SECTION 15

FXPERIMENTAL DATA BASIS FOR KEY CONVERSION PROCESS

15.1. FISCHER-TROPSCH SYNTHESIS

15.1.1 INTRODUCTION

The design for the conceptual U.S. Fischer-Tropsch plant is based on
a review and analysis of published research and devclopment results, discus-
sions with RED personnel, and published commercial expericnce.

The yields and reaction conditions used in the design are based on the
results of work of the Pittsburg Fnergy Research Center (PERC) over the past
15 years. The reactor design selected was based on the PERC-developed flame
sprayed catalyst (FSC) reactor concept, where catalyst is thermally deposited
on steel by flame spraying. This catalyst system has becn demonstrated by
PERC to be capable of efficiently producing liquids from syngas. A summary of
key elements of the PERC experimental program considercd pertinent to the
support of the Fischer-Tropsch design is presented here.

Data from experimental systems using other catalyst forms, notably steel
lathe turnings catalyst (SLTC), were uscd toO extend the limited data base of
the flame sprayed catalyst system after comparison of the performance of the
systems. These comparisons will be described.

A number of reactor types were analyzed and compared prior to selection
of the flame sprayed option. The analyses made are summarized in this report.

15.1.2 EXPERIMENTAL EQUIPMENT

A sketch of the experimental equipment used by PERC is shown in Figure
15.1-10. The system included facilities for mixing fresh feed gas with hot
and cold recycle gas, preheating the mixed gases, converting them to liguids
condensing the liquids, separating the liquids from unconverted syngas, cooling
a portion of the recycle gas to control the moisture content of the feed gas
to the reactor, contacting a portion of the recycle gas with amine solution
to control the carbon dioxide content of the reactor feed gas, and comhining
fresh feed with recycled syngas as feed to the reactor.

The fresh syngas feed rate to the reactor was varied from 165 to
1,214 scfh and liquid product rates obtained were from 1.2 to 13.7 pounds
per hour (pph}. The pressure was apgroximately 400 psig, while the tempera-
ture range studied was 515 to 615°F - 7,8
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The system permitted testing a number of reactor types. The plate
reactor system used in Experiments HGR 33 and HGR 34 consisted of a 3-inch
Schedule 80 steel pipe 12 feet long with catalyst coated plate grid inserts.
The plates were 5-3/4 inches long, 1/32 to 1/16 inch thick, made of steel,
and spray coated with Alan Wood Magnetite [AWM) melted with oxyhvdrogen or
oxyacetylene flame. The coated catalyst thickness was G.02 to 0.04 inch
and the distance between plates was 1/8 inch. Figure 15.1-2 shows the
plates and their assembly and Figure 15.1-3 illustrates the method of

catalyst application®.

The syngas passed through the inside of the pipe in contact with the
catalyst surfaces. The linear superficial veloeity of the syngas in the
pipe was in the range of 2.0 to 3.5 feet per second and the gas rate was
varied from 5.3 to 17.7 scfh/square foot of catalyst area. The heat of reac-
tion was removed by recycling the reaction mixture through an external heat
cxchanger.

15.1.35 PROCEDURE

The catalyst plates, coated with the flame sprayed magnetite, were
dipped into a 6% aqueous solution of potassium carbonate, dried, and placed
in the 3-inch pipe. The catalyst was reduced in a hydrogen atmosphere at
715 to 750°F and reaction then begun with syngas composition in the range of
1.4 parts of hydrogen to 1.0 part carbon monoxide,

Carbon dioxide was scrubbed from a porticn of the cooled recycle gas to
control the carbon dioxide and moisture content of the fced gas to the
reactor. The total recycle ratio, recycle gas to fresh feed gas, was about
18 with the cold recycle ratio in the range of 1.5 to 2.0,

Quantities and compositions of feed, product, and intermediate streams,
a3 well as reaction conditions, were measured to provide data for calculation
of syngas conversion, catalyst activity, space velocities, product ratces,
product compositions, and other pertincnt design factors.

15.1.4 DATA

The data presented originates in published PERC reports. For consistency
in precsentation in this report some minor changes werc made to column and
figure captions, and descriptive additions in the form of line items were
inserted; also, temperatures were changed from Centigrade to Fahrenheit scale
and in some cases data items were rounded. These same procedures werec also
used in the section on thc methanation design, '

Datz were generated for two expcriwental series. DNata for four of the runs
from these series are presented in Table 15.1-1. Experiment 34 was voluntarily
interrupted after 540 hours of operation following Run 2. Hourly space
velocities of 2,000 were successfully tested. Experiment 33 ran 1,500 hours.
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15.1.5 ANALYSIS

‘The data in Table 15.1-1 show hydrogen and carbon monoxide conversions of
the order of 90% were achieved, indicating good catalyst activity. Gasoline
production, in the range of 45 to 55% of the total hydrocarbons recovered,
was achieved. Very little wax was produced.

A careful consideration of the potential for use of this catalyst type
directed us to analyze the preferred geometry for sprayed catalyst. We
concluded that application of the catalyst to the outside surfacc of an ex-
tended surface heat exchanger would have significant advantages; these
advantages exist in the adjoining process sections as well as in the reactor
itself. However, it was necessary to rccognize the limited data basc which
exists for the flame sprayed catalyst system. The next step, therefore, was
to cvaluate the data available from related catalyst systems and determine
their applicability to extend the data base. Of particular import was the
effect of process parameters such as temperature, pressure, Space velocity,
and feed gas composition on conversion and product yields/compositions. A
brief summary of alternatc data sources is given in the following sections.

15.1.6 ALTERNATE DATA SQURCES

PERC has reported Fischer-Tropsch data for the following catalyst
systems: '

e Packed beds of steel lathe turnings catalyst (SLTC) with active
iron oxide surfaces.

e Flame sprayed magnetite on an external tube surface.
15.1.6.1 EXPERIMENTAL EQUIPMENT

15.1.6.1.1 Steel Turning_ﬁeds

The experimental unit shown in Figure 15.1-1 was used.
Characteristics of the reactor are shown in Figure 15.1-4.8 The reactor
tube was 3 inches in diameter by 12 feet long. The catalyst bed was varied
from & to 10 feet in depth.8 A 12-inch diameter reactor tube containing a
3-foot catalyst bed was also used.

15.1.6.1.2 Flame Sprayed Tube Surface

These were bench scale experiments. Figure 15.1-5
presents a sketch of the reactor assembly gnd Figure 15.1-6 is a photo-
graph of a 3/4-inch sprayed catalyst tube.

15.1.6.2 PROCEDURES

15.1.6.2.1 Steel Lathe Turnings Catalyst (SLTC) Beds)

The SLTC, with a void volume of 84 to 87%, was oxidized
by steam, impregnated with potassium carbonate, and dried to give a catalyst
containing 0.04 to 0.36% potassium oxide equivalent. The catalyst was then
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reduced with hydrogen in the reactor. Usual reduction conditions were

2,000 cfth of hydrogen flow rate, 100 psig, and 750°F For 40 to 60 hours.

