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Abstract

CAER

The deactivation of a promoted 0.2%Re-15%Co/Al,O, catalyst during Fischer-Tropsch
synthesisin a CSTR was investigated. A novel method was utilized to isolate samples of
catalyst from the reactor during the course of the reactor run, so that the catalyst was cooled in
the solid wax for XAFS investigation. Results showed, as suggested in an earlier study of spent
noble metal promoted catalysts, that the deactivation involves two processes. EXAFS strongly
indicates significant cluster growth with time on-stream by a sintering process as a major
component to the deactivation. However, in line with our previous investigation, XANES of the
most heavily deactivated samples indicates that afraction of Co species underwent a phase
transformation to a phase resembling that of CoAl,O,. Addition of metal promoters to achieve
reduction of Co speciesin interaction with the support results in higher initial activity by the
formation of additional active sites. However, these additional Co metal clusters are unstable
and are likely the cause of the higher initial deactivation rates of these catalysts during Fischer-
Tropsch synthesis.

Preliminary experiments were successful in verifying the liquid displacement hold-up
measurement techniques used during SBCR pilot plant runs. Gas hold-up results obtained using
this method compared favorably to direct gas hold-up measurements using differential pressure
transducers located axially along the bubble column. Generally, gas hold-up was proportional to
the superficial velocity within the reactor. Over a pressure range of 25-100 psig, both methods
of measurement indicated that gas hold-up was relatively independent of pressure.

UC/B

Most of the efforts during this reporting period were focused on the preparation of afinal

report and manuscripts covering the work done the past several months. A new transient
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experimental setup that was developed during the previous quarter in order to perform transient
isotopic switch experiments, was tested and the surface capacity of one Fe-Zn-Cu-K sample was
measured by it. Switching experiments were also carried out on the Co-FT unit under typical
reaction conditions in order to estimate the number of active sites on the catalyst during the
reaction. The experimental technique for collecting data and analyzing them was modified in

order to take into account active sites only.
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Executive Summary

CAER

The deactivation of a promoted 0.2%Re-15%Co/Al,O, catalyst in a CSTR was
investigated. A novel method of isolating samples of catalyst directly from the reactor during
the course of reaction testing in solid wax for XAFS investigation was demonstrated. Results
showed, as suggested in an earlier study of spent noble metal promoted catalysts, that the
deactivation likely involves two processes. First, EXAFS of samples with time on-stream
strongly indicates significant cluster growth by a sintering process as a major component to the
deactivation. However, in line with our previous investigation, XANES of the most heavily
deactivated samples indicates that a fraction of Co species underwent a phase transformation to a
phase resembling that of CoAl,O,. Addition of metal promoters to achieve reduction of Co
species in interaction with the support results in unstable Co metal clusters, which are likely the
cause of the higher initial deactivation rates of these catalysts during Fischer-Tropsch synthesis.

In this report we describe cold model bubble column operating experiences using a two-
phase water/argon system to simulate flow dynamicsin the CAER’s SBCR pilot plant. The
objectives of the cold model study wereto: 1) develop correlations for gas hold-up as a function
of pressure and superficial velocity; 2) estimate liquid turnover rates as a function of superficia
gas velocity in the column; and 3) determine the extent of slugging within the bubble column.
In addition, transient tests were performed to simulate process upsets experienced in the SBCR
pilot plant system.

Preliminary experiments were completed to verify the hold-up measurement techniques
based on liquid displacement used during SBCR pilot plant runs. Additionally, gas hold-up was

estimated using differential pressure transducers located axially along the bubble column and



riser tube sections. This method, over a pressure range of 0-100 psig, compared favorably to the
liquid displacement method used online with the SBCR.

A turbine flow meter was installed in the downcomer line of the cold model in order to
measure the liquid recirculation rate; however, sporadic liquid flow in this location complicated
accurate rate measurements with this instrument type. The maximum theoretical liquid
recirculation rate was estimated using a mechanical energy balance along the surface of the
liquid in the overhead separator to the exit of the downcomer tube within the bubble column.
Another liquid rate estimation method was devel oped using the calculated liquid hold-up
measurement in the riser section and actual volumetric gas rate exiting the column.

UC/B

Most of the current reporting period was utilized in order to prepare afinal report that
discusses the accomplishments of this project over the last three yearsin detail. In particular, the
characterization of the Fe,C active sites, the effect of promoters such as Zn, Cu, K and Ru and
the structure and active site density as well as on the FTS rates and selectivities have also been
reported.

Inthisreporting period, the new transient experimental setup designed to calculatetheactive
sitedensity on Fe catalysts during FT Sreactionswastested. The mixing behavior of themicrofluid
reactor was also measured. Additionally, the time resolution of the gas inlet manifold/micro
fluidized reactor was determined by frequency response analysis. The reactor can be considered as
aCSTR above aflow rate of 50 ml/min and the time resolution is around 5 sec.

Surface capacity of adsorbed CO at working condition was measured for the Fe-Zn-K,-Cu,
catalyst sample by *CO/**CO isotopic switch. The amount of adsorbed CO was determined to be
12.7 mmol/g atom Fe at 523 K. The conversion was 8%. The background capacity was measured

by loading graphite in the reactor.



A manuscript describing the effect of water on the FTS rates and selectivities and its
correlation with the active carbon coverage on Co-FTS catalysts was also prepared. Our results
show that the rate enhancement by water on Co catalystsis not reflected by a corresponding

increase in the active carbon coverage.



