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3.5.2 Experiments Performed

Befcre discussing the complete rum, let us list the experiments in
the order that they were nerformed (Table 3.35). After each experiment, the
catalyst was kept overnight in flowing He at the same temperature and pressure
used in the experiment. The following table gives the experimental conditions
and duration of each test:

Table 3.35

- Experimeatal Condirionsl for Run 7

Eggerimentz H,/CO sV, V/v/h T, °C P, kPA Time, h
7-1 1.97 200 350 2000 4.9
—_— 7-2 1.94 200 400 2000 4.1
7-3 2.02 200 450 2000 3.7
7-4 1.00 200 450 2000 7.4
7-5 0.99 115 450 2000 7.7
1-6 3.01 200 450 2000 4.7
7-8 1.98 100 550 2000 5.0

3.5.3 Results and Discussion

Llet us initially discuss the activity of the various W-based
catalysts by noting the total H; + CO conversioms at all the experimental
conditions used in run 7. Table 3.36 summarizes the conversions and the
seiectivity for forming Cs5+ products. It should be further noted that, as
explained previously im Section 2.4, the accuracy of conversion and selectivity
values less than 10% is poor. However, some interesting points may be seen
in Table 3.36. The additica of S increases the activity of all W-based
catalysts. This enhancement in activity is gquite large for Ni-W catalysts
where the % Hy + CO conversion over NWK-S and NW-S is 2 to 5 times greater
than over NWK-R and NW-R respectively. At all experimental conditions the
NWE-S catalyst gives the highest Hy + CO conversion, and the NW-5 catalyst
gives the next highest value. 1In general, the activity of all the W-based
catalysts for FT is low, e.g. the largest conversion observed, on the NWK-S
catalyst, was only 40.7% at a reaction temperature of 449°C, a pressure of
2.1 MPa, a low space-velocity of 114 V/V/h and a Hp/CO ratio equal to 0.99;
conditions which are quite severe when compared to those used with other
catalysts.,

The selectivity to Cs+ products is generally largest on the WEK-R
catalyst, and this selectivity decreases slightly for the corresponding
sulfided WK-S catalyst. The addition of Ni to W03/Al50, decreases the
selectivity, and depending on whether the Ni-W catalyst is promoted with
alkall or not, two different cases arise. TFor the unalkalized catalyst
the selectivity is greater with the reduced catalyst, i.e., WW-R > NW-S;

1Accurate experimental conditions for each reactor and detailed results are
3 given in the tables for run 7 in Appendix D, pages 182 to 200.

zExperiment 7-7 included results only for the Mb52 catalyst which has
been discussed in Sectiom 3.4.

g’“ '
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whereas for the alkalized catalyst we have NWK-S > NWK-R. The observations
regarding the netivity and selectivity trends of W-based catalysts are com
sistent over most of the experimental conditions used by us; these results
may therefore be important for formulating § resistant catalysts.

Besides the important trends discussed above, some interesting
regsults were obtained regarding C3 and C4 hydrocarbons. The olefin/paraffin
ratio was largest for the WK-R catalyst. e.g., for this catalyst the CqH./CqHg
ratic was usually close to or greater than 1, whereas for all other catalysts
it was always less than 1. Sulfiding a catalyst always emhanced paraffin
formation. Furthermore, addition of Ni increased paraffin formation and addi-
tion of alkali usually increased olefin production. A typical example of the
ratios is given in Table 3.37.

Table 3.37

Ca and C, Olefin/Paraffin Ratiosl on W-Based Catalysts

T = 450°C, P = 2.0 MPa, SV = 115 V/V/h, HZICO = 1.0

Catalyst WK-R  WK-S NW~R  NW-S NWR-R NWE-S
ropylene

P—E!——-pmpane 0.90 0.23 0.03  0.002 0.28  0.01

Tutenss 0.89 0.24 0.08  0.05 0.45 0.07
butanes " - - . . -

The WE~R catalyst usually produced more iso-butane than n-butane
and more iso~butene than l-buteme or cis-2-butene; formation of trans-2~butene
was always negligibly small. Addition of sulfur, WK-S catalyst, produced
approximately equal amounts of iso-butene. The sulfided and unsulfided Ni-W
catalysts generally produced more n-butane than iso-butane but always formed
larger amounts of 1so-butene than other C4 olefins. It seems then that the
addition of S or Ni to a tungstem catalyst reduces the latter's propensity
to form branched C4 hydrocarboms.

Let us now compare the results on the sulfided Ni-W catalysts
with those on the sulfided Co-Mo catalysts. Table 3.38 gives a comparison
at similar experimental conditions.

10234 and C,;Rg peaks could not be resolved during run 7. Therefore Co
hydrecarbon-values reported are a sum of CoH; + CoHg.
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Table 3.38

Comparison of Sulfided Ni-W and Co-Mo Catalysts

T = 350°C, P = 2 MPa, SV = 200 V/V/h, Hzlco -2

Catalyst NWK-S  CMK-§ MW-S (M-S
Weight, g 49.5 36.1 46.9 3.3
H, conversion, 2 10.4 45.0 1.7 52.0
conversiorn, X 20.7 71.0 18.2 87.0
Total Hy + CO conv., % 13.8 53.8 B.6 63.4
€0 conv. to hydec., % 16.1 43.0 7.8 44.0
Selectivicy,
X CO converted to:
CH, 16.9 18.4 35.6 30.3
Co 9.5 21.1 20.4 24.9
Cy + c‘.. 5.0 7.2 4.5 2.6
Cs+ 46.5 13.8 0 0
co, 22.1 39.5 39.5 42.2

The Co~Mo catalysts are wmore active than the Ni-W catalysrcs.

