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Table 3.8

Experimental Conditionsl for Run 5

Experiment H,/CO SV, V/V/h T, °C P, kPa Time, h
5-1 1.61 290 250 1000 4.2
5-2 1.55 250 250 1000 3.6
5-3 1.03 200 250 . 1000 4.0
5-4 1.69 250 260 1000 3.6
5-5 1.55 250 270 1000 3.8
5-6 1.96 250 250 1000 3.5
3=7 1.51 250 230 1000 3.5
5-8 1.46 250 240 1000 3.9
5-9 1.55 100 240 1000 4.5
5-10 1.49 250 240 1550 3.5
5-11 1.51 250 240 2275 4.7
5-12 1.49 250 240 500 4.6

3.2.2 Results and Discussion

The following reactions have been assumed tc take place ducing
hydrocarbon synthesis:

la. (20+1)H, + nCO + CHy .5 + nHZO Paraffins

1b. ZI:IH.2 + @Co - CﬂBZn + nHZO Olefins

2a. (n+1)H2 + 2nC0 ~+ an2n+2 + nCOZ Paraffins

2b. nﬂz + 2nCO -+ CnHZn + nCO2 Olefins

3a. B,0 + CO & €O, + q, Water-gas shift
reaction

3b. 2¢o + Co, + c Boudouard reaction

Previous investigators (16, 55, 56, 57) have postulated that H,0
is the primary oxygenated product, that reactioms 2z and 2b are not importarnt,
and that COs is formed primarily via reaction 3a. Recently, Dry and
coworkers (25) found that, om a fused irom catalyst, a nine-fold increase in
the gas flow rate had no effect on owerall activity (i.e. moles of Hy0Q + CO,
produced) but led to a decrease in the relative amount of CO, to H,0 produced.
Ac a lower residence time should increase the ratio of primary to Secondary
rroducts, Dry et al. (25) postulated that COp was produced via a secondary
reaction.

Accurate experimental conditions for each reactor and detailed results are
given in the tables for run 5 in Appendix D, pages 142 to 154.
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In all our experiments, except those conducted at low temperature
(Exper:ment 5~7) and low pressure (Experiment 5-12), CO conversion was
greater than 55%Z, whereas Hy conversion rarely exceceded 70%. -Approximately
30 to 407 of the exit gas was COp. With the help of the results given in
Appendix D it can be shown that reactions la, 1t and 3a are the most
probable reactions taking place. As an example we will use the resul.s
from reactor 5 4n Experiment 5-1.

Let us assume that reactions la and 1b are the primary reactions.
Then, H, consumed, umol/min, to:
CH, = 3 x 135.% = 407.7

Col, = 2 x 147 =  29.4
Cyfg = 2.33 x. 48.9 = 114.0
CjHg = 2 x 131.6 = 263.2

CB, = 2:25x 34.3= 77.1
Ciig = 2= 70.2 = 140.1

Cgt = 2 x 790.4 = 1580.8

Total H, consumed to form hydrocarbons = 2925.0 umol/min.

Assuming that reaccion 3a is the only source of CO2 producticn
the amount of Hy produced via the shift reaction is 652.4 umol/min.

Therefore, the overall Hp conversion should be

= 2925.0 - 652.4 = 2272.6 umol/min

The above calculated value is only 1Z higher than the observed result of
2296.9 wmol/min. Such good agreement between calculated and observed values
is true for most of our results, and this ratifies our assumption that
reactions la and 1b are the primary FT reactions and €0y is produced mainly
via reaction 3a. In a few cases the calculated value is as much as 202
higher than the observed result; whether this is due to experimental errors
or a small amount of CO, being produced via reacrion 3b cannot be elucidated
at present.

