vII Calcination Effect Research

Calcination involves heating the dried powder in the temperatnre range 300-600°C in
various atmospheres, usually air. Several processes occur: sintering, solid state reaction, loss
of porosity. In most catalyst systems calcination is beneficial since it establishes the correct
“state” of the catalyst that is most responsive to activation. ; '

Very little systematic study of the effect of calcination on precipitated F-T cataiysts
has appeared (Anderson, 1956, 1984), yet this is a promising area for controlling essential
properties. It is known that heat treatment of co-precipitated Fe, 0;-CuO samples gives
mixed phases, e.g. CuFe2 O,, that may result in supérior dispersions with reductive activation.
Calcination results in sintering and loss of surface area. Calcined catalysts have better
attrition properties, which is important for the slurry F-T process. Changes in the pore
volume and pore size distribution may have significant effect on intraparticle diffusion and
~ consequently on hydrocarbon product distribution. However, there have been no studies to

investigate these effects. | »

| ' 1n a felated study (Hadjigeorghiou and Richardson, 1986) it was reported that
NV/ThO, catalysts used in the F-T synthesm of light hydrocarbons, showed an activity
enhancement of up to a factor of ten when the hydrogel was calcined rapidly on a hot-plate
(flash calcmed) compared with conventional oven heating. This was attributed to rapld
reactions in the gel that led to “decoration” of reduced nickel parucles by ThO, (Richardson
etal, 1989) Itis pos31ble that this effect may enhance activity of precipitated 100 Fe/x Cuy
K/z SiO, catalysts during calcination. The large-scale analogy to the hot-plate is a "spray-
roasting" which may be employed in the catalyst scale-up, if this procedure proves to be
effectivo. k | ‘ |

The effect of calcination temperature (300-500°C) and flash calcination on physical
properties of catalysts B and C is described in 's‘ection VII-1, whe_foas results from F-T

synthesis tests in fixed bed and stirred tank slurry reactors are described in section VII-2.



V-1 Catalyst Characterization Studies
Calcinations at temperatures 300-500°C were done in a downflow fixed bed reactor
unit. The air flow rate during calcmauon was set at approximately 50 cm3/g-cat/min and the

catalyst bed temperature was increased to a desrred calcination temperature at a rate of

2’ C/mm After reaching the final temperature these conditions were maintained for 5 hours.

After that the system was allowed to cool down to room temperature with air flowing
through the catalyst bed Calcination at 700°C was done in a high temperature furnace. The
furnace was preheated to 700°C first and the catalyst was spread over a preheated crucible to
form a thin layer. During one hour calcination the air flow was fed into the furnace, passing
over a thin layer of catalyst. This procedure is referred to as flash calcination.

Calcined catalysts were characterized by BET surface area, pore volume and pore
size distributions. The pretreated and used catalysts from slurry and/or fixed bed runs were
characterized by XRD and MES.

BET Surface Area and Pore Volume Results

BET surface area and pore volume results of catalysts B (100 Fe/5 Cuw/6 K/24 Si0,,
batch-3) and C (100 Fe/3 Cw/4 K/16 Si0,, batch44) calcined at different temperatures are
summarized in Table VII-1.1. The surface areas of catalyst C and B calcined at 300°C for 5
h (baseline conditions) were about 290 rh’/g, and decreased gradually to about 100 m?g with
the increase in calcination temperature from 300 to 700°C, The BET sdrface areas of both
catalysts are similar after calcinations at the same conditions (temperature and duration). The
surface area of catalysts B and C, is also affected by the duration of calcination , and it
decreases with increase in calcination time (results at 500°C at different durations of

calcination).
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Porevvolumes of cétalysts Cand B (calcined at 300°C) were 0.45 and 0.50 cm’/g,
respectively, and the corresponding values after calcination at 700°C were 0.30 and .0.33
cm /g, respectively. Total pore volume of catalyst B is slightly larger than that of catalyst C
at all calcihation temperatufes. The pore volumes of these two catalysts ‘are also affected to
some extent by the duration of calcination._ The decrease in surface area and pore volume
with increasing calcination temperature is due to sintering,

