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ABSTRACT

We disclose anew concept (patent pending) for continuous magnetic separation
of magnetic particles from viscous flows. 1t was adapted from anovel method for
breaking tight emulsons (US Patent 5,868,939, February 9, 1999) and developed in room
temperature separation of CO-activated iron catdysts from afluid which smulates
Fischer-Tropsch (FT) wax properties at 260 °C. The method was confirmed using a
proprietary durry of iron catayst in molten FT wax. A high concentration catalyst-laden
durry isforced to flow through a chamber containing vertically erected magnetized rods.
The catalyst particles are captured from flow around the rods by long range magnetic
forces. The particles are forced down the rods by durry flow and exit the chamber asa
concentrated stream at the bottom. A continuous stream of molten wax with diminished
catalyst concentration flows from the top of the separation chamber. The method is
suitable for preparation of durries of micron sized particles or aggregates of nm sized
particles with concentration in the nomina 0.1 Wt.% range. Subsequent separation using
HGMS has produced durriesin the 100-500 ppm range.  Summary results are presented
for amodification of this method operating a the rate of 50 barrels per day in continuous
separation of concentrated durries of nmiron catalyst in FT wax.

ETCI TECHNOLOGY

EXPORTech Company, Inc. (ETCi) has developed anovel magnetic device to
separate magnetic particles from viscous flows and tested it at the bench scae leve (up to
2.3 L/min feed) in separation of ironbased catdyst from Fischer-Tropsch (FT) wax. The
separator congsts of a continuoudy operating flow-through device and has achieved
reductions in the concentration of iron catalyst in FT product wax up to 99% in asngle
stage. The output concentration can be further reduced with a second stage such as High
Gradient Magnetic Separation (HGMS) where catalyst concentrations of the order of
100-500 ppm have been achieved employing a proprietary durry of iron catdyst in FT
wax.

The continuous separator isillusrated schematicdly in Figure 1. The magnetic
separator congigts of verticaly oriented permanent magnetic rods housed within a
cylindrica vessd. The durry is pumped into the vessd through an inlet located between
the overflow and the underflow. Fow restrictors are employed to force the mgjority of
the flow out the underflow. The rods may be permanent magnets or magnetic wires
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which are magnetized by an externd magnetic field. The catdyst particlesin flow are
magnetized by the magnetic fied and thus agglomerate, forming large clusters chained
aong the lines of the magnetic fiddld. The magnetized agglomerates are dtracted to the
magnetic rods by the horizontally directed fringing fields surrounding the rods. The
particles collide with the rods and stick where they build alayer until the magnetic
compressve force can no longer support additional weight. The particles are then forced
down the rods by durry flow and form a magnetic concentrate at the bottom of the rods.
A high concentration catalyst/wax durry isforced out the bottom of the separator
(underflow) while a cleaned durry of low concentration catayst flows from the top port
of the separator (overflow). This stream islow enough in catdyst concentration that it
can be polished by subsequent filtration methods such as cross-flow filtration or
magneticaly asssted settling. HGM S was used in this work.
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Figure 1. Fischer-Tropsch Catalyst Separator

The process is controlled by physicd and magnetic properties of the particles, the
gpatia dependence of the magnetic field srength near the surfaces of the rods, the feed,
underflow, and overflow rates, the direction of feed flow, and the effects of temperature
and solids on durry viscosty.  When the magnetic forces are too high, bridging can
develop between the rods. When this happens, the bridge will grow, and eventudly the
separator will plug. There is a bdance between the variables (number of rods, surface
magnetic force, flow rate, etc.) that will permit flow without plugging.

EXPERIMENTAL

Initid testing was carried out a room temperature usng CO-activated
precipitated-iron catalysts suspended in Durasyna 164 Polya phaolefin oil and n+
hexadecane. M easurements at eevated temperature employed both the in-house activated
catadyst and adurry of proprietary iron catalyst in FT wax.