Task 1. Iron Catalyst Preparation

The objective of thistask isto produce robust intermediate- and high-« catalysts.

No scheduled or further activity to report.
Task 2. Catalyst Testing

The objective of thistask isto obtain catalyst performance on the catalysts prepared in
Task 1.

No scheduled or further activity to report.
Task 3. Catalyst Characterization

The objective of thistask isto obtain characterization data of the prepared catalysts using
routine and selected techniques.

A. EXAFS Characterization of Used 0.2% Re - 15% Co/Al,O, Catalysts
ABSTRACT

The deactivation of a promoted 0.2%Re-15%Co/Al,O, catalyst during Fischer-Tropsch
synthesisin aCSTR was investigated. A novel method was utilized to isolate samples of
catalyst from the reactor during the course of the reactor run, so that the catalyst was cooled in
the solid wax for XAFS investigation. Results showed, as suggested in an earlier study of spent
noble metal promoted catalysts, that the deactivation involves two processes. EXAFS strongly
indicates significant cluster growth with time on-stream by a sintering process as a major
component to the deactivation. However, in line with our previous investigation, XANES of the
most heavily deactivated samples indicates that a fraction of Co species underwent a phase
transformation to a phase resembling that of CoAl,O,. Addition of metal promoters to achieve
reduction of Co speciesin interaction with the support results in higher initial activity by the

formation of additional active sites. However, these additional Co metal clusters are unstable



and are likely the cause of the higher initial deactivation rates of these catalysts during Fischer-
Tropsch synthesis.
INTRODUCTION

Extended X-ray absorption fine structure (EXAFS) spectroscopy is a powerful tool in
that it providesinformation on the local structure surrounding the type of atom under
investigation. For example, the average coordination information can be obtained [1,2], whichis
very useful for obtaining information regarding the dispersion of fresh catalysts, aswell asthe
changesin the cluster size of supported metal catalysts during the course of areaction. In some
cases, information regarding cluster morphology can also be predicted [1,2]. It isimportant to
note that, although EXAFS provides information regarding the local structure surrounding an
atom, including atom type, degree of coordination, radial distances, and disorder parameters, the
method represents an average over all the clusters present on the catalyst. XANES, on the other
hand, can provide qualitative information on the oxidation states of species present on supported
metal catalysts[3].

Re addition was found to catalyze the reduction of the very well dispersed Co speciesin
interaction with the support, thereby increasing the number of Co active metal sites for reaction.
The reduction of these additional species showed a slight lowering of the average cluster size in
H, chemisorption/pul se reoxidation measurements in reference to the unpromoted catalyst,
demonstrating that they were more highly dispersed. However, while theinitial catalytic activity
by addition of Re promoter was increased relative to the unpromoted catalyst, the deactivation
rate was higher. Therefore, one focus of this paper was to use X AFS techniques to provide
information on the nature of the deactivation of these small cobalt metal clusters, which were

reduced in the presence of the Re, during the course of Fischer Tropsch synthesis. In order to



carry out these experiments, we developed a method of isolating catalyst sasmplesin the solid
wax directly from the CSTR during the course of reaction testing.
EXPERIMENTAL

Catalyst Preparation

Condea Vista Catalox (high purity y-alumina, 100-200 mesh, 200 m?/g) was the support
for the cobalt FTS catalysts. To obtain a cobalt loading of 15%, athree step incipient wetness
impregnation (IWI) was used with intermediate drying steps at 353 K in arotary evaporator
following each impregnation. The promoter was added after the third drying step by IWI of an
agueous solution of rhenium oxide salt. The catalyst was dried and then calcined under air flow
at 673 K for 4 hrsfollowing promoter addition. The cobalt loading was verified by ICP analysis.

Temperature Programmed Reduction

Temperature programmed reduction (TPR) profiles of catalysts were recorded using a
Zeton Altamira AMI1-200 unit. Calcined fresh samples were first purged in flowing inert gasto
remove traces of water. TPR was performed using a 10% H.,/Ar mixture referenced to Ar at a
flowrate of 30 ccm. The sample was heated from 323 K to 1073 K using a heating ramp of 10
K/min. Results are shownin Figure 1.

H, Chemisorption by TPD and % Reducibility by Reoxidation

The amount of chemisorbed hydrogen was measured using the Zeton Altamira AMI-200
unit, which incorporates a thermal conductivity detector (TCD). The sample weight was always
0.220 g. The catalyst was activated using hydrogen at 623K for 10 hrs and cooled under flowing
hydrogen to 373 K. The sample was held at 373 K under flowing argon to prevent adsorption of
physisorbed and weakly bound species, prior to increasing the temperature slowly to the

reduction temperature. At that temperature, the catalyst was held under flowing argon to desorb
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the remaining chemisorbed hydrogen until the TCD signal returned to the baseline. The TPD
spectrum was integrated and the number of moles of desorbed hydrogen determined by
comparing to the areas of calibration pulses of hydrogen in argon. Prior to experiments, the
sample loop was calibrated with pulses of N, in ahelium flow and compared against a
calibration line produced from using gas tight syringe injections of N, into a helium flow.

After TPD of H,, the sample was reoxidized [4] at the activation temperature by pulses of
pure O, in helium carrier referenced to helium gas. After oxidation of the cobalt metal clusters
(where the entire O, pulse was observed by the TCD), the number of moles of O, consumed was
determined, and the percentage reduction was cal culated assuming that Co° reoxidized to Co,O,.