The water formed was removed. The active catalyst surface consists primarily
of the alpha form of iron; the procedure produces & porous, high surface

area catalyst.

The reduced catalyst was inducted in the reactor for 10 days at
an hourly space velocity of 200 to 250, temperature of 500 to 518°F, a
pressure of 400 psig, and a feed gas H>:C0 ratio of about 1.0, Then the
bed temperature was raised to 570 to 610°F and the feed Hy:C0 ratio raised
to 1.3 to 1.5. The tests were then ready to begin using procedures similar
to those earlicr described for the FSC experiments.®s 7

15.1.6.2.2 Flamec Sprayed Tubc Surfuce

The catalyst application procedure was similar to that
used for the flat glates previously described. The experimental procedures
were also similar,

15.1.6.3 DATA

15.1.6.3.1 Stecl Lathe Turnings Catalyst (SLTC)

Fifteen experimental runs, spanning approximately 14,000
operating hours, were completed for this phase of the program. This
represents the largest Fischer-Tropsch data source from the PERC work.

_ Representative data are presented in Table 15.1-2.7
Conclusions drawn from the data are:

{1} The conversion of H; + CO, and therefore the
catalyst activity, was lower than obtained
with the FSC,

(2) Product distribution was lower in gas and
higher in liquid fractions than that obtained
in the FSC experiments. The gasoline fraction
was reported to be almost 60% by weight of the
hydrocarbons recovered.

(3} A higher percentage of oxygenates than in the
FSC experiments was in the synthesized hydro-
¢arbons.

t5.1.6.3.2 Flame Sprayed Catalyst on Tube Wall Reactor (TWR)

Six runs of short operating duration were completed,
Representative data, shown in Table 15.1-3,” indicate that:

(1) The H, + CO conversion was of the order of
50%.
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(2) ‘the high gas rate per unit catalyst surface
area favored the formation of light hydro-
carbons.

(3) The guantity ot Cy to C4 alcohols produced
increased with increase in pressure.

15.1.7 COMPARISON OQF RESULTS FROM ALTERNATE CATALYST SYSTEMS

Representative results from tests using the FSC, SLTC, and TWR catalyst
systems are compared in Table 15.1-4. The results indicate a number of
common trends. From this comparison, it is concluded that:

(1) The syngas compositions and hydrocarbon recovery, cxpressed
as 1h/1,000 scf fresh gas, were approximately the same in
the F5C and SLTC runs,

(2) The highest 1I, + CO conversion (approximately 90%) and
catalyst actiVity were obtained in the FSC expcriments.

(3) The highest gasoline yield (approximately 60% of recovered
hydrocarbons) was obtained in the SLTC experiments.

15.%1.8 DATA SELECTION

Based on the results of data analyses summarized above, plus an
analysis of preferred reactor geomeiry and process efficiency, it was
decided:

(1) To use an FSC iron oxide catalyst coatcd on the outside of
an extended heat exchanger tube surface.

The geometry was selected for reasons of predicted per-

Formance in the converter as well as effect on the inter-
facing process sections and plant thermal efficiency.

(2) Data from the SLTC runs have sufficient commonality with the
flame sprayed plate runs to permit use of the lathe turnings
data to establish elements of the product distribution.

» Run No. 26C was selected by analysis to be representative
of the PERC SLTC data; the results of this run were used
to establish the point design basis,

e The conceptual design product mix was set to be identical
to that obtained in Run 26C.

15.1.9 CATALYST LTFE

The design was based on a catalyst life of one stream year, oOr
8,000 operating hours. The reasons for selection of this projected
1ife are:
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(1) The flame sprayed catalyst performed well for 540 hours in
PERC Run HGR 34; total opcration using this catalyst form
exceeded 2,000 hours.

(2} Extensive syngas cleanup and desulfurization facilitics are
provided in the design. The specification for syngas feed to
the Fischer-Tropsch reactors sct at 0.001 grain/100 scf partic-
ulates and 0.05 ppm sulfur, maximum. Prior reported experi-
ence indicates that high purity feed gascs result in extended
catalyst life.

{3) The expcctation that future rescarch and develupment work
- will produce improved catalyst stahility.

PERC work published to date had not sct itseif to experi-
mentalily determine the best procedure for catalyst prepara-
tion or effectivc catalyst life. It is anticipated that
such a program will define ways to produce a long-lived
catalyst system,

15.1.10 CATALYST ACTIVITY

Representative catalyst activities for steel lathe turnings and
flame sprayed catalyst arc shown in Table 15.1-5. Data for the design
basis Run 26C SLTC and FSC Run 34 catalyst runs are included. Here the
catalyst activity factor is defined as by PERC Av/G, wherc:1¥

A130/T

Av = 1.241 x 107% x 8 x 10 x log)

1
-C
where:

C = Fractional Conversion of (CO + H2)

G = Geometric surface area of catalyst per unit volume of
catalyst bed, sq ft/cf

= 400 for steel turnings
= 113 for flame sprayed catalyst plates
S = Hourly space velocity (stp) of fresh feed gas
T = Average catalyst temperature (degrees Kelvin)
Table 15.1-5 indicates that the FSC activity can be significantly higher
than the SLTC activity. The selection of an activity in the lower FSC

range therefore reprcsents a conservative design criterion based on
information available at this time.
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A space velocity indicator proposcd by PERC, which relates to
catalyst surface area, is termed '"J'" factor and is defined as:

- Volumes (stp) of fresh syngas per hour
square foot of catalyst surface

Comparisons of catalyst activity based on "J" are also included in
Table 15.1-5. Here we see that the FS catalyst has shown activities
S to 10 times greater than the SLC type.

15.1.11 DESIGN BASIS

The key design basis elements selected for the Fischer-lropsch re-
action system are summarized below; reasons for their selectien have
been discussed in the preceding sections,

Key Reactor Design Basis Elements

Capacity, Btu/day total products HHV, hillion 500
Pressure, psig 400
Temperature (average), °F 606

Space Velocity Factors

J, scf/hr/sq ft of catalyst area 10
Sv’ scf/hr/cu ft of reaction zone volume 1,330
Catalyst Activity 1.33

Syngas Composition
Fresh Feed H,:CO ratio 1.45
co + H2 Conversion, percent 80

Reactor Recycle Ratio

Volume Recycle Gas + Volume (CO + H,) in Fresh
2
Syngas Feed 1.5

Heat of Reaction at Reactor Conditions

Btu/scf of (CO + Hz) Converted 72.8
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Reactor Product Composition

Weight Appears in Product
Percent Listed Below
Cy1, Co, €7 19.3 SNG
C3, Cy° 4.5 SNG
Cyy Cy 11.9 Butane
Cs, C5, Cg 13.6 Light Naphtha
€7, Cg, Cqg 19.2 Heavy Naphtha
Cigp, Cy1 to G40°F B.P, 18.8 Diesel Fuel
040 to 940°F B.P. 7.3 Fuel 0i1
Alcohols and Ketones 4.9 Oxygenates
Acids 0.5
Total 100.0

For reference, a comparison of the design basis elements listed above
and representative values from the flame sprayed plates (FSP), steel lathe
turnings (SLT), and tube wall (TW} test runs are presented in Table 15.1-5,

15.1.12 DISCUSSION
15.1.12.1 KINETICS
A limited number of kinetiec fBudies have been made on the Fischer-
Tropsch synthesis using irom catalysts. The data have been correlated by
a simple empirical equation, similar to that for a first-order reaction, re-

lating the fraction of (COy + Hy} converted ¢, to the space velocity § [at
stp), and a reaction rate constant, K.