Pore Size Distributi

Figure VII-1.1 illustrates the pore size distribution of catalysts C and B after
calcination at different temperatures ranging from 300 to 700°C. The catalysts exhibit bi-
modal pore size distributions at all calcination temperatures. The pore size (diametér) varied
from about 2 to 20 nm for both catalysts, but the pore size shifted‘ to larger values with
increase in calcination temperature. Catalysts calcined at 700°C for.l hour, had a more
narrow pore size distribution, with a large fraction of pores being about 10 nm in diameter.
Iron Phases in Reduced and Used Catalysts

Catalysts B and C calcined at temperatures 300-500°C did not exhibit crystallinity, i.e.
they are either amorphous or the crystallites are too small to be detected by XRD. Catalysts B

and C calcined at 700°C for 1 h were crystalline, and exhibit the XRD pattern of hema;ite (o-

Fe,0;). Results of XRD and MES analysis of reduced and used catalysts from fixed bed and
stirred tank slurry reactor tests are summarized in Table VII-1.2.
Us_ed catalysts B and C, calcined at 300-500°C, from fixed bed reactor tests contained

only &'-Fes 5C (samples from both top and bottom portions of the reactor). In two tests with

catalysts calcined at 700°C (FA-3495 and FB-0236) magnetite and &'-carbide were identified in

samples from the bottom portion of the reactor (oxidizing atmosphere) by both XRD and MES
analysis,‘whereas only &'-carbide was identified in samples from the top portion of the reactor

(reducing atmosphere).
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Figure VII-1.1a Effect of calcination temperatﬁre on the pore size distribution of catalyst C
(100 Fe/3 Cu/4 K/16 SiO,, batch-4).
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After the reduction at 240°C for 2 h (run SB-0676, TOS = 0 h) catalyst C, calcined at
- 700°C for 1 h, was not reduced to metallic iron and only magnetite (Fe,0,) was identified by
both XRD and MES analysis. In samples withdrawn from the slurry reactor at TOS = 120-305

h, both magnetite and pseudo-hexagonal iron carbide (e'-Fe2 ,C) were found. The catalyst

activity in run SB-0676 declined slowly with time on stream (see Figure VII-2.8b).
Figure VII-1.2 illustrates the XRD patterns of catalyst samples withdrawn from slurry
test SB-1276 with catalyst B calcined at 700°C for 1 h, and reduced at 250°C in H, for 4 h.

Magnetite (Fe,0O,) and metaliic iron (o-Fe) were found in the sample withdrawn immediately
after the hydrogen reduction (TOS = 0 h) as shown in Figure VII-1.2A. Both magnetite
(Fe,0,) and pseudo-hexagonal iron carbide (¢'-Fe,,C) were found in the samples withdraWn

during F-T synthesis (Figure VII-1.2B to VII-1.2E). These results are in qualitative
agreement With the MES_an_alysis (Table VII-1.2). From the MES results of used c'atalyst’

| Samples from run SB-1§76 it appears that the fraction of irbn phase(s) exhibiting
sup¢rpararhagnetic behavior decreases from 44% (at TOS = 138 h) to 27% (at TOS =384 h),
and the fraction of iron in the form of magnetite decreases from 30 to 23% during the same
time period. Also, the fraction of pseudo-hexagonal iron carbide increased from 26 to 50%

‘as the time on stream increased from 138 to 384 h (Table VII-1.2). Catalyst activity was
continually decreasing with time during run SB-1267 (see Figure VII-2.5b).
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VII-2 Reaction Studies

_ In this section we report results on the effect of calcinati,_or{ temperature on
performance of catalysts B (from batch-3) and C (from batch-4) during F-T synthesis. Both
catalysts were calcined in an' at 400°C, 500°C and 700°C, to study the effect of calcination
temperature relative to our standard (baseline) calcination tempetéture‘ of 300°C for 5 hours.

Six fixed bed tests were completed and results from these tests are compared with

those obiained in teSts carried out with éatalysts calcined at 300°C. Test identification and
calcination conditions are listed in Table VII-2.1. Two tests with cﬁtaiysts B and C calcined
at 700°C for 1 h were cbnducted in a STSR to defermine whether the trends found in fixed
~ bed reactor tests remain the same during F-T synthesis in slurry phase. Results from these
two tests are compared with tests SA-1665 (catalyst C) and SB-1295 (catalyst B) made with
catalysts calcined at 300°C. Slurry tests identifications are also listed in Table VII-2.1. |