There 1s no agreement between calculated and observed values if we
assume reactions 2a and 2b to be the primary reactions. It is, however, not
possible to show via such calculations whether reactions la, 1b, 2a, and 2b
take place together to produce hydrocarbons, water, and COy without the
occurrence of the shift reaction. But, our calculations do substantiate the
postulates of past researchers (16, 25, 55, 56, 57) whose inferences, that
reactions la and 1b are primary reactions and that CO, is formed via the
water-gas shif: reaction, were based mainly on experimental observation.
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It is important to compare H, and CO conversions and selectivity
to Cs+ hydrocarbons on sulfided and unsulfided catalysts. Table 3.9 shows
. some typical values for the catalyst with 0.4 wt % S (reactor 4) and the
catalyst without sulfur (reactor 5).

 Table 3.9

Conversion of Hy and CO
on Precipitated Iron-based Catalyst

H,/CO = 1.5 + 2%, SV = 245 V/V/h + 5%

Total Hydrogen Total Carbon Monoxide
Converted, % Converted, %
Reactor 4 5 4 5
Nominal S, wt % 0.4 0 0.4 0
T = 250°C, P = 1000 kPa 64 62 99(43) 99(36)
T = 230°C, P = 1000 kPa 31 29 72(50) 72(640)
T = 242°C, ? = 500 kPa 3z 31 71(39) 72(39)

() = selectivity, % CO converted to C5+ hydrocarbons

- It was noted (Table 3.7) that approximately 25% of the catalyst
bed iu reactor 4 contained a significant amount of sulfur. However, as
seen ’n Table 3.9, the conversions obtained from the sulfided and unsulfided
reactors are very ciose, i.s. there was no catalyst deactivaticm. Ome
argument may be that conversion valaes from the reactors are close because
the complete bed does not participate during the reaction, and therefore, even
though the sulfided portion of the bed remains inzctive, the rest of the

— catalyst is sufficient to give the appropriate conversion. This argument

3 is valid when conversions of 99-100% are obtained. But, for example, where
Hp cenversions of about 30% and CC conmversions of about 72% are obtained,
the above argument cannct explain the similarity of results on the sulfided
and unsulfided catalyst. This is an important result as it shows that 2
precipitated (ppt) iron-based catalyst, such as the one used hore, can
withstand deactivation by sulfur to a certain extent.

Let us compare the above results on precipitated iron catalysts
to those of Anderson et al. (58) on fused iron catalysts given in Table 3.10.
The results ‘mdicate that the presence of sulfur causes a significant drop
in the catalytic activity of fused iron catalysts as opposed to our results
on precipitated iromn-based catalysts.

Besides activity, the selectivity values given in parentheses in
Table 3.9 are also very uniform and seem to be independent of the presence
of sulfur. The selectivity to Cs+ hydrocarbons is quite low, approximately
40%, indicating that about 60% of the CO is utilized to make gaseous hydro—
carbons and CO2.
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Table 3.10

USBM Results on a Fused Irom Catalyst (58)

Catalyst 100 Fe : 6.B4 Mgl : 1.05 $i0, : 0.85 K0
Particle Size 28~32 Mesh
Temperature = 250 C, P = 2140 kPa, H,/CO = 1.0

Using the data and correlations given by Anderson et al., (58, 59) and
assuming that the sulfur free system has H2 + CO conversion = 90%, we have:

Total (EQ + €0) Conversion, %

No Sulfur 9ot
0.47 S by wt 44

Sulfyr Gradient on Catalyst Bed?

First 14 cm 95.5%3
Next 6 cm 2.7
Final 8 cm 1.8

1 Assumed.

2 7 of total sulfur in bed obtained after approximately 3.3% by wt sulfur
had beer. admitted to the cataziyst. It must be noted that at the 0.4 wt 2 5
level the sulfur gradien: may be even steeper.

3 A further breakdown of the sulfur level was not giver; it may be reasomnable
to assuxe that most of the sulfur 1s contained at the bed entrance as shown
in our experiments (Table 3.7).

L
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The effect of the Ho/CO ratic is given in Table 3.11. There 1s
2 slight increase in contraction and cverall conversion as the H2/CO ratio
is reduced. More C0; and less gaseous hydrocarbons are produced when
Hy/CO = 1. The amount of CO converted to Cgt+ is independent of the reactant
ratio. The clefinic content of the gaseous hydrocarbons are substantially
increased when H2/CO = 1. The only effect of sulfur can be seen for
Hy/CO = 1.6 when the gaseous products from reactor 4 are consistently more
olefinic than the products from the unsulfided catalyst. Except for ethyleme
production, this is not the case when Hp/CO = 1. The effect of the Hp/CO
ratio is more substantial then the effect of sulfur.

