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Abstract

The effect of two binder systems — a silica-based system and a silica—kaolin—clay—phosphate-based system — on a
doubly promoted Fischer—Tropsch (FT) synthesis iron catalyst (100Fe/5Cu/4.2K) was studied. The catalysts were prepared
by coprecipitation, followed by binder addition and spray drying atZ7@ a 1 m diameter, 2 m tall spray dryer. The binder
silica content was varied from 0 to 20 wt.%. A catalyst with 12 wt.% binder silica was found to have the highest attrition
resistance. The FT activity and selectivity of this catalyst are better than a Ruhrchemie cataly$Caa270.48 MPa. The
addition of precipitated silica or kaolin to catalysts containing 10-12 wt.% binder silica decreases attrition resistance and
increases methane selectivity. Based on the experience gained, a catalyst has been successfully spray dried in 500 g quantity.
This catalyst showed 95% CO conversion over 125 h of testing a&27048 MPa, and 2 NL/g-cat/h and had less than 4%
methane selectivity. Its attrition resistance was one of the highest among the catalysts tested. © 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction tors (SBCRs) that employ 30—@0n catalyst particles
suspended in a waxy liquid for efficient heat removal
Fischer—Tropsch synthesis (FTS) to convert syngas [4-5].
(CO+-Hy) derived from natural gas or coal to liquid Although much recent work related to slurry-phase
fuels and wax is a well-established technology. For FTS based on coal-derived syngas has focused on Fe
low Ha/CO ratio syngas produced from G@eform- catalysts, the use of Fe catalysts in SBCRs has faced
ing of natural gas or from gasification of coal, the use a number of problems. Because of the difficulty in re-
of Fe catalysts is attractive because of their high water ducing highly dispersed supported Fe, and the lower
gas shift activity in addition to their high FT activity. FTS activity of Fe compared to Co or Ru, bulk Fe
Fe catalysts are also attractive because of their low catalysts must be used in order to have sufficient ac-
cost and low methane selectivity [1-3]. Because of the tive surface area per catalyst weight. The Fe catalysts
highly exothermic nature of the FT reaction, there has used in SBCRs have typically been prepared by pre-
been a recent move away from fixed-bed reactors to- Cipitation, which is the usual method of preparing of
ward the development of slurry bubble column reac- Fe catalysts for fixed-bed reactors.
The problems encountered in using precipitated iron
* Corresponding author. catalysts are mainly due to two major properties: their
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low density and their poor attrition resistance. Low mark catalyst. The composition of this catalyst was
density leads to difficulties in separating the catalyst 100Fe/5Cu/4.2K/25Si® It contained 25 parts by
from the reaction mixtures. Because SBCRs are usedweight (pbw) of precipitated silica. It was obtained
to produce high molecular weight (high alphg;FTS as a 1/8in. extrudate and was crushed from 50 to
products, there is a need to easily and inexpensively 100.m particles prior to use. This catalyst served as
separate the catalyst from these liquid products. The a basis of comparison for the activity, but not attrition
apparent density of typical precipitated Fe catalysts resistance, of the catalysts synthesized in the work
(near 0.7 g/lcrf) is close to that of Fischer—Tropsch presented here.
wax (about 0.68 g/cR) at reaction conditions [6]. Al- A cobalt catalyst with 20wt.% of cobalt, prepared
though this helps to keep the catalyst suspended inusing incipient wetness of spray dried silica (Davison
the slurry, catalyst separation from the products can Grade 952), was also used as a benchmark. This cobalt
be difficult since the catalyst does not settle well. Al- catalyst was found to be suitable for use in SBCR [10].
though internal/external filtration systems can be in- This cobalt catalyst will serve as a baseline catalyst
corporated with slurry reactors, plugging of the fil- for this work, from which improvements in attrition
ters by Fe catalyst particles is often encountered. This will be sought.
is due to the low attrition resistance of the Fe cata- In this study, all catalysts were prepared with
lyst and the significant breakage of the Fe particles the same ratio of iron, copper, and potassium
[7]. (100Fe/5Cu/4.2K) as the benchmark, but with dif-
Fe catalysts are subject to both chemical and phys- fering levels and types of binder and differing levels
ical attrition in a SBCR. Chemical attrition can be of precipitated silica. Four types of catalysts were
caused by phase changes that affect all Fe catalystsprepared as shown in Table 1. Catalyst preparation in-
(FeO3—Fe304—FeO—~Fe metal>Fe carbides), volved four steps: preparation of the iron, copper, and
potentially causing internal stresses within the parti- silica (when added) precursor; incorporation of potas-
cle and resulting in weakening, spalling or cracking sium; addition of binder silica and kaolin—phosphate
[8,9]. Physical attrition can result from collisions be- binder; and spray drying. The constant pH precipita-
tween catalyst particles and the reactor wall. Catalyst tion technique used to prepare the Fe/Cu/Si catalyst
particles of irregular shapes and non-uniform sizes precursor has been described in detail previously
produced by conventional methods are subject to [11]. In brief, the catalyst precursor was continuously
greater physical attrition. precipitated from flowing aqueous solution contain-
The objective of this study is to develop attrition- ing iron nitrate, copper nitrate, and (when added)
resistant Fe FT catalysts suitable for SBCR applica- tetraethylorthosilicate at the desired Fe/Cu/Si ratio
tions. Binders are necessary to impart attrition resis- using aqueous ammonia. The precipitate was then
tance to the catalyst particles. However, improvement thoroughly washed with deionized water by vacuum
in attrition resistance at the expense of activity and filtration. The potassium promoter was added as aque-
selectivity is undesirable. In this study the effect of ous potassium bicarbonate solution to the undried,
two binder system — a silica-based system and a reslurried Fe/Cu/Si coprecipitate.
silica—kaolin—clay—phosphate-based system — on ac- The binder silica preparation and addition method
tivity, selectivity, and attrition resistance of precipi- is the subject of a patent application and is not
tated Fe FT catalysts is evaluated. disclosed here. The kaolin binder was prepared by
diluting kaolin with distilled water following the pro-
cedure described by Demmel [12]. To the diluted

