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A DATA BASE FOR FUSED IRON CATALYST IN THE FISCHER TROPSCH REACTION
R F Batche1der H. W. Pennline, and R. R Scheh]
" U. S. Department of Energy
Pittsburgh Energy Technology Center

P. 0. Box 10940
Pittsburgh, PA 15236

‘ABSTRACT

_vVarfous tests were conducted with a promoted, fused41ron-oata1yst.:'Hydrogen.and
carbon monoxide mixtures of different ratios with‘:or. mithout Tight olefin
additives were reacted 1in a gradientTess, mixed reactor.‘;Proeess and catalyst
parameters investigated were temperature (2500-3250C) 'pressure'(100f600 psig),
Hz €0 synthes1s gas rat1o (1/1 - 4/1), and cata1yst part1c7e s1ze Resd1ts from
'these exper1ments have been presented graphically, and observa§1ons have'been

d1scussed

INTRODUCTION

In74fhe past, various 1nvest1gators who have tr1ed to mode] F1scher Tropsch
reactor systems have suffered due to the inconsistent k1net1c data ava11ab1e in

’ the Titerature. ' The Pittsburgh Energy Technology Center (PETC) of the u. S.

o Department of . Energy 1in a cooperat1ve effort with Un1versa1 011 Products, Inc.

(UQP) proceeded to develop an experimental data base with a fused‘1ron catalyst

for Fischer-Tropsch synthesis.

Un1versa1 0i1 Products, under contract to DOE performed pre11m1nary eva]uat1on

-of 'four reactor systems for use 1in 1nd1rect 11quefact1on via F1scher—Tropsch

: _7technoTogy.1 The four reactor systems are as follows: (l) " SASOL SynthoT
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reactor, (2) Tube-Wall Reactor (TWR), (3) Slurry (Kolbel) reactor, and (4) oil
circulation reactor. As one approach to this evaluation, Universal 0il Products

developed a computer model to predict performance of these four reactor systems.

Universal 0il1 Products deve]opeq a simple kinetic model based on available
1iterature with the help of several consultants; Universal 0il Products used
fused-iron kinetic data reported in the literature to fit the parameters of
their kinetic model. However, in spite of the vast amount of literature
relating to F-T synthesis, there were insufficient self-consistent kinetic data
available to enable Universal 0il1 Products to incorporate a kinetic model that
js capable of predicting carbon number distributions, olefin-paraffin ratios,
etc. A PETC-Universal 0il Products cooperative effort was undertaken, with PETC
developing the experimental data base for carbided fused-iron catalyst in a
mixed reactor and Universal 0il Products dincorporating these kinetic data into

their mathematical mode].2

This report summarizes the vresults of the experimental program. The
experimental results are tabulated in Appendik A. Some general observations are
made about the dependent variables -- the (H2 + CO) conversion, the degree of
polymerization, and olefin/paraffin ratio -- 1in terms of the independent
variables -- the reaction temperature, the pressure, the reactor H2/C0 ratio,
and the catalyst particle size. The reader is referred to Universal 0il
Products's final report,2 where a kinetic model 1is refined to optimize the

degree of fit to this experimental data base.



EXPERIMENTAL

Description of the Equipment

The studies were conducted in a mixed reactor. The reactor is shown'in Figure 1

3 In this type of reactor, bulk heat and mass transfer

and described by Berty.
effects are minimized or eliminated by the high dinternal recyc11ng of producL

gas; A schemaﬁ1c of the reactor flow system is represented in F1gure 2.

Typica11y, the various blends of synthesis gas were ordered'fron'a gasfb1ending
firm.n The gas was used direet1y_from the aluminum cy1inders; vA]uninnm;-rather
than carbon stee1 -cylinders were used to prevent 1r0n'carpon§1 formafion " A
boost compressor on the feed line was used to maximizZe cylinder - gas usage The

feed flow was metered and controlled by a mass f]owmeter whose pr1nc1p]e of

operation is based on gas thermal capac1t1es.

Preducts,exit the reactor via a downward sloping, heated Tine (ZOOOC)-end-enter
a hot trap (200°¢) wherevheayy hydrocarbons, if formed, are pondensed.' Lighter
prpducts are condensed in an air-cooled trap and a'water—coo1ed trap¥ After'the
systenl pressure is reduced, the product gas is metered by a wet test lneter.
Per1od1ca11y, product gas can be d1rected to an on-line gas chromatograph that

can ana]yze for unreacted feed and hydrocarbons up to a carbon number of e1ght.