The effect of space velocity is given ir Table 3.12. Gas contraction
and overall conversion are slightly enhanced bv decreasing the space velocity.
The effect of space velocity on product selectivity is minimal. However, a
high space velocity does favor the production of gaseous olefins. At the
higher space velocity substantially larger amounts of ethylene are formed in
reactor & tnan in reactor 5; however, a similar sulfur effect is not seen for
propylene nnd butene formatrion. The effect of sulfur for oilefin production is
negligible at the low space velocity.

Yome results of the effect of temperature are given in Table 3.13 and
Figure 3.6 and 3.7. There is a rapid increase in methane production between
505 and 523 K. With further increase in temperature, there s a slight initial
increase in methane formation, and then a decrease is noted after 335 K
(Figure 3.5). In the case of CO9 formation, there is a rapld decrease between
505 and 525 K. However, as shown by the horizontal dashed line in Figure 3.6,
the % conversion of CO to Cg+ hydrocarbons i1s independent of temperature.
These treunds ir selectivity are the same for both sulfided and unsulfided
catalysts. As shown in Figure 3.7 the amount of CO consumed tc give gaseous
hydrocarbons inecreases with temperature. At 500 K more ethylere is produced
than ethane, but as soon as the temperarure is raised to 513 ¥ the trend is
reversed. -The effect of temperature o: propylene and l-butene formation is
not 2s drastic as with ethylene formatior, and in all cases more propvlene
and l-bu-ene are formed than the correspording alkanes.

The effect of pressure on COs formation and Cs+ nydrocarbon formation
is small (Table 3.14). The effect of pressure on CH,; formation 1s shown in
Figure 3.8, and a sulfur effect can also be perceived. At low pressures there
i1s no effect of gulfur, but after 15 MPa the CHy produced by the unsulfided
catalvst and the catalyst contaiming 0.08%Z S by wt % becomes independent of
pressare. The CH, produced by the more highly sulfided catalyst, however,
continuas to increase with pressure. At low pressures (Table 3.14, Figure 3.7)
the ratio, CO converted to Cg+/CO converted to hydrocarbon gas, is larger
thar, 5. As the pressure is increased to 23 MPa this ratio falls rapidly to
about 2.25. This indicates that at the lower vressure more CO is conv.rted
to condensed hydrocarbons rather than to gassous hydrocarbons. Table 3.15
and Figure 3.9 show the effect of pressure on olefia production. Low pressures
favor the production of more ethylene then ethane, but as the pressure is
raised from 5 to 10 MPa this trend is reversed. This pressure effect is
sizilar to the onme described abeve for temperatures. A slight sulfur effect
can be seen with respect to the ethylene/ethanc ratio at low pressures; at
higher pressures, this sulfur cffect becomes negligible (Figure 3.9). The
ratios of propylene/propane and l-butene/n-butane also decrease as the
pressure is increased. There is no sulfur effect in these cases, and the
amount of C3Hg and C E3 produced is always greater than the corresponding
paraffin.
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Figure 3.6

Selectivity versus Temperature
Precipitated Iron-based Catalvst

P = 1010 kPa, SV = 250 V/V¥/h, Hy/CO = 1.31
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Hollow points correspond to the unsulfided catalyst.
Solid points correspond to the catalyst with 0.4 wt T sulfur.
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Figure 3.7

The Effect of Temperature and Pressure on the
Formation of Gaseous and Condensed Hydrocaroons
Precipitatad Iron-based Catalyst

SV = 250 V/V/h, Hy/C0 = 1.5

Pressure, MPjy

10 15 20 25
T T T T

\ T = 512K

i 1 | A 1 __,
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Hollow points correspond to the unsulfided catalyst.