However, there is a remarkable similarity in product selectiviry for the
unalcalized Ni-W and Co-Mo catalysts. Furthermore, the addition of aikali
to thege catalysts produces a similar selectivity trend. The main effect
of the alkali promoter is to decrease the formation of light hydrocarbons,
CH; and Cy, and increase the selectivity to Cg+, and especially Cet, hydro-
casbons, Thus for the Ni-W catalyst, like in the case of Co-Mo, there seers
to be an zlkali-sulfur interaction which promotes the formation of condensed
products. It should alse be moted that the gele:tivity for €0, production
is large in all cases.

The problem of the W-basc ~atalysts used by us %5 one of low
activity. As stated previously, the highesi iowwersion observed during this
set of experiments was 41X on the RWK-5 catalyst at «<2°C. a presgure of
2.1 MPa, a space-velocity of 114 V/V/h and a H,/CO ratio of 0.5?. In com
parison, the same conversion of 41% was obscrved on the (MK-5 cetalysic =¢
sach lers severe conditions: 302°C, 1.5 MPa pressure, a space-wvelocity of
198 V/¥/h and a H,/CO ratio of 2.1. The Co-Mo~based cotalysts gave con-
siderably nigher conversions under differant conditions. It was also noted
that on suiriding the Ni-W catalysts the activity vas considerably greater
than that of the reduced, wnsulfided catalysts. Suck a large dependence of
activity on catzivst sulfidation was not cbtained with the Co-Mo catalysts.
In fact, for =2everal experimental ~onditions, sulfided and unsulfided Tc-Mo
catalysts showed similar catalytic activity.

A recent XPS study (75) on alumina supported tungsten and nickel-
tungsten catalysts indicated several differences in surface changes after
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pre-treatment compared to changes after similar pre-treatments on Co-Mo/
Al,03 catalysts. when the W-based catalysts were reduced at 450 to 500°C
in !-12, W remained in the +6 oxidation state with no reduction even after
prolonged treatment. Nickel, if present, was readily reduced to the metal.
The reduction of Ni leveled off at 75% indicating that 257 of the surfac~
Ni was probably present as irreducible Ni2+ that interacted with Al,04 to
form a "surface spinel” (76). Similar reduction studies (€4) on alumina
supported Mo-based catalysts showed that Mo (V1) was reduced to Mo (V) and
Mo (IV) but Co remained unreducecd.

A similar difference may be noted for the sulfided catalysts.
Ng and Hercules (75) showed that the alumina supported W and Ni-W catalysts
could be completely sulfided in a 9% H,S/H, mixture at 350°C with the forma-
tion of WS, Ni5, and Ni 2 compounds. The Co-Ho.-’A1§03 catalysts, on the
other hand, could only partially sulfided (64,67),and though some MoS;
may be formed (64) it is probable that oxy-sulfides of Mo also occur (67).
Furthermore, unlike the case of Ni in the W catalyst, evidence of discreet
cobalt sulfides is not available (64, 67) though it has been suggested that
Co is present as CogSg (69).

The low activity of the "reduced" unsulfided W-based catalysts may
be due to the fact that W (VI) remains unreduced. Moreover, the fact that
some Ni may be present in the metzllic form does not seem to benefit catalytic
activity. On sulfiding, the oxidation state of W changes from +6 to +4, and
all sulfided W-based catalysts are seen to be more active. If one agaln assumes
that, like in the case of Co-Mo catalysts, adjacent surface anionic vacancies
are necessary for FT activity then one can infer that more such vacancies are
available for the sulfided catalysts when W (IV) is present than for the
"reduced" catalyst when W (VI) is preseant. The presence of Nl and alkali
is seen to further enhance the activity of the sulfided catalyst; this
promotion may take place =ither by increasing the number of vacancles or by
infiuencing tte vacancies so that they become wore active for €O hydrogenation.
But before catalyst promotion can occur, it seems that the presence of W (1IV)
is required. Therefore the activity of sulfidic and oxidic W-based catalysts
is different.

In the case of Co-Mo/Al04, hydrogen reduction reduces Mo (IV) to
Mo (V) and Mo (IV), probably giving rise to surface anion vacancies, and this
may be the reason why reduced Co-Mo/Aly04 catalysts are active for FT synthesis.
As sulfiding of Co-Mo/Alp0, catalysts is partial and as sulfided catalysts also
contain reduced Mo species, tne number of vacancies may not be drastically
coenged after sulfiding and hence the activity of oxidic and sulfidic Co=-Mo/
Al203 1s close. The sulficdation and che presence of alkalf, however, probably
influences the active site so that the catalytic selectivity 1s cheaged.

