Section 5

ENGINEERING ANALYSIS

REDUCTION

The catalyst reduction operation for the 43-day run was more stable and better
controlied than the prior shakedown run reduction. At the beginning of
reduction, the reaction rate is very sensitive to temperature, especially above
1409C, and temperature increases have to be programmed carefully. At the bulk
reduction stage during the shakedown run, the feed gas temperature was increased
from 1409C to 1659C in about one hour and the bed temperatures increased too
rapidly, necessitating rapid corrective action. For the 40-day run the
temperature of the reduction gas was increased from 1400 to 1649C in six hours,
thus leading to a more gradual bulk reduction (see Table 4-3).

Abrupt increases in hydrogen concentration should also be avoided, and preheat
temperature by itself is not enough to control the maximum hot spot temperature
owing to the "heat sink" effect of the bed. During the shakedown run, the
hydrogen concentration was increased to above one volume percent with a
simultaneous feed gas temperature decrease from 1650C to 1350C. Possibly the
temperature change was too severe and in consequence the reduction operation
became difficuit to stabilize. Hydrogen uptake and temperatures oscillated for &
period of several hours. For the 40-day run the concentration changes did not
take place and most of the reduction occurred at concentrations less than one
percent.

The extent of catalyst dryout for the 40-day run was less than the shakedown run.
The observed heat wave and rapidly increasing temperatures experienced 1in the
latter run were not experienced here. The drying stage, as examined in the
shakedown run, begins when the catalyst bed temperature is between 100-110°C and
is usually completed at about 130°C.




For the LaPorte PDU reactor, the initial reduction reaction rate creates a hot
spot when the preheat temperature is above 1400C at the prevailing hydrogen
partial pressure of about 10 kPa. When the reduction of the catalyst was about
60 percent complete and the hot Spot was at 1809C, the hydrogen uptake reached a
level of 4,200 liters/hr as compared to about 6,300 liters/hr in the shakedown
run.

From the analysis of data generated in the 40-day run, the principal steps of the
reduction operation may be categorized as shown in Table 5-1. The total
calculated hydrogen uptake per unit of catalyst oxide weight was 147.3 liters/kg,
which is less than to the value obtained for the shakedown run, 185 Titers/Kg.
There is-no explanation for this difference, and more knowledge on the reduction
operation, specially temperature programming and its influence on catalyst
activity, may be required.

The principal reduction variables are plotted in Figure 5-1. One of the
parameters that varied considerably was the hydrogen concentration. A better
sized control valve could have resulted in smoother conceﬁtrations and perhaps a
more accurate hydrogen uptake determination. Also, for better accuracy it is
preferable to maintain hydrogen conéentration and temperature during bulk
reduction at conditions that give a 100 percent hydrogen uptake and thus zero
hydrogen in reactor effluent.

CATALYST PERFORMANCE

Attrition Resistance Analysis of Transition %o Entrained Operation

Summary. The rate of attrition of the cataiyst extrudates during the early part
of the rum was considerably higher than for the prior shakedown run. The
transition to fully entrained operation took only one day instead of a week as
was originally expected. Although more data at higher space velocities are
required, the analysis of the three-phase and conversion data indicates that
catalyst productivity improves with the presence offines. However, the effect
appears to decrease rapidly reaching a maximum when the fines content approaches
20 percent of the total catalyst weight in the reactor.

The higher-than-expected attrition rate experienced in the 40-day run is probably
a twofeld effect of lower bed expansions and higher gas superficial velocities.
The initial bed expansion during the 40-day run was less than 15 percent compared
with an average expansion close to 30 percent for the shakedown run. However,
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the higher superficial gas velocity utilized in the 40-day rua may have had a
stronger effect on attrition rate than bed expansion, which is relatad primarily
to liquid superficial velocity. The analysis of the data of both runs shows that
the attrition rate is almost proportional to the superficial gas velocity.

Three-Phase Data Analysis and Methodology

Three full-bed catalyst density profile scans were obtained for this run (see
Table 5-2). The first two showed a distinct bed with approximately the same
height, and the last scan resulted in an almost uniform density throughout the
reactor indicating that a distinct bed of catalyst pellets no longer existed.
For analysis purposes, the transition to entrained operation was divided into the
following periocds:

¢ Period between the first two bed profile determinations.
e Period after the second profile and the disappearance of the ded.
¢ Period after the disappearance uf the bed.

