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From a mass balance on all products exiting the reactor, an average F-T
product stoichiometry or CH2 34 00,91 was calculated. This stoichicem-
etry is similar to that cobtained in the SASOL Synthol Reactor, CH2,34
00.05 [Probstein and Hicks (1982)]. From the average product stoichiom=-
etry, the followlng reaction was derived:

CO + 2.16H,p > CHy 34 0pg.o1 + 0.99 HyO (4-7)

Neglecting the small amount of oxygen in the products, the stoichiometry can
be approximated as:

CO + 2.17 Hy g CHy 34 + Hy0 (4-8)
The hydrogen to carbon ratlio in the average F-T product calculated from the
mass balance (2.34) is virtually identical to the ratio obtained from ¢ and
the CphHyn4+1 assumption.

4.7 Extent of Water—Gas—Shift Reactiom

With a knowledge of the average Fischer-Tropsch reaction product, C3Hy
(Section 4.6.3), we calculated the Hp to CO usage ratio, U, defined as the
net moles of H2 consumed per mole CO consumed (H2 is consumed by the F-T
reaction and produc?d by the water-gas shift reaction), assuming that the
water-gas shift reaction was in equilibrium. By comparing this result with
experimentally measured usage ratios, we determined whether the water—gas
shift reaction was in equilibrium or was kinetically controlled.

Recalling the Fischer-Tropsch and water-gas shift reactions from
Section 2.1, we have:

CO + 2Hp —» - CHz - + Hz0 (2-1)
and
CO + H)0 === CO0y + Hy (2-2)

Defining f as the extent of the F-T reaction (moles CO participating in the
F-T reaction per mole CO fed), w as the extent of the water—gas shift reac-
tion (moles CO participating in the water-gas shift reaction per mole CO
fed), and assuming the hydrocarbons produced by the F-T reaction are of the
form Cp Hyn41, Egs. (2-1) and (2-2) become:

£CO + f(2n + 1/2) Hy

> £ Cp Hoy41 + fH0 (4-9)
n n

and

wCO + wHp(Q ===— wC0y + wH2 (4-10)
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The usage ratio, U, can then be expressed as follows:

f2+L) -y
U= Zn (4-11)
f +w

In Eq. (4-11), three terms must be known in order to calculate U; the
extent of the Fischer-Tropsch reaction, f, the average carbon number of the
F-T products, n, and the extent of the water—gas shift reaction, w. The
first term, f, is calculated from the Hp + CO conversion, XH,+co: defined
as the moles of H; consumed plus the moles of CO consumed dfvided by the
total moles of Hy and CO fed to the reactor. Using Eqs. (4-9) and (4-10),
Hp + CO conversion can be expressed as:

£(3+ L)
Xy, + CO = ﬂf_x_%a_ (4-12)

where F 1s the moles Hy per mole CO in the feed. Rearranging Eq. (4-12)
ylelds the following expression for f:

1
‘- (1 +F) (}(1.12 + CO) (4-13)

3+ 1
( zn)

In this equation, F is known, Xy,+ o 1is weasured, and n, as in Eq.
(4-11), 1s determined as shown in Section 4.6.3. TFor this set of experi-
ments n was equal to 3.

The extent of the water-gas shift reaction, w, is determined by assum-
ing reaction equilibrium. Using a basis of 1 mole of CO and F moles of H2
entering the reactor, the moles of reactant and product species leaving the
reactor are:

Moles Hy = F +w - £(2 + %;) (4-14)
Moles CO = 1 -w-~f (4-15)
Moles CO2 = w (4-16)
Moles Hy0 = f - w (6-17)

The equilibrium constant for the water-gas shift reaction, Kp, is defined as
follows:

kp = [F2] [CO7] (4-18)
[co] [H20]

Substituting Eqs. (4-14) through (4-17) into Eq. (4-8) yields:

[F+w- f(s+1)]w
Zn (4-19)

Kp =
P lQ~w-£f) (f - w
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Solving this equation for w, we obtain

- B - (B2 - 4aC)l/2

w = 4-20)
24 ¢
where
A = Kp-1 (4-21)
B = £(2+L1) -k ~-F (4-22)
2n
C = Kp (f - £2) (4-23)

The equilibrium constant, Kp, can also be determined from an Arrhenius
relationship given by Huff (1982):

Kp = 0.0102 Exp {i%égl (4-24)