2. Experimental kaolin, 85wt.% phosphoric acid was added, followed
by 40 wt.% dibasic ammonium phosphate to bring the
2.1. Catalysts preparation pH to 7. The Fe/Cu/K/Si slurry was added to the clay

slurry and mixed in a blender. The slurry was spray

A standard Ruhrchemie precipitated Fe cata- dried in a large bench-scale Niro spray drier of 3 ft di-

lyst (identified as batch 52119) was obtained from ameter and 6 ft height. Finally, the spray dried catalyst
the US Department of Energy (DOE) as a bench- was calcined at 30@ for 5h in a muffle furnace.
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Table 1
Catalyst designation and binder content
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Catalyst Series binder silica (wt.%) Precipitated silica (pbw) Kaolin binder (wt.%)
Fe—bSik) X 0 0

Fe—pSiy) 12 y 0

Fe-KL(2 10 0 z

Ruhrcheime 0 25 0

HPR Proprietary composition

2.2. Catalyst characterization

Detailed physical and chemical characterization of

the bottom of this tube with three 2 mm long drilled
sapphire square-edged nozzles. The nozzles are pre-
cision drilled and are 0.384/—0.005mm in diam-

the fresh, reduced, and used catalysts was carried outeter. Above the attrition tube is the settling cham-

using the following analytical techniques. The BET
surface area of the catalysts was determined ppiN
ysisorption using a Micromeritics Gemini 2360 sys-
tem. The samples were degassed in a Micromeritics
Flow Prep 060 at 12@ for 1 h prior to each measure-
ment. The SEM micrograph was taken using a Cam-
bridge Stereoscan 100. X-ray powder diffraction pat-
terns were obtained using a Phillips PW1800 X-ray
unit using Cu kx radiation. Analyses were conducted
using a continuous scan mode at a scan rate 0f0.05
260 per second.

