View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UNT Digital Library

DE-FC26-03NT41965

Separation of Fischer-Tropsch Wax Products from Ultrafine
Iron Catalyst Particles

Technical Progress Report

James K. Neathery, Gary Jacobs, Amitava Sarkar, and Burtron H. Davis

Reporting Period
October 1, 2005 to March 30, 2006

The University of Kentucky
Center for Applied Energy Research
2540 Research Park Drive
Lexington, Kentucky 40511-8410


https://core.ac.uk/display/71304302?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Disclaimer

This report was prepared as an account of work sponsored by an agency of the
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ABSTRACT

The morphological and chemical nature of ultrafine iron catalyst particles (3-5 nm
diameters) during activation/FTS was studied by HRTEM, EELS, and Maossbauer
spectroscopy. With the progress of FTS, the carbide re-oxidized to magnetite and
catalyst activity gradually decreased. The growth of oxide phase continued and average
particle size also increased simultaneously. The phase transformation occurred in a
“growing oxide core” manner with different nano-zones. The nano-range carbide
particles did not show fragmentation or attrition as generally observed in micrometer
range particles. Nevertheless, when the dimension of particles reached the micrometer
range, the crystalline carbide phase appeared to be sprouted on the surface of magnetite
single crystal.

In the previous reporting period, a design and operating philosophy was
developed for an integrated wax filtration system for a 4 liter slurry bubble column
reactor to be used in Phase II of this research program. During the current reporting
period, we have started construction of the new filtration system and began modifications
to the 4 liter slurry bubble column reactor (SBCR) reactor. The system will utilize a
primary wax separation device followed by a Pall Accusep or Membralox ceramic cross-
flow membrane. As of this writing, the unit is nearly complete except for the
modification of a moyno-type pump; the pump was shipped to the manufacturer to

install a special leak-free, high pressure seal.
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EXECUTIVE SUMMARY

In this reporting period, a fundamental filtration study to investigate the separation of
Fischer-Tropsch Synthesis (FTS) liquids from iron-based catalyst particles was
continued. Catalyst consumption due to filtration losses is a major expense in the
operation of slurry phase FTS reactors using iron-based catalysts. Attrition of such
catalysts in slurry-phase reactors produces a significant amount of fines, making catalyst
separation from the products difficult. During slurry-phase FTS with bubble column
reactors, catalysts are generally separated from accumulated reactor wax by either
internal filtration or an external system which circulates catalyst back to the reactor.
Catalyst fines produced by attrition may cause filters to plug and are difficult to separate
by settling. As a result, multiple filtration stages are needed in order for the waxes to be
well-suited for down-stream processing.

The overall objective of this filtration study is to test the effectiveness of various
crossflow filtration procedures with simulant FTS slurry. The wax products from a FTS
reactor can vary widely depending on the type of process implemented. In this study, the
focus is on high-alpha iron-based slurry-phase reaction processes. The change in filtration
properties of iron catalyst slurries will be correlated with physical and chemical changes
of the particles during Fischer-Tropsch conditions.

In the current reporting period, the morphological and chemical nature of ultrafine iron
catalyst particles (3-5 nm diameters) during activation/FTS was studied by HRTEM,
EELS, and Mdossbauer spectroscopy. The composition of the catalyst after 24 h CO

activation was 85% % ~ FesC, and rest magnetite. With the progress of FTS, the carbide

re-oxidized to magnetite and catalyst activity gradually decreased. The growth of oxide
phase continued and average particle size also increased simultaneously. The average
particle size was 61.5 nm after 600 h of FTS. Some particles having maximum dimension
larger than 130 nm was also observed. Amorphous carbon rims of 3-5 nm thickness
around some of the particles and some hexagonal shaped particles were also observed.
The thickness of carbon rims did not grow above 5-6 nm. Hence, the growth of particles
was not due to carbon deposition on surface. The phase transformation occurred in a
“growing oxide core” manner with different nano-zones. The nano-range carbide
particles did not show fragmentation or attrition as generally observed in micrometer
range particles. Nevertheless, when the dimension of particles reached the micrometer
range, the crystalline carbide phase appeared to be sprouted on the surface of magnetite
single crystal.