The similarity in the selectivities of the sulfided Co-Mo and Ni-W
catalysts, as shown in Table 3.38, 1s intriguing. Their large difference in
activities may be postulated as being due to the difference in th2 number
of surface anionic vacancies; but the similarity in selectivity may be duve to
similar influences being exerted on the site by the enviromment. This specuia-
tion is attractive since, besides metallic catalysts such as Co, Ru, and Fe,
non—setallic catalvsts which offer surface anionic vacancies in a particular
envirooment may be tailored zo produce sulfur resistant FT catalysts.
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3.5.4 Summary

e The activity of W-based catalysts for the FT syanthesis was
low. The sulfided cataiysts were more active thar the corresponding reduced,
unsulfided catalysts. The most active catalyst was sulfided, alkali-promoted
Ni—W/A1203.

e The highest selectivity to Cct+ products was obtained with the
reduced, unsulfided WR-R catalyst which saowed the poorest activity.

e Of the Ni promoted catalysts, PWE-S gawve the best selectivity
for condensed products.

e Though their activity was low, the sulfided Ni-W catalysts
showed a similar selectivity pattern as the sulfided Co-Mo catalysts.
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3.6 Alumina Supported Ruthenium Catalysts

3.6.1 Catalyst Pre-Treatment and Sulfiding

The catalyst used was 1% Ru supported on 60 to 140 mesh Y-Alzo
and was supplied in the reduced state by Engelhard. The preparation tech=
nique and reduction procedure used by Engelhard were identical to those
used by them to make commercial Ru/Al203 catalysts. The catalyst was used
(a) without any promoter, and (b) after being impregnated with KOH so that
the alkali content, calculated as K70, was 10% by weight of the total
catalyst.

The Teactors, after being loaded with the catalysts as shown in
Table 3.39, were assembled cn the unit and flushed and pressure tested
with He. The catalysts in all the reactors were initially treated in
flowing Hp, 700 V/V/h, at atmospheric pressure and 350°C for 4 h. The
temperature was then reduced to 210°C, and the catalysts were kept over-
night at 210°C in Hp flowing at 350 V/V/h. Finally, the catalysts were
treated at atmospheric pressure and 200°C in a 2:1 gas mixture of Hp/CO,
300 V/V¥/h, for 24 h. At the end of the pretreatment, all the reactors
were fiushed with He, and reactor 5, 6, and 7 were shut off and kept under
He at 500 kPa.

Catalysts ip raactors 1 and 3 were suifided for 3.5 h at
atmospheric pressure and 200°C with a 2:1 mixture of H2/CO containing
260 ppm sulfur and flowing at a space velocity of 300 V/V/h. Reactors
2 and 4 were sulfided under identical conditions for 20.5 h. Hydrogen
sulfide was detected coming out of reactors 1 and 2 during sulfiding.

Table 3.39 summarizes the catalysts and the pre-treatment
procedure.

Table 3.39

Summary of Catalysts in Run 8
1

Symbol Rezctor Catalyst Pretreatment

Ru-R 7 1% Ru/&1203 Reduced in Hp

Ru-S1 1 1% Ru/Alp03 Reduced in Hy and then
sulfided for 3.5 h

Ru=-S2 2 1Z Ru/Aly04 Reduced in E; and then
sulfided for 20.5 h

Ruk-R 5 and 6 1% Ru/Alp03 + K0 Reduced in Hp

Ruk~S1 3 1% Ru/Al203 + K0 Reduced in Hy and then
sulfided for 3.5 h

RuK-52 4 1% Ru/Al903 + K20 Reduced in Hp and then

suilfided for 20.5 h

150 cm3 of 60-140 mesh particles were used in each reactor. TIhe weight of
catalyst 1% Ru/Al1203 louaded into each reactor was 26.8 g (dry basis),
Whereas the weight of catalyst 1% Ru/Al03 + Kp0 in each reactor was
30.0 g (dry basis).
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At the end of the run, a longitudinal sulfur gradient analvsis
was attempted, as fn the case of catalysts studied previously, using the
Dietert technique. This technique, however, could not be used because the -
chlorine (0.06 wt Z) on the support interfered with the sulfur analysis. ——
A more complex in-house combustion-gravimetric technique, uaing & Parr
bomb, was necessary, and therefore only selected catalyst sections were
analyzed (Table 3.40) to indicate the sulfur levels in the various Teactors.
In Table 3.40, section 1 corresponds to the first 5 cm of the inlet side of
the Teactor, section 2 corresponds to the next 5 cm of reactor length, ete.

Table 3. 40

longitudinal Sulfur Distributiom in Catalyst Beds for Run 8

Catalyst Ru=S1 Ru-~82 RuK-51 RuK-52
Reactor Reactor Reactor Reactot
1 2 3 4 .
Section ZS by wt 285 by wr A S by wr Z5 by wt r
1 0.19 0.35 0.72 J.55
2 — -— 0.32 — —
3 — -— - -_—
&4 0.16 -— 0.29 _—
5 — —— — —_—
6 0.16 0.18 0.37 0.21
7 —— P [— —
- 8 _ — 0.18 0.27
9 — — J— —
10 0.21 0.40 0.18 0.33
11 — 0.15 0.18 _—
12 -_— —_— - —_—
13 — —_ — —
14 _— —_— —_— -—
15 0.17 — 0.23 0.18
15 — _ -_— —_—
17 0.23 0.17 0.07 0.29
18 0.18 0.19 0.07 0.20 \
19 -_— 0.25 0.02 0.37 '

B )

Catalysts Ru-S1 and RuK-S1 were treated identically, but the sulfur
levels near the exit were amall in the case of RuK-S1, whereas the sulfur
levels were more upiform in the case of Ru~Sl. This may be important because
the pregence of alkali s=ems to affect the sulfur gradient by keeping more of
the sulfur near the entrance and the initial part of the reactor. After sulfur
was added for a lomger time period, this particular effect of alkali was not -
found, and catalyst Bu-$2 and RuK-52 both contained quite unifeorm sulfur lesels
throughout the reactor. It must be noted that during sulfiding, HyS was detected
to be coming out of reactors 1 and 2. Furthermore, gases coming out of reactors 1
and 4 were analyzed after Experiments 8-1 and 8-2. Sulfur was detected in the
exit gases, and it was found to be mainly CH3SH (5 to 35 ppm) witk some CSy and
only trace quantities of HpS. The sulfur on the catalyst seems to react with
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CO and H;. It may be inferred that there was some movement of sulfur on

the catalysts during the experiments, and hence the sulfur gradient obtained
after the run was completed may have been quite different from the gradient
just after the sulfiding procedure. In any case, the catalysts, especlally
in reactors 2 and &4, contained sufficient sulfur to warrant the assumption
that almost all the surface Ru had been exposed to sulfur.

