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1. INTRODUCTION

This is a continuation of Catalytica's effort to assess various synthesis-gas
generating technologies for their applicability to fuel-cell power generation.
In a preceding report, we covered a broad spectrum of syngas technologies
ranging from naphtha steam reforming to residual oil and coal gasification
processes (Catalytica, 1978). In this report, we have focused on syngas
generation from distillate fuel oil and reviewed the status and the research
and development needs of those emerging technologies which are potentially
applicable to fuel cells.

Electric power generation by a phosphoric acid fuel cell integrated with a
naphtha reformer has reached the demonstration stage with the 4.8-MW unit
soon to be completed at Consolidated Edison's plant in New York (Handley,
1979). The naphtha-based plant is expected to achieve a heat rate of 9300
Btu/kwh or better through its 40,000 hours of service. In the meantime,
‘efforts are continuing in order to improve various aspects of the fuel-cell
power plant. '

One of the current efforts is to expand the fuel processor's capability to
process distillate fuels as efficiently as the naphtha reformer. At present,
no commercial process is capable of reforming distillate fuels into synthesis
gas. However, a number of companies are engaged in the development of such
processes, and these processes are discussed in this report.

Case studies of a phosphoric acid fuel-cell power plant based on distillate

fuel are presented. In one case, an autothermal reformer is featured as the

fuel processor while in the other case, a combination of a high-temperature
"steam reformer and an autothermal reformer is featured. The objective of the
study is to estimate the range of heat rates obtainable when the autothermal
reformer or the high-temperature steam reformer is integrated in the power plant.



The phosphoric acid fuel cell tolerates certain levels of HpS and CO which are
common contaminants in the synthesis gas generated from distillate fuel.
Efforts are made to examine how much of these gases can be tolerated by the
cell. Since the information has an important bearing on the extent of syngas
cleaning required, the pertinent test results are reviewed in this report.

It is recognized that key problems confronting the development of the
distillate process are catalyst deactivation by sulfur and carbon formation.

A literature review presented in the appendix covers recent studies address-
ing these critical areas of steam reforming. The review was made by Professor
Calvin H. Bartholomew of Brigham Young University.



2. SUMMARY

This report reviews the current efforts to deve]op distillate oil-steam

~ reforming processes and discusses the applicability of these processes for
‘integration with the fuel cell. The development efforts can be grouped
into the following processing approaches:

High-temperature steam reforming (HTSR)
Autothermal reforming (ATR)

Autothermal gasification (AG)

Ultra desulfurization followed by steam reforming

Sulfur in the feed is a key problem in the process development. A majority
of the developers consider sulfur as an unavoidable contaminant of distillate
fuel and are aiming to cope with it by making the process sulfur-tolerant.
Average sulfur in commercial distillate fuel is in a 0.15-0.25 wt % range.

In the HTSR development, the calcium aluminate catalyst developed by Toyo
Engineering represents the state of the art. This catalyst is unaffected

by sulfur but becomes active only at higher than normal reforming témperatures,
e.g.»above 900°C. This is an economic concern since a greater amount of fuel
is required by the furnace as the reforming temperature is increased. United
Technology (UTC), Engelhard, and Jet Propulsion Laboratory (JPL) are also
involved in the HTSR research.

The ATR of distillate fuel is investigated by UTC and JPL. Soot formation is

a major problem as it causes reactor plugging. It can form in the feed
preheater where fuel is heated to about 1400YF and in the catalyst bed. Soot
in the preheater is formed as a result of thermal cracking and can be mini-
mized by reducing the residence time of hydrocarbons. For example, JPL noted

a major decline in thermal cracking when the residence time was reduced from
6.6 to 2.5 milliseconds. In the reactor, there is always a potential of carbon



formation as the ATR is operated under fuel-rich conditions (low 0,/C rates).
Therefore, an ATR catalyst must be able to gasify carbon as soon as it is
formed. Furthermore, the catalyst must maintain the gasification activity in
the presence of sulfur. Thus far, the lowest 0,/C ratios achieved in the

ATR of distillate fuel 0il are in a range of 0.38 to 0.40 mole of O, per atom
‘_of carbon in the feed. An immediate goal of current research is to lower
this ratio to about 0.35 mole 02/atom C so that the thermal efficiency
approaches that of conventional steam reforming.

The autothermal gasification (AG) of distillate fuel is being investigated by
Engelhard and Siemens AG. As in the ATR, the fuel is catalytically gasified
utilizing the heat generated by <n situ partial combustion of feed, however,

the goal of the -AG is to accomplish the initial breakdown of the feed into

light gases and not to achieve complete conversion to CO and Hp. Engelhard's
test results indicate that a soot-free gasification of distillate fuel can be
accomplished with the 0,/C ratios as low as 0.3 mole Oz/atom C and gas space
velocities in a 100,000 hr-l range. Monolithic catalysts containing Rh, Pt, and
Pd showed good activities. For the fuel-cell integration, a secondary reforming
of the light gases from the AG step is required. Engelhard is currently testing
a system in which the effluent from the AG section enters the steam-reforming
section, all housed in a single vessel.

The AG process by Siemens employs a nonnoble metal catalyst which is sulfur-
resistant. The process can gasify distillate fuels using surprisingly low 0,/C
ratios. In a series of tests, Siemens gasified a diesel fuel at an 0p/C ratio

of 0.125 mole/atom. They indicate that the space velocity in this test was about
12 times larger than that used in conventional steam reforming. There was no
sign of soot formation; however, the gasification conversion was about 61%,

and the gaseous effluent contained high concentrations of light olefins.

Unlike the majority of the developers, Topspe uses a feed pretreatment approach
and has shown that when the level of sulfur is reduced to below 0.1 ppm, a
distillate fuel oil can be steam-reformed at conditions very similar to those
for naphtha reforming. The reduction in sulfur content is achieved in a two-

stage hydrotreatment.



To evaluate the thermal efficiencies of a 5-MW dispersed fuel-cell power plant,
we conducted case studies that feature as the fuel processor an ATR in one case
and an HTSR combined with an ATR unit in the other case. !o. 2 fuel o0il was used
as the only energy source for the power plant. In the case based on the use of
the ATR unit alone, the heat rate of the power plant was evaluated with respect
to air-to-fuel ratios and ﬁethane leakages in the ATR effluent. The feed pre-
heating was assumed at 1400°F. The results for a 5-MW plant are shown below:

0,/C ratio, CHg in ATR Exit Heat rate,
moles Op/atom C 1b-moles/hr vol% Btu/kwh
3.48 0.33 9,513
0.35 2.48 0.24 9,410
1.48 0.14 9,300
0.48 0.05 9,200
0.30 3.34 0.34 9,100
2.34 0.24 9,000

The 0,/C ratio of 0.35 mole/atom represents an immediate goal of the
research efforts. At this ratio, the power plant may achieve a heat rate of

about 9500 Btu/kwh or better, depending on how far the ATR catalyst can reform
the residual methane. If the 0p/C ratio can be reduced to 0.30, a 9000-Btu/kwh
heat rate becomes possible.

In the case with HTSR/ATR, the reforming temperature in the HTSR was assumed
at 820°C, and a thermal efficiency of 71% was assumed for the reformer furnace.
In the ATR, an 02/C ratio of 0.18 mole 02/atom C was estimated to be suf-
ficient to reform methane in the HTSR effluent. A heat rate of 8930 Btu/kwh
has been estimated for this power plant. The residual methane in the ATR
effluent was assumed as 1.70 1b'mole/hr (0.21 vol1%).



