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Summag

A method has been developed for calculating the three parameters
needed .0 characterize the‘carbcn number distribution of products of
the Fischer-Tropsch synthesis. Using non-linear regression, experi-
mental data are fit by a modified Schulz~Flory model which has two
chain growth probabilities. Excellent £fit is shown for data‘from
precipitated and fused iron catalysts. -

The model is used to calculate selectivity information of
interest in catalyst comparison and reactor design. Advantages of

this model over asymptotic regression methods are discussed in

detail.



Introduction

The products of the Fischer-Tropsch synthesis are primarily linear
hydrocarba;ls distribured over a wide range of carbon numbers.
Herington (1946) reported that a model of stepwise addition of single-
carbon units could predict the fraction of product at each
carbon number. This and other early treatments discussed by Anderson,
at al. (1951) are formulactions of a condensation polymerization model
developed independently and in anothér ‘context by Schulz (1935) and
Flory (1936). These matters are discussed :.n detall by Satterfield and
Huff (1982). In its simpler forms, the model suggests that a semi-
logarithmic plot of mole fraction of product as a function of carbon
number snould produce a straight line with a slope characteristic of
the chain growth probability, a. Anderson, et al. (1951) developed a
more detailed treatment which also considered isomer distributions.

In extensive studies of six iren catalysts in a German pilet plant
in 1943, the "Schwarzheide tests”™, an increase or "break” in the slope
of Schulz-Flory plots was observed at a carbon number of aboutr 10.
This phenomenon received little further attention until recently, when
several investigators reported the same effect under a variety of
conditions, suggesting it may be a rather general phenomenon. Two
chain growth probabilizies have been observed on iron catalysts by
RKopig and Gaube (1983), Huff and Satterfield (1984), Schliebs and Gaube
(1985), Egiebor, et al. (1585), and Dictor and Bell (1986), omn cobalt
by Schulz et al. (1982), and oo ruthenium by Incuer et al. (1987).

The causes of two probabilities for chain growth, frequently
termed the "double-a®, are umelear, but an understanding of these
causes might provide insights into methods feor altering the Fischer-
Tropsch product distribution. Kdnig and Gaube suggest that two sites,
one promoted by potassium and the other unpromoted, may cause such

behavior. However, Dictor and Bell (1988) and recenr data from this



laboratory indicate that two chain growth probabilities exist even on
catalysts not promoted by potassium,

It 1s not easy to determine the experimental product distribution
accurately over a wide range of carbon numbers. Matsumoto and
Satterfield (in prep.) discuss hov calculated values of a may be
affecfad by the selection of data used in calculatioms, Here, we
develop and present a more general wmodel for calculating the correer
values of o from data which includes contriburions by both chain growth
probabilities. The model is not based on any assumptions about the
cause of the double-a.

Previous atrtempts to model Fischer-Tropsch product distribuctions
with multiple values of = have several limirations. Rice and
Wojeiechowski (1987) have presented a comprehensive analysis of such
product distributions. By assuming that the products at each carbon
nunher are of uniferm molecular weight, they remove the difficulty of
dealing with wvariacions in alkene/alkane ratioc with carbon number. We
follow a similar assumption here. They develep an equation providing
for contributions from two chain growth probabiliries, By
differentiating this equation, they establish relationships between the
observed product distribution and e; and o;. Their model, however.
does mot provide a tractable method for rigorously determining o, and
a; from experimental data, because it depends on mumerical or graphical
differentiation to estimate “local alphas®™ at each carbon number.

Kanig and Gaube (1983) and Schliebs and Gaube (1985) zppear to use
normalized weight fractions, rather than absolute mole fractions to

determine the values of the chain growth probabilizies. This may lead



+o0 errors im the wvalues of « and, in some cases, failure to describe
" vhe distribution of heavier products correctly.

Stenger (1985) extended Konig and Gaube's theory that potassium
causes multiple chain growth probabilities in 2 model thar describes «
as a function of local potassium loading, with a Gaussian-type
discribution of potassium on the surface. Inoue et al. (19587) have
shown that distributed-o and double-a models, each bhaving three
adjustable parameters, <an on]:y be. distinguished if reliable data at
high carbon numbers are avaiiable. Accurate data at high cartbon
numbers may be difficult to obtain (Huff, 1982; HMatsumoto and
Satterfield, in prep.).