Solil points correspond te the catalyst with G.4 wt I sulfer.
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Figure 3.8

Effect of Sulfur and Pressure on CH;, Formation
Precipitated Iron-based Catalyst

T = 512 K, SV = 250 V/V/h, Hp/CO = 1.49

Sulfur Content:

Pressure, MPa
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Figure 3.9

Effect of Pressure on the Olefin/Paraffin Ratic
of Gaseous Hydrocarbons
Precipitated Iron-based Catalyst

T = 512 K, SV = 250 V/V/h, Hy/CO = 1.49
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Hollow points correspond to the unsulfided catalyst.
Solid points correspond to the catalyst with 0.4 wt T sulfur.
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The distribution of condensed products for several experiments
is 1isted in Appendix E. Figures 3.10, 3.11 and 3.12 show distribution
of products as carbon number, which includes mainly n-paraffins and
a-olefins. Im all three cases, which represent experiments at different
pressures, there is an initial sharp rise with 2 maximm at Cll-cl and
then a gradual decline to Czs5. Small amounts of products between %45 and
C55 were seen on the chromatograph trace but were too small to be picked
up by the computer. Unlike the results from cobalt, there is little
observable sulfur or pressure effect here, and there is uo evidence of
any bi-modal distribution of products.

Table 3.16 compares the results obtained with cobalt and iron
catalysts, at similar conditions and CO,~free contractloms. The reaction
temperature, howsver, is 55°C lower for“the more active cobalt catalyst. The
most important result is that the selectivity for €O conversion to C_+
hydrocarbon is twice as high on cobalt than on iron. Correspondingly, icon
catalysts produce more gaseous hydrocarbons and 10 times more CO,. It is
important to note the larger amount of the water-gac shift reactiIon taking
place oo iron. This may be due to the higher temperatures which have to be
used with the less active iron catalysts. Hence, beslaes being more active,
the cobalt catalyst is much more efficilent for producing condensed hydrocarbons.
The iron catalyst forms more ethylene, propylene and l-butene than cobalt on
which the formation of ethylene 1s negligibly small.

) Our results may be compared to those of Rapoport and Muzovskaya
w0 showed (60,61 ,62 ) that precipitated Fe-Cu catalysts, reduced irn Hy
under mild conditions (200°C). worked withoutr deactivation in synthesis
gas containing 50 to 100 ppm COS and CS; for long periods of time. They
noted that the presence of FeO was essenrial for resistivity to deactivation
by sulfur. They further noted that if the catalyst was reduced in Hp at
temperatures greater than 4000C the iron was in the metallic form, and the
catalyst was easily poisoned by sulfur. These interesting resuits of
Rapoport and Muzovskaya, which have been discussed in detail elgewherc {6),
together with our results on precipitated Fe-based catalysts, walch were
also reduced under mild conditions (Hp/CO =1, T = 240°C), show that it may
be possible to forrulate sulfur resistant FI iron-based catalysts. At
present, it is difficult to say what surface state of irom is the active
state, and whether metallic iron is required. However, precipitated Fe—
basaed catalysts, reduced under mild conditions, act differently from the
popular fused iron catalysts which as shown in Table 3.10 deactivate rapidly
in the presence of sulfur.

X-ray diffraction measurements of our raw unused catalyst indicated
that only a~Fez03 was present; measurements at the end of the FT synthesis
run indicated that only Fey0; was present. It is probable that small amounts
of metallic surface ircon, carbides or other compounds were oxidized when the
catalyst was removed from the reactor.
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Figure 3.10

Distribution of Condensed Products
_Prceipitated Iron-based Catalyst

P = 1000 kPa, SV = 250 V/V.h, T = 240°C, Ha/CO = 1.46
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Figure 3.11
Discribution of Condensed Frod.cts
Precipitated Iron-based Catalyst
P = 1550 kPa, SV = 250 V/V/h, T = 240°C, Hp/CO = 1.49
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Figure 3.12

Distribution of Condensed Products
Precipitated Iron-based Catalyst

P = 2300 kPa, SV = 250 V/V/h, T = 240°C, H2/CO = 1,51
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Table 3.16