3.6.2 Experiments Performed and Comments on the Reproducibility of Pesults

Before discussing the complete rum, let us list the experimeats
in the order that tney were performed. The following table gives the ex-
perimental conditions and duration of each test:

Table 3.41

Experimental Conditiqgsl for Run 8

Experiment Ha/co SV, V/¥/h T, °C P, kPa Time, h
8-1 2.06 210 240 2200 5.4
8-2 2.01 200 225 2200 6.1
8-3 2.94 200 240 2200 4.6
8~4 2.00 200 240 2200 5.0
8-5 2.04 200 240 3100 5.8
8-62 0.97 197 243 2200 2.9
B-7 2.02 200 300 3100 5.2
8-8 2.05 200 350 : 3100 4.0
8-9 2.06 200 240 2200 4.5
8-10 2.0l 200 240 2200 L.3

Before starting Experiment 8-1, the catalysts were flushed with He.
Between Experiments 8-1 and 8-2, the catalysts were again exposed to flowing
Be overnight at the conditions of Experiment 8-1. However, it was decided
at the end of Experiment 8-2 to expose the catalysts,-after each experiment,
to flowing Hp at 200°C (except after Experiment 8-9) and the pressure of the
nraceeding experiment until the next experiment was started on the followling
day. The explznation of the treatment after experiment 8-9 is given later.
Hydrogen treatment was used to try and keep the metal surface as free from
carbon deposits as possible, and hence enable comparisons between experiments
to be made. For example, Experiments 8-1 and 8-4 were carried out under
similar conditions, and a&s shown in Table 3.42 the results from reactor 7,
containing catalyst Ru-R, are close. Alkalized and sulfided catalysts are
not directly compared for different experiments as the chances for surface
changes due to sulfur or alkali movement are possible. However, the

lAccurate experimental conditions for each reactor and detaliled results are
shown in the tebles for Run 8 in‘Appendix D, pages 201 to 221.

ZExperiment performed only with catalyst Ru-R in reactor 7.
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Table 3.42

Comparison of Results from Reactor 7

Catalyst: 1% Ru/Al.O

2°3
Experiment g-1 8-4
Pressure, kPa 2200.00 - 2200.00 —
Space-velocity, V/V/h 212,20 194.70
Inlet Hy flow, em®/min 119.04 108.40
Inlet CO Flow, em3/min 57.79 54,20
Reaction tempeératvre, °C 245,00 245.00
HZICO . 2.06 2.00
Avg. contractiom, % 84.73 £87.70
CO2~free contraction, Z 85.52 88.6%
Hp comverted, cmw3/min 103.25 99.42
Hz converted, imoles/min 4218.87 4055.47
Hy conversion, 7 86.73 91.71
CO converted, cm3/min 51.87 47.35 _
CO converted, umoles/min 2119.39 1931.49 '
CO conversion, % 89.75 87.35 :
Total Hs + CO conversion, % 87.72 90.26 .
H, usage ratic 0.67 0.68 :
Gaseous products, imoles/min :
CH 85.84 78.45
CoHg + CoHy 9.16 6.16
CaHg 7.44 5.06
C3He 18.63 7.42
i-C;H10 0.03 0.03
n~CsH1Q 5.98 3.80
1-C4Hg 10.64 7.32
1-C4Ha : 0.04 0.02
ctg-2-CzHg 1.33 0.49
Luz 57.62 65.91
Selectivity, % CO converted to:
Cs+ 85.26 87.52
CHy 4.05 4.06
COg ” z2.71 3.41
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reproducibility within any particular experiment was shown to be good due
to the close match of results obtained in reactors 5 and &, each containing
the RuK-R catalyst.

The only experiment in which results from reactors 5 and 6 differed
considerably was Experiment 8-7. It was felt that this difference could have
been due to changes taking place, after a 3100 kPa pressure experiment
(Experiment 8-5), on the catalyst surface regarding the position of the large
amount of alkali; and that these changes were not identical in the two reactors
at that time. However, after Experiment 8-7 and the overnight treatment in Hy,
the catalysts in the two reactors 5 and 6 behaved very similarly in Experiment
8-8, The possible changes that may have occurred on the surface may be
important especially since the catalysts seemed to have come to 2 state which
gave similar results. These observations will be discussed later.

Finally, problems were encountered after Experiment 8-8 which
was conductec at a high temperature (350°C) and a high pressure {3100 kPa).
As shown in Table 2.43 for the Ru-R catalyst, conversions in Experiment 8-9
were low and the selecrivities were quite different from those obtained in
Experiment 8~1 which was performed at similar conditioms. It was felt that
carbonaceous residues could have formed during the high temperature experi-
ment, and that their presence probably caused the changes in catalytic
behavior. After Experiment 8-9, the catalyst was exposed to flowing By at
350°C. The results of Experiment 8-10 indfzate that this overnight treatment
in Hy, was helpful in restoring a significant amount of activity, and the
selectivity was close to that observed in Experiment 8-1. Further treat-
ments in Hy were not done, but they probably would have restored the initial
activity of the catalyst. Similar restorative effects of H) were found by
Karn et al. (77) on 0.5% Ru/Al;03 used in FT synthesis. Sulfided and
alkalized catalvsts, however, showed low activities in Experiments 8-1,
8-9, and 8-10, all of which were carried out at 2200 kPa. And a regenmerative
Hp effect was not observed in their cases.