3. REVIEW OF TECHNOLOGIES

At present no commercial processes are capable of steam-reforming distillate

or heavier fuels. However, a number of companies are engaged in the development
'of such a process. In this section, the status of these development efforts

is summarized. Among the active companies are:

Toyo Engineering (Japan)
United Technology Corp. (U.S.)
Jet Propulsion Laboratory (U.S.)
Engelhard (U.S.)
Haldar Topsge (Denmark)
. Siemens AG (Germany)
Mitsui Toatsu (Japan)
Others

3.1 Toyo Engineering

The Total Hydrocarbon Reforming (THR) process, a high-temperature steamre-
forming process being developed by Toyo Engineering, is capable of gasifying
a wide range of hydrocarbons, including crude oil, atmospheric and vacuum
residues, gas oils, naphtha, LPG, and natural gas. The principal catalyst,
called T-12, is a calcium aluminate consisting of Ca0, 51 wt%; A1203, 48 wt%;
51Uz Tess than 0.1 wtZ; and FeUs, Mg0, Na,0 for the balance (Tomita,

1979). Among the various chemical species possible in a Ca0-Al1203 solid system,
the most desirable species for use as a catalyst is 12Ca0-7A1,05. Other
possible solid phases include Ca0-A1503 and 3Ca0:A1,03. Compared with these,
12Ca0-7A1o03 possesses superior properties as a catalyst, namely, good steam
reforming activity, resistance to carbon deposition, and high mechanical
strength (Yoshida, 1977). '



To supplement the moderate steam-reforming activity of the T-12 catalyst,
Toyo also developed a high-temperature reforming catalyst called T-48, which
consists of Ni, Ca0, and A1203. The Ca0 loading is smaller than in the T-12,
but much greater than in the conventional Ni-based catalyst. It is claimed
that the high Ca0 loadings minimize spinel formation between Ni and A1,03. It
apparently also minimizes carbon formation (Catalytica, 1977). In the THR
process, the T-48 catalyst bed is situated downstream of the T-12 bed and
completes the reforming of the residual 1light hydrocarbons in the effluent
of the T-12 section. Despite the presence of Ni, T-48 is apparently sulfur-
tolerant because it is operated at high temperatures, usually above 900°C
(16509F), and in the presence of substantial amounts of hydrogen.

Table 3-1 lists the properties of T-12 and T-48. Toyo is developing three
types of THR for syngas generation. These are described in Table 3-2. Toyo
indicates that a distillate oil can be completely gasified without carbon
formation by the THR-HD process. The THR-R process with a special feed
atomization provision can also gasify residual oils containing sulfur and
heavy metals. However, the residual oil gasification results in the formation
of soot, 3-5 wt%, which passes through the catalyst bed. Toyo notes that
heavy metals in the feed are found in the soot and do not plug the reactor
(Tomita, 1979).

For fuel-cell applications, the THR-HD version is pertinent. In fact, Toyo
is currently conducting a series of tests for EPRI to identify suitable
operating conditions for gasifying No. 2 fuel o0il. Preceding these tests,
Catalytica Associates and Kinetics Techn0logy International evaluated the Toyo
THR-HD as integrated in a 5-MW acid fuel-cell power plant (Tio/Ushiba, 1979).
The study'inc1uded calculation of heat and mass balances for the integrated
power plant, equipment sizing, and capital and operating cost estimates. The
major findings of this study are presented later in this report. Table 3-3
Tists the THR-HD test data (bench scale), that served as the design basis in
the study. It is clear from the listed product gas composition that THR-HD
cannot complete the steam-reforming of a gas oil at temperatures below, say



TABLE 3-1

CATALYSTS FOR THR PROCESS

T-12 T-48
Cylinder Raschig Ring Cylinder Raschig Ring

Crushing strength (kg/cm?) 200 400 150 300
Water absorption (vol%) 50 55
Particle density (g/cm3) ‘ 4 4.6

Bulk density (g/cm3) 1.3 1.4
Chemical species Ca12A1]403é ---

Ca3 Al Og

Source: (Tio/Ushiba, 1979)



TABLE 3-2

THR Process Types

Feedstock Type Developmental Status

Natural gas-naphtha THR-LH Basic research completed
Semipilot tests underway

Kerosene, gas oil THR-HD Basic research completed
Vacuum gas oil ; Semipilot tests underway

Cracked oil

Crude o0il, atom, residue THR-R Pilot test completed

Vacuum residue

Source: (Tio/Ushiba, 1979)
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EXPERIMENTAL DATA OF GAS OIL REFORMING - THR-HD

- 1) Gas 0i1 Specification

C/H

Sul fur

Specific gravity
Distillation

1BP
50 vol %
EP

2) Reforming Data

Temperature (°C)
Pressure
S/C (moles/atom)

Composition
H, (vol %)
cb

€07
CH4
C2H4
C3H6
HZS

TABLE 3-3

6.19

0.5 wt %

0.835 (15/49¢C)

2200
2820
3400

950

Ordinary

2.99

*Low Space Velocity Reforming.

Source: Toyo Engineering

c
c
C

10

900
Ordinary

2.99

850
Ordinary
2.

99

.24
.00
.88
.46

3
10

900*
Ordinary
3.04
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900°C (1652°F). For example, the approaches to methane reforming equilibrium
for the four cases in Table 3-3 have been estimated to be:

Approach to Methane Reforming Equilibrium

Temperature (°C) 950 900 850 900 (low SV)
AT, Equil. approach (°C) 326 293 282 215
In the above, some improvement is noted for the low-space-velocity case.

Still, these approach temperatures are an order of magnitude greater than the
usual 25-50°C approaches available in conventional naphtha reforming.

3.2 United Technology Corporation

UTC is well known for its naphtha reformer specifically developed for use in
fuel-cell power plants. This reformer is the heart of the 4.8-MW fuel cell
unit soon to be demonstrated in New York City. UTC is also developing
distillate fuel reforming technology, both high-temperature steam reforming
and autothermal reforming (Houghtby et al., 1978).

3.2.1 UTC Naphtha Reformer

The UTC naphtha reformer has high thermal efficiency, fast load-following
capability, routine shutdown and cold start capability, etc., which are

features not found in conventional reformers. With some innovative modifications,

these unique features may be applicable to distillate reforming. The UTC
reformer has been disclosed by several patents (U.S. 4,071,330, 4,098,587,
4,098,588, 4,098,589)."

Figure 3-1 describes the flow patterns around a given reformer tube in the
New York demonstration unit. The catalyst is loaded in the outer of the two

11
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annular spaces created by three concentric tubes. The inner space serves as
the passageway for hot product gases. The main function of the.innermost-
tube, which is closed at both ends, is to support the tubular assembly and

to maintain the annular dimensions. Hydrocarbon feed enters'at the base of
the tube structure and'rises through the catalyst bed. The catalyst section
.is heated by flue gas travelling countercurrently and outside of the tube.
‘Hot reformed gases emerge at the top of the catalyst space and are immediately
directed downward through the annular space just inside the catalyst.bed. In
this manner, waste heat in the product gases is transferred across the tube
wall and utilized in the reforming zone. The compactness of the unit and

the effective use of heat energy are the two outstanding features of the UTC
reformer. Furthermore, the tube bundle is encased in a sealed vessel which,
in the case of the New York unit, is pressurized to 50 psia (Olesen and Sederquist,
1979). This enhances the compactness and the thermal efficiency.

The New York demonstration unit (Fig. 3-2), which cohtains 37 tubes in a single
vessel 112 in. in diameter and 138 in. tall, generates about 3.0 million scf/d
of H,. The reformer tubes operate at an inlet bed pressure of 80 psia and exit
bed pressure of 66 psia with an external burner pressure of 50 psia (Olesen and

Sederquist, 1979).