In order to estimate the average cluster size, the percentage reduction was included in the
dispersion calculation as follows, assuming a H:Co stoichiometric ratio of 1:1, as reported
previously [5].

%D = (number of surface Co® atoms)/(number of total Co® atoms)
%D = (number of surface Co° atoms)/[(number of total Co atoms)(percentage reduction)]

In Table 1, the dispersions and cluster sizes are first reported as uncorrected, which
assumes that all of the cobalt is reduced. Then, the percentage reduction isincluded in the
calculation and the corrected dispersion and cobalt cluster sizeis reported. This demonstrates
the importance of considering the fraction of cobalt species reduced in any estimate of dispersion
based on chemisorption measurements.

XAES

Used catalyst samples were obtained from the continuously stirred tank reactor (CSTR)

at different points of catalyst deactivation with time onstream. The catalyst particles, well-mixed

with the reactor wax, were removed by a pressure letdown valve to a collection trap under inert
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gas. Thewax was allowed to cool, sealing the catalyst in the solid wax matrix for EXAFS
analysis.

XAFS spectra at the Co K edge were obtained at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory (BNL) in Upton, New Y ork at beamline X18b. The
X-rayswere tuned by a Si(111) double crystal monochromator, which was detuned slightly to
prevent glitches from harmonics. The used catalyst in the wax was pressed into a disk and
loaded into a XAFS cell, which was cooled to liquid nitrogen temperatures prior to scanning
under flowing helium. XAFS spectra of the Co foil, Co,0,, CoO, and CoAl,O, were also
measured. Several scans of the catalyst samples were obtained and the spectra averaged to
improve the signal to noise ratio.

XANES and EXAFS spectrawere first background corrected and normalized by dividing
by the height of the edge jump to account for the concentration of Co atomsin the sample. For
EXAFS spectra, appropriate splines were used to remove the background based on the Nyquist
criteria[6]. The Chi function in energy space was extracted and converted to k space and
weighted with either k° or k* weighting for examination of the changes in coordination number of
the different Z scatterers. To obtain information on Co-Co coordination and therefore, changes
in the cluster size, the k*-weighted spectrum was transformed from k space to r space to obtain
the radial distribution function. The EXAFS spectrum for the first Co-Co coordination shell was
isolated and the inverse Fourier Transform was conducted. Fitting of the spectrain k space was
carried out using FEFFIT [4]. Theoretical EXAFS were generated using FEFF [ 7] using model
Co metal crystal parameters generated by Atoms[8]. In order to use coordination number as a
fitting parameter, S was first obtained from analysis of the Co foil assuming a fixed
coordination number N, of 12 for the first shell. The other fitting parameters utilized by FEFFIT

included the overall E, shift e, applied to each path, delr to account for lattice expansion, and
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sigma?, which is based on a correlated Debye model used to approximate the mean square
disorder in the path length of each path [8].
RESULTSAND DISCUSSION

Figure 2 shows the points during the initial deactivation period of the catalyst where the
catalyst was removed. Figure 3 shows the k° and k*-weighted radial distribution functions for the
used catalyst withdrawn from the reactor at 1800 hours onstream and a comparison against those
of the standards. The aim of this part of the investigation was to determine whether the small Co
metal clusters showed signs of reoxidation, as had been suggested in earlier reports [9,10], or
whether the main cause of the deactivation was by growth of the Co metal cluster by a sintering
mechanism, leading to aloss of surface sites.

Figure 3 displays the normalized X ANES spectra of the catalyst samples removed at
1800 and 2135 hours onstream with a comparison against those of the reference compounds,
including the Co metal foil and CoO, Co,0,, and CoAl,O, standards. Interestingly, as noted
previously in other spent catalysts[11], the XANES reveals two contributions, a strong
contribution of the reduced Co metal and three small peaks which match very well the positions
of the CoAl,O, standard. The positions are more pronounced when one considers the derivative
spectra. These suggest the possibility that a small fraction of the clusters may have undergone a
phase transformation to an oxidized state. In comparison with our earlier study [11], the extent
of formation of this oxidized phase is |ess pronounced than the unpromoted catalyst, indicating
that Re promoter may play arole in suppressing its formation.

Both the k° and k*-weighted radial distribution functions displayed in Figure 4 for the
used catalyst withdrawn from the reactor at 1800 hours onstream strongly resemble the
corresponding spectra of the Co foil. Surprisingly, even in the k’-weighted spectra, thereis not a

peak present at low R between 1 and 2 Angstroms that suggests an increase in the Co-O
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coordination, in comparison with the references where the Co isin an oxidized state. Also, a
comparison in k* of the CoO, Co,0,, and CoAl O, standards show the Co-Co distances are
shifted to higher R, as expected, in comparison with the Co foil. However, thereis no indication
of a contribution from Co-Co distance at these higher R in the used catalyst sample, rather only
the Co-Co distance which matched closely that found in the Co metal foil. Therefore, this
suggests that if there is deactivation due to reoxidation, it is either likely limited to the surface of
the catalyst or a surface phase, unable to be viewed by EXAFS, or the reoxidation is part of a
dynamic oxidation/reduction cycle. That is, the EXAFS results suggest that the small Co metal
clusters do not sustain a bulk reoxidized CoO or Co,0, phase under the normal partial pressures
of H,O encountered in the Fischer Tropsch reactor in the presence of the reducing syngas.