Work has begun to modify the CAER’s 4 liter bubble column reactor to include
the FT wax filtration scheme developed during the previous Phase of this research
program. In the modified reactor system, a moyno-type progressive cavity pump will be
included to convert the reactor from a natural to forced circulation liquid circuit. The
wax/catalyst slurry will have two separate flow paths: 1. a low flow circuit (1-2 lpm)
passing through the bubble column, and 2. a higher rate slurry path through the cross-
flow filter.



TASK 1. Fundamental Filtration Studies

Task 1.1 Shakedown (subtask completed)

Task 1.2. Solvent wax experiments (Subtask completed)

Task 1.3/1.5. Filtration studies with doping of olefins and alcohols and Development of
Filter media cleaning procedure. (subtask completed)




Task 1.4. Ultra-fine Iron Filtration

Fischer-Tropsch Synthesis with Ultrafine Iron-Based Catalyst: Nano-Scale Growth
of Particles

1. Introduction

Increasingly stringent environmental regulations for “clean-fuels” (low-sulfur,
low-aromatics) make Fischer-Tropsch synthesis (FTS) an environmental-friendly route
for production of middle-distillates and a wide variety of hydrocarbons and oxygenates
from coal, natural-gas or biomass-derived synthesis gas (SG).' Iron-based catalysts are

H,/CO ratio SG derived from coal or biomass because

preferred for FTS utilizing a low
of their excellent activity in water gas shift reaction. The use of iron-based catalysts is
also attractive in view of lower cost, lower methane selectivity, high olefin-selectivity,
lower sensitivity towards poisons, and flexible product slate. When the operation favors
long chain growth, a large amount of waxy material is produced that can be processed to
produce premium fuels and chemical feed-stock. In removing wax, suspended particles
must be separated and recycled back to the reactor to maintain required conversion and to
avoid catalyst loss.” Catalyst/wax separation is also necessary for wax upgrading. The
recommended solid content of the wax is 2-5 ppm.”

The use of iron catalysts in the most economical slurry bubble column reactors
(SBCR) has been limited by their high rate of attrition to ultrafine particles leading to
catalyst loss, high slurry viscosity and difficulty in wax/catalyst separation. Phase-
transformations during activation/FTS play an important role in determining the

structural integrity or attrition resistance of the catalyst particles. Sequential phase-

modification during the activation process (with CO or SG) from hematite to magnetite



and finally to Fe.Cy (iron carbides) have been reported.*® The chemical conversion of

Fe,C, . : o . . .
Fe;0, to  *7Y induce a volumetric change due to significant difference in densities

and resulting shear lead to formation of small crystallites of Fe.Cy which split off rapidly

8 Fe;0, Fe,C

to form ultrafine particles.”’® The conversion of X~ Y¥1is dynamic and

reversible depending upon the environment. Under oxidizing conditions (e.g., at high
CO - Fe;0, .
water and 2 partial pressures), layers of surface ~ 374 can form on carbide kernels

and ultimately pure Fe;0, crystals can be formed.® Thus the possibility of either
fragmentation or growth of particles depending on the process condition exists. Kuo et
al.” reported an increase in particle size during the slurry FTS which is contrary to what
generally reported in literature. The particle size of most of catalysts used for attrition
studies are in micrometer range. The use of submicron particles in SBCR is advantageous
for efficient control and utilization of high reaction exotherm and enhanced mass transfer
rate of gaseous reactants to catalyst surface. A detailed knowledge of the change of
particle size of submicron particles is necessary for application in SBCR. The objective
of the present study is to monitor the morphological and chemical change of ultrafine iron
catalyst particles (3-5 nm diameters) during the activation/FTS in a CSTR by HRTEM,
EELS, and Mdossbauer spectroscopy. This information can be utilized for design and

optimization of a filtration unit for wax separation.



2. Experimental

A commercial ultrafine iron oxide (a— Fe203) catalyst (NANOCAT®, Mach 1, Inc.;
particle size, 3 nm; surface area, 250 m” g'; bulk density, 0.05 g cm™) was used for all
experiments. Polywax 850 (polyethylene fraction with average MW of 850) purchased
from Baker Petrolite, Inc. was used as start-up solvent. Experiments were conducted in a
CSTR equipped with a turbine impeller, a gas-inlet line, and a vapor outlet line with a
fritted filter (24M) placed external to the reactor. A tube fitted with a fritted filter
(0.5 Hm ) extends below the liquid level of the reactor maintains a constant level. A dip-
tube was used to collect catalyst slurry at times. 54.7 g catalyst was added to 300 g
melted (150 °C) Polywax 850. The temperature was raised to 270 °C at a rate of 1 °C