3.6.3 Results and Discussion

In most of the folliowing discussion, when comparing the resulte
of sulfided aud unsulfided catalysts, catalysts Ru-S2 and RuK-82, which
were sulfided for the longest time, 20.5 h, will be used for comparison.
Though the behavior of catalysts sulfided for 3.5 h or 20.5 h was generally
similar to each other, using the catalyst sulfided for a longer time for
comparative purposes seems to be a more conservative approach.

Though the addition of alkali or sulfur to a 1% Ru/Alj03 catalyst
generally reduced the activity of the catalyst, certain important points
may be deduced from our results. Table 3.44 shows some significant changes
of catalytic behavior as a result of increasing pressure.

Increasing the pressure from 2.2 MPa tc 3.1 MPa brings about a
gix to seven fold increase in the activity of sulfided and alkalized cata-
lysts. At the low pressure, the Ru-R catalyst is zbout 9 times more active
than the corresponding sulfided catalyst Ru-S2. On increasing the pressure
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Table 3.43

Comparison of Active, Deactivated and Hy
Treated 1% Ru/Al,.0. Catalyst - Reactor 7

Experiment

Pressure, kPa
Space-velocity, V/V/h
Inlet Hy flow, cm3/min.
Inlet €O flow, cm3/min
Reaction temperature, °C

Avg. contraction, %
C02-free contraction, %
Hy converted, cm3/min
Hy converted, umoles/min
Hy conversion, Z

CO converted, cm”/min

CO converted, umoles/min
CO conversion, %

Total H2 + CO conversion, 7

H, usage ratio

Gaseous Products, moles/min

CH,
CoHg + CoHy
C3Hg

C3Heg
1-C4H10
n-CzHig
1-C4Hg
1-C,
els~2-C,Eq
COZ
Seleciivity, ¥ CO converted to:

Cg+

CHy

co,

CO conv. to Cg+/CO conv. to hyde. gas

Ha/CO = 2.0
8-1 8-9 8-10
Active Deactivatedl After
Catalyst After Overnight
In First Experiment Hy Treatment
Experiment 8-8 at 350°C at 350°C
2200.00 2200.00 2200.00
212.20 200.30 197.20
119.04 112.37 109.73
57.79 54.55 5&.59
245.00 241.00 242.00
84.73 28,11 64.70
85.52 28.34 65.27
103.25 32.63 72.65
4218.87 1320.00 2948.88
86.73 29.03 656.21
51.87 17.27 36.76
2119.39 698.85 1491.75
85.75 31.66 67.32
87.72 29.89 66.57
0.67 0.65 0.6b
85.84 44.96 49.72
9.16 3.37 3.27
7.44 3.41 3.11
18.63 9.14 1r.02
0.03 0.03 0.02
5.98 3.56 3.69
10.64 7.35 9.80
0.04 0.02 0.04
1.33 0.22 0.29
57.62 15.96 38.03
B5.26 78.50 ar.11
4.05 6.43 3.33
2.71 2.28 2,55
7.09 4.08 8.43

1the: H; treatment at 200°C after Experiment 8-8 was insufficient to reactivate

the catalyst.
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to 3.1 MPa, this activity difference is reduced from a factor of 9 to 1.8.
As the activity of sulfur-poisoned Ru/Al,05 catalyst is significancly
im>roved by increasing the reactant Pressure, it may be possible to offset
catalyst deactivation due to the presence of sulfur by working at pres-
sures above 3 MPa. An advantage of Ru catalysts 1s that, ynlike Cc and
Fe catalysts, they can be used at high pressures of synthesis gas.

The activity of the alkalized catalyst RuR-R is 12 times less
than that of Ru-R at 2.2 MPa. But the addirion of sulfur to RuK~R re—
duces the activity only by a factor of 1.5, unlike the drastic deactiva-
tion observed in the case of the unalkalized catalyst. Hence, there is
no significant deactivation by sulfur for the alkalized catalyst. Increasiag
the pressure o 3.1 MPa increases the activity of both RuK-R and RuK-S52,
so that the latter is still only 1.4 times less active than the former.
Also, at the higher pressure the alkalized catalyst is only 1.9 times less
active than Ru-R. As stated before, the alkalized catalyst was made by
impregnating KOH, ccrresponding to 10% by wt K20, on the reduced 17
Ru/A1203. The alkali probably covered many active Ru sites leading to the
Poor activity of the RuK-R catalyst. It is possible that other techniques
of combining Ru-K-Als03 may give a catalyst with higher activity, and one
which alsc shows a simllar resistance to deactivation by sulfur as our
present RuK-R catalyst.

One explanation of the remarkable enhancement in the activity
of Ru catalyst at high pressure requires the assumption that the seat of
activity consists of two or more adjacent sites. If even ope site is
blocked the reaction camnot occur as seen by the low conversions obtained
on sulfided or alkalized Ru catalysts. On increasing the reactant pres—
sure, it may be possible to displace the site-blocking poisom with a
reactant, and the surface intermediate necessary for the hydrocarbon growth
process may then be formed. Thus, the activity of the poisoned catalyst
may be considerably higher under conditions such as high pressure when
sites that bave been blocked are freed. The swall difference in activity
between the RuR-R and the RuK-S2 catalysts is probably due to the fact
that most of the sulfur interacts with the 2lkali which is already
blocking a reaction site. :

Besides a pressure effect, a‘significant texperature effect was
observed at a pressure of 3.1 MPa for the alkalized catalyst as shown in
Table 3.45.