Comparison cf Precipitated Cobalt-based and Iron-based Catalysts

Co : ThOz : kieselguhr : K,COy (Unsulfided); SV = 208 V/V/h, P = 1100 kPa,

Hy/CO = 1.53

1

Fe : Cu : KyCOq (Unsulf-ded); SV = 196 V/V/h, P 1000 kPa, Hy/CO = 1.61

Ppt Co-based Ppt Fe-based

Reaction temperature, °C 195 250
COz—free contraction, % 79.1 76.6
H; conversion, % 90.0 70.7
C0 conversion, % 67.1 99.3
CO converted to hydrocarbons, % 65.1 66.3
Hyp zsage ratio 0.67 0.53
Selectivity, % CO converted to:

€Oy 2.9 32.6

CH, 4.7 6.7

CZHA + CZH6 1.8 6.9

C3 + Clt 10.4 14.3

Cs+ 80.2 39.5
CO conv. to Cg+/CO conv. to gasl 3.71 0.65
Geseous olefin production

CoHy/CoHg 0 0.12

CaHy/CaHg 2.23 2.69

1-C,Hg ?n-C4H10 1.36 2.05

lCHa to C; hydrocarbons + CO2
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3.2.4 Summary

& It was shown that the primary reaction forms hydrocarbon and water,
vhereas the Cﬁb is produced by the water-gas shift reaction.

e The addition of sulfur did not deactivate the precipitated iron-
based catalyst. This result was compared to similar observatious made in
the past by Rapoport and Muzovskaya (60, 61, 62).

¢ On comparing our work and the work of Rapoport and Muzovskaya on
precipitated iron-based catalysts with the work on fused iron catalyst by
Anderson et zl. (58), it was seen that the fused iron catalysts deactivate
much more rapidly in the presence of sulfur.

® There was no significant suifur effect except in the productiorn of
ethylene. The catalyst containing 0.4 wt % S consistently produced more
e2thylene than the unsulfided catalyst.

e More ethylene than ethane was produced only at the lowes: temperature
(300 K) and pressure (5 MPa) studied. However, more propylene and l-butene
were produced than the corresponding alkanes at all conditions studied.

o The ratio, CO converted to C.+ hydrocarbons/CO converted to hydro-
carton gas, was higher at low temperatures and low pressures.

¢ Depending on the experimental conditions, aprroximately 30 to 40%Z of
the CO reacted was converted to C.+ hydrocarbons, and approximately 35 to 50%
of the CO reactad was converted td CO.,. There was no marked effect of sulfur
on these selectivities. The highest Selectivity to form CO2 was obtained at
the lowest remperaturg and pressure uged.

¢ The condensed product distribution did not show a strong dependence
on pressure or on the amount of sulfur present on the catalyst. A skew
distribution was obtained, and a single maximum at 011—013 was seen in all
cases.

. m————— e o
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3.3 Cobalt-Molybdenum Catalysts

3.3.1 Catalyst Pre-~treatment and Sulfiding

The catalys: used was a commercial hydrotreating catalyst, made by
Harshaw Chemical Company, containing nominally 3% cobalt oxide and 117 molyb~
denum t=+cxide supported on alumina. The catalyst is sold under the commercial
name HT-400. This catalyst was used (a) without any promoter, and (b) after
being impregnated with K,C04 so that the alkali content, calculated as K,0,
was 3.457 by weight of the total catalyst.

The reactors, after being loaded with the catalysts as shown in
Table 3.17, were assembled on the unit and flushed and pressure tested with
He. The catalysts werz then dried overnight (approximately 15 h) under a
flow of He at 150°C. Reactors 2 ané 4 were shut off and held under a He
pressure of 500 kPa. Catalysts in reactors 1, 3, 5, 6, and 7 were treated in
Ha, 600 V/V/h, at atmospheric pressure as follows: the temperature was
increased in 50°C increwents up to 450°C, and the catalysts were reduced at
450°C for 24 h. The reactors were then flushed with He. Catalysts in
reactors 1 and 3 were sulfided with 0.103% H2S in Hy, at 300°C. aimospheric
pressure and 2 space velocity of 500 V/V/h, to obtain a nominal sulfur
content of 1% by wt. The reactors were once again flushed with he.