-In (1 -¢) =

| ==

The catalyst reaction rate constant K is of the form K = A e—E/RT in which
A is a constant, E the apparent overall activation energy of the synthesis,
T the absolute synthesis temperature, and R is the universal gas constant.
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Arrhenius plots of the logarithm of the catalyst space time
yield versus the reciprocal of the absolute temperature are presented in
Figure 15.1-7 for both sprayed plate catalyst and oxidized stecl turnings

catalyst, at 400 psig.

The apparent gverall activation energy of the synthesis, E, 1is
12.1 Keal/mole for both the SUTC and the FSC. _The activity constant A is
2 16 x 107 scfh/cf for the SLTC, and 5.12 X 107 scfh/cf for the FSC.

This correlation indicates that the conceptual Fischer-Tropsch
plant synthesis results could be ohtained with a FSC space velocity of
2,800 scfh/cf, or a nyt factor of 25 scfh/s€ (total reactor feed).

The conceptual plant reactor has been designed for a 'J" factor
(total reactor fced) of 24 scfh/sf, or a fresh gas "J" factar of 10 scth/sf.
The equality of activation energies for the two types of catalyst further
indicates that the steel lathe turnings and flame sprayed catalysts are
sufficiently similar to permit use of the lathe turnings data in setting
product distribution. This projection further indicates that the design

basis ".J'' factor is realistic to conservative.

PERC studics with fused iron catalyst showed that the catalyst
activity -constant A was proportional to the first power of the operating
pressure, OveY the range of 0 te 250 psia. Bench scale test results for the
TwrY9 at 300, 650, and 1,000 psig show no change of catalyst activity with
changing pressurc.

15.1.12.2 SULFUR CONTENT 0OF SYNGAS

Poisoning of the Fischer-Tropsch iron catalysts can be caused by
the presence of impurities in the syngas; examples include dust, tar, resin
formers, sulfur compounds, organic compounds, and halogens.lls 12 In the
conceptual plant design extensive gas cleaning facilities prior to the acid
gas removal plant remove essentially all gas particulates, tars, and
halogens.

During gasificationm, sulfur in the coal is converted to hydrogen
sulfide, together with small amounts of sulfur dioxide, carbonyl sulfide,
and organic sulfur compounds. These sul fur compounds are removed by an acid
gas removal umit, and by zinc oxide/cobalt-molybdenum guard reactors. The
efficiency of this removal system 1is determined by the sensitivity of the
Fischer-Tropsch catalyst to sulfur.

The PERC Fischer-Tropsch studies maintained the sulfur content

of the syngas below 0.1 grain (gr) per 100 cu ft by passing the gas through
activated carbon. Usually the sulfur content was less then .02 gr per
100 cu ft.2 These sulfur contents are equivalent to 1.7 and 0.34 ppm {(vol),

respectively.
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The South African Coal, 0il and Gas Corporation (SASOL) reported
that they obtained an average syngas sulfur content of 0.3 ppm {(vol) up to
1964,13 Improved operating techniques after this date have reduced the
sulfur content to about 0.015 pem (vol).lb The SASOL plant expansion

SASOL 11, is designed for a syngas sulfur content of Q.03 prm (vol).l4

The conceptual Fischer-Tropsch sul fur rémoval system is de-
signed to obtain 0.1 ppm (vol) after the acid gas removal unit, and 0.05
ppm after the zinc oxide/cobalt-molybdenum guard reactors.

15.1.12.3 CARBON TFORMATION

PERC_experiments with the large diameter (12-inch) Fischer-
Tropsch reactor’ demonstrated that carbon deposition could be avoided in
these expcriments by maintaining the maximum bed temperature below 340°C
(644°F), if good heat transfer rates From the catalyst to the circulating
gas also existed. Adequate heat transfer rates werc obtained by careful
packing of the catalyst to avoid uneven distribution of the gas. The
desired linear gas velocity for a commercial reactor using the hot-gas-
recycle process was estimated to be 3 te 4 feet per second.

The conceptual reactor design permits close control of the heat
transfer rates from the gas to the catalyst surface, and from the catalyst
surface to the coolant. The closc control of heat transfer rates, heat
transfer surface, and the good gas distribution inherent in the concep-
tual design, aveid the formation of catalyst hot spots or excessive
catalyst face temperaturcs that might result in carbon formation.

The conceptual reactor is designed for an average catalyst face
temperatore of 606°F with a bulk gas phase temperature of 601°F,

The triangular coordinate carbon phase diagram, Figure 15,1-8,
shows the equilibrium isothern for the (H,), {CHy}, - (CO}, {C02), and
(Ho0) system.15 Points for the PERC cxperimental recactor Run 26C (steel
turnings catalyst) and the conceptual reactor are shown as being outside
the theoretical carbon forming region. The Fischer-Tropsch synthesis
gases contain hydrocarbons other than methane, and so arc not at thermo-
dynanic equilibrium. All hydrocarbons except methane are thermodynamically
unstable with respect to carbon and hydrogen abave 200°c. 16 However, the
carbon phase diagram is useful in that it shows the conceptual reactor
gas composition to be closer towards the H-0 axis and farther away from the
carbon formation region than the Experiment 26C gas.

The partial equilibrium isotherm for the system (Hy}, (CO),

(CO5} and {H,0), shows that both the conceptual reactor and the PERC re-
actor lic in the carbon formation region for this system. However, kinetic
effects are also responsible for the suppression of carbon formation and
since carbon deposition was mot a problem in Experiment 26C, the conceptual
reactor is not expected to experiencce carbon deposition. In addition, the
consequence of carbon laydown in the plate reactor is not as great as with
a tixed bed reactor where the bed may plug.
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The composition of the active catalyst surface is determined by
the chemical reactions which occur between the catalyst and the gas. The
carbon content of the catalyst can be increased (carbiding) or decreased
by these reactions. As made, the steel turnings catalyst is mainly iron
oxide Fez0y promoted by potassium salts, but under operating conditlons the
catalyst is reduced to Fe, Fe. 04 or Feyl (Egg carbide). All these forms
of the catalyst have hcen found 1o be equally active for the Fischer-
Tropsch synthesis’ so that catalyst carbiding will not reduce the catalyst
activity.