As the temperature is Increased from 240 to 300°C, the conver-
sion over the alkalized catalyst increases from 41 to 982. It is inter-
esting to compare this high activity of the RuE-R catalyst with a conver-
sion value of 6% for the same catalyst at 240°C and 2.2 MPa as stated
before. It is possible that the catalyst gsurface is quite different at
the higher pressure and temperature with more sites available for chemi-
sorption of the reactants due to possible removal of some of the site-
blocking alkali. It is also possible that chemisorption is considerably
enhanced on the Ru-K surface at the high pressure and temperature condi-
tions leading to higher conversions. The gelectivity to Cs+ hydrocarbons
decreases with increasing temperature with a corresponding increase in
CH; and COp formation. At the 9%+X conversion levels the CO2 formation could
be due to the Boudouard reaction, causing coke to be deposited on the

PRI R e
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Table 3.45

Comparison of Alkalized and Unalkalized Ru/A1,0, Catalyst

P = 3.1 MPa, SV = 200 V/V/h, Hp/CO = 2.0

Temperature, °C 240 300 350
Catalyst Ru~-R RuK-R Ru=R RuK-R Ru-R RuK-R
Hy + CO conv., % 95.5 41.1 99.6 97.5 99.4 98.9
Selectivity,
% CO converted to:
Cgt 99 _63 95.16 82.86 68.47 16.55 30.91
CH4 0.15 G.0% 7.89 13.62 61.96 42.03
Cop 0 446 5.98 §.58 21.03 15.57
Gaseous olefins:
propylere/propane 0.01 2.33 <0.01 0.0z 0.03 <0.01
butenes/n-butane 0.12 1.85 0.01 0.05 0.04 0.02

catalyst. At the highest temperature studied (350°C), the selectivity to Cg¥
products is twice as high for the alkalized catalyst than the unalkalized
catalyst. The gaseous products are predominantly paraffinic except in the
case of the RuK-R catalyst at the lowest temperature, 240°C, studied. Con-
densed products irom both catalysts were analyzed, and the analysis is shown
in Table 3.46.

The molecular weight of the products obtained with the alkalized
catalyst is greater thap that obtained with the unalkalized catalyst. The
unalkalized catalyst gives predominanctly n-paraffins, and the percentage of
n-paraffins for each carbon number is approximately the same. On the other
hand, the alkalized catalyst gives liquid products which are not chiefly
n~paraffins for carbon numbers less than C12, and the amount of n-paraffins
in the liquid product increases with carbon number for the RukK-R catalyst.
It is interesting to note that this result on condensed products 1s quite
differeat from the results of gaseous products with the same RuK-R catalyst,
which show that significantly larger amounts of propane and n-butanes are
formed rather thap ~he corresponding olefins or branched compounds (Table 3.45).

The best results, in terms of activity and selectivity, were obtained
for the Ru~R catalyst at 240°C and 3.1 MPa (Experiment 8.5). As shown in
Table 3.45, a 95.5% conversion was obtained with 99.6Z of the CO converted
being used to form Cg+ products. Moreover, as showm in Figure 3.13, 99 wt Z
of the product is between Cg and Cp5 with 2 maxjmum of 12.5 wt % at Ciqp-
The normal paraffinic content of the condensed product is 90+ wt Z. Thus,
alumina supported Ru catalysts under appropriate experimental conditions
can give high conversiom to liquid paraffins with negligible gaseous products
or wax {(Czst).
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Figure 3.18

1% Ru/Alo0q Catalyst

T = 241°C, P = 3100 kPa, SV = 193 V/V¥/h, Hp/CO = 2.0
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Table 3.47 shows the effect of 1.2/CO ratios on the performance
of the ungulfidied, unalkalized 1% Rnlﬁl203 catalyst.
Table 3.47

The Effect of H,/CO Ratio
1% Ru/Al4043

T » (44°C, P = 2,2 MPa, SV = 200 V/+/h, Catalyst = Ru~R

Hy/CO ratio 0.97 2.06 2.94
H, + CO conv.,Z 44.6 87.7 90.5
Selectivity,
X CO converted to:
Cot 90.02 85.26 35.11
c3 + ¢, 5.35 7.12 6.07
o 0.40 3.86 21.06
CH,, 1.75 4.05 37.71
co, 2.48 2.71 0.05
Gaseous clefins:
propyviene/propane 3.98 2.50 0.002
butenes/n—-butane 3.05 2.00 0.002
iso—butane/n-butane 0.01 0.005 1.03

Norma! paraffins in
C5=Co2 hydrocarbene, wty 79 81 20

The effect of Hy/CO ratios on both activity and seiectivity is quite
iirge. A H/CO ratio of 1 gives low conversions but gives a high selectivity
to liquid products; om increasing the ratio to 2 the conversicu increases
substantislly.but the selectivity remains close to that obtained with B/0 = 1.
Finally, when the Hy/CO ratio is increased to 3 high conversions are obtained,
but the selectivity to condensed products is reduced with large quantities of
CH, and C, hydrocarbons being formed. Alsc at Hy/CO = 3 only small amounts of
gaseous oiefins are detected,but as much iso-C,H as n-C B, 18 formed. The
effect of Hy/CO ratios on the condensed produit distributions is shown in
Figure 3.19. Most of the products are Letween Cs to Cz5 with little wax for-
mation. The molecular weight of the product increases as the H2/CO ratio
decreases. From the above results, it can be seen that in ord:r te get high
ccaversicns to Cg to Cy; hydrocarbons, a Hy/CO ratic of 2 shouwld be used with
the iX Ru/Al,0; catalyst.