The analysis of the first period, which comprises hours 7.5 through 16.5, is
complicated due to the lack of analytical slurry concentration determinations. A
sensitivity analysis, however, results in a solution that agrees closely with an
analysis performed on the shakedown run data (2). A useful parameter for
studying the effect on the gas holdup and other properties is the ratio of gas
holdup in the bed to the gas holdup above the bed, Egg/Egp. When varying this
ratio between 0.8 and 1.5:1, the following effects were obtained (see Figure
5-2):

e The gas holdup above the bed fluctuated between 0.25 and 0.207.

e The slurry concentration for the first bed profile became zero when
Egs/Egs = 1-12.

Assuming that the gas holdup above the bed does not exceed the two-phase LaPorte
data, a minimum Egp/Egp ratio of 1.10:1 is obtained. Since the minimum slurry
concentration defines a maximum gas holdup ratio of 1.12:1, a solution to the
density and mass balance equations can be obtained.
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A gas holdup ratio of 1.10:1 gives a slurry concentration for the first and
second bed profile determinations of 0.30 and 9.9 weight percent, respectively.
Also, a rate of fines generation of 13.3 kg/hr, or about two percent weight loss
of the catalyst bed per hour, can be calculated. This weight loss is
approximately three times the attrition rate of the shakedown run.

The step change in bed density that occurred shortly after 22.0 hours on syagas
had been logged, as shown by the NDG readings of Table 5-3, was probably
indicative of a massive elutriation of the catalyst bed. This phenomenon may
have been triggered by a pulse induced by an ircrease in seal flush 0il flow that
took place in this same period. The voltage reading at the 447 cm mark in the
freeboard zone at 22.0 hours on synthesis gas was probably symptomatic of a
catalyst bed that had expanded to near the top of the reactor. If it is assumed
that the attrition rate during the second period was the same as the one
caiculated before, the catalyst inventory in the reactor including pellets and
fines can be estimated. Therefare, use of a constant attrition rate, catalyst
and oil mass balances, a gas holdup ratio of 1.10:1, and the density equations
for the freeboard, enabled the calculation of the catalyst inventory for NDG
readings at 20.3 and 22.0 hours on synthesis gas.

For the period after the massive elutriation of the bed it can be assumed that
the catalyst was pulverized very rapidly to a 30 weight percent slurry of
catalyst (oxide) and the required catalyst inventories can be obtained from the
voltage readings. However, when an instantareous breakdown is assumed, extremely
low (and probably incorrect) gas holdups are obtained from the readings after the
02:20 hour nuclear density gauge scan as illustrated by the numbers in
parentheses in Table 5-3. What probably existed in the slurry loop was a
circulating mass of catalyst fines and small catalyst pellets. No significant
settling of catalyst pellets occurred, however, until after 25.5 hours on
synthesis gas as manifested by the Jecreasing methanol concentrations after that
hour.,

The inventory of catalyst immediately before the methanol concentration in the
reactor effluent dropped could be estimated assuming an attrition rate higher
than the one experienced in the previous period and a constant ,as holdup. In
addition to the results of the analysis of the previous periods, Table 5-4
includes the results for 25.5 hours on synthesis gas for which an attrition rate
of roughly three times the attrition rate of the first period and an even
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Table 5-3

VCLTAGE READINGS DURING THE TRANSITION TO ENTRAINED OPERATION

; Hours on Voltage Gas Holdup Density of
Date Time Syngas @ 447 cm Above Bed Freeboard, g/cm3
4711 - 2C:00 16.5 -0.853 0.2297 0.614