X-ray analysis of catalyst samples from Experiment 26 show the
active surface to be entirely composed of Hagg Fe,C. Consideration of
carbon dioxide/carbon monoxide partial pressurcs indicates that thc active
form of the conceptual reactor catalyst will also be that of Higg FepC.
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Table 15,1-1 - Example Experimental Results
Flame Sprayed Catalyst (EsC) Fischer-Tropsch Runs6

[_ Item

No

Catalyst type
Fresh gas space velocity, vol/vol/hr
Fresh feed rate, scfh

Recycle ratio:
Total recyecle ¢ fresh feed, vol/vol

Reactor pressure, psig
Catalyst temperature, °F

| Average
Differential

H, conversion, %

-]

CO conversion, %
Hy + CO conversion, %
Overall weight balance, %

Hyvdrocarbons recovered,
1b/1,000 scf fresh gas

Hydrocarbons recovered, wt%
C; + Cp
C3
Gasoline (Cy = <400 °F)
Diesel fuel (400 to 600°F)
Fuel o0il (600 to 842°F)

Wax (>842°F)

600

400

516
36

73,

80,

76

93.

~I

Experiment Experiment _1
. HGR 3% No. HGR 34
Coated [Coated |Coated Coated
Plates [Plates |Plates Plates
1000 1000 2000
275 278 550
15.9 20,4 i?.4
400 400 400
617 608 617
20 72 90
4 90.9 90.1 83
6 98.8 9g8.2 94 .4
.4 94 .4 93.4 87.5
6 90.8 87.8 96.6
4 9.5 10.3 11.6
7 36.5 33.9 29.5
.6 14.1 12.3 12.8
.8 43,7 48.5 53.0
9 5.0 4.0 3.8
0.4 0.2 0.5
0.3 0.1 0.4
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Table 15.1-2 - Example Fxperimental Results
Steel Lathe Turnings Catalyst (SLTC) Fischer-Tropsch Runs’

Experiment 26
Ttem Period C
Catalyst type SLTC
Synthesis, hours 416 - 488
Reactor conditions:
Tresh feed rate, scfh 1,214
Space velocity, vol/vol/hr 607
Reactor pressurc, psig. 405
Recycle to fresh feed ratios:
Total 27
Hot 25.5
Cold 1.5
{0, scrubbed 1.5
Reactor temperature, T
In gas 652
Qut gas 610
Increment 58
Average catalyst temperature, °F 586
Maximum catalyst temperature, °F 622
Catalyst pressure drop, inches of H,0/foot | 6
H,:CO ratio, fresh gas 1.45
Results:
€0, free contraction, %
H, conversion, % 74.6
CO conversion, % 73.7
H, + CO conversion, % R8.7
Hyp: €Q ratio: 79.8
Recycle gas 3.35
Usage 1.21
Water vapor in recycle gas, vol % 7.0
Heating value of tail gas,(a) Btu/ £t 536
: . Lo (1)
Tail gas composition, vol %
Ra 55.2
Y 16.5
No 1.2
€Oz 3.6
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Table 15.1-2 (Contd)

Experiment 26

Item Period C

Tail gas composition, vol %:(b)
ol '

(]
e
I
DO DD = OO RO
R I o e R T P R e

SNeN
[ I S R

1
bt L
LW EEFE I N

[
= r
I
—

.97

[}
fea )
1
—
-l
MOGGCJCJC:@NWO‘-‘\JM

Aqueous

¢y - Cgomnle)

Other oxygenates(C)
Water

COo,

L =
(=
~] w0

livdrocarbon recovery, g/m? 191

Theoretical recovery, g/m3 201
Hydrocarbon recovery, wt 4%
CI*CE
Cq
Gasoline (C3 = <400°F)
Diesel oil (400 to 600°F)
Fuel o0il (600 to 842°F)

Wax (<B42°F)

i

53]
Mo WD WD g o
W = S

(a]Cubic foot corrected to 60°F and 30 inches of ‘mercury (dry).
{b}

(c)

Dry basis.

Calculated as hydrocarbons.
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Table 15.1-3 - Example Experimental Results

Flame Sprayed Catalyst on Tube

Wall Reactor (TWR) Fischer-Tropsch Runsg

) Experiment Number
{tem FT-TH-1
3
- . vol. gas, ft° (stp)/hr 30 30 30
Fresh gas, pro catalyst surface
Fresh gas feed rate, scth 4.37 4.37 q4.37
Hy:CO ratio in feed gas 3:1 3:3 3:1
Reactor pressure, psig 300 650 1,000
Catalyst temperature, average, 615.2/324 602.6/317 609.9/318
nl—;/oc
H, conversion,% 40,32 43.67 45,12
CO conversion, % 78.30 78.46 76.21
H, + CO conversion, % 49.38 52.02 52.70
Heating value tail gas Btu/ft?
With COy, 333 383 418
Without CO; 419 453
Overall weight balance, % 93.56 97.05 95,72
Hydrocarbons recovery, .y 4.148 5.139 5.714
ib/1,000 scf fresh gas
Theoretical hydrocarbons, 188.65 184.13 166.98
g/m3(H; + CO) conversion
Recovery, % 71.33 82.76 108.09
Hydrocarbhon recovery, wt%
Cy + G2 71.26 67 .01 69.56
Cq _ 17.70 19.92 11.75
Gasoline (G4~ + <400°F) (@) 9.18 12.14 18.32
Diesel fuel {400 to 60C°F) 1.60 .83 .32
Fuel oil (600 to 842°F) W25 .10 .06
Wax (>842°F) 0.0 0.00C 0.00
pPeriod
Item 1st 2nd ist 2nd 1st 2nd
Aqueous layer, g/m3(H, + CQ)
conversion
cy - €,0H 3,16 4,34 7.70] L7.14 30.34] 42.33
Othcr oXygenates .19 .13 .13 .18 0.0 0.0
H,0 126.7 j124.9 140,6 ]135.2 125.6 | 113.7
Percent CO 1n tail gas 8.09 8.0 8.3

(a)Includes alcohéls and oxygenates.
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Table

Fischer-Tropsch Experimental Results

15.1-4 - Comparison of Example FSC, SLTC, and TWR

FsC SLTC THR
Item Experiment Experiment Experiment S
HGR 349 26 C7 Xperiment
. rne YOl gas, ft3 (stp)/hr -
Fresh 83, 7o catalysi sieface 8.85 17.7 {a) 30
Fresh gas feed rate, scth 2758 550 1214 4.37
Hy:CO ratio in feed gas 1.4:1 1.4:1 1:45 3:]
Reactor pressure, psig 400 400 405 300
Catalyst temp. average °F/°C 608/320 [617/325| 586/308 615.2/324
Hp conversion, ¢ 80.1 83 73.7 40,32
CO conversion, 2 98.2 94.4 88.7 78.30
H> + CO conversion, o 93.4 87.5 79.8 49_38
Heating value tail gas Btu/ft?
With CO, 930 785 536 383
Without (O, 1000 852 503 419
Overall weight balance, % 7.8 96.6 - 93.96
Hvdrocarbons recovery, (b) 10.3 11,6 9.5 4,15
1b/1,000 scf fresh gas
Theorctical hydrecarbons,
g/m® (Hy + CO) conversion 190.28 | 157.0 201 188,65
Recovery % 118,53 97.39 95 71.33
Hydrocarbon recovery, wtj%
Ci + Cy 38.00 32.71 19.4 71.26
C3 b) 13.58 | 12.07 3.5 17.70
Gasoline (C3=+ <400°F) 48.11 50.01 59.0 .18
Diescl fuel (400 to 600°F) 4,46 4.27 8.1 1.60
Fuel oil (600 to 842°F) .18 .52 6.2 .25
Wax (>842°F) 11 .42 2.8 0.0
Period
lst Znd
Aqueous layer, g/mi(l, + CO)
conversion
Cy - €01 4.34 6.11 g(c) 3.16] 4.34
Other oxygenates .32 .36 3 .19 .13
H,0 87.54 108.32 130 126,7 124.9
Percent CO in tail gas 4.21 9.67 1.5 8.09