Catalyst Preparation

The catalyst was an ammonia synthes1s cata1yst type C73-1-01 by Un1ted Cata]yst

Inc., w1th the f0110w1ng chem1ca1 anaiys1s



Weight Percent

Fe0 30-37
Fe203 65-58
Free Fe 0.5
Total Fe 67-69
A1203 2.0-3.0
K20 0.5-0.8
Ca0 0.7-1.2
Si02 0.4

p 0.015
S 0.001
Cl 0.002
Fet+/Fet+t 0.45-0.65

After crushing and sieving to 6 to 8 mesh, the catalyst was blownh with air to
remove any fine dust pértic]es. A 2-kg quantity of catalyst was riffled to
insure homogeneity. For each test, 50 g of catalyst was then loaded into a one-
inch-diameter basket and supported by a stainless steel screen. During
operation, impeller speed was 1240 rpm. An outer furnace heated the reactor
while excellent bed temperature control was obtained by a modification that

involved the installation of a cooling coil in the reactor head.

Experimental Procedure

Initial experimentation with fused~iron determined that (1) tests were
reproducible between Berty uhits, (2) a shutdown immediately followed by purging
with helijum did not affect the catalyst activity when the test was restarted,
and (3) a long hydrogen reduction is required for data reproducibility. With
this knowledge, the catalyst for each test was brought to synthesis conditions
in an ijdentical manner. Initially, the reactor system was pressurized to 300

psig with hydrogen.  Reduction began by flowing hydrogen at 2500 vol/vol-hr



space velocity at 450°C and 300 psig for 72 hour's. ' At the end ef this period,
traps were ‘drained to collect the water formed in the reduction. .- At-this. time,
the temperature was decreased to 2509¢C. The dinduction was iﬁi%fé%ed by
switching the feed gas from hydrogen to 2:1 H2/CO synthesis gas and,ihcrementing
the flow rate over. a oﬁe-hpur.ﬁeriod to achieve a 1600 voi/vol-hr speee've1oc1ty
at 300 péig.u Induction then continued for 23 hours, and a Z;I-Hz/CQ synfhesis
gas was ‘always _used. 'The burpose of the 1induction period 1is to- allow a
carbonacebﬁs'1ayer to slowly form on the iren surface at a.mifd temperature. At
the end pf the induEtiqﬁ peribd, the feed gas was switEhed to the'ﬁiehded gas
that was to be used in the particular teét, 'SynthesiS'was conducted at 1600 °
val/vol-hr space velocity wfth'b1enQed gaseé at the deéired'preséure and with
tehperetures' of  275°,_ 3000;’ and 325°C, ffhe catajyst ‘remained at . each
temperature for 48 héurs (a 12-hour stabilization periodlénd two sUcceésiye 18-
hour .materia1.‘5a1ance .periods). A temperature. séquehce 'for a.'sténdere run
consisted of ‘two periods at each of the following temperatureS° 275°C 300°c,
275°é 325°C and 2759C.  Trap dra1n1ngs, metered f]ows, and’ gas - ana1yses were
obta1ned for each 18-hour perijod, and. these were used for mater1a1 balance

determinations. It should be noted that after the 300°C and 325°C temperature )

' excursions, the catalyst was returned to 275°C in order to character1ze ‘any

deactivation. Table 1 is a 1ist of the various tests that were conducted.



TABLE 1. List of Experiments

Feed Hp/CO Pressure Added Feed

Run Ratio psig Components Objectives

2-18 2 300 Base Conditions

3-19 2 300 Base Conditions

2-25 1 300 i Determine effects of H2/C0
ratio

3-21 4 300 Determine effects of H2/C0
ratio

3-22 2 400 Determine pressure effects

3-24 2 400 Determine pressure effects

3-28 1 100 : Determine pressure effects

2-19 2 300 5% Co= Determine olefin equilibrium

2-21 2 300 5% C3= Determine olefin equilibrium

3-25 2 300 v 1.3% Cg= + Determine olefin equilibrium

0.3% C5= .
3-26 2 400 5% C2 Determine effect of pressure
- on olefin equilibrium

3-20 2 400 1% CoHg Determine olefin equilibrium

2-22 2 300 5% CO2 Determine effect of C02

2-23 2 300 5% CHg Determine effect of CHg

2-24 2 300 Operation at 250°C

2-26 2 300/400 Operation at 250°C

3-27 1 300 14-18 mesh catalyst, effect
of particle size

3-29 1 300 ' ‘ Aging study at 300°C

Analysis of Products

The gas, Tiquid, and wax products were characterized by various techniques.
Product gas and unreacted feed gas exiting the system were analyzed for
hydrocarbons up to Cg by gas chromatography. However, isomer and olefin-
paraffin differentiation could only be made for C1-C4 hydrocarbons. The liquid

trap drainings were first physically separated into oil and aqueous phases. The



0il phase was analyzed by simulated distillation (ASTM D-2887), fluorescent
indicator adsorption (FIA) (ASTM D-1319), and bromine number (ASTM D-1159). The
GC output from the s1mu1ated distillation of the 0il phase was further ana?yzed
to yield a weight percent by carbon number distribution for ‘a range of carbon
numbers (5 to 24). This was done by observing the repeating pattern of GC peaks
and establishing retention time windows4to coincide with each carbon number.
The agqueous fraction was analyzed by mass ‘speétros&opy to’ deferminé mole
fractioné of Ho0, methanol, ethanol, n-propanol, iso-propanol, butanol acetone,
and acetic acid. The water fraction was verified by the Kar]'FﬁSChéf reagent
techniqué. Waxes were analyzed by simulated distillation, and broﬁihe numbers

were determined.