For determination of the reduction behavior and the
reducibility of the catalysts, TPR experiments were
carried out using a Micromeritics 2705 TPR/TPD
system. A sample close to 0.2g was dried and de-
gassed under high purity Ar at 400 for 1 h, and this
was followed by cooling the sample to ambient tem-
perature. Reduction was achieved undeyAfl gas
mixture (volume ratio 5/95). The total gas flow was
40 cré/min, and temperature program was 25-9D0
at a heating rate of 2€/min. Hydrogen consumed
by the catalyst was detected using a thermal conduc-
tivity detector (TCD) and recorded as a function of
temperature.

The attrition of the catalysts was measured using
test method ASTM-D-5757-95 in a three-hole air-jet
attrition tester. This test method is applicable to spher-
ically or irregularly shaped particles that range in size
between 10 and 180m, have skeletal densities be-
tween 2.4 and 3.0g/ctnand are insoluble in water.
Particles less than 30m are considered fines. The
system consists of a vertical attrition tube, a stain-
less steel tube 710 mm long with an inside diame-
ter of 35mm. There is an orifice plate attached to

ber, a 300 mm long cylinder with a 110 mm inside
diameter. Finally, there is a fines collection assem-
bly composed of a 250 ml filtering flask and an ex-
traction thimble. There is additional peripheral equip-
ment required to provide the source of humidified air
(30—40% relative humidity) that the test method re-
quires. To conduct a test, a sample of dried powder
is humidified and subjected to attrition by means of
three high velocity jets of humidified air. The fines
are continuously removed from the attrition zone by
elutriation into a fines collection assembly. The at-
trition loss is calculated from the elutriated fines to
give a relative estimate of the attrition resistance of
the powdered catalyst. The full test protocol calls for
459 of a screened and dried representative sample
to be humidified with 5g of demineralized water to
produce 50 g of water equilibrated sample. This sam-
ple is run in the apparatus for 5 h, with an intermedi-
ate change of the fines filter at 1 h elapsed time. The
attrition loss is based on the fines loss after 1 and
5h.

2.3. Reaction studies

The catalysts prepared were tested in a laboratory-
scale high-pressure and high-temperature fixed-bed re-
actor, which is shown in Fig. 1. The fixed-bed reactor
was constructed of a 1 cm i.d. stainless steel tube. The
iron FT catalysts were pretreated under flowing CO
at 280C for 16 h before reaction. Following catalyst
pretreatment, the reactor temperature was decreased
to 50°C. CO flow was stopped, and synthesis gas flow
was begun at a gas space velocity of 2.0 NL/g-cat/h.
The synthesis gas was a premixed gas of CO and
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Fig. 1. Schematic diagram of the laboratory-scale fixed-bed reactor.

H> (H2/CO=0.67) containing 5% Ar as an internal 3. Results and discussion
standard for use in product analysis. The reactor sys-
tem was then pressurized to 1.48 MPa, and the re- Fig. 2 illustrates the morphologies of binder silica,
actor temperature was increased gradually to°€70  precipitated silica and kaolin—clay catalysts. Catalysts
This is referred to as the conditioning period. Af- are roughly spherical in shape, typical of a spray dry-
ter achieving the desired process condition of 27,0 ing process, with diameters ranging from 30 tq.90.
1.48 MPa, 2.0 NL/g-cat/h, andJ4HCO=0.67, the cat- Table 2 shows the BET surface areas of the fresh
alyst was tested over a period of 80-125 h. and reduced catalysts, the hydrogen uptake, pore
The product gas was analyzed by an online volume, and attrition properties of all the catalysts
Hewlett-Packard (HP) 5890 gas chromatograph (GC), synthesized. The attrition resistance of the binder
with advanced Chemstation control. Three valves silica-based catalysts (with no precipitated silica) in-
were used in the system: a 6-port gas sampling valve, creased (i.e., attrition is reduced) as binder level was
a 10-port gas sampling valve with backflush to vent, increased up to 12wt.%, then decreased when the
and a 6-port column isolation valve. The hydro- binder level was increased to 20wt.%, indicating an
carbons @-C;5 and the oxygenates were analyzed optimum binder silica level of about 10-12 wt.%. The
using an HP-1 100®0.25mmx0.5um capillary Fe—pSi series containing precipitated silica was pre-
column and detected by a flame ionization detector pared with 12 wt.% binder silica. As the precipitated
(FID). The CO, CQ, and Ar were separated by a silica content increased from 5 to 20 parts by weight,
2.6ftx1/8in. Haysep Q column and 3.1xf1/8in. the attrition became so severe that it plugged the
molecular sieve 18 columns, and were detected by attrition tester during a 5h test. Data from a cobalt
TCD. The wax samples were analyzed using a SPB-1 catalyst with 20 wt.% cobalt prepared using incipient
15mx0.53 mx0.1um capillary column with an FID.  wetness of a spray dried silica is also listed in Table 2
The calibration was carried out using various calibra- as a benchmark. This cobalt catalyst was found to be
tion mixtures and pure compounds from Supelco and suitable for use in a SBCR [10]. The comparison of
HP. the attrition results shows that some of the spray dried
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Fig. 2. SEM image of the spray dried precipitated iron catalysts: (a) FE-bSi(12); (b) Fe—pSi(15); and (c) Fe-KL(12).