(a)Lathe turning bed reactor with hot gas recycle.
007 scfh/cf catalyst.

and other oXygenates,

ratio of 27 to 1,

(b)Includes alcohols

Total recycle to feed

e, - cqom.
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Table 15.1-5 - Catalyst Activity [AS) and "J'" Factor Comparisons

Experiment _R§nge of "J'" Factor X
No. Catalyst Type Activity Factor Cu Ft Gas/ft
Ag Cztalyst Area
5871/71 Steel Lathe Turnings 0.08 to 0.20 1.0 to 1.5
5871/8 Steel Lathe Turnings 0.10 to 0.54 0.5 to 3.5
LR71/9 Stcel Lathe Turnings 0.10 to 0.34 .5 to 2.5
5871/15 Steel Lathe Turnings 0.18 to 0.30 0.63 to 2.5
5871/16 S5teel Lathe Turnings 0.20 to 0.66 0.63 to 2.5
5871/17 Steel Lathe Turnings 0.12 to 0.20 2.5 to 3.75
61267267 Steel Lathe Turnings 0.12 to 0.20 1.5 to 2.0
HGR 338 Flame Sprayed Plates 1.1 to 1.7 5.3 to 8.85
HGR 34 Flame Sprayed Plates 1.2 to 1.6 8.85 to 17.7
™ - 19 Flame Sprayed Tube Wall 0.9 to 0.93 30
Conceptual Plant Flame Sprayed Fintube 0.9 i0
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Table 15.1-6 - Conceptual Fischer-Tropsch Reactor Design
Compared with :PERC Lxperimental Data

‘ strc’ TWR Conceptual
Experiment . : 1
HGR 349 Experiment Expcrlmegt Design
Item 26 C FT-TW~1 Basis
"J," scfh/sf catalyst 8.85 17.7 1.5 30 10.0
surface
Hp:CD ratio in feed 1.41 1.41 1.45 3 1.45
Recycle ratio 20.4 144 27.0 - 1.5
(CO + Hy) conversion % 93.4 87.5 80.0 52.0 80.0
Total Reaction Heat 583.0 109z2.0 84.0 1160.90 563.0
Calculated Btu/sf/hr
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Reproduced from
est available copy,

Figure 15.1-3 - Apparatus Used in PreparingsFSC Plates for
Fischer- Tropsch Experiments
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well for sliding thermocouple
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Figure 15.1-5 - Reactor for Testing AMW Iron
Catalyst-Coated Tubes
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SECTTON 15

BASTS OF FISCHER-TROPSCH REACTOR DESIGNS

15.2. METHANATION REACTOR

15.2.1 INTRODUCTION

PERC has conducted an extensive methanation research and development
program using flame spraycd Raney nickel coated plate catalytic reactors. -
The basic principle is identical to that of the ISC described in the
Fischer-Tropsch reaction experiments. Fresh gas mixturcs of hydrogen and
carbon monoxide were fed to the reacter with the product gas stream contain-
ing the reaction heat being cooled in an external heat exchanger. A major
portion of the product gas was mixed wilh the fresh feed gas stream and
recycled to the reactor.

The conceptual Fischer-Tropsch plant uses & modified version of the
PERC coated catalyst plate reactor for 1ts primary methanatlon process; it
also uses a "final" methanator with granular catalyst to assure essentially
complete conversion of carbon monoxide. The primary reactor is an extended
surface heat exchanger with flamc sprayed Raney nickel catalyst coated on
external spiral fins comnected to the heat exchanger tubes. The configura-
tion is identical to the Fischer-Tropsch synthesis reactor described in the
previous section. The coolant is Dowtherm liquid within the tubes. This
type of reactor was selected for reasons similar to those which dominated in

the Fischer-Tropsch converter sclection decision--direct efficient reaction
heat rccovery allowing a reduced recycle rate and use of the heat of reaction

to generate 1,200 psig steam.

This section will present basic data and experimental resuits developed
by PERC which served as the basis for the conceptual plant methanation
reactor design. '

15.2,2 EXPERIMCNTAL EQUIPMENT AND PROCEDURE

A sketch of the experimental equipment used by PERC is shown in
Figure 15.2-1. The system inciuded facilities for mixing frecsh feed gas
with hot and cold recycle pas, preheating the mixed gases, a primary
reactor and a secondary reactor system, removal of water formed in the
veaction by cooling the recycle gas, and recveling the syngas to the
reactors.
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Fresh syngas feed rate to the primary reacter was in the range of 411 to
1,412 scfh. Pruduct gas rates obtained were from 104 to 340 scfh. Pressure
and temperature ranges werc 300 to 400 psig and 350 to 425°F, respectively.

The primary reactor was packed with flame sprayed Raney nickel coated
stainless steel plate grids (FSC) and the second rcactor with precipitated
nickel catalyst (pC).17

The FSC reactor system used for Experiments 14 and 15 consisted of a
3-inch, Schedule 40, 304 stainless steel pipe, 10 feet long, with 304 stain-
less stecl plate grid inscrts. Each grid assembly was 6 inches long, con-
tained 15 plates, and was shaped to conform to the inside diameter of the
reactor, adjacent grids being stucked 90 deg with respect to cach other. The
coated catalyst thickness was 0.022 inch flame sprayed with Raney nickel alloy
powder. The assembled grids formed an &-foot bed in the reactor pipe.

The syngas flowed through the insidc of the pipe, contacting the
catalyst surfaces. The linear superficial velocity in the pipe was in the
range of 2.3 to 6.0 actual feet per second. The gas rate was varied from
90 to 263 scfh/square foot of catalyst area. Heat of reaction was removed
by recycling the reaction gas through an external heat exchanger.

15.2.3 PROCEDURE

The catalyst coated plates, coated with flame sprayed Raney nickel, werce
placed in the reactor and then activated by passing a 2 weight percent caustic
soda solution through the reactor until approximately 70% of the aluminum in
the Raney alloy was dissolved as determined by mecasuring the guantity of
hydrogen evolved. Following activation, the catalyst was water-washed until
the effluent water reached a pH of 7.2. Reactor startup was initially under
hydrogen pressure until synthesis temperature and pressure were rcached,
Synthesis gas was then gradually fed into the system t¢ commence the run.

The quantities and compositions of feed, intermcdiate and product
streams, along with reaction conditions were measured to provide data for
calculation of syngas conversion, catalyst activity, space velocities, product
composition, and other design factors.