min™'. Catalyst was activated with CO at a SV of 3.0 sl h”' g Fe™ at 270 °C and 175 psig

for 24 h. The FTS then started with a 1270 ratio of 0.7 and a SV of 3.0 sl h”! g Fe'.
The conversions were calculated from GC analysis of the exit gas. The products were
collected in three traps maintained at 200, 100 and 0 °C and analyzed by GC. The slurry
samples were diluted with hot (about 70 °C) o-xylene to remove the wax. Although it
was not possible to completely remove the wax by this method, but the leftover wax did
not interfere with TEM analysis and acted as a protective cover for the air-sensitive
particles. An optimum ratio of o-xylene to catalyst was used to make a slightly turbid
suspension for TEM analysis. A drop of the suspension was placed onto a lacey carbon
film on 200 mesh copper grid and loaded into the microscope.

Mossbauer spectrums were collected in a transmission mode by a standard
constant acceleration spectrometer (MS-1200, Ranger Scientific). A radiation source of

30 mCi *’Co in Rh matrix was used and spectrums were obtained using a gas detector.



The solid catalyst slurry was mounted in plexiglass compression holders. Samples were
investigated at room temperature as well as at cryogenic temperatures, typically over a
velocity range of ¥ 10 mm s'. For the low temperature measurements, the samples were
placed inside a vibration free closed cycle cryostat. The structural analysis of the samples
was done by least-squares fitting using user defined functions within the PeakFit®
program. Errors in the determined percent of Fe values are about *3-5 % depending on
the complexity of the spectrums. The particle morphology was analyzed by a field
emission analytical transmission electron microscope (JEOL JEM-2010F) operated at an
accelerating voltage of 200 kV and equipped with a STEM unit with high-angle annular
dark field (HAADF) detector, and a Gatan Imaging Filter (GIF)/PEELS system. The
electron beam had a point-to-point resolution of 0.2 nm. EELS spectrums were recorded
in TEM imaging mode with an energy resolution of 1 eV and dispersion rate of 0.2
eV/channel. Gatan Digital Micrograph® software was used for image and EELS data

processing.



10

Table 1: The composition of the catalyst during the
activation/FTS determined from Mdssbauer spectroscopy. The
CO activation (for 24 h) and FTS was carried out at 270 °C and
175 psig. The TOS was counted from the start of CO activation.
Sample # | Fraction (%) of Fe | Fraction (%o)of Fe
(TOS, h) at 300 K at20 K
S1(0h) 85 in ¢-FesC, 84 in y-FesC,
13 in spm 16_in Fe;04
48 in y-FesC, 50 in y-FesC,
S2 (289 h) 33 in Fe3O4 50 in Fe3O4
19 in spm
65 in FC304 76 in FC304
S3(73.2 h) 18 in y-FesC, 22 in y-FesC,
17 in spm 2 in spm
&9 in FC304 91 in FC304
S4 (167.7 h) 11 in spm 6 in y-FesCs
3 in spm
S5 (311 h) 93 in Fe;04 96 in Fe;04
7 in spm 4 in spm

3. Results and Discussions

The initial activity of the ultrafine catalyst was high and showed a slow and
gradual decrease during a total synthesis time of over 475 h (Figure 1). The removal of
catalyst particles during the synthesis also accounts for the gradual decrease of
conversion. Compositional changes in terms of percent peak area of the different iron

species in Mossbauer spectrum are listed in Table 1. The superpara-magnetic (spm) phase
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found at 300 K can be either Fe;0, or iron carbide or a mixture of both phases. Hence, to
identify the spm phase, the low temperature (20 K) results are considered. 24 h

Fe,0, to a mixture of 85% x —FesCy and 15%

pretreatment with CO converts
magnetite which is in agreement with the reported results.'® Low temperature Mdssbauer

results showed that the spm phase was magnetite, and not the iron carbide, which can

also be present in spm phase.

The water produced in FTS acts as an oxidant and the oxidation of iron carbide
continues with the synthesis time and the amount of carbide phase gradually decreases
with a corresponding increase in fraction of magnetite phase. At the end of 311 h of
synthesis time, the catalyst composes of mainly magnetite (96%) and the conversion of
SG drops to a value lower than 15%. Thus the presence of some fraction of iron carbide

is necessary for a catalyst to exhibit high activity in FTS.