23:45 20.3 -0.597 0.1348 0.706
4712 01:30 22.0 -0.525 0.1023 0.737
02:20 22.8 -0.334 (0.0750) (0.879)
02:50 23.3 -0.335 {0.0762) (0.878)
03:50 24.3 -0.315 (0.0581) . (0.895)
04:00 24.5 -0.320 (0.0620) (0.891)
04:30 25.2 -0.295 (0.0364) (0.914)
05:30 26.0 -0.276 (0.0151) (0.934)

distribution of the remaining pellets in the siurry loop were utilized. It may
be important to mention here that the inventory calculated using the procedure
described above is only 7 percent lower than the value calculated using the
voltage readouts and an assumed instantaneous catalyst fragmentation.

aethanol Productivity During the Transition Period

Three process data averages were performed to cover the transition to entrained
operation. The selected time spans for every process average do not coincide
strictly with the periods of the above analysis as shown in Figure 5-3. The
selection of the data averages was based on steady-state considerations (flows,
methanol concentrations, etc.).

The results of the process averages are shown in Table 5-5. Figure 5-4
illustrates how methanol productivity increased with the presence of fines. The
shape of the curve drawn through the experimental points shows a relatively rapid
slowdown of the enhanced productivity effect of the catalyst fines. This effect
was also observed in the shakedown run in which a change from 51 to 51 percent
fines in the reactor did not have a noticeable effect on methanol productivity at
a space velocity of 5,900 liters/hr-kg catalyst and a superficial gas velocity of
5.2 cm/sec (runs F-1F-1 and F-1F-2).
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Figure 5-4. Effect of Catalyst Fines on Reactor Performance
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ACTIVITY MAINTENANCE WITH UNBALANCED GAS

Catalyst Analyses

perusal of the LaPorte catalyst analyses presented in Table 4-8 reveals that

several activity-related catalyst characteristics changed during the run:

e Different surface copper states under balanced and CO-rich gases.
e Increased Cu® crystal size.
e Continuous buildup of iron and nickel.

The catalyst had very different surface copper states under balanced and CO-rich
gases. The change in copper state occurred quickly after switching gas feed
compositions, with much lower Cu/In and Cu+1/Cu° ratios on CO-rich gas. The
lower copper state ratios were stable throughout the CO-rich operation. It is
surprising to see: (1) the surface Cu/Zn ratio reduced to less than 0.1 when the
bulk composition of the catalyst has a Cu/Zn ratio of approximately 1.5 and (2)
Cut/Cu® dropped to nil after 200 hours on stream despite the fact that the
catalyst was still active.

Copper crystallite size was observed to increase with time on stream. Crystal
size is regarded as an important measurement of catalyst surface area available
for reaction. An increase in crystal size signals a decrease in available
surface area, which would create a decline in catalyst activity. The crystal
sizes reported in Table 4-8 were calculated from XRD traces using the Warren
equation (7). However, a slightly different equation recommended bty the catalyst
manufacturer gives improved results for relatively large sizes {more than 200
Angstroms). The Warren equation values show the crystal size increased through
the first 300 hours of operation, and then held constant at approximately 360
Angstroms for the remainder of the run. The values from the revised equation,
however, suggest the crystal size continued growing past the 300-hour mark to the
end of the run. The trend outlined by the revised equation crystal sizes is more
consistent with the observed contir~ .ed activity decline during the 40-day run.

Iron analyses of the catalyst s.. ples by X-ray fluorescence {XRF) 2nd atomic

absorption (RAS) differ in abs lute iron levels, yet both show the same
continuous buildup of iron on the catalyst inroughout the run. On balanced gas,
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Table 5-5

TRANSITION TO ENTRAINED OPERATION PERIOD
PROCESS AVERAGED DATA

4711 4/11 4/12
Time {end of period) ©14:00 18:00 05:00
Averaged hours 5 4 10
Temperature, OC 249.5 250.3 250.0
Pressurs, kPa 5,380 5,380 5,370
Superficial velocity
Gas, cm/sec 5.7 6.0 5.4
Liquid cm/sec 3.8 4.0 4.1
Slurry concentration, wt. % 1.0 5.9 15
Fines in reactor, 2% 1 3.9 20
Space velocity, 1/hr-kg 2,398 2,769 3,207
Hydrogen conversion, % 22.2 24.1 26.4
Carbon monoxide conversion, % 36.0 39.2 40.5
Productivity, gmol/hr-kg 7.0 8.8 10.9
Approach to MeQH eq., ©C 22.4 19.3 15.2
MeOH production rate, kg/hr 140 164 152

no carbonyls were gbserved above the detection limit of 10 ppbv. However, under
CO0-rich gas, iron and nicke)} carbonyl were generated in various parts of the
plant. The main source of nickel carbonyl was some residual nickel catalyst
present in the feed section of the plant (01.10 compressor filter) and iron
carbonyl apparently originated at surfaces made of low alloy steel (carbon - 1/2
molybdenum steel).