In tests, UTC carried out 72 cycles of full operation — shutdown — cooling to
room temperature — cold start to full operating. They reported no mechanical
damage nor any evidence of catalyst deactivation (Olesen and Sederquist, 1979).
In the New York demonstration unit, the reformer is fired with the fuel-cell
purge gas. Thus, an increase in power demand increases the feed rate, which
in turn produces a proportionate increase in the volume of purge gas to the
furnace as the fuel cell is controlled to consume a constant percentage of
hydrogen in the anode feed. It is reported that the residence time in the
combined fuel-processing and fuel-cell system is only about 5 sec. This
accounts for the extremely quick response of the UTC naphtha reformer. In
the hot standby mode of operation, feed is required at about 15% of full load.
This is primarily to maintain the turbocompressor at an acceptable speed and
AP. From this standby mode, the unit can achieve full output within 15 sec.
(Sederquist, 1978).

13
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3.2.2 Autothermal Reforming of Distillate

In its work on autothermal reforming (ATR) of distillate fuel (Houghtby et al.,
1978; Bett, 1978, 1979), UTC has found that soot formation is the most

critical factor limiting the thermal efficiency of this mode of steam reforming.
‘To operate soot-free, an excess of feed must be combusted; the amount of excess
depends on several key design variables, including the catalyst, preheating
temperature, feed mixer design, and steam-to-carbon ratio. Figure 3-3 shows

the soot-forming characteristics of a UTC bench-scale unit. In this correlation,
the extent of carbon formation is expressed in terms of AP across the reactor
as the 02/C ratio is varied. Feed preheating was set at a constant temperature.
The plot shows that a less than 10% change in the air feed rate can cause
sufficient precipitation of soot to double the reactor pressure-drop.

Currently, the ATR development at UTC is centered around reducing the 0,/C
ratio. As shown in Fig. 3-4, UTC has achieved the value of 0.4 mole/atom.
This may be further reduced by the combination of a better reactor design and

a higher preheating temperature. UTC has set target values as:

02/C 0.35 mole/atom
Preheating 1400°F (760°)

A higher preheating temperature would be desirable, but distillate fuel at

temperatures approaching 1400°F is very unstable. This requires that the
heating be done very quickly with a precisely controlled heat flux.

3.2.3 High-Temperature Steam-Reforming of Distillate Fuel

UTC has tested steam-reforming of a No. 2 fuel oil desulfurized to 100-200 ppm S.
In one series of tests, the feed was reformed at temperatures of 15000F to |
1800°F,  a WHSV of 0.4 1b/1b-hr, and an Ho0/C ratio of 5 mole/atom. In the best
endurance run, a 99.9% hydrocarbon conversion was maintained for 410 hr with
only 50 ppm methane in the effluent. However, a steady accumulation of soot was

15
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revealed in terms of pressure-drop increases (King, 1977). Carbon formation
within the pores of the catalyst caused the catalyst to powder (Houghtby et al.,
1978).

In high-temperature reforming tests (1900°F), on the same desulfurized No. 2
0i1 and the same WHSV and H20/C ratio, UTC found no catalyst powdering, but the
soot that formed in the preheating zone plugged the inlet to the catalyst bed.
Subsequently, however, a trap was installed ahead of the catalyst bed, and
carbon-free reforming was maintained for 190 hr. Later attempts to repeat

this performance have failed. UTC attributes the failure to inconsistencies

in feed mixing (Houghtby, 1978).

3.3 Jet Propulsion Laboratory

For autothermal reforming of a No. 2 oil, JPL has constructed a 3-3/4-in. i.d.
stainless steel reactor as shown in Fig. 3-5. .JPL found that successful
gésification is dependent on achieving a high feed preheating in less than

10 ms (Houseman, 1979). To accomplish this, vaporized fuel at

700°F is injected into a mixture of air and steam which is preheated to above
1400°F. Before entering the catalyst bed, the three components are mixed as
they flow through a zone packed with helical coils. JPL achieved feed mixing
within 3-7 ms.

For the ATR of a No. 2 0il containing 0.35 wt% sulfur and 22 vol% aromatics,

JPL achieved a minimum 0,/C ratio of 0.40 mole/atom (Houseman, 1979). The
preheat temperature was 1400°F and H,0/C ratio was 3.0 moles/atom. For this run,
JPL used three commercial catalysts packed as shown in Fig. 3-6. Approximate
compositions of these catalysts are:

Norton NC-100: 1/2-in. sphere, 5-6% Ni on zirconia
ICI 46-1: 11/16-in. o.d. x 5/16-in. long hollow cyl., 17% Ni,
7% Ko0, 7% Mg, 7.9% Ca on silica alumina
Girdler G568B: 1/8-in. x 1/8-in. tablets, 24% Ni on silica-free aluminu

17
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In one comparative test, JPL examined the extent of thermal cracking occurring
in two preheaters having different residence time (Houseman, 1979). The results
are shown below:

Preheater Residence time,
_design A ms ‘ Preheater exit, dry voly
K co (1)) HC gases
6.6 2.58 8.12 6.55 13.01
2.5 0.99 3.22 3.19 1.72

0, 7 C = 0.40 moTe/atom, Hp0/C = 3.0, GHSV = 7000 hr!
T%air + steam) - 15200F :

The preheater A represents an older design having a longer residence time, while
B is an improved version in which the hydrocarbon preheating space has been
reduced to about 38% of A. In both tests, thermal cracking is noted but to a
much greater extent in A. JPL noted no soot formation in both tests. They

did not compare these two designs under soot-forming conditions; therefore,

it is difficult to assess the impact on soot-forming tendency of one design
over the other.

3.4 Engelhard Industries and Siemens AG

Under DOE funding, Engelhard has been investigating two types of catalytic
syngas generation from No. 2 fuel 0il (Yarrington, 1979):

o Hydrogen-assisted steam reforming
e Catalytic partial oxidation (autothermal gasification)

In hydrogen-assisted reforming, recycle Hp is mixed with hydrocarbon feed and
steam. The objective here is to reduce the poisoning effect of sulfur by
having a sufficient hydrogen partial pressure at the inlet to the reformer
catalyst bed. Preliminary test results indicate coke formation to be an over-
riding problem.
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The most interesting developments have been in the catalytic partial oxidation.
The process may be more aptly called autothermal gasification since the feed is
primarily gasified to 1ight hydrocarbons and a relatively small extent to CO
and Hp. For the gasification of a No. 2 0il containing 0.17% sulfur, Engelhard
prepared a cordierite monolith catalyst having Pt, Pd, and Rh as active metals.
The following is one of the experiments obtained with this catalyst:

0,/C ratio*: - 0.308 mole/atom
Ho0/C ratio: 0.46 mole/atom
Inlet temperature: 358°C (676°F)
GHSV : ' 106,000 hr~!
Product composition, vol%  (dry)

Hy 13.5

co >1.7

C02 3.5

C3 gases 5.6

*Air was used

Although the data are incomp]ete,-the above test points out that the process can
achieve a favorably low 02/C ratio and operates under an extremely high space
velocity. Upon removal of the catalyst after the test, Engelhard noted some
sign of soot downstream of the reactor but no carbon deposits in the monolith
catalyst.

Earlier, Siemens AG reported a successful catalytic gasification of a diesel
fuel under a very low 02/C ratio and a very high space velocity (Henkel, 1977).
It may be interesting to compare some of the test results by this process with
the Engelhard process. The following is a summary of one of the tests con-
ducted by Siemens.
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oz/C ratio: 0.125 mole/atom

Ho0/C ratio:’ 0.44 mole/atom
Catalyst temperature: 799°C (1470°F)
LHSV: 32 hr-l
Conversion: 60.7 wt%
Product composition, vol%

H2 11.3

co 31.4

CO2 24.6

CHg 10.7

CoHg 2.1

CoHy 18.7

0, 1.8

The test was conducted using oxygen instead of air. Space velocity is shown
in terms of liquid charge rate. Siemens indicates that the feed rate used in
the test is about 12 times larger than the usual loading in conventional steam
reformers. The 0/C ratio is extremely low, and yet it is indicated that soot
was not formed. [However, it is noted that the gasification did not achieve a
complete conversion and the product contained high concentrations of olefins.
A rather significant amount of oxygen in the gasifier effluent is noted.