Size analysis of irregular shaped particles requires some approximations of
representative size. Non-equidimensional particles are often characterised by averaging
major dimensions. Since, the particle sizes are measured from the TEM images, Feret
diameter, the maximum distance between pairs of parallel tangents to the projected
outline of the particle, is used. An arithmetic average of the first two large diameters (i.e.,
first two Feret diameter) has been taken as the “representative particle diameter” for the
present study. The size of catalyst particles increased with the synthesis time. The FTS
was started with an average particle size of 12.5 nm and after 620.8 h, the average

particle size was 61.5 nm. Some particles with the largest dimension longer than 130 nm
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was also observed (Figure 2a and 2b). Amorphous carbon rims of 3-5 nm thickness
around some of the particles and some hexagonal shaped particles were observed. The
bigger particles were formed during FTS (Figure 3). The variation of ‘largest observed
particle size’ with TOS revealed a 10-fold increase of size. The thickness of carbon rims
did not grow above 5-6 nm. Hence, the growth of particles is not due carbon deposition
on surface.

TEM image of the fresh catalyst (Figure 4a) showed a particle size of (4-7) nm.
The diffuse and non-sharp rings in the diffraction pattern (inset, Figure 4a) revealed the
lack of well-defined crystallinity and inelastic scattering from ultrafine particles. The
TEM image of samples activated in CO for 24 h showed a particle size in the range of 8-
15 nm. The average diameter of the particles in this sample was 12.5 nm and a 2-3 nm
rim of amorphous carbon around the some particles were visible. The diffraction pattern
confirmed the presence of loose aggregates of iron carbides.'’ Carbide particles formed in
layers overlapping with each other as found by HRTEM (Figure 4c & 4d). The carbides
appeared as small crystallite with a d—spacing of 1.83 A ([511] plane of Higg carbide).

Crystallite with a d-spacing of 2.58 A can be assigned either to the [311] plane of

magnetite orZ ~ FesC, (2.65A for [311] plane or 2.5 A for [002] plane). Some of the
crystalline aggregates were composed of an outer layer of iron carbide and an unreduced
magnetite core (Figure 4d) with a characteristic d—spacing of 2.92 A ([220] plane). The
formation of such nano-zone was also observed with particles at higher TOS. In Figure
5a (112.6 h TOS), an outer-zone composed of magnetite (with a d—spacing of 2.58 A for
[311] plane) formed by re-oxidation of carbides and a carbide inner-zone (d—spacing of

1.83 A, [511] plane). Similar feature was observed in Figure 5b. The formation of such
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nano-zones suggests that the reduction and re-oxidation occurs in a diffusion controlled
manner (i.e., a “growing oxide core” fashion).

It was reported that while using particles of 100-200 micron in size, the carbide
phase forms as small nodules on the surface of the magnetite and the phase
transformation proceeds slowly into the bulk.*® The volumetric change during the oxide
to carbide transformation results the sprouting of carbide buds/nodules on the surface of
magnetite crystal. However, such phenomena were not observed with nanometer range
particles. The carbides were identified as bulk phase with layers and sometimes with an
oxide core. When the dimension of magnetite formed during FTS reaches the micrometer
range, some of the carbide phase appears as nodules at top of the magnetite crystal. This
was confirmed by the EELS analysis coupled with STEM imaging (Figure 6). The larger
particle was pure oxide while the nodule was carbidic in nature. The nature of the carbon
was analyzed with the high-energy loss portion of the EELS spectrum at the carbon K-

edge. The differences between the spectra of crystalline and amorphous carbon are due to

% *
the relative intensity of carbon IS—=>7 and 18— 0 core-level transitions which

provides a robust measure of the percentage sp-bonded carbon. The spectra of both
ordered and disordered graphite show a sharp 7 ' peak followed by a higher energy

o *peak.lz The spectrum for amorphous carbon, however, only has a small 7 ' shoulder
with a sloping o* peak. The shape of present EELS spectrum suggests that the carbon

phase was crystalline which was in agreement with Mdssbauer measurements.
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Figure 1: Plot of conversion of synthesis gas,
H, and CO against time during the FTS (270
°C, 175 psig, 750 rpm) using iron nano-
catalyst.
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Figure 2: TEM image of particles after (a) 505.6 h & (b) 620.8 h TOS.
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Figure 3: Variation of average particle size with
TOS (counted from start of CO activation).
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Figure 4: HRTEM image of particles: (a) fresh catalyst; (b, ¢,
and d) CO activated (for 24 h) catalyst.