Figure 5 shows the EXAFS data Chi(k)*k® v. k, the Fourier transform magnitudein r-
space, and the first shell inverse transforms for Co metal and catalysts. Theinversetransformis
the solid line, while the plotted points indicate the fitting obtained from FEFFIT. Itisclear by
the augmentation of the intensity of the envelope in k-space and by the growth in the Fourier
transform peak for Co-Co coordination, that the average metal cluster size has experienced an
increase in size with time onstream in the CSTR. Table 2 shows the direct parameters obtained
from FEFFIT analysis with their corresponding uncertainties.

Clearly, asubstantial increase in Co-Co coordination as cobalt metallic phase is evident
during the initial stages of the deactivation period, with aleveling off achieved at approximately
1800 hours of time onstream. Thistime also correlates very well with the greatest degree of
deactivation in the CO conversion, as shown in Figure 2. Therefore, one cannot rule out a
sintering mechanism as the main reason for the catalyst deactivation. Certainly, thereisan
additional fraction of Co metal reduced by addition of Re promoter as shown by the shift in
reduction peaks to lower temperature, as demonstrated in Figure 1. Thisleadsto a higher
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fraction of very small Co metal clusters at the onset of reaction testing. These may be the result
of the reduction of a surface phase of Co containing atoms of the support in their structure, or the
reduction of very tiny Co oxide clusters which interact with the support and deviate from
bulklike Co metal behavior. In either case, their resulting reduction resultsin a fraction of very
small cobalt metal clusters, which causes alowering of the average cluster size, as demonstrated
by H, chemisorption/pul se reoxidation measurementsin Table 1, in reference to the unpromoted
catalyst.

These clusters, therefore, will have a higher surface free energy than the clusters reduced
at the same temperature on the unpromoted catalyst. Such unstable clusters, with a greater
number of dangling bonds, may therefore be more susceptible to cluster growth, although the
actual kinetics of the processis not yet well understood. On the basis of XPS evidence which
indicated surface oxidation of small Co clusters under H,O/syngas mixtures, it is possible that
the sintering may be the result of a dynamic reoxidation/reduction cycle. Such cycles have been
shown previously to result in metal cluster growth.

One should also consider the possibility that a fraction of the small metal clusters
underwent a phase transformation to an oxidized state during reaction. XANES suggest the
formation of a CoAl,O,-like phase, which may not be seen directly by EXAFS. Loss of small
metal clustersto an oxidized phase would also result in an increase in the average Co metal
cluster size, which would show increased Co-Co coordination in the metallic phase. However, if
the oxidation was sustained, then one would also expect to see the appearance and growth of a
Co-0 peak as well as a contribution from a Co-Co coordination at higher R for an oxidized Co
phase, especially after the extent of deactivation observed in Figure 2. The EXAFS results
presented here as a function of time onstream suggest an increase in the Co cluster size only,

most likely the result of aslow loss of surface sites by a sintering process. Finally, addition of
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Re promoter does aid in reducing the Co species, thereby generating a greater number of initial
active sites, improving the initial activity. However, the resulting catalyst also showed a higher
initial rate of deactivation than the unpromoted catalyst, indicating that promoter addition alone
does not guarantee a better catalyst from the standpoint of long-term stability.
CONCLUSIONS

The deactivation of a promoted 0.2%Re-15%Co/Al,O, catalyst in a CSTR was
investigated. A novel method of isolating samples of catalyst directly from the reactor during
the course of reaction testing in solid wax for XAFS investigation was demonstrated. Results
showed, as suggested in an earlier study of spent noble metal promoted catalysts, that the
deactivation likely involves two processes. First, EXAFS of samples with time onstream
strongly indicates significant cluster growth by a sintering process as a major component to the
deactivation. However, in line with our previous investigation, XANES of the most heavily
deactivated samples indicates that a fraction of Co species underwent a phase transformation to a
phase resembling that of CoAl,O,. Addition of metal promoters to achieve reduction of Co
species in interaction with the support results in unstable Co metal clusters, which are likely the

cause of the higher initial deactivation rates of these catalysts during Fischer-Tropsch synthesis.
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Tablel

H, chemisorption (TPD) and pulse reoxidation results for Al,O, (200 m?/g)
Supported catalysts, with and without Re promoter

pmol H, Uncorr | umol O, | % Corr

desorbed | Uncorr diam. pulsed Red | Corr | diam.

Catalyst per g cat %D (nm) | per g cat %D | (nm)
15%Co/Al, O, 67 53 19.6 509 30 | 176 | 59
0.2%Re-15%Co/Al O, 142 11.2 9.2 939 55 1204 | 51
0.5%Re-15%Co/Al O, 143 11.3 9.2 993 59 | 191 54
1.0%Re-15%Co/Al, O, 168 13.2 7.8 1187 70 1189 55
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Table2

Best-fit values for average coordination number (N, for the first Co-Co shell, shiftin
E,, Debye-Waller factor (6), lattice expansion (delr), and fractional misfit (r).
Relative uncertainties are also displayed.

