—i —t LA o O G A O N B
L w9 [ I, n o O o ~ @ wn A
- ? -]. :.w _./-- nw —I. w 2] o m - ™ - - ~— w w w -y m ACU-
w - — - - o (4] (A N N [y} N ~n 0Ny (3V] N N
L]
o
)
~
)
(Ve )
o LEDLTZW TErmy
b= )
o '
"=
= VO VOZ>WCE-D= J 930 "J¥NLVHIAANIYL

L ECoa - WNWIXVW

—SWZUY o



- 443 -

5.3.2 kuthenium Catalyst with 2.8% Ru

Alumina-supported ruthenium catalysts with about 1% Ru were not stable. 1In
an attempt to improve catalytic stability the ruthenium level in Catalyst 4966-
198 was increased to 2.8% Ru.

Catalyst 4966-198 had a narrow size distribution of ruthenium particles in
the 4-6 nm size range. This catalyst was tested in Run 47 at an inlet tempera-
ture of 208°C, 62 atm with a 2H,:1C0 feed gas at a CO conversion level of ahout
75-85% in a fixed-bed reactor for 825 nours (Figures 5-270 through 5-277). This
catalyst was not stable and accordingly, the gas hourly space velocity was
gradually lcwered from an initial value of 500 hr~! to 147 ar~! during the first
53C hours on stream inorder to maintain 75-85% CO conversion. After 530 hours
no further space velocity change was -made. The inlet temperature wasiincreased
to 210°C between 700 hours and 825 hours on stream. The CO conversion was about
72% at the end of the test (Figure 5-270).

During Run 47, once in 2-3 days, the hydrocarbqn and aqueous phase products
weré recovered from the heated receiver. During the short period of time when
products were being recovered the alternate product collection system was
used. Analyses at the end of the run by GC and GPC of some of these product
samples indicated that the hydrocarbon product composition did not significantly ,
change with time on stream. Accordingly, analyses were conducted on every other
sample rather than on the whole set in order to reduce analytical costs.

The hydrocarbcn products_;o]lected in the heated receiver were mostly C10+
and amounted to about 75% of iﬁe liquid and solid products made during the run.
iesser quantities of lighter hydrocarbon products were collected in the cooled
receivers. These products were removed from the receivers less frequently.

The 1iquid products that accumulated inside the catalyst pores were

recovered as wax by soxhlet extraction with cyclohexane.




y50

S

, R S R S R S e R R TR Ha §

RS R T |
e il T bbb

H 1.1, SR IO O 1 ' ’ i PRITE
2 NPT g {1 b m
& ofebedee b R O T Y IO T O g
s — P bbb g
g b AT A o S B S ]
R AR S A0 0 O O O 0 O O IO
S ; ' ' " R Pl T A
L) H Nt et ' [ I T T W deanfeoctacf{ranhendeanhand (3148
g5 il I RIRTE TR TR I e i
30 b : " R e Sht RUTCLEI LES EEY ' :
1oy ' L . . e TS O R T T I O o i
e iii ST B i st e e YT _
S P R R I B o e R o A 3
oapod SR T IS U N O R SO RO 0 R e e
So il SRR R B A R A T L
) : b S A A ST S S O SR S SO0t U S SO SO W N S S A A o X6 X3 SO e
BE i T b nh
R @i R B T o e 0 T
e3 Liid T g
ES i HER T 0 A o e o o B
28 iy - m. B i i At T B DS RERREEE e
= i T R pedeeed ederbe oot it T
o~ i I N T S O S 00 OO O WO R forfeebes
TS SRR O O O R R g
COEEREEE R i pieteeid e b el T
85 i e b b e b
Ec. b S N U S 0 O NI A R S . R R
S S R : A P . RN A

R # s feed .w..m...m..m...m it =N o fee e .m.¢..m..m.
a Dief Y o IRIRERERENE. Lo R EREREREE SRR
~ o + e ! C T ———t T LI
N &g oy £ 8 3 @ goszcew =z oo
wn a " T¢) " L V" I AV Y Y I VR
. b=
- =
> 2
T

VO VOZ>WUEO—OZ ASHY J 9130 .uz:—«éuazuh

KNWIXVH

830 675 750 B82S

525s

225 300 375
HOURS ON STREAM

150

75



- 445 -

Unmodf

¢ Ruthenium Catalyst 4966-198sWater Gas Shift Activity
= 2, 62 atm)

1e

in Run 47 (HZ:CO Feed Ratio

Figure 5-271.
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mn

Cl and CZ Selectivities

Ummodified Ruthenium Catalyst 4966-198
Run 47 (H,:CO Feed Ratio = 2, 62 atm)

Figure 5-272.