Novak  er al. (1981, 1984) develop several models for deviations
from Schulz-Flory distributioms. In particular, they present a model
based on two acrive sites, one for hydrocazbon growth and the other for
eracking. However, Schulz, et al. (1970) and Pichler and Schulz {1970)
have reported that cracking is not significant on iron or cobalt
catalysts under the usual conditions of Fischer-Tropsch synthesis.
Novak's model requires four adjustable parameters as well as knowledge
of surface rates and intermediates which is diffieulr co obtain
experimentally.

The most straightforward method for determining o, and a, from
experimental data would seem to be linear regression of the asymptotes
of a Schulz-Flory plot. Figure 1 shows a typlcal Schulz-Flory diagram
from a potassium promoted precipitated irem catalyst. The diagram
shows two distimet slopes. However, evem several carbon mubers away

from the intersection of the two lines, the values of a; and o
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devermined by linear regression are in error by 5 te 10%, demonstrating
that simple linear regression is inappropriate.

The model presented in thi;s paper offers a method for determining
oy and az from rigorous statistical techniques. The exrror produced in
analyzing data by linear regression is discussed. In calculating o, and
oy, This method uses the entire experimental prc.;duct distribution
including those points betweer the asymptotes. Excellent agreement
between the model and experimental data from iron catalysts is shown.
For a precipitated iron catalyst, experimental data from an overhead
product stream are fit by the model and the value of a; is shown to
agree with that calculated from a slurry wax sample. In additien,
product stream data from a fused iron catalyst are fit.

The regression technique assumes no mechanistic explanation for
the double-a. For the purposes of this model, a is considered to be
the probability that a C, species will go on to become a C,,; species.
In the simplest case, with nc products re-adsorbing and incorporating
inro growing chains and with no branching, this definition of a reduces
to the traditional definition of rp/(rp+r,). wvhere r, and r, are the

P
rates of chain propagation and terminarion, respectively.

A 1] i -3 {e]

As discussed above, the hydrocarbon products of Fischer-Iropsch
are generally taken to follow the Schulz-Flery distribution. Fer
carbon pumber n, the mole fraction of product M., as determined by a
single chain growth probabilicy, is given by:

M - (1-a) af"" V) (1



Normally, product mole fractions are plortted on a semi-logarithmic
scale since the chain-growth probability o can be calculated from the
slope of such a plot. Again, for a single-ea:
In(¥,) = n In(a) + In{(1-a)/a)] (2
7f two chain growth probabiliries contribute to the tetal product
distribution, the a;:piopriate equation is:
M, = & N1 4 B gD - 3)
The values of A and B must be known to characrerize the product
distribution. Firse, the ratio of A to B is found by mnoting that at
the break point on the Schulz-Flory diagram the contributions of each
term in equation (3) are equal.
AT u B gD (%)
If £ is designared as the break point, then:
B = A (ay/ap)te 1) (5)
£ is not necessarily an integral carbon number. This is a somewhat
different approach than has been raken previocusly by Schliebs and Gaube
(1985) and by Huff (1982). In their models, A and B were assumed to
correspond direcrly to the fractions of products produced from a, and
a; respectively. Instead it is moted that, since the sum of the mole
fractions over all carbon mumbers is unity,
™ -
T, =Y [Aat"D +Baz""'”1-1 (6)
=1 n=1

Evaluating the geometric series, this equation can be expressed as:

A [1/(Q~ay)] + B [1/(1l-e3)] = 1 €]
Equations (5) and (7) are two linearly independent equations which are

used to solve explicirly for the values of A and B:



1

A - (8
1/¢1-ay) + (a3/e) "1 {1/(1-a;)]

B is then calculated £from equation (5). This method plages no
artificial econstraints on the system. The equatiens presented above
allow computation of theoretical product distributions based on cheosen
values of oy , oy, and £.

Differentiating the logarithm of egquation (3) with respeet to
carbon number, it is possible ro cbrtain a "local alpha”, e » Which is
the slope of the Schulz-Flory curve and is a function of carbon nunmber.
This slope accounts for contributions by both chain-growth

probabilities.