Sample N, | AN, | & | Ag o A & delr Adelr r-
factor

355 hours | 2.68 [ 0.43 | 256 | 1.94 | 0.00359 | 0.00133 | -0.0258 | 0.0120 | 0.115

665 hours | 3.47 | 0.37 | 3.10 | 1.27 | 0.00422 | 0.00093 | -0.0216 | 0.00808 | 0.045

980 hours | 5.61 [ 0.28 | 5.49 | 0.59 | 0.00389 | 0.00043 | -0.0166 | 0.00375 | 0.018

1340 hours | 6.50 | 0.32 | 7.21 | 0.57 | 0.00399 | 0.00043 | -0.00673 | 0.00368 | 0.017

1800 hours | 7.56 | 0.27 | 7.74 | 0.41 | 0.00455 | 0.00032 | -0.00407 | 0.00268 | 0.0088

2135hours | 7.65 [ 0.34 | 7.70 | 0.50 | 0.00500 | 0.00041 | -0.00303 | 0.00339 | 0.013
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Figure 1. Comparative TPR spectra of unpromoted (bottom) 15%Co/Al, O, catalyst with
those promoted with (moving up) 0.2%, 0.5%, and 1.0% Re. Top spectraisthe
reduction of Re,O, precursor (unsupported).
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Figure 2. Deactivation profile of the 0.2%Re-15%Co/Al,O, catalyst. Reaction testing
conditions were as follows. 493K, 275 psig, 34 SL CO/g cat hr. Arrowsindicate
points where wax-containing catalyst samples were removed from the reactor for
EXAFS analysis.
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Normalized Co K-edge XANES spectra (Ieft) and XANES derivative spectra
(right) of the used catalyst after deactivation time of 1800 hours and 2135 hours
in the Fischer-Tropsch Synthesis CSTR reactor versus those of comparative
standards, including Co meta foil, Co,0,, CoO, and CoAl,O,.
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Figure 4.
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k® and k®>-weighted Fourier transform magnitudes of Co K-edge EXAFS spectra of
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Task 4. Wax/Catalyst Separation

The objective of thistask isto develop techniques for the separation of catalysts from FT
reactor slurries.

A. Cold Model Studiesof the CAER Slurry Bubble Column Reactor.
Executive Summary

In this report we describe cold model bubble column operating experiences using atwo-
phase water/argon system to simulate flow dynamics in the CAER’s SBCR pilot plant. The
objectives of the cold model study were to: 1) develop correlations for gas hold-up as a function
of pressure and superficial velocity; 2) estimate liquid turnover rates as a function of superficial
gas velocity in the column; and 3) determine the extent of slugging within the bubble column.
In addition, transient tests were performed to simulate process upsets experienced in the SBCR
pilot plant system.

Preliminary experiments were completed to verify the hold-up measurement techniques
based on liquid displacement used during SBCR pilot plant runs. Additionally, gas hold-up was
estimated using differential pressure transducers located axially along the bubble column and
riser tube sections. This method, over a pressure range of 0-100 psig, compared favorably to the
liquid displacement method used online with the SBCR.

A turbine flow meter was installed in the downcomer line of the cold model in order to
measure the liquid recirculation rate; however, sporadic liquid flow in this location complicated
accurate rate measurements with this instrument type. The maximum theoretical liquid
recirculation rate was estimated using a mechanical energy balance along the surface of the
liquid in the overhead separator to the exit of the downcomer tube within the bubble column.
Another liquid rate estimation method was devel oped using the calculated liquid hold-up

measurement in the riser section and actual volumetric gas rate exiting the column.
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I ntroduction

Gas hold-up or the fractional volume of gas occupying the bubble column or (e, ) isan
important factor for predicting both the flow and mass transfer dynamics within SBCR reactors.
As highlighted in previous reports [1,2,3,4], accurate estimation of e, iscrucial for determining
the gas space velocity in the CAER’ s unique SBCR design.

Slurry volume within the CAER pilot plant reactor was not directly measured. Instead,
only slurry occupying the overhead separator vessel was measured viaa differential pressure
transmitter. The reactor vessel was always flooded with slurry/gas, provided aslurry level was
indicated in the overhead separator vessel; therefore, by knowing the gas holdup for any given
superficial velocity, the mass of surry within the reactor could be estimated by difference. The
baseline liquid level in the overhead vessel was recorded without gas flowing through the reactor
(i.e., Uy =0). Syngasflow was established at superficial velocities ranging from 0.7 to 3 cnv/s.
Theliquid level increase above the baseline level was effectively due to gas displaced in the
reactor vessel. Therefore, the displaced liquid volume divided by the reactor volume was equal
to e,. The disadvantage of thisliquid displacement method is that the gas supply must be
momentarily terminated during the run, thereby causing the catalyst particlesto settle.

Gas hold-up is dependent on the bubble size and associated rise velocity behavior [5,6,7].
Many factors affect both of these parameters including: column diameter; gas sparger geometry
and orifice diameter; superficial velocity; existence of reactor internals such as heat transfer
surfaces; surface tension of the liquid; catalyst loading; and pressure. Numerous empirical
correlations exist for the prediction of the average gas hold-up in SBCR systems[5]. Most of
these correlations are valid for column diameters greater than 0.1 m and do not account for the

existence of reactor internals or liquid recycle.
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The column diameter of the CAER’s SBCR isrelatively small (0.051 m) and contains an
internal downcomer that provides for recycle of liquid. These unique features make the validity
of the available gas hold-up correlations questionable. Liquid recyclein the CAER SBCR
depends on the natural circulation driving force created by the gas bubbles in the column and
riser sections. The magnitude of this liquid recycle had been estimated to be of the order 0.1 to
1 min (in terms of the average liquid turnover rate).