R R SRR LR RN LR TR IR EEFEEEEERRY FEREF RS o e Mty rt e g r e vy n w
Pl | DU UET LT T e g g
ol RETE [EON TR (O S ARERRE | RRRERRR
! ! ! i 1 1 1 1 Vo vt [ . ." 0.- sebedicdecbiobadiaa.. " u..“n.v-....ﬂ..».'.r-
] 1 ) 3 " 1 4 L] L] L} Ll " ” : 1 " ” L] “

(EET Y P R NN TR “des D _._%_. I ' I .
' ) ) ' ' ' 1 ' [ [ R A T ) O\Needasbedendmnbasbodeodan deodosbortica b aboobe \n
' 1 ' ] 1 ' ] ' " " ' " " “ " " : ' " " " “ _ “ P ') n ~
R Y B ERL REES IR L - N U B S S T T L H H H rA .. ..U
A A : R A A AR IR | AR RO S o o o ol A S S A S i B ..
I - T T U T N H I oo .ﬂ oo 'V H ./. . '
A S Rt A S i ol delod t NPRb s L S Y
! ' H ! H H H ! R 7 I T S T T S w
R R N B beder i deed T R e S R I SN OO O O O 0 K T 1
O O T T T BREEE SRR ERRRN o
b d e d S S KRS0 Oy, YRS £ S U R SE-JNE 00 T8 SO 0 S WL T g =
T Voo - O A A ' w
R R T R R (. R O R A LI B O S I T OO 1 O 0 O
' ' ' [} 1 ' ] [ T T T | | T T S T S T R | H
R R (RO P [P PN I Lodd , TR TR U IO T O SOV \ w0
R L S AR A hederfesbeds S RPCRY L RS0 PO S A0 O T A O O O i4e
[} ' . ] ) [] ] L v ) ' [} [} t 1 ] [} ] Yo
. [ T T T B A v u...” Lo HE ! "
IR R R S hedeferkede SCY ) PO N N N O AR N O O O O T S 8 i
' [l ] ] ] 1 ] | S T T B | [ I I [
[ . 1 v PR S R ) " _. [ ] [ | ] [} " o
ERR R ERRE TRRRL i : pedtenfend T e B I SRR OO O SR AP O S SO Y S A 3 + 1 a
] 3 ] ] I ] 1 [ [ t o1 H s
] ] ‘. ] ] 1 4 | I R | [ R [
[ S R IR AR R ey SRR PR RRCPY PR SR U J S A JONS DR S SO S S S 4.
' [ * 1\ ] 1 " [ ] ] (] ) (] ) ] ) ] [} 1 ] ) )
[ [] . ' . [ ] [ IS B | [ ) 1 [ ] [ ] ’ wn
' A R e MY EETEY ERY TR | @ ELER TR ERD RS PRSI LR TTY TTOEY FET-TFT T S fps g -y ~
' . ' ' h ' ' [ R T N T B .g [ [ [ [ [ [
1] . ' . . . . [ I ) ] » ] [} [ } .
[N IR RN ML e Aledoal bbb, Py S af--tat . Yad )
. . ] . [l ' . LR T R B} ” [ Voo — [ [Dahal Rl i i B b
- T T e g oo H "m" [ : o
' PR R S R -- I L I R e t--1-+ (0 PO P v+ o
" " " " " " " " " ] ] ) " " " “ 1 ) "z. [ ] ] ] () 4]
* . . » ) + ] LI . ' + [ T} [ | ) 1 " ] u [ I | "
R S S SR A SRR B i G aa R o R R B R S drefeebee
R T N S R S Voo . A A R ] ™
R ARE LR RNt B AR B BT RE SR> . LS B B beeteed ol IR B
. . 1 . » : [ 1 ] ] [ ] v ] ] [] ] [} [} L [ N
' . ' . ) ) ' v t oo e 1o [ [
R R R R R LR o B RS B RE RO EETREIP, ¢ N L T —...".-._.. LT ELY TE 3
' . » » ) ] ' [} . . [ . [ ] t 9 ) LI I | "
[ » ] . ] [ ] [T ) ] a1 ] . [ I R | " [ R ] o
. IEEREERENS FAREEN ..0. B R R ..".."..w..u. REERE RN - _.a-“.i_c ...-n.—..—u.“a- ;S
’ ] . . ' ] + [ ) . [ T T} ] [ T ] 1 v ) -~
1 ' : u ' ] ] [ 6 [ T T " L} u v " [ ”
R _' " ..n. .r 1.-2 i .L...“..v.a". 4 -u_:-- n.;..—u.—.._..
R P R " b HIRERRE
R AT T : "r.__ resfes 4 - m..m_. m. ..m..m:.m.-m-.m.,".. :7..
. ’ » . . ] 1 » . ¥