Where T is expressed in degrees kelvin. For our reaction temperature of
2279C, Eq. (4—-24) gives a value for Kp of 13l. Knowing this, w can be
calculated from Eq. (4-20), and, knowing w, the usage ratio can be calcu-
lated using Eq. (4-11),

Theoretical curves of U vs. Xco+y, assuming an average chain length
of 3, a temperature of 2270C, and equilibrium of the water—gas shift reac-
tion are plotted for Hy to CO feed ratios of 2:1 and 1l:1 together with
experimental points for rumns 1 through 5 in Fig. (4-6). Run 6 was not
included due to catalyst deactivation. All of the experimental points are
above their respective equilibrium lines, indfcating that the water-—gas
shift reaction is kinetically controlled at our reaction conditioms. This
was confirmed by significant amounts of water being found in the 0°C trap.

For Hy + CO conversions of less than 43%, the measured usage ratios
were relatively constant (within experimental error) at approximately 0.7
moles Hg/mole CO. At 55% Hz + CO conversion, a usage ratio of 0.8 moles
B2 /mole CO was observed. These results are consistent with Huff (1982), who
found that the water-gas shift reaction attained equilibrium at temperatures
greater than approximately 2500C.

4.8 Mass Balance Closures on Carbon and Oxygen

Mass balances were performed on the carbon and oxygen passing through
the system for all runs. Closures ranging from 88% to 94%Z for carbon and
91% to 99% for oxygen were achieved (see Table (4-5)). Discrepancies
between the amount of material entering and leaving the reactor are the
result of accumulation in the reactor, as well as errors in detection and
measurement of products (see Section 3.7).
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Table (4-5)
Mass Balance Closures on Carbon and Oxygen

Run Space Velocity (hr™}H) % Closure on Carbon % Closure on Oxygen
1 1572 90.1 98.7
2 953 92.5 96.1
3 388 90.4 91.2
4 923 88.9 98.7
5 828 89.2 97.3
6 935 93.7 93.2

4.9 Methanol Incorporation

To determine if methanol could be adsorbed on to the catalyst surface
and participate in the Fischer-Tropsch synthesis, liquid methanol was added
continuously to the reactor at a rate of 0.072 mi/min. The amount of
methanol added comprised approximately 0.4% of the total carbon in the feed,
and was four orders of magnitude greater than the amount nermally produced
in the F-T reaction. Two results were found. First, methancl was not
incorporated into the F-T synthesis. By a material balance, we accounted
for 987% of the methanol, well within the 10% error expected from the GC.
Two~thirds of the metWanol leaving the reactor was collected in the liquid
traps and the remaining third exited in the gaseous phase.

The second result was that methanol deactivated the iron-copper cata-
lyst. In Fig. (4-7), the ratio of methanol to methane {(the most common
product) in the gaseous effluent is plotted as a function of time. At the
beginning of the experiment, this ratlo was near zero, but it increased to a
value of 18 moles of methanol per mole of methane after 23 hours of opera-
tion, indicating that methanol was the major component of the reactor
effluent. At the same time, the total amount of the other gaseous products
decreased, suggesting a decrease in catalyst activity. Examination of the
liquids in both of the 1liquid traps revealed that less than 0.25 ml of
organic product was produced compared to an average of 6.5 ml collected over
the same time period without methanol additionm.

The deactivation of the catalyst was not irreversible. When pure H2
was bubbled through the reactor for 16 hours at 250©C, catalyst activity was
restored. Water was present in the cold traps, indicating that a surface
oxide was reduced by the hydrogen. Then, when 2:1 syngas was fed at a space
velocity of 676 hr~l, a CO conversion of 89% was observed, in agreement with
the results of previous runs before methanol incorporation (see Section
4.4.1). Thus, we believe that the methanol reversibly oxidized the catalyst
and was not incorporated to a significant extent in the reactionm.
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5 CONCLUSIONS

The conversions and product distributions obtained using an iron—-copper
catalyst were consistent with those obtained with iron catalysts 1in
previous Fischer—Tropsch studies.

The Fischer-Tropsch products fit a Flory distribution with a chain
growth probability (@) of 0.67 * 0.02.

The chain growth probability was independent of synthesis gas ratio and
space velocity.

The water-gas shift reaction was kinetically limited at 227°C.

Methanol was not incorporated in the Fischer-Tropsch reaction to a
significant extent at 227°C and 100 psig.