The catalytic gasification processes by Engelhard and Siemens produce significant
quantities of light hydrocarbon gases including olefins. For the fuel-cell
applications, these gases must be steam-reformed in a secondary unit. Engelhard
is currently testing candidate catalysts for such a reforming step. To be
effective, the catalyst must be able to withstand sulfur and to achieve a near-
equilibrium conversion of the light gases.

3.5 Haldor Topsge A/S

Rostrup-Nielsen and Tottrup of Topsge have recently studied steam reforming of
distillate fuel containing various concentrations of sulfur (Rostrup-Nielsen, 1979).

22



Described here are the results of three reforming experiments in which

(1) 'a 1ight gas oil containing 20ppm sulfur was reformed over a

. commercial nickel-based catalyst, (2) a heavy gas oil containing 6600 ppm
sulfur was reformed over a nonmetal catalyst, and (3) a No. 2 fuel oil con-
taining 8500 .ppm sulfur was hydrotreated in stages to reduce sulfur to 0.07 ppm
and was reformed over a commercial nickel-based catalyst.

Of the three experiments, the third is the most interesting. Topsge has demon-

strated that a distillate fuel with an ultra-Tow sulfur level can be reformed at
conditions applicable to naphtha.

3.5.1 Light Gas 0il with 20ppm Sulfur

A light gas oil having a boiling range of 143°C/314°C and containing 2G»pm
sulfur was reformed over Topsge's commercial catalyst RKNR. Table 3-4 describes
the test. The RKNR catalyst is a nickel catalyst having magnesia and alumina

as the support and is widely used for naphtha reforming.

When the inlet portion of catalyst bed is poisoned by sulfur, the most severe
poison for a nickel-based reforming catalyst, unconverted feed may pass to the
hotter part of the bed, where coking may become critical and the extent of
thermal cracking may become significant.

As shown in the table, good reforming activity was maintained for 2.5 hr.
However, the authors indicate that by the third hour on stream, a breakthrough
of feed was observed. The test was conducted at an exit temperature of 660°C.
This relatively low reforming temperature was chosen in order to minimize
thermal cracking. The deactivation of a nickel catalyst by sulfur however,

is more severe at this lower temperature.

3.5.2 Heavy Gas 0il with.6600 ppm Sulfur

One way of dealing with the problems of sulfur is to employ a catalyst that is
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TABLE 3-4

Steam Reforming of Light Gas 0il1 (20 ppm)

Catalyst

RKNR: 25% wt nickel on alumina/magnesia; silica <0.2 wt %,
alkali metals <0.3 wt %

Feed
1BP/FBP 1340C/3149C (273°F/597°F)
Sulfur 20 ppm

Reforming conditions
Time from start (hr) 1 ' 2.5
H,0/C (moles/atom) ‘ 8.5 3.9
H20/H, (moles/mole) 8.2 10.6
LHSV, hr-! : 0.84 1.8
Pressure (kg/cm2g) 30 30
Tinlet/Texit (°¢/°C) 510/660 510/660

Product gas

CH4(v01 %, dry basis) 14.3 27.7
C, - C6(vo1 %, dry basis) <0.01 <0.01
AT (approach), CHy reforming (°C) 33 27

Source: Rostrup-Nielsen, 1979
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not affected by it, or to use a nickel-free catalyst. Topsge tested a non-
metal catalyst in the gasification of a heavy gas oil containing 0.66 wt %
sulfur. Gasification was conducted at a Tjnjet Of 560°C and a Teuqt of 820°C.
The results are summarized in Table 3-5.

The Topsge HPK catalyst, a K-Zr0,, has a tendency to lose potassium during
operation and as a consequence, carbon deposition may increase (Andersen, 1975).
To minimize this problem, addition of a small quantity of an aqueous solution of
potassium sulfate into the feed is recommended. However, even with a continuous
addition of salt, the catalyst bed accumulates sufficient soot to require re-
generation of the catalyst. The reference does not indicate whether potassium
was added or how much carbon deposited during the test run reported in Table 3-5.

As indicated, the test lasted for 300 hours. Contrary to the exit gas in the
steam reforming of light 0il (data in Table 3-4), the exit gas in this case con-
tained about 20 vol. % of Cp-Cg components. Also, the feed was not compietely
gasified. Topsge does not indicate whether the yield data represent average
values or the result of a single sample.

The exit temperature of 820°C is rather low for a nonmetal catalyst. This is
reflected in the incomplete conversion. In general, a temperature of at least
900°C is required to completely gasify a fuel oil over a nonmetal catalyst
(Tomita, 1976).

3.5.3 Severely Hvdrotreated No. 2 0il

A third alternative studied by Topsge was ultra-hydrodesulfurization of a

No. 2 fuel oil, followed by steam reforming over the commercial naphtha reform-
ing catalyst RKNR. A No. 2 fuel o0il containing 0.85 wt % sulfur was desulfur-
jzed to less than 0.1ppm by two-stage hydrotreating. Table 3-6 describes the
hydrotreating operation and steam reforming of the hydrotreated oil.
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TABLE 3-5
Gasification of Heavy Gas 071
(Bench-scale test with Topsge (nonmetal) catalyst HPK)

Feedstock: HGO (Oman crude)
IBP/FBP - 1950C/4050C, 0.66 wt % S

0.856 g/ml
Process conditions

Tintet/Texit 5600C/8200C

Pexit 3.5 kg/cng

LHSV 1.4

H20/CnHm 4.6 wt/wt

Duration 300 hr .

Product
Dry exit gas Yield
(vol %) (wt % of HC feed)
H2 47 .9 7.5
co 1.6 3.6
C02 15.9 54.8
CHy 14.8 18.6
Subtotal 80.2
C,Hg 1.9 4.1
C2H4 11,6 25.5
C3Hg 1 0.4
C3H6 5 11.8
C4-Cg 2.7 13.6
Total 100
Liquids 7
147*

]

* Incl. reacted HZO'
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TABLE 3-6

Two-Stage Desulfurization of No. 2 0i1 Followed by
Steam Reforming over Commercial Ni Catalyst

HYDRODESULFURIZATION

HDS in two stages over Topsge catalyst MAG-42 AHF
LHSV = 1, 98 kg/cm?g, 375°C, 0.5 Nm3/kg oil

Before HDS After HDS

Specific gravity, 60/60°F 0.8350 , 0.8070
OAPI 38 43.8
C/H (wt/wt) 6.41 6.03
Aromatics (vol %) 11.3 4.7
Distillation, ASTM

18P 207°C 1460C

50 vol % 2800¢C 2690¢C

FBP 3150C 3110C

Sulfur (wt ppm) 8500 0.07

Nitrogen (wt ppm) 25 < 0.5

STEAM REFORMING

Bench scale on RKNR catalyst (Ni on magnesia and alumina)
Duration: 240 hr

H,0/C 3.7 moles/atom
Hy=f1ow 0.3 Nm3/kg oil
Pressure 30 kg/cng
Tinlet/Texit 5000C/6800C
Ve v 1400 vol/vol/hr
AT ref. equil. < 50C

CoHp in dry exit gas < 0.01 vol %

Source: (Rostrup-Nielsen, 1979)
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As one would expect, quite severe conditions are required to achieve the ultra-
low sulfur. It can be seen that general chemical makeup of the fuel oil has

been affected by this operation. In.other words, a decrease in afomatics content,
a decrease in gravity, and a decrease in IBP all point to the fact that sub-
stantial hydrocracking has occurred during desulfurization. Topsge does not
report the light gas make but in such a high severity operation, some formation
of C1-C, gases is expected.

The steam reforming reported in Table 3-6 is, in many respects, very similar to
commercial naphtha reforming. The hydrogen recycle is higher by a factor of
three than what is recommended for naphtha (Topsde, 1979), but this is

expected for a heavy oil. The most surprising aspect of the operation

is that methane reforming is achieved very close to the equilibrium at a rather
Tow reforming temperature of 680°C.