Figure 5: TEM image of particles after (a) 112.6 h; (b) 505.6 h TOS.
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Figure 6: EELS spectrum of catalyst samples collected after 505.6 h TOS. Positions on

the sample used to record the spectrum are also shown by high-resolution STEM (inset).
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4. Conclusions

The change in size and morphology of ultrafine iron nano-catalyst during the FTS
revealed a different phenomenon than commonly observed with micrometer sized iron
catalysts. The phase transformation of ultrafine iron oxide to iron carbides does not create
any fragmentation or attrition of the particles. This may be due to lower magnitude of
stress generated (because of smaller size), by volumetric change in carbidation, and is not
sufficient to break the particles. The small particles convert into carbides in a “shrinking
core” manner with different nano-zones. The carbide/oxide conversions are dynamic and
with the progress of FTS, the carbides get oxidized in a “growing oxide-core fashion”
into pure single crystal oxide phase and grow in size. However, when the dimension of
magnetite reaches in micrometer range, the crystalline carbide phase appears to be

sprouted on the surface of magnetite single crystal.
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Task 1.5. Development of Filter media cleaning procedure (CAER)

Subtask Completed.
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Task 1.6. Chemical and physical characterization of slurry and filtrate

Abstract/Executive Summary:

The rate of initial carbidation, subsequent Fischer-Tropsch synthesis activity and
catalytic stability of promoted iron-based catalysts are higher than the non-promoted
catalysts. The objective of this research is to identify the role of alkali metal promoter

using x-ray absorption spectroscopy technique.

X-ray Absorption Spectroscopy (XAS)

Sample Preparation:

Method: A commercial ultrafine iron oxide catalyst (NANOCAT® Superfine Iron
Oxide, Mach I, Inc.) was promoted with rubidium carbonate (Sigma-Aldrich, Inc.,
99.8%) and rubidium nitrate (Sigma-Aldrich, Inc., 99.7%) to get a final rubidium loading
of 5 wt%. used for all experiments. Polywax 850 (polyethylene fraction with average
molecular weight of 850) purchased from Baker Petrolite, Inc. was used as start-up
solvent.

Methods: The FTS experiments were conducted in a 1 L CSTR equipped with a
magnetically driven stirrer with turbine impeller, a gas-inlet line, and a vapor outlet line
with a SS fritted filter (2 micron) placed external to the reactor. A tube fitted with a SS
fritted filter (0.5 micron opening) extends below the liquid level of the reactor for

withdrawing reactor wax (rewax) maintains a constant liquid level in the reactor. Another
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SS dip-tube (1/8” OD) extends to the bottom of the reactor was used to withdraw
catalyst/wax slurry from the reactor at times. Separate mass flow controllers were used to
control the flow of hydrogen and carbon monoxide at the desired rate. The gases were
premixed in a mixing vessel before entering to the reactor. Carbon monoxide was passed
through a vessel containing lead oxide-alumina to remove any traces of iron carbonyl.
The mixed gases entered the CSTR below the stirrer operated at 750 rpm. The reactor
temperature was maintained (£ 1 °C) by a temperature controller.

54.7 g of iron oxide catalyst promoted with 5 wt% rubidium was added to melted
(150 °C) Polywax 850 (300 g) in the CSTR to produce a slurry that contained about 15
wt% catalyst. The reactor temperature was then raised to 270 °C at a rate of 1 °C/min.
The catalyst was activated using CO at a space velocity of 3.0 sl/h/g Fe at 270 °C and 175
psig for 24 h. At the end of activation a sample of activated catalyst-wax slurry (Sample
S1) was withdrawn via the dip-tube at the end of activation period. The FTS was then
started by adding synthesis gas mixture to the reactor at a space velocity of 3.0 sl/h/g Fe

and a H,/CO ratio of 0.7. The conversions of CO and H, were obtained by gas-

chromatography analysis of the exit gas. The reaction products were collected in three
traps maintained at different temperatures — a hot trap (200 °C), a warm trap (100 °C) and
a cold trap (0 °C). The products were separated into different fractions (rewax, wax, oil
and aqueous) for quantification. However, the oil and the wax fraction were mixed prior
to GC analysis. Catalyst/rewax slurry was withdrawn at different reaction times via the
dip-tube. The catalyst slurry coated with polywax 3000 and Fischer-Tropsch reactor was
solidifies immediately at room temperature. The waxes acts as protective coating and

prevents oxidation of catalysts.
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X-ray Absorption Spectroscopy (XAS) Study

Beamtime has been arranged at beamline X-18b at the synchrotron at Brookhaven.
Samples have been withdrawn from the reactor and stored under inert gas for testing.