Slurry back-mixing in the CAER’s SBCR may be significantly reduced by the addition of
the down-comer/dip-tube flow path; consequently, the gas and liquid phases likely exhibited
more “plug-flow” behavior. It has been demonstrated that SBCR pilot plant yields a higher
conversion than that of comparable CSTR tests[3]. Differencesin conversion between the two
reactor types may also be caused by the dissimilarity of heat and mass transfer phenomena
related to the bubble dynamics and liquid turnover.

Although several successful pilot runs have been completed using the CAER’s SBCR
design, several uncertainties regarding the liquid turnover rate, bubble flow dynamics and gas
hold-up exist. In order to address these engineering questions, a full-scale, transparent cold-flow
model of the CAER’ s design was constructed. The main objective of the cold model study was
to determine the relationship of gas hold-up and column pressure.  Secondly, quantifying the
liquid turnover rates as a function of superficial gas velocity in the column was a priority. The
cold model would also allow the visualization of the extent of slugging within the bubble
column. In addition, transient tests were performed to simulate process upsets experienced in the
SBCR pilot plant system.

Experimental
The cold model apparatus, shown in schematically in Figure 1, was designedto bea 1:1

scale model of the CAER’s SBCR [1,2,3,4]. Inthe current configuration, the cold model is
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constructed of clear PVC Sch. 80 pipe and has a 5.08 cm diameter and a 2-m height with an
effective reactor volume of 3.7 liters. Argon gas was passed continuously through the water-
filled reactor and distributed by a sparger near the bottom of the reactor vessel. Gas and liquid
exited the top of the reactor and passed through an overhead receiver vessel where the liquid was
disengaged from the gas-phase. Argon gas exits the overhead vessel into a wet-test flow meter
down stream of a back-pressure regulator. The cold model pressure could be safely regulated up
to 150 psig.

A dip tube or down-comer connected the overhead vessel reservoir to the bottom of the
reactor to allow internal liquid recycle viathe natural convection loop. The fluidizing gas and
liquid exited into a side port near the top of the column and entered ariser tube. The driving
force for the recirculation flow was essentially the difference in density between the fluid
column in theriser (liquid and gas) and that of the dip-tube (liquid only). The dip tube provided
adownward flow path for the slurry without interfering with the upward flow of the turbulent
syngas slurry mixture. Thus, to some degree, back mixing of the slurry phase and wall effectsin
the narrow reactor tube were minimized. A turbine-style flow meter with an effective range of
4-75 LPM (1-20 G.P.M.) wasinstalled in the downcomer in an attempt to quantify the
recirculation rate.

Gas hold-up in both the column and riser sections were measured via differential pressure
transducers DP-1, DP-2, and DP-3 asdepicted in Figure 1. The pressure legs of each
differential transducer were flooded with water. Therefore, with column fully loaded with water,
al of the DP cellsregistered zero. Once gas was introduced into the column and riser, the high
pressure legs of each transducer remained flooded with water while the low pressure legs
registered a decreased hydrostatic head due to the lower average density of the gas/water mixture
in the column and riser sections.
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Cold model experiments were conducted using superficia velocities from 1 to 8 cm/s
with column pressures varying from 0 to 100 psig. Gas hold-up in the column and riser tube
were calculated using the differential pressure transducers. Also, the column gas hold-up was
calculated using the liquid displacement method as summarized in the previous section. During
these tests, the axial position of slugging onset was recorded.

RESULTS

Gas Hold-up Measurements

Thetotal differential pressure gradient along the column measured by the lower (DP,)
and upper (DP,) pressure transducers was defined by the following equation:

AP DP,+ DP,
An href B (h1+h2)

(85 ps+ EL pL ) g (1)

column

In Equation (1), the frictional losses and the contribution of the gas phase hydrostatic head have
been neglected. In athree-phase system, the volume fraction of each phase must follow the

relation:

e, * g, + &g, =1 (2

gc sc

In the case of the cold model experiments only the liquid and gas phases (deionized water
and argon gas) were present, therefore, e, = 0. Thus, solving equations (1) and (2) for the gas

hold-up yielded the following:
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DP,+ DP,

e, =1- 3
s g p, (b + ) @

Likewise, an expression for the gas hold-up in the riser tube was devel oped:

DP,

g Py hy

g, = 1-

(4)

Results from the gas-hold-up tests for column pressures of 0,25,50,75 and 100 psig are
displayed in Figures 2,3,4,5 and 6, respectively. In general, the liquid displacement method of
measuring gas-hold in the column was in agreement with that of the differential pressure method.
The liquid displacement method involved more opportunities for error since the change in slurry
level was manually recorded from aruler attached to the overhead vessel. This measurement
error was compounded by the continually fluctuating liquid level. The differential pressure
measurement in the column and riser were taken by a computer data logging system and
averaged over a5 minutetimeinterval. The largest difference between the two methods
occurred during the O (Figure 2) and 50 (Figure 4) psig tests.

In all pressure tests, gas hold-up varied proportionally with U, in anear linear fashion.
The riser gas hold-up increased with Ug and tended to level off past 5 cm/s. During the entire
range of tests, the riser flow was in the slugging regime.

Pressure Effects: Gas Hold-up and Column Slugging

Figure 7 shows the effect of pressure on the bubble column gas hold-up for superficia
velocities of 3.0 and 5.0 cm/s using the argon/water two-phase system. The gas hold-up results
for the 3.0 cm/s testsindicated an initial decrease with increasing pressure above atmospheric

from 10% down to 6% by volume. Beyond a pressure of 25 psig, the gas hold-up in the column
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remained relatively constant. For the 5.0 cm/s superficial velocity tests, the gas hold-up was
nearly independent of pressure.

