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1/1 C0/H, mixture than with the 1/3 mixture. In the case of the Fe
catalyst, an increase in fhe CO/H, ratio favars the malar prdduction of
hydrocarbon products over that of methanol. Therefore, the'methanol
product fraction is lower in the 1/1 C0/H, feed as compared to the 1/3

mixture. A similar result is obtained with the FeCo and Co catalysts.

4.1.7 Activity Maintenance Versus Irreversible Deactivation
possible Causes for Losses in Activity.

The CO activities presented in sections 4,1 through 4.3 are
obtained at steady state conditions. At the risk of being redundant
it is worthwhile to bring up the following peint. The loss in
activity due to increasing conversicon was generaily found to be
reversible and the activity was independeht of “on stream® time after
completion of the carburization reattion (approximate1y 40 minutes).
Figure 4.1.11 i1lustrates the stability in the overall activity of the
FeCo catalyst. In this figure the gas hourly space velocity is
plotted as a function of CO conversion. The circular data points,
were obtained during the first.14 nours of the synthesis experimént
while the square points represent data obtained after one full day af

continuous on stream operation. The two sets of data overlap along
the same curve indicating that there is no appreciable loss in
catalytic activity over the total forty hours of continuous on stream
operation. With the pure compnhent catalysts, typical expariment
constant activity wés obtained fof a perfed of approximately twelve

hours at all pressures and feed ratios investigated.



GHSY (hr_l)

2
o
|

75

o Data taken during initial

@®no
U. 18 hours on stream
a OData taken after 24 hours
on stream :
O
a

500

o
&
o m
! Y OO AU TS SR TR VO oA R

} .
0 I 2 3 4 5 6 7 8 9 1014 12
# CO Conversion

Figure 4.1.11 GHSV - Conversion curve for 40 hours
continuous on stream exposure for the FeCo catalyst
at 14 atm. using the 1/3 CO/’H2 feed.
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Numerous investigators (101,39,84,99,13,96) generally operating
at low conversion with a 1/3 CO/H, have reported significant losses in CO
activity during the second hour on stream with the feed mixture., The
activity increases to a maximum during carburization and then continually
decreases. On the other hand investigations conducted at integral
conversions and higher pressures generally report modest Yosses in

~activity during on stream operation measued in days (6,24,129). There

nas been 1ittle attention paid to this discrepency or to the possibie
experimental causes which can lead to the observed deactivatioh.

Surface studies using various electron Spectroscopies
(40,39,66) have identified the grawth of a carbidic carbon
_over1ayer during.thé synthesis reaction on a clean iron foil. Indeed the
formatioh of an inactive carbonaceous layer over the catalyst surface is
cited as the cause For the loss in activity discussed above
(101,40,84,39,13,96). It appears from the studies involving irun
foils that two types of surface carbon exist on the catalyst surface
during the synthesis: carbidic carbon, which may serve as an intermediate
in the growth mechanism, and an inactive carbon, which has been identified
as being crystalline and graphitic in nature (51,61) at least when
observed over nickel.

The formation of carbon containing TayerS'can possibly be due to
some type of coking reaction or the Boudguard disproportionation reaction
(2C0 - C + CO,), since the thermodynamics of this reaction are favorable
under reaction conditions{Appendix II1). If +the formation of the inactive
carbon layer is due to €0 disporportionation one would expect to see more
fapid deactivation at higher total pressures of CO/H, feeds since the forward
rate of this reaction is proportional to the co pa¢t1a1 pressure and the

equitibrium shifts to the right at higher pressures. It is unlikely that
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this reaction is responsible for the observed activity loss since the COy

yields observed at higher pressure are much lower than those observed at

“one atmosphere (Section 4.2). Some type of coking reaction may be

responsible for the deactivatfon'since coke foﬁmation is favored at lower -
pressures. This may explain the stable activities obtained at higher
pressures (6,24,129) while lower pressures exhibit a loss in

activity. .