VIF2.1  Fixed Bed Reactor Tests |
About 3 g of the catalyst sized to 30/60 mesh (250-600 pm) was diluted 1:7 (reactor
B) or 1:9 (reactor A) by volume with glass beads of thé same’ size range aﬁd charged into the

reactor. The catalyst was reduced with hydrogen at atmospheric pressure, gas flow rate of |
7500 cm3/min either at 250°C for 4 hours (cafalyst B) or}at 240°C for 2 hoqrs (catalyst C),
and then tested ét 250°C, 1.48 MPa (200 psig), 2 NV/g-cat/h using syngas with Ho/CO molar
ratio of 0.67. Test durations w_éte 120-140 h, iﬁéluding 30 hoﬁr conditioning bériod to reach

the reaction temperature of 250°C.

vil-9



Table VII-2.1. Calcination Temperatures and Test Designations

Calcination
Test ID Catalyst used temperature,
O
_FB-1715 100 Fe/5 Cu/6 K/24 SiO, 300
— FB-2973 200
FA-2023 ' 500
FB-0236 — —50
SB-1295 ] 300
— SB-1276 , 700 |
FA-1605 100 Fe/3 Cu/4 K/16 SiO, 300
FA-3003 - 200
FA-3905 ‘ 300
FA-3493 : ‘ 700
SA-1665 300
SB-0676 _ 00|

FA, FB = Fixed bed reactor test; SB = Slurry phase reactor test

Fixed Bed R r T f B (100 F 24 Si

Changes in synthesis gas conversion with time-on-stream are shown in Figure VH; N
2.1. Before the feed interruption at about 70 h on stream, the catalyst calcined at 400°C (run
FA-2975) had the highest conversion (~70%). ‘Upon resumption of this test, the conversion
increased gradually with time and approached 60% at 140 hours. The catalyst B calcined at
500°C (run FB-2925) had the same activity and deactivation trends as the catalyst calcined at

VII- 10
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300°C (run FB-1715). Initially, conversions in run FB-0236 with the catalyst calcined at
'700°‘C for 1 h were lower than in other tests, which was partly due to ﬂuctuatibns in reactor
temperature. However, after about 80 h on stream, the syngas conversions in this run were
similar to those obtained with catalysts calcix_ied at lower temperatures (300 to 500°C). The
usage ratios in all four tests were similar (0.5 8-0.60) and stable with time.

- Gaseous hydrocarbon selectivities as a function of time on stream for-all four tests are
shown in Figure VII-2.2. Catalysts éalcined at 400°C (before interruption of the feed flow)
and at 700°C produced more methane than the ones calcined at 300°C or 500°C (Figure VII-
2.2a). Gaseous hydrocarbon selectivity (C,-C, hydrocarbons) of the catalyst calcined at
700°C (run FB-0236) was higher than that obtained in other tests (Figure VII-2.2b).

Fixed Bed Reactor Tests of Catalyst C (100 Fe/3 Cu/4 K/16 Si0.)

- As showh in Figure VIi-2.3, the initial syngas conversion of the cathlysts calcined at
400°C (run FA-3305) and 500°C (run FA-3095), were the same as that of the catalyst
calcined at 300°C (run FA-1605). However, the catalysts calcined at 400°C and 500°C
deactivated faster than the catalyst calcined at 300°C, and at 100 h on stream the conversions
in these two tests were about 8% less than those obtained in run FA-1605. The synthesis gas
conversion in run FA-3495 with the catalyst 'calcined at 700°C was significantly lower than
that obtained with catalysts calcined at 300-500°C. The usage ratids in all four tests were
about the same, 0.57-0.60 indicating similar WGS activity.

Gaseous hydrocarbon selectivities in all four tests were similar. For example,
methane selectivity was generally between 5% and 6%, (Figure VII-2.4a), And C,<C,
selectivities were between 21% and 25% (Figure VII-2.4b).