All reactors, except 2 and 4, were shut off and kept under e at
500 kPa. Catalysts in Teactors 2 and &4 were first calcined ir air, 480 v/v/n,
at 400°C for 2 h. The temperature was reduced to 42°C, and the reactors were
flushed with He. A flow of 10% %35 in dy, 700 Viwik  wme srtarted; within 8 min
the temperature increased fram 42°C to 48°C and decreased again to 42°C as
the exotherm passed through the bed. The temperature was kept art 42°C for
1 h, then raised to 150°C for 1 h and finally increased to 320°C. Sulfiding
was contirued with the 10% HS/H, mixcure ar 320°C for 15 h, after which the
reactors were flushed with He. Catalysts in reacrors 2 and &4 will be called
fully sulfided catalysts. The sulfiding proceeding was recoamrended by Harshaw.
All pretreatment procedures were carried out at atmospheric pressure.

Table 3.17 summarizes the catalysts and the individual pret-eatment
procedures.

Table 3.17

Summary of Catalyscs in Run 6

Symbol Reactor Catalystl \ Pretreatment

CM-R 5 HT-400 Reduced in Hp

CM-RS 1 HT-400 Reduced in Hy; and then sulfided
nominaily 1% by wt S

M-S 2 HT-400 Calcined and fully sulfided

QMK-R 6 and 7 HI-400 + K0 Reduced in Hjy

CMK-RS 3 HT-400 + K30 Reduced in Hy and then sulfided
nominally 17 by wt $

CMK-5 4 HI-400 + K0 Calcined and fully sulfided

T 50 om3 of 60-120 mesh particles were used in each reactor. The weight of
catalyst HT-400 lozded into each reactor was 34.25 g, whereas the weight of
catalyst HI-400+K»0 in each reactor was 36.10C g.
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At the end of the run a detailed longitudinal sulfur gradient
analysis was done (Table 3.18). The catalyst to be analyzed was -emoved from
the reactor in equal sections. Each section corresponded approxirately to
5 cm of reactor leagth. In Table 3.18, section 1 correaronds to the first
5 em of the inlet side of the reactor, section 2 corresponds to the next

53 cm of reactor length, etc. The sulfur analysis was based oc the weight of
the catalyst,

Tabie 3.18

longitudinal Sulfur Distribution in Catalyst Beds for Run 6

Catalyst CM-RS M-S CMK—-RS CMK-5
Reactor Reactor Reactor Reactor
1l 2 3 4
Section % S by wt % S by wt S by wt Z S by wt
1 1.65 4.71 1.99 4.51
2 1.48 4.79 1.84 5.05
3 1.83 4.95 1.76 5.05
4 1.85 5.18 1.55 5.04
5 1.62 5.13 1.52 4.98
6 1.49 5.03 1.37 5.02
7 1.61 4.96 1.3% 4,90
8 1.22 480 1.31 4.87
9 1.45 5.00 1.24 5.05
10 1.41 4,89 1.06 5.05
11 1.23 4.76 1.03 4.81
12 1.16 5.24 0.80 5.10
i3 0.74 5.26 0.25 4,98
14 0.17 5.31 0.03 4,99
15 < 0.01 5.06 0.01 5.17
16 < n.01 4.90 < Q.01 4.93
17 < 0.01 5.14 ©.02 5.02
18 < 0.01 5,07 < 0.01 4.95

Approximately 70 of the catzlyst beds in reactors 1 and 3 contain
most of the sulfur, and the sulfur distribution is fairly even. It is
interesting to note that the sulfur gradient in the catalyst containing
alkali (reactor 3) is continuous and slightly steeper than the identically
treated, non-aikalized catalyst in reactar 1. In reactors 2 and & where
the complete sulfidation of the catalyst was attempted, the sulfur distribution
is even and very similar in both reactors. The suifur contert in Teactors
5, 6, and 7 was negligibly small throughout the bed, the nominal sulfur content
being < 0.02% S by wt.