Surface oxidation during the course of.the synthesis can be a
possible exp1aﬁatibn for activity loss. At high CO conversions the gas
phase changes from a2 reducing agent (CO + Hy) to an oxidizing one (CO; +
H,0), However, if this was indeed the case one would expect a larger
extent of deactivation at higher cenversions rather than the opposite -
case which is reported in the literature. A more plausible explanation
involving surface oxidation might be oxygen contamination of the.feed |
stream. For example, if the reactant gas stream contains 10 ppm 0, and
is passing over {100cc/min) 0.5 gms of the Fe catalyst at one atmosphere
about 20% of the surface iron could be converted to FezQ, in
approximately four hours. This calculation indicates that even a very
law concentration of ‘oxygen can potentia11y'reox1dizé a significant
fraction of the catalyst surface. Iﬁ experiments conducted in this
taboratory it was found that én inactive Mn0/Sj0, oxygen trap resulted
in a loss of catalytic activity dufing the course of an experiment.
Dwyer and Somerjai (40) report a 75% decline in activity during the
first twe hours of onstream operation, using an Fe foil, however no
detectable oxygen Auger peak was observed on the used catalyst {39).

It appears that there are unanswered questions regarding the

stability activity of iron based catalysts. The deactivation observed
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under differential conditions is syprising since many previous
investigations (6) conducted at integral conversion levels exhibit
stable activity for long periods of time (> day}. Most likely in many of
the older studies 1ess attention was paid to coniamination by impurity
components (0z, S0z, etc.) in the feed gas as compared to more recent
jnvestigations. In summary it appears that no simple conclusions can be
made regarding the nature of deactivation during the FT synthesis. The
épecific mechanism causing the loss in céta]ytﬁc activity may depend upoen
a combintion of factors inciuding catalyst morphology,‘conversion level,

and feed composition.

4.2 \Water Gas Shift Activity
4.2.1 Effects of Pressure and Feed Composition
The water gas shift reaction, given below in equation 4.2.1, was

monitaored for all conditions

CO + Hy0 = COp + Hy | 4.2.1

Since the CO and Hj concentrations do not appreciably change over the
conversion range studied, the ratio of the effluent mole fraction of CO
to that of H0, XCOZ/XHZUa provides a convient parameter in_which to
measure the eitent of the shift activity. This ratio is essentially a
ratio of production rates, Ny, 0/NCG,-
| Amelse (5) reported that the FeCo catalyst has a higher shift
activity than that of pure Fe of Co at one atmosphere us{ng the 1/3 CO/H,
feed. Similar results were obtained in the present investigation (Figure

4.2.1). The FeCo and Fe catalyst exhibit identical shift activity at
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Figure 4,2.1 Shift activity versus % CC conversion for zll three
catalysts at 1 atmosphere and 250°C using the 1/3 and 1/1 CDIH
feads.
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one atmosphere with the 1/1 feed. The increased CO/H, ratio enhanced
the shift activity of the iron.ccntaining catalyst white the Ngg,/NH,0
ratios obtained for the Co catalysi appear to be independent of feed
composiﬁion. |

Tncreasing pressure decreases the shift activity as shown in Figure -

4.2.2. These dafa are for the Fe catalyst using the 1/3 feed, however
similar results, but to lesser extent, where cbserved for the‘l/i feed.
At 14 atmospheres with the 1/3 C0/H, feed both iron containing catalysts
exhibit similar shift activity, while the Fe catalyst has a slightly
enhanced shift actiﬁity compared to the FeCo catalyst using the 1/1 feed
mixture {Figure 4,2.3). The Co catalyst shift activity decreases stightly
with increased pregsure for the 1/3 feed while tne activity appears to
‘ increase at higher pressﬁres using the 1/1 feed. These results are |
presented in Figure 4.2.4. It.should be noted that the changes in the
NGO,/ NH,0 values are of a much smaller magnitude for the Co catalyst as

compared to the corresponding changes in the iron containing catalyst.