VII-12
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Figure VII-2.2 Methane selectivity (a) and (C3- Cy) hydroca.rbon selectivity (b) as a function of
“ time for fixed bed reactor tests of catalyst B calcined at different temperatures.
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Figure VII-2.4 Methane selectivity (a) and (C,- C,) hydrocarbdn selectivity (b) as a function of
time for fixed bed reactor tests of catalyst B calcined at different temperatures.
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VIE-2. 2 Stirred Tank Slurry Reactor Tests
For slurry reactor tests 14 to 16 g of cétalyst B and C (particle size less than 53 pm)

calcined at 700°C for one hour was charged to a reactor, and Durasyn 164 oil was used as the
initial slurry liquid. The initial concentration of slurry was 4.8-5.4 wt%. The catalyst was
reduced with hydrogen, at 7500 cm3/min, 0.8 MPa and 250°C for 4 hours (catalyst B), or
240°C for 2 hours (catalyst C). The same reduction conditions were used for catalysts B and
C calcined at 300°C.
Slurry Reactor Tests of Catalyst B

After the pretreatment, the catalysts were tested at 260°C, 1.48 MPa, synthesis gas
molar feed ratio of 0.67 and gas space velocity of 2,2 Nl/g-cat/h for 48 h, and then at 1.8
NV/g-cat/h for the next 138 hours. The syngas conversion in run SB-1276 with the catalyst
calcined at 700°C was significantly lower than that obtained in the test of the catalyst

calcmed at 300°C (SB-1295) under the same process conditions (Figure VII-2.5a). For

| example at 260°C, 1.48 MPa, gas space velocity of 1.8 Nl/g-cat/h the syngas conversion was
about 70% for the catalyst calcined at 300°C, whereas the syngas co‘nvefsion‘ with the
catalyst calcined at 700°C was 57%. To get higher conversions with the catalyst calcined at
700°C, higher reaction pressure (2.17 MPa) and lower gas space velocity (1.2 Nl/g-éat/h)
were used.

Comparison of catalyst activity in terms of the apparent reaction rate constant is
shown in Figure VII-2.5b. The catalyst deactivated with time in both tests, but during the
first 150 hours on stream the rate of deactivation was much higher on the catalyst calcined at

300°C (run SB-1295). The deactivation rate of the catalyst calcined at 700°C (run SB-1276)

VII- 16
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Figure VII-2.5 Synthesis gas conversion (a) and apparent reaction rate constant (b) as a

function of time for STSR tests of catalyst B calcined at different temperatures.
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was nearly constant regardless of the test conditions, and its é,cl;ivity was lower than that of
the catalyst calcined at 300°C.

The catalyst calcined at 700°C had also lower WGS activity than the catalyst calcined
at 300°C. The H,/CO usage ratio obtained for this catalyst was about 0.56 in run SB-1295,
whereas in run SB-1276 it was 0.60 (see Table VII-2.2), |

The catalyst calcined at 700°C had relatively high initial methane selectivity (Figure
VII-2.6a). However, after 60-70 hours on stream, the methane selectivity started to decrease;
and after about 200 hours it was nearly the same as methane selectivity obtained with the
catalyst calcined at 300°C (about 4 mol%). | The same trend was observed for C,+C,
selectivity (Figure VII-2.6b).

Oléﬁn selectivity for the catalyst B in tests SB-1295 and SB-1276 is shown in Figure
VII-2.7. The olefin content obtained with the catalyst calcined at 700°C is almost
independent of carbon number (for C+ hydrocarbons). Ethene selectivity in run SB-1276
was high (~72%), and the maximum olefin content (~ 82%) was obtained for propene. The
olefin content was approximately 70 % for C; + hydrocarbons. The olefin content in run SB-

1295 (catalyst calcined at 300°C) decreased from 82% (propene) to about 50% (at C,,). 2- |
| olefin content obtained in run SB-1276 was lower then that in run SB-1295 with the catalyst
calcined at 300°C. The catalyst calcined at 700°C had markedly higher selectivity to alpha
olefins for C,+ hydrocarbons.