By this test, Topsge has demonstrated that steam reforming of distillate oils
can be accomplished with a conventional nickel catalyst at conditions very
similar to those of naphtha reforming, when the feed sulfur is reduced below
0.lppm. As indicated in Table 3-6, the reforming test lasted 240 hours, and,
according to one of the authors, no catalyst deactivation nor carbon formation
was observed during this test period (Rostrup-Nielsen, 1979).

The importance of sulfur removal is clear when the reforming test on a gas oil
containing 2Cppm sulfur (Table 3-4) is compared with the present case (Table 3-6).
With the same catalyst and undér very similar operating conditions, one run was
terminated after 3 hours because of sulfur deactivation, while the other, with
a sulfur-free feed, continued to operate without deactivation for the duration
of the test, 240 hours.

3.6 Mitsui Toatsu Chemical

Synthesis-gas generation from crude o0il or residual feedstock containing sulfur
is described in a patent assigned to Mitsui Toatsu (Mitsui Toatsu, 1979).
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The reactor consists of a top catalyst zone to gasify heavy hydrocarbons, and
a bottom catalyst zone to steam-reform these gases so that the methane concen-
tration in the product is very low. The gasification is carried out autothermally.

The examples of the catalyst to be used in the first zone are: calcium aluminate,
potassium aluminate, and sodium aluminate. The main constituent of the catalyst
for the second zone is chromium oxide. Other components may be added to

chromia as a diluent or to improve the physical properties.

Table 3-7 describes the test catalysts for both zones. Various combinations of
these catalysts were used to generate syngas from Kuwait crude o0il and residual
oils.

Table 3-8 shows the gasification of Kuwait crude at 1000°C over catalyst A or B
by itself or over various combinations of A with E. The operating conditions

were:
Pressure 1 kg/cm2
H20/C ratio: 1.5 mole/atom
02 stoichiometric ratio: 0.295
GHSV : 200 hr-!

The 0, stoichiometric ratio is defined as the amount of 0y fed divided by the
amount required for complete combustion of the feed hydrocarbon. The GHSV
(gaseous hourly space velocity) was calculated on the basis of gases at

standard conditions and on the empty reactor volume. From Table 3-8 it is clear
that the two-catalyst system is required in order to achieve low methane slip.
Also, a range of optimum volume ratios for catalysts A and E is indicated.

Soot formation amounted to about 0.3 wt % of hydrocarbon feed, but it was not
retained in the catalyst bed.

Table 3-9 shows the gasification of Kuwait crude over other catalyst combina-
tions. For all tests, the catalyst volume ratio was set at 25%/75%. The op-
erating conditions were essentially the same as those in Table 3-8. With
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TABLE 3-7

Description of Gasification Catalysts

Compressive
Stréngth
Designation Composition (wt %) - (kg/cm?)
First Zone
A 12Ca0-7A1,03 & small amount 3Ca0-7A1,03 350
B KAT150g & small amount KpAl,,03; 300
C NaAlg0g & small amount NapAl24037 300
Second Zone
D Cr203 100% 100-200
E Crp03  97%, MgO % 450
F Cro03  95%, Al1,0; 5% ' 330
G Cro03  50%, Al1,03  50% 350
H Crp03  25%, Alo03  75% 300
I Crp03  95%, Ca0 5% 220
J Cry03  97%, Zr0p 3% ‘ 400
K Crp03 95%, NiO ~ 5% 320
L Crp05  95%, Co0 5% 380
Source: (Mitsui Toatsu, 1979)
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TABLE 3-8

Gasification of Kuwait Crude By Mitsui Toatsu Process

Test No. 1 2 3 4 5
Zone 1, vol % A A A
Catalyst A B 10 25 75
Zone 2, vol % E E E
90 75 25
Pressure (kg/cm?) . 1.0 1.0 1.0 1.0 1.0
Temperature (9€, exit) 1000 1000 1000 1000 1000
H20/C (moles/atom) 1.5 1.5 1.5 1.5 1.5
0, stoich. ratio 0.295 0.295 0.295 0.295 ‘0.295
GHSV (hr=T) 200 200 200 200 200
Composition (%) H, 50.4 51.6 57.3 57.3 57.1
co 26.0 25.3 28.5 28.5 28.4
o, 17.0 17.2 13.5 13.5 13.5
CHg 5.9 5.2 0.00 0.00 0.38
CoHg 0.1 0.08 0 0 0
. C2H6 Trace 0 0 0 0
H,S 0.6 0.6 0.6 0.6 0.6
On catalyst None - None Small None None
Soot
In exit gas
(wt % HC feed) 0.40 0.52 0.30 0.28 0.30
Test period (hr) 5.0 5.0 5.0 5.0 5.0

Source: Mitsui Toatéu, 1979
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TABLE 3-9

Gasification of Kuwait Crude (continued)

Test No. 6 7 8 9 | 10 1 12 13
Zone 1, 25% | A A A A A A A A
Catalyst '
Zone 2, 75% D F G H I J K L
Pressure (kg/cm?) 1.0 1.0 1.0 1.0 1.0 1.0 | 1.0 1.0
Temperature (°C) 1000 1000 1000 1000 1000 1000 | 1000 1000
HZO/C (moles/atom) 1.5 1.0 1.5 1.5 1.5 1.5 1.5 1.5
02 stoich. ratio 0.295 | 0.282 | 0.295 0.295 0.295 | 0.295| 0.295 | 0.295
GHSV (hr-1) 200 200 200 200 200 200 200 200
Cbmposition (%) H2 57 .1 53.1 56.1 55.9 56.0 7.2 | 56.5 56.2
Co 28.7 34.3 30.0 29.0 30.5 27.5 30.2 29.8
Co, | 13.6 12.0 13.2 13.6 | 12.4 14.5 12.7 13.4
CH4 0.00 0.02 0.10 0.48 0.03 0.02 | 0.00 0.01
CoHg| 0.0 | 0.0 | 0.0 [ Trace | 0.0 | 0.0 | 0.0 | 0.0
HZS 0.6 0.6 0.6 0.6 b.6 0.6 0.6 0.6
On catalyst| None | None None None None None | None None
Soot :
In exit gas
(wt% HC feed} 0.36| 0.56 0.37 0.48 0.38 0.52 | 0.38 0,33
Test period (hr) : 5.0 5.0 5.0 5.0 5.0 5.0 | 5.0 5.0
Source: Mitsui Toatsu, 1979
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respect to methane slip and soot formation, none of the combinations shown in
this table is better than that in test No. 4 in Table 3-8. Thus, the best
catalyst combination among those tested is:

1st zone: 25 volumes of catalyst A (calcium aluminate)
2nd  zone: 75 volumes of catalyst E (97% Cry05, 3% Mg0)

Table 3-10 shows longer test runs with combinations of catalysts A/E and B/E.

As feed, Kuwait crude, atmospheric resid, and vacuum resid were used. For test
Nos. 14 and 15, no oxygen is indicated in the feed; therefore, the gasification
was presumably carried out in an externally heated reactor. It is noted that
soot formation'in these two tests was considerably Tower than in the other runs.
This is probably because of the use of a higher Hy0/C ratio, which reduced the
CO concentration.

Test Nos. 15 and 18 are 10-day and 30-day runs, respectively. Judging from
the soot level and methane leak in the product gases, the catalysts appear to
have maintained good activities during the test.

Test No. 14 represents the only run made at 950°C. In this 30-hour run, Kuwait
crude was steam-reformed with only a trace of methane slip. Also the soot level
was the lowest among all tests. Interestingly, this run was made at a higher

space velocity than were most of the runs, but this did not increase the methane

slip nor the soot level.