Finally, let us compare the selectivity of the sul:ided catalyst,
Ru-52, with catalyst Ru-R under experimental conditions in which the latter
catajyst gives icrge quantities of gaseous hydrocarbons. Two such conditioms
were investigated by us; a high temperature conditions (Experiment 2-9) and &
condition with a high E2/CO ratio of 2.9 (Experiment 8-3). The zomparisons
are given in Table 3.48.
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Figure 3.19
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1% Ru/Al.04 Catalyst
T = 244°C, P = 2200 kPa, SV = 200 V/V/h

Distribution of Condensed Products

H2/CO Ratio

2.06
2.94

B LA QO "
seses Qorrt” O -
P = D Olllll‘l-_ Illlll-l!lnv.lu‘
00" e v e e Q= p i an wm e =
- l‘V"‘.,.ﬂ---\
p' o&...u.ou-.-.--o-o.--o -
v,' OIII gerrevtsvsonrresrrng tveas
el e am e D e,
B ®
| | 1 i i 1 1 | | i 1 | I H
0 uy ~3 ™ o~ — o n o0 ~ D wny ~F [} o
— ~ — - - — 4
% ‘yBiap

L5

40

35

30

25

20

15

10

Carbon Number



- 199 -~

Table 3.48

Comparison of Sulfided and Unsulfided Ru/Al;0, Catalysts

Case A: T = 350°C, P = 3.1 MPa, SV = 200 V/V/h, H,/CO = 2.05
Case B: T = 240°C, P = 2.2 MPa, SV = 200 V/V/h, Bo/CO = 2.94

Case A (High Temp) Case B (High H,/CO Ratio)

Catalyst Ru-R Ru~S2 Ru-~-R Ru-§2
H, + CO conv., 2 99.4 25,25 90.5 1.75
Selectivity,
Z CO converted to:

Cot 16.55 80.84 35.11 98.65

CH,, 61.96 7.86 7.1 0.21

€Oy 21.03 14.34 0.05 1.00

Under both experimental conditions, high temperature and high Hy/CO
ratio, 1Z Ru!A1203 gives 3 poor selectivity to Cs+ products. The sulfided
catalyst, however, though low in activity does not show any drastic reductiou
in its condensed product selectivity. The addition of sulfur seems to prevent
the formation of CH,. Furthermore, under most experimental conditions, the
gaseous olefin/paraffin ratio is larger for the Ru-S2 catalyst than the Ru-K
catalyst. And, at geveral conditions, more iso~-butene is formed than any
other C, hydrocarbon with the Ru-S2 catalyst. This 1s not the case with the
Ru~R catalysct.

Let us now coupare the catalytic behavior of the 1Z Ru/AlyC3 cazalyst
with that of the precipitated iron-based and cobalt~based catalysts which
have been discussed in Sections 3.1.3 and 3.2.3. Table 3.49 gives a sample
comparison.

The Co-based catalyst was the most active catalyst, but it formed
large quantities of Cpgt hydrocarbons at 1.6 MPa pressure. The Fe-based
catalyst not only formed much wax but also produced a large amount of CO2
via the water-gas shift reaction. On the Ru catalyst most of the CO was
converted to liquid hydrocarbons with little wax or gas formation. Therefore,
iZ Ru/Al,04 was the most efficient catalyst for converting €O to hydrocarbons
useful for liquid fuels. The condensed product, in all cases, was mostly
n-paraffinic in mature. Ti:2 Co-based catalyst gave the least amount of
olefinic product.

X-ray diffraction measuremeants were carried out on the Teduced,
unused 1% Ru/Al,03 catalyst. No Ru peaks were observed indicating that the
Ru particle size was probably less than 3 nm. X-ray diffraction aeasurements
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Table 3.49

Comparison of Supported Ru Catalyst with

Precipitated Iron—based and Cobalt-based Catalysts

Catalyst 1% Ru/Al.0
Weight, g 26.8
Volume, cm 50.0
Reacticn temperatire, °C 245.0
Reaction pressure, MPa 2.2
H2/CO ratio 2.0
Space-velocity, V/V/h 212.0
COp-free contraction, ¥ 85.5
H2 comversion, 2 86.7
CO coaversion, % 89,6
CO converted to hyde., % 87.3
Selectivity, X CO converted to:

CH& 4.1

Cz 0.4

Cqy + Ca 7.5

c 85.3

€0 1 2.7
€0 conv. to CS+ICO conv. to gas 5.8
Ut Z in condensed products:2

Cs to c&l 55.3

C12 to 25 44.4

Cogt 0.3
Total n=paraffins in condensed

products, % 82

Gaseous olefins:

C2341C2H6 e

C3Hg/CaHg 2.5

C4Hg/n-C4B10 2.0

1CE4 toc Cq hydrocarbons + coz-

25ee Figures 3.5, 3.12, and 3.19.

30234 and cznﬁ peaks were not resolved during rum B.