Methanol oxidized and deactivated the catalyst.
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6 RECOMMENDATIONS

Recommendations for Future Work
Run reactor for longer periods of time so that:
(a) catalyst lifetime can be determined, and

(b) the concentration of higher molecular weight products in the
reactor effluent can reach steady-state.

Repeat runs with 1:1 syngas to confirm its effect on the catalyst.

Repeat CSTR experiments with the Fe-Cu catalyst at higher temperatures
and pressures to characterize their effects on conversion and product
distribution.

Add methanol to the reactor at different temperatures and pressures to
determine if it canm be incorporated under other reaction conditions.

Recommended Changes in Equipment

Use new wax for each catalyst loading to decrease the possibility of
impurities being present and to decrease the down time between runs.

Use smaller, conical liquid traps with sampling points on the bottom so
that all of the liquid products may be removed after each run.

Add a sampling port to the reactor, so that the liquid phase in the
reactor can be analyzed for products with low volatilities.

Use a more reliable on-line GC for hydrogen analysis.

Use a GC system for gas analysis that can detect water and distinguish
paraffins, olefins, alcohols, and isomers (e.g., a Carle III refinmery
gas analyzer).

For organic liquid analysls, use a capillary column in a GC that can
cool the column below room temperature at the beginning of the program,
80 that all the products can be resolved, including Cy to Cg paraffins
and olefins and heavy alcohols.

Add a small known amount of an inert gas to the feed as an internal
standard for the gas GC's.
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8 APPENDIX

8.1 Location of Original Data

The original data for this report are located in file MIT/BNL-83-4 at
the M.I.T. School of Chemical Engineering Practice, Cambridge, MA.
8.2 Summary of Raw Data

8.2.1 Feed Ratio, Space Velocity, and Conversiomns.

H7:C0 Feed Space Velocity - ———— Conversions (%)
Run Ratio (hr~ 1) Cco Ho Co + Hy
1 2:1 1572 58.2 20.3 32.9
2 2:1 953 76.9 28.1 44 .4
3 2:1 488 91.9 37.6 55.7
4 2:1 923 78.1 27.7 44.5
5 1:1 828 50.2 31.7 41.0
6 2:1 835 48.9 21.5 30.6
8.2.2 Partial Pressures of Components in the Reactor.
Partial Pressures in kPa (psig)
Run H? Co C02 Hydrocarbons Hp02
1 520 134 87 20 20
(66) (17) (11) (2.6) {2.5)
2 529 79 126 37 17
(67) (10) (16) (4.3) (2.2)
3 496 32 158 56 47
(63) (4 (20) (7) (6)
4 524 80 133 36 15
(67) (10) (17) (4.8) (2)
5 363 260 118 22 21
(46) (33) (15) (2.8) (2.7)
6 513 167 62 18 28
(65) (21) (8) (2.3) (3.6)
8HoO0 values are estimated from the stoichiometry of the F-T and water-gas
shift reactions along with hydrogen conversions. The partial pressure of

water is a small fraction (2%Z-6%) of the total pressure in the reactor.
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8.3 Estimating Hydrbgen Conversions from Mass Balances

Because the hydrogen—measuring GC broke down during two.of our runs, we
developed three methods of estimating the hydrogen conversion from other
measurements. These estimates were compared with hydrogen conversions from
the four runms in which GC wmeasurements were available, and the accuracy of
the estimates was determined.

In the first method, we assumed the the F-T and water—gas shift were
the only reactions consuming CO, and used measured CO2 production and CO
conversion to calculate Hy conversion. For a basis of F moles of Hy and 1
mole of CO fed, the F-T and water-gas shift reactions are (Section 4.7)

fCO + £(2 + %ﬁ) Hy = £ CpH2p+1 + f£H20 (4-9)
n n

and
wCO + w HypO = wCO2 + wHp {4-10)

where f and w are th number of moles of CO consumed by the F-T and water-gas
shift reactions, respectively for each mole of CO fed. The extent water—gas
shift reaction, w, is also the number of moles of €07 produced per mole of
CO fed. Carbon dioxide production was experimentally determined. The total
CO conversion, Xgg, is also an experimentally determined quantity, and can
be expressed as:

Xeop = £ + w (8-1)
Knowing XCO and w, we can determine f by rearranging Eq. (8-1):

f=ZXpp-w ‘ (8-2)
The conversion of Hz, from Eq. (4-9) and (4-10) is

f2+ 1y —y
Zn (8-3)

XH2 = -

and can now be determined from a knowledge of CO2 production and CO conver-
sion.