EXAFS tests will be carried out between June 16 - 19.

EXAFS is a technique that can provide information on the local atomic
interactions. It has been proposed that the alkali plays an important role in promoting the
formation of carbides. It is unknown precisely how the alkali operates in this function. It
is not known, for example, whether K is present as isolated K" ions, whereby the
electrons are donated to the catalyst surface (e.g., iron carbide surface) as in the jellium
model [1] or whether the alkali is present in combination with other elements (e.g., K,O
or K,COs [2]). Addition of alkali or alkaline earth promoter has an important impact on
shifting the product distribution toward heavier product [3], perhaps indicating an
electronic effect. It has been suggested, for example, that the alkali enhances electronic
back-donation to the 2n* antibonding molecular orbitals of CO leads weakens the CO
bond leading to an enhanced cleaving (i.e., dissociation) rate, thereby promoting the rate
of carburization [4]. Recent density functional theory studies support this viewpoint [5].

Unfortunately, the K-edge of K lies at 3.6074 keV, which is below the allowable
range for the beamline. Yet, the K-edge of rubidium Rb is 15.1997 keV, and is in the

range. Since the promoting effect of alkali was found to be homologous for the group,
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we have decided to investigate the local environment surrounding the element Rb by
EXAFS.

In addition, the X-ray absorption near edge spectroscopy (XANES) region will
provide electronic information on the state of the promoter. That is, the degree of
electron transfer from the alkali promoter to the surface of the catalyst.

EXAFS and XANES measurements will also be used to assess the oxidation state
and local structure surrounding the Fe absorber by analysis of the K-edge. Both analysis
of the Rb and Fe K-edges will be carried out on a 5%Rb-promoted iron catalyst for each
of the following conditions: (a) a fresh catalyst, (b) a catalyst sample withdrawn from the
reactor after activation, and (c) samples withdrawn from the reactor during steady state

FT testing.
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Task 2. Phase Il Bubble Column Pilot Plant Studies

INTRODUCTION

In the second phase of the current program, a pilot-scale SBCR system is to be
integrated with a filtration scheme with procedures and equipment developed in Phase I.
In Phase I, filtration properties of various iron-based catalyst slurries were correlated
with the chemical and physical changes occurring during activation and FTS synthesis.
Our research has focused on understanding of the phase changes during
activation/reduction and their associated effects on filtration properties. Additionally,
cleaning/flux maintenance procedures were optimized for the various filter media types
test in the research program.

In the beginning of this research program, our objective was to develop a single-
stage filtration scheme that would produce a wax with clarity of less the 5 ppm. Based on
our operating experience and analytical information gathered with the pilot filtration rig
in Phase I, this objective was overly optimistic in hindsight. A two-stage system is
required because of the combined stresses of catalyst loading and the formation of nano-
scale carbide particles formed during activation and synthesis. Additionally, the fouling
rate of the filter media is directly proportional to catalyst slurry concentration; thus, a
primary separation stage would have the potential to lower the stress on the filtration
membrane.

In Phase II, our objective is to address the technical barriers associated with
integrating an improved filtration strategy into commercial FTS unit. A series of pilot

plant runs will obtain all the necessary data needed for the F-T filter system scale-up.
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Laboratory evaluations will also be used to support the pilot tests help to optimize both
the F-T catalyst and the overall process.

At present, work has begun to modify the CAER’s 4 liter bubble column reactor
to include the FT wax filtration scheme developed during the previous Phase of this
research program. In the modified reactor system, a moyno-type progressive cavity
pump will be included to convert the reactor from a natural to forced circulation liquid
circuit. The wax/catalyst slurry will have two separate flow paths: 1. a low flow circuit
(1-2 lpm) passing through the bubble column, and 2. a higher rate slurry path through the

cross-flow filter.