15.2.4 DATA

Data were generated for three experimental series. To illustrate, data
for 7 runs of experimental series {GR 15 are presented in Table 15.2-1. Experi-
ments HGR-14 and HGR-15 ran for 2,300 and 1,300 hours, respectively. lourly
space velocities to 2,000 were successfully tcsted.
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15.2.5 ANALYSIS
The data in Table 15.2—11? show:

e High (Hz + CO} conversions in the range of 98 to 99% of the
fresh feed and 50 to 65% of the mixed reactor feed

e Methane content in the product is of the order of 90%
e Product heating value is in the range of 930 to 960 Btu/scf.
The FSC reactor data base for the methanation reacter is morc cxtensive
than that for the Fischer-lropsch synthesis FSC reactor. A simllar geometry,
using sprayed catalyst [or the conceptual plant methanation process reactor,

was adopted. The modified design has similar significant advantages.

15.2.6 OTHER DATA SQURCES

PERC has reported methanation data for the catalyst systems:

e Packed beds of stcel lathe turnings with active iron oxide surfaces
constituting the main reactor of the system

s Packed beds of granular Raney nickel as the second reactor.
15.2.6.1 DISCUSSION
This work had the objective of synthesizing high Btu gas. A
12-inch diameter main reactor was operatcd, covering Experiments 22 through
25.7 Table 15.2-2 lists typical data for Run € of Experiment 23. These data
were included in the data base because of the low 0.1 volume percent (0 com-
tent in the final product gas stream (tail gas).

15.2.6.2 ANALYSIS

The experimental data covered in Table 15.2-2 indicate the
following:

(H An overall conversion for (Hp + C0) of 99.5% for the
two reactors in the series

(2) A tail gas product heating value of 985 Btu/cu ft
(3) A tail gas product composition of 94.3% methane

(4) Recycle ratios were 27:1 for the main reactor and 7:1
for the second reactor.
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15.2.7 DATA SELECTION

Based on the dats anaiyses summarized above, plus analyses of preferred
reactor geometry, it was decided:

s To use a flame spraved Raney nickel catalyst coated on the pur-
side of an extended surface heat exchanger for the primary
methanation reactor

- Data from the FSC Runs HOR-14 and HGR-15 indicatcd that
FSC type reactors could be effectively used as primary
methanator reactors

- The geometry was seiected for reasons of predicted perform-
ance in the reactor as well as effect on auxillary process
equipment and plant thermal efficiency

* To use a "final" methanation reactor consisting of a granular
nickel catalyst bed

- The purpose is to ensure essentially complete carbon
monoxide conversion,

15.2.8 CATALYST LIFE AND ACTIVITY

The conceptual plant methanation design is based on a catalyst tife of
ONe stream year, Or approximately 8,000 operating hours. The reasons for
selecting this projected life are:

@ The flame sprayed catalyst in PERC Experiments HGR-14 and -15 ran
well for 2,300 and 1,300 hours, respectively

¢ The conceptual design includes extensive syngas cleanup and
desulfurization facilities

¢ The abbreviated active catalyst lives obtained by the FSC were
attributed to sulfur poisoning and carbon deposition

- -‘The assurance of low sulfur in the design was considered
a basis for projecting the 8,000 hours life

- The carbon dcposition rate is expected to be considerably
reduced because of the geometry of the reactor and the rapid
direct reaction heat removal feature of the extended surface
heat ecxchanger reactor design. Further discussion of this
factor follows.
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15.2.9 CARBON DEPOSITION

Figure 15.2-2 presents a carbon formation equilibrium isotherm for 500
psig operation.l5 Points representing conditions for the PERC cxperimental
methanation reactor and the conceptual methanation reactor are shown. In all
cases, the reactor gas compositions are outside the theoretical carbon forming
region. However, carbon deposilion and also somc catalyst carbiding at the
reactor inlet have been observed in the PERC experimcnts possibly due to trace
amounts of iron carbonyl in the reactor feed.l) The amount of carbon deposi-
tion during the life of the conceptual methanator catalyst is expected to be
appreciably less because of the reactor geometry plus better temperature con-
trol through direct hecat conductance.

15.2.10 DESICN BASIS

Key design basis elements selected for the methanation reaction system
are summarized below: reasons for their selection have been discussed in the
preceding sections.

Key Reactor Design Basis Flements

Capacity, sc¢f/day SNG, billion 263
Pressure, psig 380
Temperature [(average), °F B&5
Linear Velocity, actual ft/sec average 2.3

Space VYelocity Factors

J, scf/hr/sa ft of catalyst area 15

Sv, scf/hr/cu ft of shell volume 6,100
Syngas Composition

Fresh Feed H,/CO ratio 3.35
Conversion

Primary reactor {(CQ + Hy) Conversion, % 89.7

Overall (CC + H;) Conversion, % 99.25
Reactor Recycle Ratio

Volume Recycle Gas + Volume Fresh Syngas Feed 1.7
lleat of Reaction at Reactor Conditions

Btu/scf of methane formed 192
Product Methane Content

Main Reactor Product, volume percent 77.8

Final SNG Product, volume percent 83.8

Table 15.2-3 compares the conceptual design methanation reactor with PERC FSC
and granular catalyst experimental data.
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Table 15.2-1 - Example Experimental Data
Methanation Runs
Experiment HGR 1517