4 In(e;) + (ap/@)¢" ) 1n(ay)
- oof

e (n) = e.xp[ = ilnct,)) ] (%)

1 + (o3 /ay)in €2
At low carbon numbers, the local alpha approaches o, and, at high
carbon numbers, it approaches a,. The differences berween local alphas
and the true values of @; and a; in the region near the break point
camot be eliminated experimentally. Figure 2 shows how the ratios
2 g /@y and @ ,./a; vary with distance from the break point, (mn-£), for
values of a,/a;=0.5 and e, /ay;=0.7_

By iteratively calculating distributions based on different
combinations of e;, a; and £ and comparing them to experimental darta,
the best fir theorerical discriburion can be determined. The method
used here Is minimizacion of the sum of square errors as recommended

for this type of regression by Churchill (1979) and given below:



& ~ § [ In(4,) - ln(m,) ]2 (10
=3

Here, M, is the theoretical mole fraction ¢f product at C, and m is
the experimental value. 7The summation is taken from 3 to €, where N
is the highest carbon number at which reliable data are available. The
sump begins at Cy, since experimentally obtained C; and C; produc:;:s-
frequently do notr obey a8 Echulz-Flory model (Kénig and Gaube, 1983;
Rice and Wojciechowski, 1987).

At higher carbon numbers, experimental uncertainries may be
introduced in continuous-flow slurry and fixed-bed reactor systems. In
fixed beds, less volatile products accumulate throughout the bed and,
specifically, in catalyst peres, Huff and Satterfield (1985) pgive
theoretical analyses regarding the time-on-stream necessary for the
exit stream To be truly representative of the products being
synthesized.

In slurry reacrtors, mnon-volatile products are retained in the
slurry liquid. Volatile products are flashed overhead, but a
significant fraction, particularly in the range Cys to G5, is
distributed between the twe phases in a manner that changes with time-
on-stream (Huff and Satterfield, 1984). Experimental data are usually
based on volatile overhead products, oc¢casionally supplemented by
analysis of slurry liquid. Higher molecular weight products require
longer time-on-stream to Teach vapor-liquid equilibrium. Thus, N is
the carbon mumber above which produer distributions are observed to
change with time-on-strean. This point can be affected by such

variables as catalyst actrivity, catalyst loading, and reactiomn



Temperature. Ruff (1982) indicates that for representative
experimental conditlons, apparent deviations from the Schulz-Flory
diagram may be expected for products above roughly Cys.

Removing €; and ¢, products to fit theoretical distributions te

data leads to the following modificatiens to equations (6) and (8):

EBM,, - EI[A e M1+ By (nt 1] - A(l+y) - E(1+a2-) (6a)
Tie= N
or

ng;{n ~1-m -3 (6b)
and

1 - m1 - mz
A = (8a)
[1/¢L-ay) - (l+ay) + (@3/@22%€ T2 [1/(1-a;) ~ (l+ap)]

B is still calculated from equation (5).

There are at least two distiner advam:-ages of this type of model
over tThose presented previously. First, the model provides a
dererministic method of calculating a, and o, from exparimental data.
An alternarive methed, presented by Rice and Wojciechowski (1987)
involves first fictting the asymptotiec tail of the data, then
subrtracting the ap contribution from the teotal produet discribution;
however, their method depends on having reliable data at high carben
nugbers to determine the value of a,, and as discussed above, such data
may be difficult to obtain. In additien, their method involves
graphical differentiation, which makes caleulations very sensitive to
any scarrer in the experimental dacta.

A second advantage of our model is that it allows inclusion of all




reliable product distribution data, including that near £, which cannot
be used in asymptotic fitting methods (Kénig and Gaube, 1983; Inoue, et
al., 1987). As mentioned, vwhen wvelatile predusts of the synthesis are
used to determine product distributions, wvapor-liquid equilibrium
effects cause the Schulz-Flery model to deviare from data ac carbon
numbers greater than roughly C,g (Huff, 1982). Inclusion of, for
example, C; to Cy, mole fractions effectively doubles the quanticy of
dara which can be used to calculate chain growth probabilities. Three
parameters are needed to characterize the system (Kénig and Gaube,
1983: Schliebs and Gaube, 1985; Stenger, 1985; Rice and Wojciechowski,
15873). additional points in the analysis greatly improve the
staristical significance of the regression.