iron catalysts in their calcined state are physically as mation of a greater number of finesZ0uwm) with
strong as, or stronger than, the cobalt catalyst. Theseprecipitated silica during preparation. These fines are
iron catalysts are therefore candidates for SBCR removed during the first hour. On the other hand, with
use. kaolin binder, although fines do not increase signifi-
The Fe—KL series containing kaolin binder was pre- cantly with the binder content, the larger catalyst par-
pared with 10wt.% binder silica. As with precipi- ticles break apart significantly between 1 and 5h, re-
tated silica, increase of the kaolin content from 8 to sulting in fines.
24 wt.% increased the attrition loss. However, there  Although the catalysts were prepared under similar
was one difference in the trend of increase between the conditions using the spray drying technique, the attri-
two additives. In the case of precipitated silica addi- tion resistances vary over a large range (Table 2). Af-
tion, the 1 h attrition increased significantly, whereas ter the addition of both precipitated silica and kaolin,
in the case of kaolin addition, the 5h attrition in- not only is the overall catalyst attrition worse than
creased significantly. This seems to indicate the for- that of the catalysts containing only binder silica, but
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Table 2
Physical and chemical properties of Fe catalysts
Catalyst designation ~ BET surface area(g) TPR measurements Attrition loss (wt.%) Pore volume3(gn
(H2 consumed, mmol/g-cat)

Fresh Reduced 1h 5h
Fe-bSi(4) 80.3 35.6 24.3 24.4 32.6 0.58
Fe-bSi(8) 95.7 50.8 23 25.7 35.4 0.56
Fe-bSi(12) 121 68.7 20.6 12.8 22.7 0.56
Fe-bSi(16) 151 103 19 22.0 30.1 0.68
Fe—bSi(20) 172 98.9 18.4 34.9 35.0 0.68
Fe—pSi(5) 163 116 18.8 24.2 37.3 0.54
Fe—pSi(10) 168 144 17.9 31.0 39.6 0.54
Fe—pSi(15) 189 163 17.7 42.1 a 0.62
Fe—pSi(20) 218 181 17.6 39.1 a 0.64
Fe—KL(8) 195 NM 22.8 8.8 27.9 NM
Fe—-KL(12) 190 NM 215 17.3 56.8 NM
Fe—KL(16) 191 NM 21.6 8.4 27.6 NM
Fe—KL(20) 192 NM 211 19.9 44.0 NM
Fe—KL(24) 193 NM 225 17.9 54.1 NM
HPR-39 107.8 NM NM 4.7 10.0 NM
HPR-40 81.4 NM NM 4.1 9.7 NM
HPR-41 60.5 NM NM 6.4 17.7 NM
HPR-42 79.8 NM NM 5.2 155 NM
HPR-43 815 NM NM 7.6 14.6 NM
Ruhrchemie 300 NM NM NM NM NM
Co/SiQy NM NM NM 31.07 NM NM

aTester plugged due to severe attrition.
b NM=not measured.