EXPERIMENTAL
Integrated SBCR Two-StageFiltration Apparatus

In the current configuration, the bubble column has a 5.08 cm diameter and a 2 m
height with an effective reactor volume of 3.7 liters; a simplified schematic of the SBCR
system is shown in Figure 1. The synthesis gas passes continuously through the reactor
and is distributed by a sparger near the bottom of the reactor vessel. The product gas and
slurry exit the top of the reactor and pass through an overhead receiver vessel where the
slurry was disengaged from the gas-phase. Vapor products and unreacted syngas exit the
overhead separator vessel, enter a warm trap (333 K) followed by a cold trap (273 K) (see
the photograph in Figure 2). A dry flow meter down stream of the cold trap measures the
exit gas flow rate.

A downcomer tube, descending from the overhead separator, carries the F-T

catalyst slurry to the suction side of a moyno-type progressive cavity pump. The slurry is
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discharged from the pump to a primary separation device (an inertial separator similar to
a hydroclone, see Figure 3). From the bottom of the primary separator, a catalyst-rich
stream will be recycled to the reactor vessel while the lean catalyst/slurry stream will be
diverted to a filtration circulation loop.

The flow rate of catalyst-rich slurry to the reactor will be controlled manually (1-3
Ipm) by adjusting a throttle valve connected to the bottom of the primary separator such
that the catalyst is well-dispersed in the SBCR. The filtration loop flow rate will be
measured by a non-intrusive coriolis flow meter (see Figure 4). A detailed schematic of
the filtration and reactor piping is shown in Figure 5. Quantifying the flow will be
important because the slurry axial velocity is crucial in cross-flow filtration. The flow
rate of slurry to the reactor will be measured indirectly by difference by temporarily
cutting off the flow to the reactor and measuring the flow increase in the filtration loop.
Since the slurry pump is a positive displacement device (i.e., no slurry slippage inside the
pump), the total flow should remain the same regardless of pressure changes incurred by
the temporary switching of the reactor circuit.

Polishing of the clarified slurry will be by a cross-flow filter element (eg,
Aucusep or ceramic Membralox as shown in Figure 6), similar to the type supplied by
Pall Filtration in Phase I. The filter assembly is configured such that the filter media
could be replaced on-line, without aborting or interrupting the reactor run. The flux of
the clean permeate through the cross-flow unit wax will be controlled by the pressure in
the let-down vessel or hot trap. Therefore, the trans-membrane pressure (TMP) will be

fixed for a given filtration event. The TMP can be changed manually varying the set
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point of the pressure regulator connected to the let-down vessel. The flux rate is
measured by weighing the mass of permeate collected in the collection vessel hot trap.

A filtration event is initiated by the overhead vessel level controller. The wax
permeate flow from the filter will be switched on by a control valve between the
permeate discharge of the cross-flow unit and the collection vessel. Hence, a relatively
constant inventory of slurry will be maintained within the SBCR system as long as the
superficial gas velocity remains constant. Changes in the gas hold-up due to a variable
gas velocity will need to be calculated so that the space velocity can be accurately
quantified.

The level or volume of the slurry within the overhead receiver is continuously
monitored by measuring the differential pressure across the height of the vessel. Argon is
purged through each of the pressure legs to keep the lines free of slurry. Slurry volume
within the receiver is controlled to be no more than 1.3 liters by removing wax from the

reactor system via the level control valve.



28

FT Light Products

Slurry and To Sample Collection Train
Gas Exit
Gas
Liquid
Separator
-O
- o)
O
Cross-Flow
Slurry Filter
Bubble ¥Q) Housing Filtered Wax Letdown
Column Control Valve
Reactor Y
Slurry Flowmeter
. Primary Separation
Hydroclone
Recirculation Pump
Syngas Inlet
S/ < .

Throttle Valve

Figure 1. Simplified Schematic of Integrated SBCR/Filtration System
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Figure 4. The Newly Installed Slurry Flowmeter.
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Figure 5. Piping Diagram Detail of the Filtration Loop.
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CONCLUSIONS

The Phase I test program has provided the information and operational experience
to integrate an improved filtration system for providing ultra-clean product wax. A
series of pilot plant runs in Phase II will obtain all the necessary data needed for the F-T
filter system scale-up. Modifications to SBCR to include the new filtration scheme are
nearly complete. The slurry recirculation was shipped back to the manufacturer due to a

problem with the high-pressure slurry seal.
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