These results are consistent with experimental and modeling results of Krishna[8,9].
The range of superficial velocity in the cold model tests was low enough to keep the flow
dynamics in the homogeneous regime (consisting of relatively small, uniform bubbles). Pressure
effects tend to become more prevalent with larger bubbles encountered with larger diameter
columns above the transition superficial velocity (> 5.0 cm/s).

The column position of initial bubble slugging versus pressure is displayed in Figure 8.
At atmospheric pressure, the slug formation occurred just below 40% of the column length above
the gas sparger for both 3.0 and 5.0 cm/s.  Asthe pressure was increased, slug formation tended
to move up the column. However, at 5.0 cm/s, the axial position of slug formation remained
unchanged. Beyond 5.0 cm/s, the column flow dynamic began to fully transition into the
slugging flow regime.

Estimation of Average Recirculation Rate

The turbine flow meter installed in the downcomer was not able to measure a consistent
liquid recirculation rate. Thiswas duein part to the sporadic liquid flow in thislocation ,
thereby complicating an accurate rate measurement. Another possibility was that the liquid
recirculation rate was lower than initially anticipated. Therefore, the maximum theoretical liquid
recirculation rate was estimated using a mechanical energy balance along the surface of the
liquid in the overhead separator to the exit of the downcomer tube within the bubble column.
Another liquid rate estimation method was devel oped using the calculated liquid hold-up

measurement in the riser section and actual volumetric gas rate exiting the column.
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Mechanical Energy Balance Method for Maximum Theoretical Flow

Ignoring friction energy losses and the absence of pump work, a simplified mechanical
energy balance around the downcomer section of the cold model (as shown between elevations

A & B inFigure 1) yields the basic form of the Bernoulli equation:

u + M + g (hdiptube - href ) = 0 ©)
p 2
In this case, the reference elevation was assigned to the bottom portion of the diptube (point B).
The top elevation considered was the surface of the liquid level in the overhead separator (point
A).

P, can be eliminated if we chose the reference pressure to be that at the liquid surfacein
the overhead separation vessel. Likewise, u, ,the velocity of the liquid surface is assumed to be
zero since the bubble column is at steady-state with a constant liquid level . The reference
elevation was arbitrarily set to the bottom of the bubble column such that h,, = 0. Consequently,
the Bernoulli equation for this application can simplified and rearranged to solve for ug, the
velocity of liquid exiting the diptube:

PB
Up = 2 g hdiptube_ F

(6)

Pg, the pressure outside the diptube exit, can be calculated from the hydrostatic pressure head of

the gas and liquid flowing in the bubble column (h ., = hy + h,) and theriser (h,):
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PB =P 8 [ (1_ 8gc) hcolumn * (1_887) hr ] (7)

Thus, substituting Equation (7) into (6) becomes:

g = ‘/2 g [ hdiptube_ (1_ 8gc) hcolumn - (1_ 887) hr 1 (8)

Therefore, the maximum theoretical recirculation rate can be calculated knowing the cross-

sectional area of the diptube:

2
T D diptube (9)

Orecire = Ug Acdw,,e T Up 4

Inserting the appropriate constants and conversions for units of LPM, Equation (9) becomes:

Qrecirc = 842 \/ hdiptube_ (1_ 8gc) hcolumn B (1 B 8gr) hr (LP m (10)

Sinceh, and h .., were fixed for each experiment, the only elevation measured was that of the
liquid column in the diptube, h .. Gas hold-up for the column and riser sections were
calculated using Equations (3) and (4), respectively.

Figure 9 shows the cal culated maximum recirculation rates for each of the pressures and
superficial velocities tested. In general, the cal culated maximum rate was afunction of U,. The
highest recirculation rates were achieved for any given U, at atmospheric pressure. The
maximum theoretical liquid recirculation rate was estimated to be between 6-10 LPM (in terms

of turnover rate, 0.5-0.3 min™, respectively) .
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Liquid Recirculation Based on Liquid Hold-up in the Riser Tube

Theriser section of the cold model was also constructed of clear PV C pipe so the
hydrodynamics could be observed qualitatively. It was noticed that the narrow riser tube forced
the gas/liquid flow into a slugging regime upon exiting the top of the column. Asaresult, very
little liquid back mixing was observed in the riser.

If we can indeed assume that any liquid entering the riser exitsinto overhead vessel with
the gas phase, then asimple relation using e, and the actual gas flow exiting the column could be
used to estimate the liquid recirculation rate. Neglecting the back-mixing within the riser, the

following volumetric balance of the liquid phase around the riser tubeis:

QL = (Qg +QL) (l_sgr) (11)

Rearranging and solving for Q,, Equation 11 becomes:

l-¢,
o= 0, (12)
€
gr

Equation (12) was applied to the experimental datafor each of the pressures tested and
plotted in Figure 10. The liquid recirculation rate was estimated to be between 2-6 LPM (in
terms of turnover rate, 1.5-0.5 min™, respectively) and was dependent on superficial velocity and
independent of column pressure for superficial velocities lessthan 5 cm/s. For Ug greater than 5
cm/s, the calculated recirculation rate decreased marginally with increasing pressure.