the attrition resistance also decreases with an increas- As shown in Table 2, the BET surface area of the
ing levels of precipitated silica and kaolin. The result catalysts increased with an increase in concentration
found here with kaolin is in agreement with data from of both binder silica and precipitated silica. The se-
the literature [13]. The optimum non-proprietary cat- ries with precipitated silica had relatively higher sur-
alyst with respect to attrition is the one with binder face areas compared with the series with binder silica.
silica at a 10-12 wt.% level and no precipitated silica However, there appears to be no effect on surface area
or kaolin. as the content of the kaolin binder increased from 8
A series of catalysts designated HPR was preparedto 24 wt.%. In general, the addition of silica to iron
to further improve attrition resistance. The binder sil- FT catalysts is known to improve the stability of the
ica for these catalysts was identical to that used for porous iron oxide/hydroxide network [2]. Silica enters
the Fe-bSi catalysts; however, the method of binder the pores of the original network of the catalysts, thus
addition was changed. (This novel method is not dis- providing a rigid matrix, which helps prevent a com-
closed here because of a pending patent.) As can beplete collapse of the pore structure of the catalyst. Al-
seen in Table 2, these catalysts have significantly im- though BET surface areas were found to be different
proved attrition resistance, even better than the Fe—bSifor various catalysts, they do not appear to be directly
series of catalysts. Finally, an HPR-43 material (which related to the attrition resistance of the catalysts. After
is a nominal duplicate of HPR-40) was prepared a reduction with CO at 280 for 16 h, the surface areas
larger 500 g batch to evaluate scalability of the prepa- of the reduced catalysts were lower than that of the
ration technique. As can be seen, the larger batch hadfresh catalysts. This may be due to the formation of
a somewhat higher attrition than HPR-40, but still had carbonaceous deposits, which causes blocking of the
significantly lower attrition than the Fe—bSi series of pores of the catalyst [3]. The catalysts prepared had
catalysts. pore volumes in the 0.54-0.68 éfg range and bulk
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Fig. 3. TPR profile of: (a) Fe-bSi(12); (b) Fe—pSi(15); and (c)
Fe—KL(12) catalysts.

densities in the 0.89-0.95 g/émange (not shown in
Table 2). These densities are higher than typical pre-
cipitated catalysts, which have bulk densities of about
0.7 g/cn?, and should allow easier separation from
wax, which has a density of about 0.68 gfcf8].

The reduction behavior of the FT catalysts was stud-
ied by TPR. The profiles for binder silica, precipitated
silica, and kaolin—clay catalysts are shown in Fig. 3.
There were slight variations among the catalysts, with
all showing peaks at 320 and 78D The peak at
320°C corresponds to the reduction Jag—Fe304,
and the peak at 75C corresponds to the reduction
of FesO4 to metallic iron. These curves are similar to
others in the literature [2]. The small shoulder peak
at roughly 250C is due to the reduction Cu©Cu.

A summary of the TPR characterization results for all
the catalysts studied is given in Table 2. The TPR re-
sults indicate that hydrogen consumption during TPR
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silica content. However, this change was due mainly to
decrease in the content of iron oxide in the catalysts,
i.e., the hydrogen consumption was approximately the
same for all catalysts when normalized by the iron
content of each catalyst.

X-ray powder diffraction patterns of the fresh,
CO-activated sample after activation, and after 100 h
of FT synthesis for the binder and precipitated silica
catalysts are shown in Figs. 4 and 5. The pattern has
been plotted over @ value ranging from Sto 75°.
The pattern in Figs. 4 and 5 shows that the “fresh”
samples are identical and are composed #fe;Os.
Other components, even the Si(inder silica and/or
precipitated silica) were not detectable by XRD
for any of these catalysts. The catalyst activated at
280°C with CO for 16 h exhibits peaks for g@, and
x-Fe sC. The “used” sample contains mainlyJd=€.
The results are similar to those of Bukur et al. [2],
who also observeg-Fe 5C after a similar reduction
procedure.