Period Number

Izem
2 33 34 41 32 44 15
Catalyst tyvpe The primary reactor was packed with flame spraved Ranay
rickel-coated plate grids. The second reactor wes
packed with a precipitared nickel catalyst. Resulrs for
the primary reactor operation only are given.
' |
| Hours on strean |‘ 91 | 955 97a w7 L oun | oans 1243
: . L !
- Fresh Eads: !
| Rate, scfh i 810 821 820 gz 823 617 0 4l
Ha, vol pct T5.1 75.3 74,6 5.1 75.3 T SR8
Cg, vol pct 24.5 23.8 24.5 4.2 ! 4.4 4.1 g 5.7 |
“0g,vol pet 0.1 6.1 0.1 0.2 0.1 0.2 ¢ 0.2
| K2, vol pet 0.3 0.7 0.7 .2 0,3 2.8 ! 9.5 !
. CH,, vol met . i .1 0.1 i n.1 B 5 S S 1 0
HziCo il 3.2 3.2 3.1 3.1 3.1 iz
i Exposure vel., scfh/fet 17.8 18.0 - 18.2 8.0 13.5 | a0
i Space vel,, hr-! 1990 1986 | 2013 2015 017 1512 | 1008
! i : i !
| Mized foed wus {wet): i ! i i !
i Rate, sofh Polagon 2730 Ta0¢ 8700 10156 1 &782¢ O 44TC
i Hz, wol put i 8.5 . 3.5 L4 13.4 1.7 ¢+ 13.0 12.5
| 9, vel pet S g 2.5 3.0 3. 7 2.8, 2.4
i C0s, vol pet i 1.0 2.5 . 0.5 9.7 6.7 0.6, 6.5
! g, vel per 3.5 6.8 ; 0.3 1.1 0.8 | 0.9 ° D.3
! GH,, vel pct - T80 L TT.T T8 P50 TR 799
i HzD, vol pet - | 4.6 | 4.0 3.2 4.6 ' 4.5 0 4.1
I H-:iCo i 3.0 3.4 4T 3z ! 29 2.5 ¢ 5.1
i Inlet superficial vel., /s ! 6.3 220 4.0 3.6 5.4 36 1 2.4
| Inlat Reynelds No. | 5660 2100 1 3440 3820 ¢ 4380 3960 | 2040
| Exposure vel., :_"Cﬂlfftz 263 AT 166 120 az2 144 i a8
; Space vel., hr—* ; 29400 23800 j 18460 212s0 24900 ! taezd | 10950
Vol tocal recyclefvel fresh gas Pol4.n 1o11.1 8.5 0.0 1 11.6 10.2 7 10.1
! Yol celd recycle/vel {resh zas i 2,5 | 3.0 3.0 3.0 3.0 3.0 0 31
Temperatures: |
tias inler, °F I 576 74 576 374 g7 572 576
Maximm catalyst, °F 743 752 783 797 75 750 752
i Pressure, psig . 300 300 | 300 300 300 300 300
! Praduct gas: i
Rate, secfh 206.0 212.3 208.6 210.9 211.7 156.4 15,8
Ha, voel pet 4.0 8.2 6.9 7.2 8.6 7. 6.4
{9, vol pet .03 0.6 0.4 a.7 0.8 0.7 0.3
13-, val pet 1.17 0.5 a.% Q.3 0.8 &6 a.5
Kz, vol pet 3.9 1.0 0.9 1.2 0.9 1.0 | 8.3
CHy, vol pet 90.7 9.5 81,02 g2.0 38.€ Bd.s 2.3
HzD, wal pet 0.2 0.2 e.2 0.2 0.2 0.2 d.2
Hp: LD 135.0 1.7 16.9 9.4 9.3 10,3 21.4
Conversien:
Hz, pet rresh feed 08.7 97 .6 L 98.0 97.6 98.3 95 .8
Ld, pet tresh feed LU0 99.5 99.7 99.4 99,2 29.5 99.8
{Ha+v CQ), pet fresh feed 99,0 98.1 98.4 93.5 97.8 55.6 9.3
Hz. por mixed feed 38.4 45.6 €63 ¢ EBI.D 454 1.2 8.4
0, pet mixed faed 98 .4 78.8 880 ; 7.6 .o kP 9.1
{H:+ £0), pct mixed feed 65.0 30.8 61.8 1 56.7 47.9 6.0 &0.1
Usage ratio, H;:CO 5.0 3.1 3.0 5.0 5.0 3.0 3.1
i Heating value, Btufscf ! 934 937 947 937 931 943 959
1 H i
L_Carbon recavery, pot 95,8 i 100 96 .7 ar.n i at.3 t 96,4 96,8
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Table 15.2-2 - Experimental Data
Methanation Lxperiment 23 c’

Experiment 23

frem Period C
Catalyst Type Primary Reactor: Steel Turnings
Second Reactor:  Granular Raney Ni
Synthesis, hours 475-571
Primary reactor conditions:
Fresh feed rate, scfh 1,412
Space velocity, vol/vol/hr 706
Reactor pressurc, psig . 308
Recycle to fresh feed ratios:
Total 27
Hot 25
Cold 2
Reactor temperature, °F:
In gas 570
Qut gas 628
Increment 58
Average catalyst temperature, °F 603
Maximum catalyst temperature, °F 653
Catalyst pressure drop, in. of Hp0/ft 6
Water vapor in recycle gas, vol % 7.6
H,0:C0 ratio,
Fresh gas 2.85
Recycle gas 31.7
Second reactor conditions:
Fresh feed rate, scfh {from primary reactor) 419
Space velocity, vel/vol/hr 9,100
Space velocity (based on fresh feed), vol/vol/hr 26,000
Recycle to fresh feed ratio 7
Reactor temperature, °F
in gas 556
Qut gas 662
Average catalyst temperature, °F 608
Maximum catalyst temperature, °F 662
Water vapor in recycle gas, vol % 2.9

Dverall results:

Reactors in service 2
COs-free contraction, % 76.1
Hy, conversion, % 99.3
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Table 15.2-2 (Contd)

Ttem

Experiment 23

Period C
Overall results: {contd)
CO conversion, % 99.9
H, + CO conversion, % 89.5
H,:C0O ratio, usage (a) 2,83
Heating value of tail gas, [b?tu/ft3 985

Tail gas composition, vol %:
Hy
co

Feed gas  ft? tail pas 0 £ 3
Tail gas ft? tail gas 0 ft?
Yieid, 9/m3 (H, + CO} converted:

Aqueous
¢, - CyoH'Y
Other oxygenates
Water
Cco,
Hydrocarbon recovery, g/m?
Theoretical recovery, g/m?

{d]

[ I

e

.13

| S e R e T S e B o B Y e I ne R S I B S
i = ~]

H
I

=
L)
B ODOoODoDHMROMNDW

)
b= AD
=

fan

181

171
181

(aJCubic feet corrected to 60°F and 30 inches of mercury (dry).

(b)Dry basis.

[CJCorrected to °C and 760 mm of mercury.

(d}

Calculated as hydrocarbons.
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Table 15.2-3 - Comparison of Granular and
Spray Coated Platc Catalyst Systems

Sprayed Plates Catalyst

Based on fresh feed gas

Granular F-T
C::;?y;t PERC]7 pERC17 CngcePtual
s Exp. HGR 15 | Exp. HGR 15 F_BS%EE
(91 hours) (1171 hours) on iube
Reactor
Number of stagces 1 1 -1 1
Stage Number 1 1 "1 )3
Pressure, psig 398 300 300 382
Temperature cut, *F 662 743 752 600
Temperature in, °F 556 576 572 571
Temperature, avg.,, °F 609 660 662 286
E Overall
CO Methanated, % 95.46 100 99,2 98.98
CO, Methanated, % 85.08 -197.6 -105.8 ~-1.9
o Methagated, % _ 95.406 100 99.2 58.98
Te-Tout, \0) °F +116 -184 +234 +185
CO, Methanated 88.08 197.6 -105.8 -1.9
Te~Touts P) °F +97 +41 +160 +135
Sy, scfh/cf(a) $,100 1,900 2,017
(J=17.6) {(F=17.9) {J=15.0)
Product (Dry) Mol %
H, 2.1 4.0 8.6 4,89
e 0.1 0.0 0.90 0.10
€O, 1.3 1.2 0.80 1.82
CH,, 94.3 90, 80 88.8 85.52
Ny 1.1 3.9 0.9 6.99
Co+ 1.1 0.1 1.0 0.68
Feed (Dry) Mol %
ca 1.54 24.5 24,2 16.97
CO, 7.65 0.1 0.1 .83
Hy 49,04 75.1 75.3 57.25
C1 30,63 0.0 0.1 18.22
N2 0.78 0.3 0.3 3.4
Ca 10.36 0.0 0.0 3.33
(a)

(b}Tg is equilibrium temperature corresponding to gas composition and

pressure,
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SECTION 15

BASIS 0? FISCHER-TROPSCH REACTOR DESIGNS

15.3. SHIFT REACTOR

15.3.1 INTRODUCTION

The design for the Fischer-Tropsch sour shift reactor is based upon
an isothermal design using flame sprayed catalyst deposited on an extended
surface heat exchanger. This is the same basic reactor design concept used
for the Fischer-Tropsch and the methanation reactors.