In summary, the Mitsui Toatsu process described here has potential for fuel-
cell application because:

The catalysts can tolerate very high feed sulfur.

e The dual catalyst system can achieve high reforming conversion
with methane slip less than 1%.

e A very small amount of soot is formed, an average of about 0.5
wt % of hydrocarbon feed '

o The process has been demonstrated with Kuwait crude and its
residual oils.
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TABLE 3-10

Gasification of Kuwait Crude and Residual 0ils (Continued)

Test No. 14 15 16 17 18
. ~Zone 1, 25% B A A A A
Catalyst
Zone 2, 75% E E E E E
Atm Atm Vac Vac
HC feed Crude Resid Resid Resid Resid
Pressure (kg/cm?) 6 1 9 50 1
Temperature (°C) 950 1000 1000 1000 1000
HZO/C (moles/atom) 3.8 3.8 1.0 1.5 1.5
0, stoich. ratio 0 0 0.282 0.305 0.325
GHSV (hr-1) 900 300 1350 1350 200
Composition (%) Hy 68.8 68.4 53.0 52.5 30.2
co 17.0 17.9 34 .1 34.5 14 .6
002 ° 12.0 12.9 12.1 1.4 9.6
N» 0 0 0 0 45.0
CH4 0.3 0.18 0.2 0.8 0
HZS 0.3 0.42 0.6 0.9 0.6
On catalyst None [ None None None None
Soot ’
In exit gas
(wt % HC feed) 0.05 0.10 0.6 1.0 0.8
Test period (hr) 24 | 240 30 30 720

‘Source: Mitsui Toatsu, 1979
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3.7 MWaseda University, Tokyo

Kikuchi, et al., tested steam reforming of atmospheric and vacuum resid in
the presence of nickel-on-dolomite catalysts in a fluidized reactor (Kikuchi, 1979)
The purpose of using the dolomite support was to desulfurize by the reaction:

Cal + HpS #CaS + Hy0 (1)

This lowers the H,S concentration so that poisoning of nickel by the following
reaction is minimized:

Ni + HpS @ NiS + Hy (2)

Kikuchi, et al., found that the reactions (1) and (2) are rapid enough to
approach equilibrium at 900°C.

The catalyst was prepared by first calcining dolomite at 700°C and then im-
pregnating it with a solution of nickel nitrate. Finally, the impregnated
dolomite was calcined at 1200°C. The composition of finished catalyst was:

Ni0 5.0%
Ca0 62.2%
Mg0 31.7%
Si0o 0.7%
A1,04 0.1%
F6203 0.1%

This catalyst was used in a fluidized reactor (42 mm i.d. x 400 mm) to gasify various
heavy 0ils. The results are shown in Table 3-11. The gas yield in the table
represents conversion of feed carbon to‘gaseous compounds including CO, COp, and
C1-C4 hydrocarbons.  Atmospheric residual feeds were almost totally gasified,

but about 4-10% of the vacuum residues remained unconverted. This is not sur-
prising since gasification of residual feed usually requires temperatures above
950°C (Tomita and Kitagawa, 1976).
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TABLE 3-11

Gasification of Heavy Feeds

Topped Residues Vacuum Residues
' Arabian Iranian Arabian Arabian
Feed 0il Light Heavy Berri Light Medium
Sulfur, wt % 2.81 2.7 3.46 3.24 5.30
Con, carbon, wt % 7.8 10.7 14.9 17.7 18.3
Product gas volume (1/g) 3.94 3.85 3.50 3.57 3.73
Gas yield (%) 100 99 90 93 96
Gas composition (%)
Ky 59.3 60.1 59.8 59.9 59.9
co 28.7 27.7 27.7 26.8 30.5
o, 6.7 6.0 5.7 6.4 4.8
CHy 4.8 5.1 5.6 5.3 4.3
C2H6 0.1 0.1 0.2 0.2 0.1
C2H4 0.4 09 1.3 1.3 0.5
H,S 0.027 0.024 0.027 0.027 0.025
Desulfurization (%) 94.9 95.6 95.9 96.4 97.6

Reaction conditions: Temperature = 900°C; steam ratio =1.1-1.2 (H20 moles/
C mole); residence time = 0.38-0.42 sec; product gas volume = liter per gram
feed 0il; gas yield = % conversion of feed carbon to gaseous compounds

(Co, €Oz, and Cy-Cy4 gases).

Source: Kikuchi, 1979
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In the gasification of Arabian light topped crude, the gasification activity
started to decline after 4 hours on stream, corresponding to 11.5% conversion
of Ca0 to CaS. The activity was measured in terms of product gas volume per
unit weight of hydrocarbon feed. The decline in activity was attributed to
carbon deposition, as the original activity could be restored by treatment in
flowing 0p. It is speculated that conversion of Ca0 to CaS enhances carbon
formation.

In summary, the dolomite-supported nickel catalyst can sustain fresh activity
for short periods of time but it is easily coked. This coking tendency increases
as a small fraction 6f Ca0 component is sulfided. This suggests that such a
reforming catalyst requires frequent regeneration. The authors do not explore
the method of regeneration. However, it should entail the key chemical

reactions of burning of carbon and calcining of CaS. Deactivation of dolomite
from repeated regeneration is well recognized in the development of the CO)
acceptor process for coal gasification and the fluid-bed coal combustion process.
For these reasons, the steam reforming process using a nickel-dolomite catalyst
faces a formidable job of overcoming process engineering and perhaps economic

obstacles.
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4. CASE STUDIES

A naphtha-based fuel-cell power plant can now achieve a heat rate of 9300

Btu/kwh or better. Thus, in order to be competitive, a distillate fuel-

based power plant is required to match this heat rate. In this section,

case studies of a phosphoric acid fuel-cell power plant featuring two promising
distillate fuel reforming schemes are presented. In one case, the power plant
features an autothermal reformer. In another case, it features a combination
processing consisting of a high-temperature steam reforming followed by an ATR
step. The objective of the study is to provide a perspective for the_diéti]]ate-
based power plant to achieve the target heat rate using the selected fuel
processors.

The first case study evaluates the influence of key ATR parameters such as the
0,/C ratio, reforming conversion, and feed preheating on the heat rate. The
energy and mass balance and calculation of heat rate for the whole power plant
were made for two 0p/C ratios: 0.35 and 0.30 mole/atom. The feed preheating
was set at 1400°F. As indicated earlier, the ATR process can currently operate
with the 0/C ratios in a range 0.39-0.41 mole/atom, and efforts are being

made to achieve a near-term target of 0.35. The lower value of 0.30 selected
in the study may be regarded as the ultimate ATR goal. The study also examines
the sensitivity of heat rate to changes in methane concentration in the ATR
effluent. The methane slip is an important parameter, since the fuel cell
cannot utilize methane,whereas each additional mole of methane reformed in the
ATR makes four moles of hydrogen available for electric conversion by the fuel
cell. '

The second case study evaluates a high-temperature steam reforming with a
secondary reforming (ATR) in an acid-cell power plant. This is the result of
a recent EPRI project in which Catalytica Associates and Kinetics Technology
International,with the cooperation of Toyo Engineering, evaluated the Toyo's
high-temperature steam reforming process as integrated with a phosphoric acid
fuel cell (Tio/Ushiba, 1979).
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The key parameter in the case study is the methane slip from‘the HTSR.

The Toyo process tends to emit rather significant methane slip. As a means
of achieving a higher methane conversion, the study investigated an idea of
placing an autothermal reforming downstream of the HTSR.

4.1 A 5-MW Acid Fuel-Cell Power Plant with ATR of No. 2 Fuel 0il

4.1.1 Base Case (0,/C = 0.35)

The process flow of the base-case power plant is shown in Figure 4-1. The
only energy input to this plant is the No. 2 fuel oil charged to the ATR unit.
Table 4-1 lists key design parameters. Mass balance is given in Table 4-2.