The results of XRD analysis of kaolin binder
containing iron catalyst samples are shown in Fig.
6. All five samples have two common features:
a fairly large amorphous component, indicated by
the high background maxima ab 2about 35 and
62.5, and the presence of what is best identified as
(Fe,Al)3(Si,Al)205(0OH)4. The presence of silicate
indicates that the binder kaolinite that was added
is not an inert component but rather that it reacted
within the system to provide the Si, Al, and (OH).
Note the similarity in the stoichiometry for kaolin-
ite (Al2Si>Os(OH)4) and the above compound. The
kaolinite seems to have incorporated some of the Fe.
With so much Fe added to the original system, it
seems that most of the iron added is contained in the
amorphous phase.

The steady-state FT activity and selectivity results
for the catalysts are shown in Table 3, along with
data for Ruhrchemie catalyst for comparison. Follow-
ing a short induction period, during which steady state
was achieved, there was no significant change with
time in CO conversions or hydrocarbon selectivities
reported in Table 3 over the test duration, typically
80-125h, for any of the catalysts. Tlevalue for
all catalysts tested range from 0.88 to 0.91. All cata-
lysts tested were more active than Ruhrchemie, except
the two with the highest kaolin content. The selec-

decreased with an increase in the concentration of thetivity varied with silica type and content and kaolin
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content. There was a beneficial effect of binder sil- products increased. However, the © Ci; selectiv-

ica (up to 8-12wt.%) on selectivity (lower methane ity for the catalysts containing precipitated silica was
and nearly constant{2). However, as binder silica  higher than the selectivity for those catalysts contain-
content increased above 12wt.%, the &d G to ing only binder silica. The activity/selectivity trends
C4 selectivities increased at the expense gf Ge- observed in the present study with the Ruhrchemie cat-
lectivity. As the precipitated silica content increased alysts are generally in agreement with previous studies
(at 12 wt.% binder silica), the selectivity top@ Ci1 [3].
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Table 3
Catalyst activity and selectivity
Catalyst designation CO conversion ®6) Selectivity o
Cy Co—Cy Cs—Cy1 Cpot

Fe-bSi(4) 94.3 7.4 18.1 12.7 61.8 0.92
Fe—bSi(8) 94.1 6.8 17.6 13.0 62.5 0.91
Fe-bSi(12) 94.3 6.8 19.6 12.8 60.8 0.89
Fe—bSi(16) 95.5 9.9 25.0 17.3 47.8 0.87
Fe-bSi(20) 94.5 9.6 23.5 17.6 49.3 0.87
Fe—pSi(5) 95.5 8.8 23.2 22.0 46.0 0.87
Fe—pSi(10) 94.4 10.2 23.5 26.5 39.8 0.86
Fe—pSi(15) 90.1 10.2 22.4 30.5 36.9 0.87
Fe—pSi(20) 88.2 9.5 20.1 32.8 37.7 0.88
Fe—KL(8) 88.5 9.1 24.8 25.4 49.7 0.88
Fe—-KL(12) 88.4 10.2 22.6 26.3 40.9 0.89
Fe—KL(16) 92.9 9.8 26.1 24.5 39.6 0.87
Fe—KL(20) 79.1 9.3 19.7 29.7 41.3 0.88
Fe—KL(24) 42.8 4.8 12.7 30.4 52.1 0.89
HPR-43 95.0 3.9 17.7 23.8 54.6 0.90
Ruhrchemie 86 8.3 21.3 14.3 56.1 0.90

aMeasured at 27, 1.48 MPa, 2 NL/g-cat/h, $#ICO=0.67.

Addition of kaolin binder to the catalyst containing and 2 NL/g-cat/h with less than 4% methane selectiv-
10wt.% binder silica was detrimental to FT activity. ity. The attrition resistance of this catalysts was one
CO conversion dropped from 94 to 42.8% as kaolin of the highest among the catalysts tested.
content increased from O to 24wt.%. The methane
selectivity also increased with kaolin content up to 4. cConclusion
12 wt.%. HPR-43 showed the lowest methane selec-
tivity and nearly the highest CO conversion: 95% CO  The addition of binder silica to precipitated
conversion over 125 h of testing at 270 1.48 MPa, 100Fe/5Cu/4.2K FT catalyst followed by spray drying
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