The regression routine allows selective exclusion of individual
data points within a given carbon nuxmber range. There are at least two
instances in which this feature is useful. First, if hydréca.rbons of a
given carbon number are deliberately added te the synthesis gas feed,
the dara from rthat carbon number may be excluded from the fitting
routine, Second, if an impurity of some sort is known to occur at 2

given carbon number, the dara from that carbon number need not be

regressed.

esult

Comparjison with imenta ata

The ability of this model to describe product distributions
correctly on potassium promoted fused iren and umpromoted precipitated

irom catalysts is shown in Figure 3. The data were collected in a
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slurry reactar system described elsewhere (Huff and Satterfield, 1582,
1983; Matsumoto, l987). The fus;ad iron ca.ﬁalyst is a United Catalysts
C-73 ammonia synthesis catalyst and the precipitated catalyse was
prepared for this laboratory by the Pittsburgh Energy Technology Center
(PETC). The compositions of the catalysts are given in Table 1. Both
catalysts exhidit two chain growth probabilities. For this set of data
on the fused iron ecatalysrt, a.,-(;.SQ, a;=0.%0 and £ is abour 7, and for
the precipitated catalyst «=0.62, @;~0.88 and £ is near 7. The
Parameters have been optimized using C; te Gy, data for the fused iron
catalyst and C; to Cy; data for the precipitated catalyst. The value
calculated for o, on the precipitated catalyst matches the value
determined by linear regression of the Schulz-Flory plor from a slurry
wax sample. C3y to C,p data from the wax sample shown in Figure &
indicate 2,0.88 for this cavalysc. This shows that the non-linear
regression routine matches the asymptotic linear regression at high
earbon numbers. The model is able to correctly fit the curve of the
precipitated and fused catalysts, even though the data begin to fall

off at higher carbon numbers due to vapor-liquid equilibrium effects.

arametric Studv on eoretical Product Di ibut]

Representatrive walues of &y, a3, and £ can be used £o generate
theoretical product distributions, which can be used to determine
selectivicy to different product cuts. Generally, the product cuts of
interest are methane (C,), light gases (C; to C;), gasoline (G5 To
Cy2), dlesel fuel (Cy; to Cpp), and wax (C;,"). Figure 5a shows the

yields of product cuts as functions of e,, with ay and £ held constant

1l



at typical wvalues (a,=~0.90, £=10). The selectivity to gasoline is
maximized whem a, = 0.75. Similarly, Figure 5b shows the yields of
product cuts as functions of @,, with a; and § held constant at 0.65
and 10, respectively. The fraction of diesel fuel goes through a
maxirmum when a; is near 0.93; however, the variation of the diesel cut
is small, while the wax fraction increases dramatically with a;, so the
toral yield of heavy products (Cy;3*) can be ‘increased by inereasing a,.
In a practical process, diesel fuel selectivity could be maximized by
maximizing @, and cracking waxes back to diesel range in a second
stage. Similar plots have been generated for a range of values of oy

(0.55 to 0.70), a; (0.B0 to 0.95), and § (5.5 to 13), but are not shown

here.
ise io

There are several limitarions to the applicability of this model.
C; products may be synthesized by an independent mechanism and are,
therefore, not subject to this model. In addition, €; products usually
fall belew the predicted Schulz-Flory wvalue, pessibly because of the
high reactivity of ethene relative to other l-alkenes. No three
parameter model currently available can acecount for these Zfactors.
Further work 1is meeded tro describe fully Fischer-Tropsch product
distributions.

This model was developed primarily for two reasoms. First, no
good explanation has yet been provided for the cause of the double-a,
and part of the problem has been inadequate data analysis. Schliebs
snd Gaube (1983) have proposed a two-site mechanism in which unpromoted

and potassium-promoted sites are responsible for o, and a;
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respectively, but this hypethesis is not supported by their
experimental evidence. Schliebs’s methodology is to determine ay Erom
Gzp %o C,p Products, then to subtract the ay contribution from data at
lower carbon numbers to determine ay.

Schliebs and Gaube (1983) report studies on precipicated iron
catalysts both with and without potassium, A catalyst without
portassium appears to show a single-é distribution from carbon number
data from C; to Cy5, as reported in their Figure 6a for their Run 4. A
catalyst containing potassium exhibited a double-s distribution as
shown in their Figure 6b for their Run 14, bur data for this run were
available zo C,g- However, Schliebs's thesis reports five other runs
for a catalyst without potassium, in which ecarbon numbers up to Cyz oT
€, are available. TUsing th.is broader carbon number distribution, our
model shows that two o values are needed to correlate the results for
all five additional runs. For example, Schliebs’s Run 2 is well firred
by the double-o model with ey=0.66 and ay=0.83. Figure 7 is a Schulz-
Flory plot of the same data, with the values of &; and a; as given
above. Deviation from a single-a begins to appear at about Cyy and a
single-a model is inadequate.