DATA REDUCTION

Appendix A Tists the mqteria] balance results for each teSt'period, ~Mbst of the
' entriés are selfeexplanatoky, The molar flow rates of inlet and @ﬁt]et reactor
streams.are listed din units of millimoles/hr. In this program;“hyaéocgrbqns
béybnd carbon number 24 were not considered. With the range éf degree of
pd]yﬁerization that we observed, the effect of neglecting products ﬁeyoﬁd garbon.
number 24 is -negiigible. The molar flow -rafes for .the ‘inlet ‘Stfeam; were
détermined by combining the inilet gas composition and‘iniethaé f1ow rate. fhe
out]et stream compos1t1on was ‘determined by combining.the ex1t gas anaiys1s, ‘the
011 fract1on anaTys1s, and the agueous fract1on analysis w1th ‘the ylelds of -the
gas, 011 and aqueous fractions. The yields of the 011 aqueous,f and wax
fractions are Tisted in units of g/hr. The results of the FIA and brom1ne.
number analysis of the: 011 fraction are listed if ava11ab1e.' The der1vat1on for

dégree of polymerization from Schulz-Flory kinetics is as foHows.4 _
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Xy =n Tnp + ],1'1-1—_'3—R

where Xp = mole fraction of carbon number n species (including alcohols,
paraffins, and olefins)
p = probability of chain growth

A plot of 1InXy versus carbon number should yield a straight 1ine with slope 1np

. - 1
and intercept 1n lpg' The degree of polymerization is defined as DP = 15, .

The carbon number range used for this determination was typically 2 to 18 unless
olefins were added to the feed gas, in which case the next higher carbon number

was used as a lower limit.

RESULTS AND DISCUSSION

The experimental program covered a wide range of three independent variables:
reactor temperature, reactor H2/CO ratio, and catalyst age. Reactor temperature
ranged from 250°C to 325°C. The Hp/CO ratio was varied by using feed gases with

H2/CO ratios of 1, 2, and 4. Catalysts were operated for as long as 14 days

under synthesis gas flow.



Rate of (Ho + €0) Consumption

The (Ho + C0) consumption can be uéed as a measure 'of the "rate ;of co
1ncorporation into hydrocarbons. Figure 3 is a 3- d1mens1ona1 p1ot of (H2 + CO)
consumpt1on vs. the two independent wvariables: ' reactor temperature and reacLor

H2/CO rat1o. The data are taken from the results of run numbers 2 25 2- 18, and

‘3j21, where the inlet H2/CO feed ratios were 1/1, 2/1, and 4/1, respectively.

A11 subsequent 3-dimensional plots are obtained by using the data from these

teéts. The reactor temperature ranges from 250°C to 325°C, and‘the'reactor

Hz/CO ratio ranges from 1 to 100. The (Hg + CO) consumption 1ncreases rap1d1y
with temperature (see Figure 3) and also increases with Hg/CO rat1o Assum1ng a
rate express1on for rate of propagation or rate of chain growth of the “form rp =
kp (CO)X (Ho)Y, where kp -is the rate constant, then y must be greater than x.
This conc1us1on is confirmed by Un1versa1 0i1 Products S mode1 f1tt1ng of the

exper1menta1 data.2

Selectivity

Figure 4 s .a Schulz-Flory plot (1nX, vs. n) for period 3¥1§A{. ifhe C2-Ca
aﬁcohb]s are jnc]uded in this distribution. As is tybica] tor ahhdroh.qata1yst,
the product selectivity can be represented well by the Schu]z—?]ory’dtstribution
evident by the linear relationship. The degree of po]ymerizatiqn 1s_a measure

of seiectivity, j.e., DP = 1 yields 100% methane, DP = 4 -yields-emaximum

_gaso]1ne, DP = 6 yields largely wax. Figure 514s a 3-dimensiona1 p]ht-df DP VS.

the 1ndependent variables of reactor temperature . and reactor Hg/CO rat1o The

degree of polymerization decreases strongly as temperature 1ncreases. S1nce



rate of polymerization
rate of polymerization + rate of chain termination,

DP

the chain termination reactions have a higher activation energy than the chain
propagation reaction and thus begin to dominate at higher temperatures, leading
to a Tower degree of polymerization. The H2/C0 ratio appears to have an effect
on the degree of polymerization at the lower temperatures where increasing H2/CO
ratio decreases degree of po]ymerization; It might be concluded that higher Hp
concentrations have a stronger effect on chain termination (i.e., hydrogenation)

than on chain propagation.