No. 2 o0il is heated to 700°F in a fired heater, which also preheats the ATR

air to 1400°F. These two preheated streams are mixed with superheated steam at
1600°F at the ATR inlet. The net feed mixture is estimated to be at 1400°F.

In the ATR unit, partial combustion of the fuel provides the thermal energy
needed to promote the steam reforming. At an 0,/C ratio of 0.35, the com-
bustion heat is more than enough to support the endothermic reforming reactions.
Thus, the ATR effluent is hotter than the inlet stream. The methane slip was
arbitrarily chosen.

The hot ATR effluent is used to superheat the ATR steam to 1600°F (871°C).
The remaining sensible heat is used to preheat various process strcams.
Cooled to 662°F, the ATR product enters a high- temperature shift reactbr,
where the CO content is reduced to 2%. This residual CO is further shifted
in a low-temperature shift reactor to less than 0.5%. After condensate
recovery, the gas stream is charged to the anode compartments of the fuel
cell, where 90% of the hydrogen is electrochemically consumed.

The anode exhaust is at 60 psia; when preheated to 10500F (>660C), it is
capable of driving the turboexpander (T-2),whiéh in turn provides power for
the ATR air compressor (C-2). After the power recovery, the anode exhaust
is used as the sole fuel in the fired heater (H-1).
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Fig. 4-1. E-MW fuel-cell power plant with ATR of no. 2 fuel oil (02/C = 0.35 mole/atom).



No.

TABLE 4-1

Design Basis for 5-MW Power Plant with ATR

2 011

Feed rate

Molecular formula
Sulfur

Higher heating value
Lower heating value

ATR unit

Fuel

0,/C ratio

H20/C ratio

Feed preheat
Methane in effluent

cell

Cell voltage

H2 utilization

0, utilization

Cell temperature
Waste heat release
DC-AC inverter loss

13.38 1b moles/hr (189.7 barrels/day)
C]2.75H22.6, MN = ]75.6

0.2 wt %

19,700 Btu/1b

18,200 Btu/1b

0.35 mole/atom

3.0

1400°F (fuel, air, and steam combined)
0.33 vol %

0.65 v

90%

70%

3750F

50,000 Btu/1b mole Hp
4% of gross DC
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TABLE 4-2

5-MW Acid Cell Power Plant
with ATR-Base Case (02/C = 0.35)

Reformer ATR ATR
Feed Air Steam
1 2 3

H
co
co,
H,0 511.69
CHy
NZ 224 .48
0, 59.66
HoS 0.02 wt %
No. 2 oil 13.38
Total 13.38 284 .14 511.69
T,%F 700 1400 1600
p, psia 95 95 95

Streams: 1b moles/hr
ATR HT Shift LT Shift Anode  Anode Cathode Cathode
Exit Exit Exit Feed Exit Air Exit
4 5 6 7 8 9 10
275.59 338.59 356.10 356.10 35.61
83.63 20.63 3.02 3.12 3.12
83.49 146.49 164.00 164.00 164.00
380.53 317.53 300.02 11.2 11.2 320.74
3.48 3.48 3.48 3.48 3.48
224 .48 224 .48 224.48 224 .48 224.48 861.86 861.86
229.10 68.73
140 ppm 140 ppm 140 ppm 192 ppm 332 ppm
1051.21  1051.21 1051.21 762.62 441.88 1090.96 1251.33
1775 774 440 325 375 325 375
88 Al 60 50 50 50 50



The fired heater (H-1) preheats the feed o0il and the oxygen-containing streams,
such as ATR air, cathode exhaust, and furnace air. Major power-consuming items
are the cathode air compressor (C-1, 846 bhp), ATR air compressor (C-2, 370 bhp)
and miscellaneous process drives (C-3, 107 bhp). As shown in Figure 4-1, these
power requirements are all met by either the process stream turboexpander or a
steam turbine. Thus, all the electricity generated by the fuel cell is exported.

In summary, the described power plant consumes 2,351 1bs/hr or 190 barrels/day

of No. 2 fuel oil and in turn generates 5.07MW of DC electricity. With a 4%

loss in the DC-AC inverter, a net 4.87W of AC is exported. The heat rate,

based on the net AC and the higher heating value of the fuel o0il, is 9,513Btu/kwh.

4.1.2 Sensitivity of Heat Rate to Methane Leakage

Since autothermal reforming of sulfur-containing fuel o0il is not yet well under-
stood, parameters such as preheat temperature and methane slip for the base case
were- assumed. The methane slip was assumed at 3.48 1b-moles/hr or 0.33 vol. %.
In terms of methane reforming reaction:

the assumed methane slip represents an equilibrium approach temperature of
380°F (193°C). This approach is an order of magnitude greater than what is
achievable in conventional naphtha reforming. On the other hand, preliminary
test data indicate that an approach temperature of as high as 580YF (304°C)
may have to be anticipated when methane reforming is attempted in the presence
of sulfur (Tio/Ushiba, 1979).

We evaluated the sensitivity of the base case heat rate against methane slips
at 2.48, 1.48, and 0.48 1b-mole/hr. As shown in Table 4-3, for each mole
decrease in CHy slip, the heat rate improves by about 100 Btu/kwh. Thus, at
the lowest assumed value of 0.48, the heat rate is 9,200 Btu/kwh.
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TABLE 4-3

Heat Rate of Acid Power Plant With

ATR Operating at 0.35 Mole OZ/Atom C

= Sensitivity with ATR Methane Slip

Approach to CH,

CHy in ATR Exit, Reforming Equil.,
1b-moles/hr ~ Op(oc)
3.48 (Base Case) 380 (193)
2.48 344 (173)
1.48 290 (143)
0.48 ‘184 (84) -

Heat Rate,

Btu/kwh

9,510
9,410
9,300
9,200

Note: Base Case as represented by Figure 4-1 and Table 4-2.
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One negative effect of improved methane conversion in ATR is the decreased
heating value of the anode exhaust. Since the anode effluent is the only
fuel source for the fired heater (H-1), a large drop in heating value may
create a heat imbalance in some parts of the integrated system. This is

what happens when the methane slip is reduced to 0.48 1b-mole/hr, while the

heat balance is still feasible at the methane s1ip above 1.48 1b-mole/hr.
Compared with the base case, about one million Btu/hr less heat will be
available from the combustion of anode gas. As a result, the feed preheating
as shown in the base case(Figure 4-1)will no longer be feasible, unless some
additional fuel is supplied. Also, because the refbrming reaction is endo-
thermic, each additional percent of methane reformed decreases the ATR
effluent. temperature by about 15°F.

4.1.3 Modified Base Case with 05/C = 0.30

In the following case study, the ATR unit operates with an 0y/C ratio of .
0.30. The feed preheating is the same as in the base case, 1400°F. The
Ho0/C ratio is also the same, 3 moles/atom.

The process flow diégram for this modified power plant is shown in Figure 4-2.
Table 4-4 shows the mass ba]ance.' Compared with the base case, the major
differences are as follows:

ATR air requirement is lower by about 14%;

e ATR effluent temperature is lower by about 230°F;

o ATR effluent can no longer preheat ATR steam to 1600°F;
therefore, the final heating is done in fired heater.

~The remainder of the system is essentially the same as in the base case.