In Figure 11, the averaged recirculation rates results for all pressure tests from both the
riser (Equation 12) and mechanical energy balance (Equation 10) methods were plotted. The

error bars for each the constant U, data points represent the standard deviation of averaged

pressuretest results.  As expected, the mechanical energy balance method predicted
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consistently higher recirculation rates than that of the riser flow method. Thisis reasonable
since Equation (10) was based on the assumption that frictional losses wereignored. The data
applied to the mechanical energy balance was reasonably fitted to a 2™ order polynomial with an
R? of 0.9776. The experimental data fitted to Equation (12) resulted in alinear correlation of
recirculation rate with U,,.

Conclusionsand Summary

Preliminary experiments were successful in verifying the liquid displacement hold-up
measurement techniques used during SBCR pilot plant runs. Gas hold-up results obtained using
this method compared favorably to direct gas hold-up measurements using differential pressure
transducers located axially along the bubble column. Generally, gas hold-up was proportional to
the superficial velocity within the reactor. Over a pressure range of 25-100 psig, both methods
of measurement indicated that gas hold-up was relatively independent of pressure.

A turbine flow meter installed in the downcomer line of the cold model was not able to
measure consistent flow rates due to the sporadic nature of the liquid recirculation within the
column. The maximum theoretical liquid recirculation rate was estimated to be between 6-10
LPM (in terms of turnover rate, 0.5-0.3 min™, respectively) using a mechanical energy balance
along the surface of the liquid in the overhead separator to the exit of the downcomer tube within
the bubble column. Another liquid rate estimation method was devel oped using the calculated
liquid hold-up measurement in the riser section and actual volumetric gas rate exiting the
column. This method assumes that al liquid entering the riser from the bubble column is
entrained with the gas (i.e., no liquid recirculation was assumed to occur within the riser
section). Inthis case, the liquid recirculation rate was estimated to be between 2-6 LPM (in
terms of turnover rate, 1.5-0.5 min™, respectively) and was dependent on superficial velocity and
independent of column pressure.
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Future cold model tests will focus on effects of different liquid and solid media on the
flow dynamics within the column. In these tests, the problems associated with catalyst settling
and dispersion will be studied. Other options for directly measuring the liquid recirculation rate

will also be investigated.
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NOMENCLATURE

A

C

Ddi ptube

TOS

Cross sectional area of the diptupe, m?

Internal diameter of the diptube, m

Length of lower column differential pressure measurement, m

Length of upper column differential pressure measurement, m

Length of riser differential pressure measurement, m

Total height of liquid head in the bubble column, m

Height of liquid head in the downcomer/diptube, m

Height of liquid head in the riser tube section, m

Reference height elevation (bottom of the bubble coulmn), m

Reactor at liquid surface in the overhead separation vessel, N/M?
Reactor at exit of the diptube near the bottom of the bubble column, N/M?
Reactor pressure, PSI

Volumetric rate of gas exiting the reactor, m® s*

Volumetric rate of liquid recirculating through the diptube, LPM or m* s*
Gas space velocity, SL h* Feg ™

Time-on-stream, hours

Liquid velocity at liquid surface in the overhead separation vessel, m s*
Liquid velocity at the exit of the diptube, m s*

Superficial gas velocity based on inlet reactor conditions, cm s*
Superficial liquid velocity, cm s*

Pressure in units of water column, inches

Gas hold up fraction, L L™

Gas hold up fraction in the bubble column, L L™
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Gas hold up fraction in the riser tube, L L™
Liquid hold up fraction in the reactor vessel, L L™
Solid volume fraction, L L™

Density of the liquid (slurry) in the bubble column, kg/m?
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Task 5. Oxygenates

The objective of thistask isto obtain a better understanding of the factors that affects
catalyst selectivity toward oxygenates for iron-based Fischer-Tropsch catalysts.

No scheduled activity to report.
Task 6. Literature Review of Prior Fischer-Tropsch Synthesiswith Co Catalysts

The objective of thistask isto prepare acritical review of prior work on cobalt Fischer-
Tropsch catalysts.

No scheduled activity to report.
Task 7. Co Catalyst Preparation

The objective of thistask isto prepare alimited number of cobalt-based Fischer-
Tropsch catalysts that can be used to obtain baseline data on cobalt-based Fischer-Tropsch
synthesis.

No scheduled activity to report.
Task 8. Cobalt Catalyst Testing for Activity and Kinetic Rate Correlations

The objective of thistask isto conduct initial screening of the cobalt catalysts prepared
in Task 7 to select three baseline catalysts that will then be used to generate a data base on the
performance of cobalt-based Fischer-Tropsch catalystsin slurry reactors.

No scheduled or further activity to report.
Task 9. Cobalt Catalyst Life Testing

The objective of thistask isto obtain life data on baseline cobalt Fischer-Tropsch
catalysts.

No scheduled for further activity to report.
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Task 10. Cobalt Catalyst M echanism Study

The objective of thistask is to determine the impact of secondary reactions on the
relationship of cobalt Fischer-Tropsch catalysts under conditions appropriate to slurry bubble
column reactors.
Task 11. University of California, Berkeley (Subcontract)

The objective of thistask is the characterization of the structure and function of active
sitesinvolved in the synthesis of high molecular weight hydrocarbons from CO and H, on multi-

component catalysts based on Fe as the active component.
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I. FISCHER-TROPSCH SYNTHESIS ON IRON CATALYSTS

1. Calculation of the amount of adsorbed CO on catalyst surface at FTS reactions

1. Material balances

In order to determine the a