Olefin/Paraffin Ratio

Figure 6 illustrates the effect of H»/CO ratio and reactor temperature on the
propylene/propane ratio. The propylene/propane ratio increases as the reactor
temperature increases. The propylene/propane decreases as the H»/CO ratio
increases. The explanation for H2/CO ratio effect is straightforward; at high
Hp/CO ratios, hydrogenation. to paraffins is promoted, resulting in Tower

olefin/paraffin ratios. The propylene/propane ratio increases with increasing

reactor temperature.

Aging Effects

As described below, during each run the temperature is cycled through the
following temperatures; 275°C, 300°C, 275°C, 325°C, and 2759C, where two mass

balance periods are completed at each temperature. If the reactor temperature

10



is returned to the base temperature 2759C after eachvtemperatuneleCUrsjgn; the

rate of deactivation can be monitored.

The deactivation behav1or is ‘highly dependent on the H2/C0 rat1o of the Teed
gas. ~Figure 7 is a plot of Hz/CO conversion vs. days on stream for runs W1th
H2/C0 feed gas ratios of 1, 2, and 4. The (H2 + CO) convers1on 1s used to
measure activity because it represents the rate at which carbon is converted to
hydrocarbons. With a Hp/CO feed gas ratio of 4, the catalyst actua]Ty exhibits
a large increase in activity over the 10-day cycle (see Figure 7). An
exp1anation could be fhat the carbide equiTibrium on thelcatajystjﬁs,approaChed
more slowly -under conditions of low carbon monoxide partiaT'bressUres. . The
runs with Hz/CO ratios of 1 and 2 exhibit no significant deactivation until the
9th and 10th.day after operation at 325°C. The run with 1;1 Hé/COI shows a

greater deactivation.than the run with 2:1 Hp/CO.

-Run 3-29 was conducted to observe aging effects at a constant;tempenature of
3000C"with a 1:1 feed gas. Figune 8 shows‘the trends fcr‘(nge.co)'conversion,
ﬁP 63H5/03H8, and bromine nnmber as avfunction of days on. s’(:rea.rr_lz.:.The(l-‘_lz-'+
CO) conversion decreases stead11y as catalyst . age 1ncreases, indicatdng the
genera] deactivation of the catalyst. The plot of degree of po]ymer1zat1on does
not reveal any. trend. The _pnopy1ene/propane ratio rises to a -plateau ~after
severa1 days After an initial rise, fhe bromine number underdoes a steady
decrease In genera], it appears that the o]ef1n/paraff1n rat1o of the 11ghter '
!hydrocarbons rema1ns constant wh11e that for the heav1er fract1ons decreases

with catalyst age.

11



Effect of Catalyst Particle Size

Run 3-27 was a standard run with 1:1 Hp/CO feed gas except the catalyst particle

size was reduced to 14 to 18 mesh in contrast to a particle size of 6 to 8 mesh
that was used in the other runs. Fifty grams of fresh catalyst was charged fin
all cases. The effect of particle size is 1illustrated in Table 2, which

compares the (H2 + CO) conversion of run 3-27 with that of run 2-25 (1:1 H2/CO

feed gas).
TABLE 2. Effect of Particle Size on (H2 + CQ) Conversion
(H2 + C0) Conversion
275°¢ 300°¢ 2750¢ 325°¢ 275°¢ 250°¢
Run 2-25 (6 to 8 mesh) 36 56 36 61 15 8
Run 3-27 (14 to 18 mesh) 55 7 55 79 40 18

The rate of reaction is considerably higher with the smaller catalyst size,
jndicating the presence of considerable internal particle diffusion. A range
of catalyst particle sizes would have to be investigated in order to reveal the
magnitude of the internal diffusion. The conclusion 1is that considerable
internal diffusion exists in the 6 to 8 mesh catalyst. For the limiting case of
an infinite internal diffusion resistance, the reaction would take place only on

the outer surface of the particle, and the rate would be proportional to the

external surface area of the catalyst.

12



SUMMARY

In conclusion, an experimental data base for the promoted fused-fron;Fischer-
Trospch system has been presented.  The experimental program spt¢éssfu1]y
chered a wide range of the independent variables: reactor_témpératuré, reactor
pressufe, H2/CO ratio, and catalyst particie size. The 1mp6rtant responses that
were measured include (H2 + c0) consumption, (H2 + C0) conyersi6ﬁ; degree of
po]yﬁerization, and propylene/propane ratio. These responses ‘have been

graphically presented and the observations have’been stated.
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