Fe-based Co-hbased
39.4 29.8
40.0 50.0

239.0 184.0
2.3 1.6
1.5 2.0

257.0 216.0

71.0 83.8
55.5 86.3
98.5 85.3
58.5 80.2
3.3 8.7
4.4 2.2
8-8 8.1
42.8 75.0
40.7 6.0
0.7 3.8
14.2 17.0
60.2 53.0
25.6 30.0
82 95+
0.1 0
2.3 0.8
1.9 0.4
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were then also carried ocut at the end of the run on certain sectfons of the
used Ru~-R catalyst (reactor 7). The catalyst in reactor sections 1, 4, 3,
and 14 (see Table 3.40) were studled., <Catalysts in sections 1 and 4 gave
broad y-Al,03 peaks, but Ru peaks were not observed. The results from
section 8 showed that the y-Al,0; had changed tc a more crystalline o
monochydrate form, and again no Ru peaks were observed. The diffraction
pattern of the sample from section 14 again gave peaks of a-Al303, but

now peaks corresponding to Ru were alsc present. The metal particle size
was estimated from the x-ray result for section 14 to be 10 nm. These
observations indicate a dramatic change in the Alj03 form and possibly a
growth of Ru particle as one goes from reacror entrance to exit. The thermo-
couple placed half-way irto the catalyst had shown values close to the
reactor furnace terperature. Moreover, previous work by uc had indicated
(Section 2.5) that severe temperature gradients are not present in our
system. However, the coaditions for Experiment 8-8, 350°C and 3.2 MPa
pressure, may have been severe enough to cause temperature gradients, hot
spots, and metal particle sintering. Sintering of Ru particles and the
change in the forz of alumina could also be partly due to the presence oi
water. It 1is interesting to note that there were no significant changes
near the top, i.e. where the amount of product water was probably not large
enocugh.

Though Ru catalysts have been used in the past to study wax
production (78, 79) or methanation (45, BO, 81), there has been little
effort made to investigate liquid hydrocarbon production. Karn, Shultz,
and Anderson (77) used a commercial 0.5% Ru/Al;03 Engelhard catalyst,

0.3 cm pellet size, to study the FT reaction in a 1.38 cm internal diameter
reactor. In our study we used a 1Z Ru/A1203 Engelhard catzlyst, powdered

to about 0.02 cm particle size, in a 0.77 cm internal diameter reactor.

Our conditions were selected to ensure that problems of iniermal diffusion
and radlal temperature gradients were minimized. Let us compare ii= results
of Rarn et al. (77) whick have been summarized in Figure 3.20 with those
obtained by us (Table 3.42 and Figure 3.19).

Though Karn et al. (77) obtained good conversiom to liquid products,
Cg5 to Cyp, they also obtained large quantities of soft and hard wax. Depending
whether the H,/CO ratioc was 1 or 2, the wax formation corresponded to about
45% or 35X respectively of the hydrocarbons formed. Though we worked at 2
lower space-velocity, 200 V/V/h, we did not observe any significant amount
of wax formarion even at high pressures of 3.1 MPa. For example, at experi-
meatal conditions corresponding tc 3.1 MPa pressure, 240°C reaction temperature,
and a HziCO ratio of 2, we obtained a2 selectivity of 95+% to C5-Cyg hydro-
carbons. Generelly, our results showed that there was a tendency to form a
lower molecular we_.ght product than that obtained by Karm et al. (77). But
more importantly. it was shown in both studies that a small amount of Ru,
X 1.0Z by wt, supported on alumipna was active for liquid hydrecarbon production.

3.6.4 Summery

® Addition of either sulfur or alkali to the 1Z Ru/Al;03 catalyst
reduced its activity considerably. However, on increasing the reaction
pressure from 2.2 MPa to 3.1 MPa, a dramatic improvement of the activity of
the polsoned catalyst was observed.
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Figure 3.20 USBM Results with 0.5% Ju/Al,05 (77)
P=2.2 MPa, SV = 30C vV/Vv/h
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® At 240°C, both sulfided and unsulfided, alkalized Ru/Al,0
catalysts showed similar activities. The presence of alkali seemed to
prevent any further large deactivation by sulfur. At temperatures equal
to or greater than 300°C and at a high pressure of 3.1 MPa, the unsulfided
alkalized catalyst, RuK-R, did not behave as if it wvas polsoned and showed
as high an activity as the unalkalized Ru-R catalyst.,

® Alkalized and sulfided Ru catalysts generally gave a high selec-
tivity to condensed products even at experimental conditions during which
the Ru-R catalyst gave large amounts of gaseous products.

® For the Ru-R catalyst, a HZICO ratio 15 1 gave poor activity,
but good selectivity to liquid hydrocarbons; a ratio of 3, on the other
hand, gave a high activity but poor selectivity. Both high activity and
good selectivity were observed at a H,/CO ratio of 2.

® The best experimental conditions at which the Ru-R catalyst showed
a Hy + CO conversion of 95X, with a selectivity to condensed products being
99%, were as follows: temperature = 240°C, pressure = 3.1 MPa, space-
velocity = 200 V/V/h, and Hp/CO = 2. There was negligible wax production;
99 wt Z of the condensed products being from Cg to Cy5 hydrocarbeas.

® Gaseous olefin/paraffin ratios were larger for the Ru-S2 catalyst
than the Ru-R catalyst. It was interesting to note that the Ru-S2 catalyst
generally produced more iso-buteme than any other C, olefin. This was
never the case with the Ru-R caralysr.

® Operatlon at 350°C deactivated the Ru-R catalyst probably due
to coke formation. Overnigl: treatment in flowing Hy at 350°C tended to
restore both the catalytic activity and selectivity.

® Compared to ali catalysts tested by us, the Ru-R catalyst gave
the most efficient conversion of CO to liquid hydrocarboms which were
mainly n-paraffins.