] » 1 vy b ] q. & : | S I S T T T T |
m.. n (RN n ..r.n,.“. N ." —.ﬂ_\.mn rw..._-m..m....m-,mn.ml.":
. N R I “4-3 < , [ T B | H
—i el m 4 ' bttt

w  w 9 i - Moz oo

— ! N A1} N N
~

UpNTO ST IB R RE o o B e RN FIW s )

(S Y

LDOZ>ulCN—DZ

Inlet T

2 030 'JUNLYYIINIL
WNWIXVW

STRERHM

HOURS ON



ier 1

C3 and Cd Selectiv

6-198:

2, 62 atm)

10

- 447 -
CO Feed Rati

Unmodified Ruthenium Catalyst 496
2-
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Figure 5-273.
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A total of 10 samples were analyzed from the 34-day-run. The overall
product and the hydrocarbon distributions in Run 47 are summarized in Tables
5-47 and 5-48. The Anderson-Schulz-Flory distributions are in Figures 5-276 and
5-277. The chain growth probabilities were 0.903 at C13_33, 0.941 at C33-C70
and 0.96 at Cy5-Cygj.

The Anderson-Schulz-Flcry distribution in Run 47 is compared in Figure
5-277b with those obtained in Runs 37 and 15 with catalysts having similar size
ruthenium particles.

The operating conditions were the same in Runs 37 and 47 except for the
test duration which was shorter (16 days} in Run 37. The product distrioutions
Qere similar.

Run 15 was conducted at a lower Hy:CO feed ratio of 0.9 and at a lower
pressure of 35 atm. The chain growth probabilities were higher for Run 15

relative to Run 47 for the entire carbon number range.
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Hydrocarbon Distributions in Run 47

Table 5-48

- 451 -

o o = [
e S

O NMITIONT D
= e G T G g o —
NN OIS N IO N N
(SAS SIS 13 T RTAT 1 ETETE]

c202
€203
C204
c20%
€208
c207
c208 0

§§§§§§§§§§§§§§§§§§§§§§§%%%%%%%@35§§§§§§§§§§§§§§§§§

NMm ~ NOTWDOON NOITOONDD NOAVDBOOROD =N =~
D016 5803385000o80332:nn~~2h~~85c8¢03o8o83003$8a388
e e g g g -—.—v—v—.—.-.—————.-'——--—.--o—.—.————-—.-v-.—-—-—c—v—.-.-'—“
U‘JOUOOQUQOUUQUUOUOOQOQOOQOOQOOOQOUOOQOOQOOQOUOODOO

I3esRcnassisesansosoateranscaneransasagsnenasans
33899995535339999qqqoqqqqqqqqqqqqq9$535653§§5595q9
oooooooooooocoooocoodoocoo """

OOOOOOOOOOOOOOOOOOOOOOOO

NPT DN SN TN DO~ NI VO DR ~
—— o g g - g TR e e o= o g g e g - - g e e
ooouooooooooouoouuouuouuoouooooooossoaa85050008333

NO
R N P e

S R e e R PR e R
RS EE R R AR R R E s

.....
..............
--------
-------------
.........

Qe NOTOONDO

- ey g g g g g

—g—




Log (Weight Fraction/n)
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Figure 5-275, Anderson-Schulz-Flory Distribution w
Catalyst 4966-198 in Run 47 (C1-C4y)

ith Unmodified Ruthenium
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Figure 5-276. Anderson-Schulz-Flory Distribution with Unmodified Ruthenium
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Figure 5-277. Anderson-Schulz-Flory Distributions in Runs 47, 37 and 15
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