Flow Sheet

Thetest flow sheet isshown in Figure 2. The durry was placed in a gainless sed
beaker and dtirred to keep the catayst in suspension. A peristatic pump was used to

Oder - Page 2



pump the durry into the separator. Samples of the product and underflow streams were
withdrawn for andysis every 30 minutes. After analyss was completed (gpproximately
5-10 minutes), the samples were returned to the feed container. The flow split between
underflow and overflow was adjusted by means of pinch clamps on the tubing for the
product and underflow streams. The entire system could be hested to 200 °C.
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Fig. 2. Flow Sheset

Analysis

Catalyst concentration measurements were made by a magnetic method. This
method uses the diamagnetic susceptibility for the organic phase and an “ gpparent”
megnetic susceptibility for the catayst measured in very dilute concentretion. The
resultant concentration of the feed, underflow, and overflow streams are determined by
mass balance. The method israpid. It isbelieved to be accurate to within +/- 10% for
concentrations greater than 0.5%. Lower concentrations are measured with considerably
less accuracy.

The temperature and magnetic field dependences of the magnetization per gram
of both the CO-activated catalysts and the proprietary catayst employed here exhibit
hysteresis with the proprietary catayst being less magnetic than the CO-activated
catadys. The field dependences of both magnetizations above saturation were
paramagnetic. In subsequent measurements the product of HGM S was diamagnetic.
Fields up to 20,000 gauss and temperatures up to 300 °C were employed in the
magnetization measurements.

Particle sze measurements made with transmission and scanning eectron
microscopy showed that the in-house-activated and the proprietary catdysts were made
of micron-sized clusters of nm sized particles. X-ray diffraction of both durries showed
amilar peaksfor iron carbide and magnetite but the proprietary mixture, unlike thein-
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house catayst activated in Durasyna 164 Polya pheolefin oil and n-hexadecane,
exhibited a paraffinic XRD background spectrum. No Fe,O3 was detected in either
cadyd. Cadyd particle Sze digtributions measured with a MicroTrac are shown in
Figure 3. Thereisasmadl difference in particle size between fresh and used CO-activated
catayd, the latter being finer. The first stage product for the CO-activated catdyst is
sgnificantly finer than the feed. For catalysts separated at 200°C the partidle sizeis
reduced significantly after afew heating cycles (heated to 200°C and cooled to room
temperature twice), more than 600 passes through the separator, and extended mixing
time (more than 3 hours). Even thought attrition is undesirable, the method was effective
in separating these fine catalyst particles (78 % of the particles below 10mm).
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Fig. 3. Particle Size Distributions
Apparatus

Carbons stedl rods of 0.063 inch diameter and 23 cm length were used for al of
the measurements reported here. A photograph of atest cell containing two wiresis
shown in the left portion of Figure 4. The right portion of the figure shows atwo sage
arrangement. The firgt stage continuous separator is mounted between the poles of the
electromagnet. The second stage, on the right in the figure, isan HGMS unit. The
caniger for the HGMS unit, Smilar in Szeto that of the firgt stage, is packed to nomind
6% occupancy with fine grade ferritic stainless sted wool. The canister, made from non-
meagnetic materid, was 23 cm long and had a square inner cross-section measuring 1.8
cn’” 3.5 cm. A rope heater was wrapped around each cell and coated with a heat transfer
putty for high temperature tests.
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Figure 4. First Stage Cell and Continuous First Stage (left) and
HGMS Polisher Apparatus (right)

RESULTSOF M EASUREMENTS

First Sage Only

Field Strengthe Figure 5 shows the catdyst concentration in the overflow versus
the amount of durry processed a room temperature, expressed as cdll volume exchanges.
The number of cdl exchangesis the number of cdl volumes (1 cell volume ~ 160 ml)
that have passed through the separator (overflow and underflow streams are recircul ated).
600 cdl exchanges are equivaent to over 100 L passing through the separator. The feed
flow rate is 30 and the throughput is 3.3 GPM per square foot of separator cross section.
The recycleratio, which isthe rate of underflow divided by the rate of overflow, is8.
Separation is not achieved without an gpplied fidd.