The composite iron and nickel carbonyl concentration in the feed gas shown in
Figure 5-5 agrees reasonably well with the measured iron and nickel uptake in the
catalyst. The results also indicate a slow nickel buildup on the catalyst. The
increased content of iron and nickel on the catalyst must also have contributed
to the activity decline observed in the run. No sulfur or chloride increases
were observed on the catalyst.
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Catalyst Performance

Methanol productivity and carbon monoxide conversion declined steadily from the
start of CO-rich gas (103 hours on synthesis gas). However, carbon dioxide
conversion as calculated from the water balance actually had a small increase.
Table 5-6 includes the pertinent process data and the catalyst characteristics
that show a continuous variation with run time. The operating conditions for the
activity maintenance portion of the run with CO-rich gas were:

Z509C reactor temperature

5,400 kPa reactor pressure

10,000-12,5000 N1/hr-kg catalyst

27.5-23.3 weight percent catalyst as oxide

The productivity and CO conversion fell from about 23 to 14 gmol/hr-kg catalyst
and from 10.7 to 4.8 percent, respectively. This represents a drop in catalyst
performance close to 5G percent in about 850 hours of operation.

Calculated methanol productivity as a function of time on synthesis gas is
presented in Figure 5-6 and as a function of cumulative methanol production in
Figure 5-7. The deciine in methanol productivity versus time has the following
straight-line representation:

P =24.5 - 9.804 x 10-3T

where:
P = methanol productivity, gmol/hr-kg catalyst
T = hours on synthesis gas

The slope of the line is equivalent to a 1.0 percent decrease in catalyst
activity per day. The decline in methanol productivity versus cumulative
methanol production follows:

P =25.5 - 0.0173 cMP

where:

CMP = Cumulative methanol produced, kg/kg catalyst
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Table 5-6

LAPORTE PDU ACTIVITY MAINTENANCE DATA WITH R71/0F 12-26 CATALYST - UNBALANCED GAS
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During this run, the space velocity at the end of the test was 25 percent higher
than at the initiation. For this reason and in order to obtain.a better
correlating parameter, cumulative space velocity or the equivalent cumh]ative gas
flow per unit weight of catalyst was utilized (Figure 5-8). A straight-line
correlation of methanol productivity with cumulative gas flow foT\owé:

P =24.2 - 8.9706 x 10-% csv
where:

CSV = cumulative gas flow, Nm3/kg catalyst
Nickel content in the catalyst increased more steadily than iron content. It
correlates very well with catalyst deactivation even though the data are not as
numerous as that for iron. A straight-line correlation for methanol productivity

as a function of nickel buildup, as shown in Figure 5-9, has the form:

25.3 - 0.0751 N

o
(]

whera:

=
n

Nickel in catalyst, ppm by XRF

Approach to methanol equilibrium also correlates well with the extent of catalyst
deactivation. Figures 5-1C and 5-11 illustrate its variation versus cumulative
space velocity and nickel content in the catalyst.

Commercial catalysts for vapor-phase methanol synthesis achieve 6,000 kilograms
of methanol per kilogram of catalyst throughout their useful lifetime, but at
much less severe synthesis gas conditions in terms of CO partial pressure and
with temperature programming to neutralize the effect of catalyst deactivation.
Figure 5-12 illustrates how far the R71/0F12-26 catalyst was from arriving at
such a level of performance under the conditions imposed by the 40-day rum.