Data from our laboratory using a precipiﬁted iron catalyst
without potassium, similar to Schliebs's catalyst, alsc reveal a
double-a (see Figures 3a and 4). Dietor and Bell {1986) and Huff and
Sarrerfield (1984) have also previously reported two chain growth
probabilities on iron and iron/manganese catalysts, neither containing
potassium. This indicates clearly that the second chain growth

probability is not caused by the presence of potassium on these
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catalysts. While improved mathematical treatment of data canoot
explain the czuse of the double-a, it can prevent some
pisinterpretation of data. The applicstion of this model to data froa
potassium-promoted and unpromoted precipitated iron catalysts will be
the subject of a subsequent paper {Donnelly and Satterfield, in prep.).

Second, and perhaps more importantly, this model presents a
deterministic wmethod for calculating the parameters needed to
characterize product distributicns. . Values of chain growth
probabilities reported previously in the literature suffer from
inconsistencies in the carbon number ranges chosen for analysis and the
methods used to regress the data. This model allows easy and
consistent regression of experimental data. Use of points between the
asymptotes on the Schulz-Flory diagram significantly increases the data
available for regression and removes the sensitivity of calculated
values of a1 and az to local scatter of data. This modified Schulz-
Flory model thus provides a rigorouas and accurate method for predicting

and snalyzing Fischer-Tropsch product distributions.
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Figuré 1: Schulz-Flory Diagram from a Potassium-Promoted
Precipitated Iron Catalyst

Figure 2: Effect of Carbon Number froa Break on alsc/al or alse/az

Figure 3a: Schulz-Flery Distribution from
Precipitated Iron Catalyst without Potassium
Model versus Data

Figure 3b: Schulz-Flory Distributicn from
Potassium-Promoted Fused Iron Cat..iyat
Model versus Data

Figure 4: Products in Slurry Wax from
Precipitated Iron Catalyst without Potassium
Linear Regression

Figure 5a: Dependence of Selectivity on a1
az = 0.90 ;£ =10

Figure 5b: Dependence of Selectivity on a2
az = 0.90 ; £ =10

Figure 6: Schulz~-Flory Distribution from
Precipitated Iron Catalyst without Potassium
Model versus Data from Schliebs (1984) Bun 2



Mole Fraction of Products

Product Distribution
from Potassium-Fromoted Precipitated Iron Catalyst
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PRODUCT DISTRIBUTION
FROM UNPROMOTED PRECIPITATED IRON CATALYST
MODEL VERSUS DATA
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Mole Fraction of Products

Fusad lron Catalyst Product Distribution

Model versus Data
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Lo MoLe FRACTION OF PRODUCTS

Slurry Wax Analysis of Products
from Unpromoted Precipitated Irom Catalyst
Linear Regression

1
az = Q.88
e
©
O
— -i ‘ ' . .
20 25 30 35 40

Carbon Number, G,

Figure &



Weight Fraction of Products

Dependence of Selectivity on a
ay = 0.9; § =~ 10

C.50

0.40

0.20

0.20

C.10

0.00

Z Cs.q3

Q.55

065 0.75 0.85



Weight Fraction of Products

Dependence of Selectivity »n o

oy = 0.65; £ = 10

Q.50

O.AO e \

hhhhhhhh \\\
—.--.__‘_‘-‘ \\
/ --___‘.‘ \\
-‘\“ \\ ’
0.30 r 2 Cas \<
\\‘\ /’ \
- E ’f \‘\‘\
Cn / " ‘\-
n=21
020 F \ //
c, p
- P/ // Z Ciz-20
v
Ve
e
L e
0.10 -

/
O-OO 2 ) Il L : 1 :
Q.75 0.80 .85 0.90 0.5
=2

Figure 5b



Mole Fraction of Products

PropucT DISTRIRUTION
FrROM UINPROMOTED PRECIPITATED IRON CATALYST

Mopel. VERsus EXPERIMENTAL DATA FROM ScHLIeRs Run 2 (198%4)

o
-5

C.01

0.001

0.0001

- . dr = Q.66
X
1 1 1 1
O 5 10 15 20 25
Carbon Number, C,
® Data === Model Single—a

FIGURE €