30
25 \ /‘\‘ —0—5000 Gauss |
V>’, 20 = —— 1600 Gauss | |
S —&— 0 Gauss
5 15
5 10
=
5
0 -
0 100 200 300 400 500 600 700
Cdl Volume Exchanges

Fig. 5. Cdl Volume Exchanges
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Figure 6 shows the product concentration for room temperature separations where
the field strength is 1600 and 5000 gauss. Flow rate and recycleratio are the same asin
Figure 5. Therate of particle separation from the durry appears to be constant for 5000
gauss operation while the rate decreases for the lower field strength as the separation
proceeds reaching a steedy value after 300 cell exchanges such that the overflow
concentration is several times greater than for operation at 5000 gauss. It is conjectured
that the agglomerates are loosdly bound at 1600 gauss compared to 5000 gauss where the
particles are magnetized to 90% of saturation. Additiondly, the demagnetizing factor for
the e ongate cylinders reduces the effective magnetization of therods. The fringing
fields, proportiond to the magnetization, are weakened and the forces drawing the
particles to the surface of the rods are significantly less than for an gpplied fidd of 5000
gauss.
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Fig. 6. Number of Cell Exchanges

Temperature: Results of testing a room temperature and 200 °C are shownin
Figure 7. Thesetestsindicate that the separations were better for four rods than for two
and that the catalyst concentrationsin the product streams at 200 °C are substantialy the
same for separations run with recycle ratios ranging from 4 to 9.
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Fig. 7. Product Stream Concentrations for Room Temperature and 200°C Runs

Recycle Retio: Figure 8 shows the effect of recycleratio. All measurements are
at afeed rate of 30 GPM/Sq.Ft. and 1600 gauss. Increasing recycleratio, R, greatly
improves performance. R/(1+R) isequa to theratio of underflow to feed flow rates.
Since R/(1+R) isamonatonicaly increasing function of R, this suggests thet low field
vaues require high vaues of underflow reative to the feed.
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Fig. 8. Effectsof Recycle Ratio
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Feed Flow Rate:  Figure 9 shows measurements of the effect of feed flow rate on
catalyst concentration in the overflow. Note that the vaues at 90 GPM/SgFt were taken
at ahigher recycle ratio than were the other two data sets. The data generaly indicate a
modest degradation of performance with feed flow velocity.

0.35
0.30 A
0.257
§‘ 0.20
X
s 015 # e
0.10 Field Strength: 5000 Gauss =8—30 GPM/Sq.ft.
' Recycle Ratio: 8
0.05 *90 GPM: 16 G0 GPM/Sq ft
=&—090 GPM/Sq.ft.
0.00 ' "
0 500 1000 1500
Cell Volume Exchanges

Fig. 9. Flow Rate

Two Stage Operation:

The firgt stage continuous separator was operated in tandem with the second stage
batch operated HGM S as shown in Figure 4 above. CO-activated precipitated-iron
catalysts suspended in Durasyna 164 Polyd phaolefin oil and n-hexadecane was used.
Thefeed flow rate was 10 GPM/SgFt.  The results shown in Figure 10 were obtained at
200 °C. The catalyst concentration was measured by the magnetic method and may
range from 100 —500 ppm.

First Stage Feed HGM S Underflow HGMS Product

E 2

HGMS Fischer-Tropsch separation of activated ironbased catalyst
in Durasyn® 164 Qil; 200°C; Field Strength ~ 7000 Gauss; Flow
Rate — 10 GPM/Sq.ft; Concentration of catalyst in product: < 100 ppm

Fig. 10. HGMS Fischer-Tropsch Separation
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CONCLUSIONS

The objective of the continuous stage of separation isto obtain a concentration of
catayst less than nomindly 0.5 wt.% at the highest throughput possible. The separated
catalyst isto be recycled to the FT reactor. The subsequent stages will be used to lower
the catalyst concentration to levels necessary for downstream processing. With this
objective in mind, the results obtained with the first stage of separation are strongly
affected by the product of the magnetic field strength and the ratio of the underflow to
feed rates as shown in Figure 11.
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Fig. 11. Overflow Catalyst Concentration vs. Field

The fidd strength must be great enough to magnetize the particles and the rods
and the underflow rate must be sufficient to carry away the concentrated catalysts to
prevent solids buildup to the point where the durry cannot be pumped.

STATUSOF THE TECHNOLOGY

The above measurements were made at the bench scale
of operation with the rod-separator described above. We have
now changed the method of magnetic agglomeration and
separation to permit higher feed rates and throughputs without
sacrifice of separation performance and scaed to a throughput
of 50 barrels per day of proprietary nm sized iron catayst in
FT wax. Thefeed, underflow, and product tanks for the new
gpparatus are shown in the photograph of Figure 12 which isto
be compared with Figure 4 above. A description of the new
method will be published dsawhere.

Fig. 12. 50 Barrels Per Day Apparatus
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