4.2.2 Water Gas Shift Equilibrium and Rate Models

The equilibrium constant Tor the shift activity, Kga, is given below

(69)
[C0,10Ha] - T ;
= - e-[(4577.8/7) - 4.33]
KsA T,0TLCo 4.2.2
' s . . moles
where [A] is.the molar concentration of species A (vo T )

T  Absolute temperature (°K)
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Figure 4.2.4 Shift activity versus 7 CO conversion for the Co
catalyst at several pressures for the 1/1 and 1/3 CO/H2 feed.



At 250°C the equilibrium values of the [€0,1/[H,0] ratio for the 1/3
and 1/1 CO/H, feed mixtures would be 27.7 and 41.65 respectively. In
the present reaction studies these ratios are typically less than 0.3,
clearly indicating that the reaétion is far from equiiibrium for all the
conditions studied. Dry et al. (37) report gimilar findings over a
triply promoted iron catalyst 6perating at 10 to 20 atmospheres_and 255°C
with a 1/1 CO/H, feed. These results suggest that the shift activ{ty
observed is most 1ikely the intrinsic forward rate of reaction 4.2.1,
since the amount of (0, available for the reverse reaction is negligible.

Most kinetic expressions of the forward shift rate are first or near
first ordar in CQ partial pressure (Pco) and some positive fractional |
order in water partial pressure (PHZO)(83)- Qver aﬁ iron-based Shift
catalyst Kul'kova and Temkin (69) developed the fo]lowing retation for

the forward rate of the shift reaction
ro= k Pgg (PH,0/PH,) Y E | 4.2.3

For the same feed composition the forward shift rate shoﬁld increase
linearly with increasing pressure at a fixed CO conversion, - However for
both iron-containing catalysts the forward rate decreased with increasing
pressure., This might be due to enhanced O adsorption and/or site
blockage by synthesis products. The increase in the Ngo,/NH,0 ratio with
increasing CO convers{on at higher CO/H, ratios 1ndicétes that the forwar
rate is positive order in PH,0 and Pgp- |

The low shift activity of the Co catalyst is expected since it is a
generally accepted féct that this metal is a poor shift catalyst. The
XCOO values appear to increasz with increasing prassure with the 1/1

feed. This is suprising in light af the fact that the CO turnover

84

d
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frequency decreases with increasing pressure, The general trends in the
Co catalyst shift activity suggest that the kinetics of this reaction are
quite different from those of the fron containing catalyst.

High pressure integral reactor studies (&) and low conversion one
atmosphere studies (3,5,84) indicate that water is the primary éynthesis
product in CO hydrogenation to hydrocarbons. Amelse et al. (3,5)
demonstrated that the NCOZ/NHZO values intercept at near zero at zero
conversion at one atmosphere. Similar conclusions can be drawn at higher
pressures {Figures 4.2.2 and 4.2.3). If COp were an initial product due
to the Boudbuard disproportionation ;eaction {egn. 4.2,4) one would

expect much higher Ngg,/NH,0 ratios than observed at low CO conversions.

200 » Cg + COy 4.2.4

For the feeds emﬁ]oyed in this study at 250°C the equilibrium constant
for this reaction (Appendix III) is approximately 108 at cne atompshere.
Clearly this reaction has a negligible rate at these FT conditions sinﬁe
the values of %%%%% are typically less thaﬁ 10-2 and decrease with
increasing pressure,

The Toss of shift activity for the iron coentaining catalyst at
higher pressures may be related tolthe increase in methanol formation at
higher pressures. The ratio Ngo,/NH,0 defines the fraction of CO molecules
converted to CO, relative to the amount converted to products sinﬁe it is
assumed thét one molecule of H,0 is produced for every molecule of (O
reacted. At one atmosphere only a trace amount of methanol is prasent in
the total product yield, however at higher pressures it becomes a

dominant product, second only to methane. Product distributions showing