In the second method of estimating hydrogen conversion, we used con-
traction in flow rate, CO conversion, and the fractlons of water and hydro-
carbons produced in the reactor that exit the 0°C trap as vapor. From Eq.
(4-9) and (4-10), the number of moles in the reactor are effluent per 1 mole
of CO and F moles of Hy fed are:

moles Hy = F + w - £(2 + ;_) (4-14)
n

- 48 -



moles CO =1 -w~ f o (4-15)

moles CO3 = w (4~-16)
moles Hp0 = f — w (4~17)
f
moles CpH2p+l = — (4-18)
The change in moles in the reactor 1s then:
1
MMpxny = f(— - 2) (8-5)
2n

When the effluent gas goes through the traps, there is an accumulation of
condensed water and hydrocarbons. The amounts condensed per mole of CO fed

are given by:

Accumulation of Cy Hoynsy = (1 - K) f/n (8-6)

Accumulation of Hz0 = (1 - K"} (f - w) (8-7)

where X and K' are the fractions of hydrocarbons and water, respectively,
which do not condense in the traps. K was determined for each run by a mass
balance on liquid and gaseous hydrocarbons and was approximately 0.2. K’
wae estimated, assuming vapor liquid equilibrium in the traps, to be 0.65.
Thus, the change in number of moles of gas across the traps is:

BMtraps = - (1 = K) f/a+ (1 -K') (f - w) (8-8)

and the total change in the pumber of moles between the feed and the
effluent from the traps is

M=t (Xl 3 ik —wk -1 (8-9)

2n
The contraction in gas flow rate, C, 1is given by

C = moles in - moles out _ &M (8-10)

moles in 1 +F

By substituting this into Eq. (8-9), the extent of the F-T reaction, f, can
be determined:

_Kgo (1 = K') +C(1 +F)
1 - 2K

(a——) + 4 - 2K!
2n

f (8-11)

XH2 can then be calculated from Eq. (8-11) and Eq. (8-3).

The third method of estimating XHZ was by a mass balance on the
gaseous effluent from the 09 trap. With the exception of hydrogen, the
concentrations of the major gaseous species were experimentally measured



using a gas chromatograph (H;0 and hydrocarbons above C7 were not detected,
but they consisted of only about 3% of the effluent). Assuming the remain-
der of the gas was hydrogen, the H2 concentration and H? conversion could be
calculated.

In Table 8.1 we present hydrogen conversions estimated with the three
methods desecribed above along with measured values, when available. The
average of the three estimated values for hydrogen conversion deviated from
the measured values by 0.4% to 9% in runs 1, 2, 4, and 6. Since these aver-
ages asgreed well with measured values, we used the average estimated values
in our calculations for runs 3 and 5, when the Hy conversion could not be
obtained experimentally.

Table (8-1)
Hy Conversion

Percent Hg Conversion Based On:

Space Stoichiometry Mass
Velocity and €07 Contraction Balance Measured Average
1570 19.6 21.9 19.3 21.9 20.3
950 27.5 30.3 26.5 26.3 28.1
490 36.4 50.7% 8.8 —-—— 37.6
920 26.2 30.3 26.5 27.8 27.7
830 35.9 31.2 27.9 ——— 31.7
940 21.8 - 23.0 19.7 19.8 21.5

*This value was artificially high due to equipment failure and was not used
in the average.

8.4 Nomenclature

moles in - moles out
moles in

F = feed ratio, moles Hy fed/mole CO fed

€ = flow contraction,

K = equilibrium constant
Ma = mole fraction of carbon number n,

moles of product with n carbons
total moles of hydrocarbon product

Py = standard pressure
R = 4ideal gas constant
T = temperature

Ts = standard temperature
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noles H? consumed

usage ratio,
moles CO consumed

moles i consumed
conversion of i,

moles i fed
extent of Filscher-Tropsch reaction,

moles CO participating in Fischer-Tropsch
moles CO fed
Langmulr - Hinshelwood rate constant

first-order rate comnstant,

moles CO participating in Fischer—-Tropsch
atm hour

molar flowrate, moles/hour

number of carbon atoms in average product
partial pressure of component i, atm
reaction rate, moles/hour

extent of water—-gas—shift reaction,

moles CO participating in water—gas shift
mole CO fed
mole fraction in gas phase, dimensionless

Flory chain-growth probability, dimensionless
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