There are no straightforward explanations for the deactivation phenomena of
attrited R71/0F12-26 catalyst, and comparisons with autoclave data are difficult
due to the different operating conditions and nature of the catalysts. However,
the rather drastic changes in catalyst surface properties may indicate a catalyst
structure instability that could be related to the attrition mechanism or the
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reduction operation. This instability may allude tc the unsuitability of some
pelletized catalysts that have been transformed by attrition to operate in the
entrained mode. The effect of carbonyl poisoning probably does not completely
explain completely the deactivation of the catalyst. A rough estimate of the
effect of iron and nickel accumulation suggests an incremental loss in activity
of only 0.3 percent per day. However, the complete elimination of the nickel
catelyst contamination from prior methanation operations with some of this
equipment and some metallurgical changes in the plant may contribute to better
futura tests.

It is dinteresting to note that even though CO conversion decreased. steadily
during the run, the corresponding conversion for COp actually increased slightly.
The conversion of CO2 was calculated using a water balance assuming all the water
originates from the reaction of COp with hydrogen. This neglects the smalil
generation of water from higher alcohols and oxygenates-forming reactions. The
increase in COp conversion probably reflects different rates of deactivation via
the methanol and CO-shift reactions. If the predominant methanol-producing
reaction is from CQ,

€0 + 2Hy CH30H
and C02 is converted via the reverse shift reaction
COz + H2 C0 + H20

fhen the methanol-forming reaction deactivated faster. On the other hand, if the
main methanol-producing reaction is from CO2 '

COz2 + 3Hz CH30H + H20
the opposite phenomenon is true. In this case, the forward shift reaction

deactivated faster and was unable to consume the water at the same rate as was
generated by the methanol-from-carbon-dioxide reaction.
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PROCESS VARIABLES SCANS WITH R71/0F12-26 CATALYST
The effects of superficial gas velocity, reactor pressure and synthesis gas
composition at high slurry concentrations were studied during the LaPorte 40-day

run. The data generated can be grouped as follows:

Balanced gas:

® Llow space velocity transition period (Runs E-1AI through E-1A3)
® High pressure, high space velocity (Run E-18B)

® High superficial velocity and space velocity (Rur E-1C)
Unbalanced gas:

® Initial activity at high space velocity (Run E-1D)

The 40-day run and some prior shakedown run data(3) are shown on Table 5-7 and
are presented in a series of parametric plots (Figures 5-13 through 5-18) with

s,

catalyst performance expressed as CO conversion, approach to methanol equilibriu
and methanol productivity, respectively. In addition to the R71/0F12-26 catalyst
data, the model predictions and Lab PDU performance are included to assist the
analysis process given the rather limited data base for the LaPorte PDU. The
following paragraphs describe Qualitative observations that can be made from the
plots.

For balanced gas operation, CO conversion decreased to about 80 percent of
equilibrium in the 2,000 to 3,000 NLiters/hr-kg space velocity range. A similar
drop with respect to equilibrium for previous work at the Lab PDU with
F50/4E75-01 catalyst was not obtained until the space velocity was higher than
5,000 NLiters/hr-kg. This indicates poorer performance of partially attrited
R71/0F12-26 catalyst with respect to the F50/4E75-01 powder as shown in Figure
5-14.

The performance in the highest slurry concentration balanced-gas run (E-1B)
appears to be somewhat low in relation to the curve drawn through shakedown runs
F-18 and F-1H in Figure 5-13. Although the variation is small, the decrease in
performance may indicate a mass transfer or hydrodynamic limitation. 1In general,
the balanced gas 1iquid-entrained data for catalyst R71/0F12-26 are fairly

consistent with the Lab PDU and autoclave data. A plot of approach to methano?
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equilibrium versus space velocity (Figure 5-14) reveals such agreement and it
also denotes very clearly the transition from 1iquid-fluidized to
liquid-entrained operation (runs E-1Al through E-1A3).

For balanced gas it appears that higher pressures are desirable when operating at
increasing space velocities. Figure 5-15 shows that at 16,000 NLiters/hr-kg, an
approximate increase of 50 percent in productivity is gained when pressure is
increased from 5,400 to 6,400 kPa. A gain of only 40 percent is obtained at half
the space velocity.

Performance with unbalanced gas at the LaPorte PDU for catalyst R71/0F12-26 was

close to, but perhaps slightly lower than, that predicted by the model, as shown
in Figures 5-16 through 5-18.
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