It was hypothesized that the FSC-type reactor, with advantages
described earlier in this report for the Fischer-Tropsch synthesis and meth-
anation reactions, could be favorably adapted to the shift conversion opera-
tion. The selection of this reactor design concept was based on the analyses

that are summarized in the following paragraphs.

15.3.2 REACTOR PARAMETERS

Steam is added to the gas feed to the shift reactor both to provide
reaction steam for increasing the Hy to CO molar ratio and to suppress the
formation of carbon on the catalyst.

15.3.2.1 SHIFT REACTOR SELECTION

This Teaction is exothermic, but to a lesser degree than the
Fischer-Tropsch synthesis and methanation reactioms.

Heats of reaction for these processes are:

(Btu/lb mol CO converted)

Shift 16,600
Fischer-Tropsch : 60,500
Methanator 100,500

The shift conversion cobalt-molybdenum metallic catalysts are
amenable to successful flame spraying., The simplified FSC reactor inmstallation,
along with its predicted beneficial heat recovery performance, which contributes
to a high process thermal efficiency, were key factors in selection of this

reactor design.

Preceding page biank
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15.3.2.2 CARBON DEPQSTTION
Carbon may be formed by any one of the following reactions:

2C0 ™= C + C0,

CO + Hs = ( + HyO

COp + 2H, === C(C + 2H,0

The triangular coordinate carbon phase diagram, Figure 15.3.1,15
shows that both commercial sour and sweet shift granular catalysts operate in a
region where carbon laydown is theoretically possible. However, sour shift
catalysts appear to be able to operate at lower steam-to-dry gas ratios than
sweet shift catalysts - as indicated by the two lines drawn parallel to the
carbon isotheym.

The design case is represented by point 7P and corresponds to
a steam-to-total dry gas molar ratio of 0.63.

: While carbon formation can be avoided by correct selection of
thermodynamic conditiens, kinetic effects are also responsible for the sup-
pression of carbon formation. In addition, carbon formation will only occur
when a certain limiting driving force for the carbon forming reaction is ex-
ceeded.1® This limiting value is a specific parameter for each catalyst, and
can be determined experimentally.

The possibility of carbon laydown in the extended surface
heat exchanger is reduced by the short gas residence time and good temperature
control obtained with this type of reactor design. The consequence of carbon
laydown in the plate reactor is not as great as with a fixed bed reactor where
the bed may plug due to segregated hot spots with attendant carbonizing at the
catalyst surfaces,

Conventional COMOX shift catalyst can be regenerated by the
controlled burning of any deposited carbon. Catalyst regeneration facilities
in the form of connected steam, compressed air, and vent gas lines have been
provided.

15.3.3 CATALYST COMPOSITION

Commercial granular sour shift catalyst is a cobalt oxide-molybdenum
oxide-alumina catalyst, containing more cobalt and molybdenum than a typical
COMOX hydrodesulfurization catalyst.

Chemical Analysis:19,20

Sour Shift COMOX
Wt% CoO* 4.1 3.5
MoQg 13.8 10.0

*Co and Mo calculated as the oxide.
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Sour shift catalyst must be maintained in the sulfided state, and
cannot be used on a sulfur-free stream. The chemical analysis of used
catalyst is reported to be:

Wt% CoC* 4.1
MoO3 13,8
s 7.3
C 0.61

The molecular proportions of Co, Mo, and § are 1, 1.75, and 4.15,
respectively. These proportions would correspond te the (o and Mo existing
entirely as their sulfides, Co3S; and MoS;. Hydrotreating catalysts are also
sulfided in situ with the sulfur consumed closely approaching that required
to convert the metals to their sulfides.Z?l

The alumina functions as a carrier for the active elements, increasing
the active catalyst surface and prolonging the life of the catalyst by re-
tarding or preventing crystal growth. It is not known if the alumina also has
an active role in the shift reaction. However, it is interesting to note that
unsupported metal sulfides have been used as hydrotreating catalyst521’22 and
that most hydrotreating catalysts will alse function as sour shift catalysts.22

In the proposed isothermal reactor design, a 40-mil layer of cobalt/
molybdenum alloy is flame sprayed onto steel extended surface heat exchanger
tubes. Dowtherm circulation through the tubes is used to remove the heat of
reaction, and to maintain the gas temperature constant. The catalyst is
reduced and presulfided in situ using the process gas stream.

15.3.4 REACTOR DESIGN

The reactor is designed to operate isothermally at 650°F, and to
obtain 95% of the theoretical CO conversion.

Table 15.3-1 compares the design values for the proposed El Paso SNG
plant and reported performance results for tests made at Westfield, Scotland
and the Girdler data.

The proposed plate reactor is designed to operate at a "J'" factor of
32 scfh/sf. This provides almost twice the amount of active catalyst required

by the granular catalyst design. The average catalyst surface heat releasc
rate is 315 Btu/hr/ft2.

*Co and Mo calculated as the oxide.
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Used sour shift catalyst is characterized by small pore diameters,
generally less than 8°A, and a surface area of about 63 mz/gm 20 The pro-
portion of the granular catalyst surface area available is dependent upon the
relative rates of diffusion of carbon monoxide and carbon dioxide within the
pores as compared to the rate of reaction. If diffusion is fast enough as
compared to the rate of reaction, all of the pellet surface area is available.
Sweet shift unsupported iron oxide catalysts are generally about 75% surface
area effective.

The filame sprayed catalysts are generally characterized by large pore
diameters, generally greater than 30°A, and an active surface area of about
25 mz/gm. Consideration of the relative active surface areas of flame sprayed
and granular catalysts indicates that at the design "J" factor of 32 and 40 mil
film thickness, the granular catalyst would have about 6 times the active surface
arca of the plate catalyst. Thus, the activity of the plate catalyst must be
some § times greater than that of the granular catalyst, on a surface basis,
for equal reactor performance. Experiments are required for verification.

Key Design Basis Elements

Capacity, mols per hour 30,000
Pressure, psig 450
Temperature, °F 650
Conversion: {CO + Hy) Conversion, % 79

Space Velocity Factors

J, scf/hr/sq ft of catalyst area 32
Sy, scf/hr/cu ft 5,800
Heat of Reaction at Reactor Conditions, | 43.7
Btu/scf eof CO Converted
Shift Reactor Shifted
Feed Syngas
Syngas Composition mol % mol %
Ha 24.1 46.6
co 28.3 5.8
CHy, 1.2 1.2
HoS 0.7 0.7
N 0.5 0.5
H50 38.6 i6.1
NHy, C0OS, S02 Trace Trace
Total 100.0 100.0
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