Lumped hydrocarbon distribution, activity parameters and product yields obtained in
runs SB-1295 and SB-1276 at 120-160 hours on stream are shown in Table VII-2.2. The
catalyst calcined at 700°C had higher selectivity to lower molecular weight hydrocarbons
than the catalyst calcined at 300°C, and produced much more oxygenates (30 g/Nm® in run
SB-1276 vs. 6.9 g/Nm® in run SB-1295).
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of time for STSR tests of catalyst B calcined at different temperatures.
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catalyst B calcined at different temperatures.
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Slurry Reactor Tests of Catalyst C
The catalysts were tested initially at 260°C, 1.48 MPa, synthesis gas molar fced ratio
of 0.67 and gas space velocity 1.4 Nl/g-cat/h, and then the pressure was increased to 2.17
MPa, and the gas space velocity was increased to either 2.0 Nl/g-cat/h in run SA-1665 or to
1.8 Nl/g-cat/h in run SB-0626. The syngas conversions on ihe catalyst calcined at 700°C
(run SB-0626) were lower than those obtained in run SA-1665 with the catalyst calcined at
300°C (Figure VII-2.8a). |
The apparent reaction rate constants for these two tests are shown m Figure VII-2.8b.
The initial value of k in run SA-1665 was about 250 mmol/g-Fe/h/MPa and then it decreased
to 240 minol/g-Fe/hIMPa at 270‘hours. . The activity of the cé.talyst C calcined at 700°C also
decreased with time, and its deactivation rate was fairly constant. The reaction rate constant
-decreased from initial value of 150 mmol/g-Fe/h/MPa to 117 mmol/g-Eé/h/MPa,atBSO hou:é. |
The WGS activity of the.catalyst C was not affected by calcination temperature, and véri_ed
between 0.56 and 0.57 in both tesfs (Table VII-2.2). |
Initially, the catalyst calcined at 700°C (SB-0626) had higher methane and C +C,
select1v1ty than the catalyst calcined at 300°C (SA-1665) (Figure VII-2.9). For example, at
about 100 h on stream the methane selecuvmes were 4 mol% and 2.8 mol% for the catalysts
calcined at 700°C and 300°C, respecuvely. However, methane and C,+C, hydrocarbon
selectivity of ‘the catalyst calcined at 700°C decreased with time, and became more similar to
those obtained in run SA-1665. For example, at 250 hours the methane selectivities were 3.5

mol% and 2.8 mol% for the catalyst calcined at 700°C and 300°C, respectively.
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Figure VII-2.8 Synthesis gas conversion (a) and apparent reaction rate constant (b) as a
function of time for STSR tests of catalyst C calcined at different temperatures.
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Total olefin and 2-olefin conten;s of catalyst C calcined at two different
temperatures are shown in Figure VII-2.10. As in the case of catalyst B, the olefin content of
the catalyst calcined at 700°C is almost independent of carbon number for C+ hydrocarbons,
and its 2-olefin content is lower then that obtained with the catalyst calcined at 300°C (SA-.
1665). '

Lumped hydrocarbon distribution at different times on stream is shown in Table
VII-2.2. Catalyst calcined at 700°C had higher selectivity to lower molecular weight
products, and its gasoline fraction is 27-31% of total hydrocarbon products. Also, the
catalyst calcined ét 700°C had much higher yield of oxygenates than the catalyst calcined at
300°C. |
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catalyst C calcined at different temperatures.
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Concluding R l he Calcination Effect R I
We have conducted six fixed bed reactor tests, and two slurry reactor tests under this
task. Both catalyst B (100 Fe/S Cu/6 Kr24 $i0,) and C (100 Fe/3 Cw/4 K/16 SiO,) were
tested in fixed bed reactors after calcinations at 400°C and 500°C for § h, and after flash
~ calcination at 700°C for 1 h, and in a stirred tank slurry reactor after flash célcination at
700°C for 1 h.
 In fixed bed reactor test#, activities, as well as gaseous hydrocarbon selectivities, of
catalysts B and C calcined at 400°C and 500°C, were similar to those of catalysts calcined at
300°C. Catalysts calcined at 700°C for 1 h had lower activity, than the catalysts calcined at
temperatures of 300-500°C. Gaseous hydrocarbon selectivity of catalyst C, was not strongly
affected by the use of different célcination temperatures, whereas the catalyst B calcined at
700°C had higher gaseous hydrocarbon selectivity than the catalysts calcined at lower
temperatures. | it
| The main findings from slurry :eaétqr‘ tests are: (1) Thé activity of catalysts B and C
‘ vcalcined at 700°C is lower than that of thesg, two catalysts calcined at 300°C; (2) Gaseous |
hydrdéarbon ‘seléctivities‘ are higher on catalysts célcin‘ed at 700°C; (3) }Alpha olefin
. selectivity of C g+ hydrocarbo'ns was markedl.y higher on catalysts calcined at 7009C; and (4)
. Oxygenate yields wére about four times higher on the catalysts B and C calcined at'700‘fC, ~
than on the catalysts calcined at 300°C. : |
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