As shown in Figure 4-2 and Table 4-4, the power plant consumes 2,249 1b/hr or
182 barrels/day of No. 2 oil and, as in the base case, generates 4.87W of AC

electricity for export. The heat rate is 9,100 Btu/kwh, a 4.3% improvement
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TABLE 4-4

5-MW Acid Cell Power Plant
with ATR-Modified (02/C=0.3)

Streams: 1b-moles/hr

Reformer ATR ATR ATR  HT Shift LT Shift Anode Anode Cathode Cathode Furnace  Export
Feed Air Steam Exit Exit Exit Feed Exit Air Exit Air Steam
] 2 3 4 5 6 7 8 9 10 1 12 13
H, 280.85 340.30 356.38 356.38 35.64 |
co 78.95 19.50 3.42 3.42 3.42
co 80.92 140.37 156.45 156.45 156.45
HZS 489.60 346.72 287.27 271.19 10.52 10.52 320.74 340.21
CHy 3.34 3.34 3.34 3.34 3.34
N, 184.18 184.18 184.18 184.18 184.18 184.18 861.86 861.86 108.46
0, 48.96 229.10 68.73 28.83
H,S '

No. 2 0il 12.80

Total 12.80 233.14 489.69 974.96 974.96 974.96 714,29 393,55 1090.96 1251.33 137.29 340.21
\OF 700 1400 - 1600 1522 768 442 325 375 325 375
Psia 95 95 95 88 71 60 50 50 50 50



over that in the base case. The target value of 9,000 Btu/kwh is not achieved,
even with the optimistic 0,/C ratio chosen for the case. .

The key differences between this case and the base case is that here less of
the fuel is combusted in the ATR. On the one hand, this leaves more hydrocarbon
feed to be reformed into hydrogen, which should result in a better heat rate.

On the other hand, the ATR exit temperature is significantly lower, because less
heat is generated by partial oxidation of the feed. For example, in the base
case, the ATR steam was preheated to 1600°F by the ATR effluent, but this is

not feasible in the present case, as shown in Figure 4-2. The final heating

is done in a fired heater.

The Tower ATR exit temperature also may adversely affect the reforming activity
of the ATR catalyst, since deactivation of normal reforming catalyst by sulfur
increases with decreasing temperature.

In the present case, the methane concentration was arbitrarily set at 3.34
1b-mole/hr (0.34 vol %), very similar to that in the base case. In terms of
methane reforming reaction, this concentration corresponds to an approach
temperature of 200°F (93°C), compared with 380°F (193°C) in the base case.

Reducing the 0/C ratio in ATR will impose rather severe performance require-
ments on the catalyst. Perhaps such a high-performance ATR catalyst as assumed
in the present case study will emerge from the current developmental efforts.

4.2 A 5-MUW Acid-Cell Power Plant with HTSR/AIR of a No., 2 Fuel 0il

One of the near-term fuel-oil gasification technologies suitable for fuel-cell

integration is Toyo Engineering's Total Hydrocarbon Reforming (THR) process,

a form of high-temperature steam reforming (HTSR) (Bett, 1979; Houseman, 1979;

Yarrington, 1978). Recently, Catalytica Associates and Kinetics Technology

International, with the cooperation of Toyo Engineering, evaluated the THR
process as integrated with a phosphoric acid fuel cell (4). The major findings

" of this study are described below. ‘ '
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The evaluation was based on a hypothetical 5-MW acid fuel-cell power plant with
the THR process as the primary fuel processor to gasify a No. 2 fuel oil. The
fuel processor also featured an autothermal reforming (ATR) section downstream

of the THR unit, to reform the methane slip. At the present state of development,
the THR process cannot achieve a high methane conversion at the reforming con-
ditions employed in the study. Consequently, an unusually high concentration of
methane exists in the THR effluent,and the power plant would have a poor heat
rate, if the ATR unit was not added. For example, the heat rate without the ATR
unit was estimated to be more than 10,000 Btu/kwh, whereas with the ATR unit,

the system can potentially achieve 9,000 Btu/kwh or better, as is shown below.

4.2.1 Process Description

A process flow diagram for the optimized HTHR/ATR system is shown in Figure 4-3.
The material balance associated with this case is shown in Table 4-5.

The No. 2 fuel oil is mixed with superheated steam at 804°C (1480°F) and reformed
by the Toyo HTSR process. The product gases exit the reformer at 8200C (15080F)
and 84.7 psia and directly enter the ATR unit. Air to the ATR unit is preheated
to 520°C (968°F). In the ATR unit, the residual methane exiting the primary
reformer is reformed to increase the net Hp/CO content of the process stream.

The product gases from the ATR unit are cooled by exchanging heat with other
process streams and then pass through two-stage CO shift converters to maximize
the hydrogen content in this stream. The condensate is recovered before the
stream is charged to the fuel cell.

In the anode compartment of the fuel cell, 90% of the hydrogen in the feed
stream is converted to electricity at a cell voltage of 0.65.

The anode exhaust, at 191°C (375°F) and 50 psia, is subsequently heated to 5380C
(1000°F) by heat exchanging with the ATR product stream, and is then expanded
through a turboexpander, T-2. Here, 189 kW of power is recovered. The exit
stream from T-2 is heated to 450°C (842°F) and burned in the reformer furnace.
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TABLE 4-5

A 5-MW Acid Cell Power Plant, HTSR/ATR

Steam Flows (1b-moles/hr)

Super- HT LT Net
Reformer heated Reformer ATR ATR Shift Shift Anode Anode Conden- Cathode Cathode Conden- Steam  Export
Feed Fuel Steam Exit Air Exit Exit Exit Feed Exit sate Feed Exit sate BFW Make Steam
Component 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17
HZ 169.33 287.68 336.65 356.38 356.38 35.64
co 33.83 72.58 23.60 3.87 3.87 3.87
co, 67.53 71.3¢ 120.32 140.05 140.05 140.05
H,0 436.87 287.98 274.76 225.78 206.05 9.1 9.11 196.94 320.74 250.65 866.62 841.38 385.86
CHy 54.26 ' 170 170 170 1.70 1.70
NZ 100.30 100.30 100.30 100.30 100.30 100.30 861.86 861.86
02 26.58 229.10 68.73
- No. 2 0il 11.42 .12
Total 11.42 1.12 436.87 602.93 %26.88 808.35 808.35 808.35 611.41 290.66 196.94 1090.96 1251.33 250.65 866.62 841.38 385.86

Exchangers E-1 E-2 E-3 E-4 E-5 E-6 E-7
Duty, 100 Btu/hr 2.75 1.47 0.30 0.95 0.12 1.50 0.93

E-8 E-9 E-10 E-11 E-12 CE-Y
1.08 0.87

15.9 3.73 6.98 0.60

CE-2 CE-3 CE-4
1.60 2.2V 0.21



The cathode air is supplied by compressor C-1. It is preheated to 163°C (325°F)
by an exchanger in the convection section of the reformer furnace and is charged
to the cathode, where 70% of the 0, is consumed to support the overall electrode
reaction (Hy + %0, =+ Hy0). The water produced is carried out in the cathode
exit stream. To recover power from this stream, it is preheated to 321°C (610°F)
and expanded through T-1. This provides just enough power to compress the
cathode air.

The fuel cell converts a net 320.74 1b-mole/hr of hydrogen, and generates about
16 million Btu/hr of waste heat. In the present scheme, this heat is utilized
to generate 100-psig saturated steam. As shown in the diagram, part of this
steam fs superheated in E-1 and used for reforming. The steam flow rate suffers
some pressure drop as it flows from the fuel cell to the reformer inlet.

Total plant power requirements include two air compressors, which need a combined
power of 805 kW, and miscellaneous power consumers such as the furnace air
blower and the induced draft fan, which use about 33 kW.

To meet the power requirements, two turboexpanders supply a total of 820 kW,

which leaves a surplus of 15 kW after supplying the power for both air compressors;
It was assumed that this surplus power could be used to meet part of the misc-
ellaneous requirements, and the balance (v18 kW) would be met by a steam turbine
using a small portion of the export steam. The amount of this steam needed to
generate 18 kW shaft power is estimated at about 340 1b/hr.

In summary, the system has been designed such that all electricity generated by
the fuel cell is exported, with the exception of the inverter losses, which amount
to 4% of the gross DC output. This leaves a net AC export of 4,866 kW. To
generate this amount of electricity the system consumes a total 12.54 1b-mole/hr
of No. 2 fuel o0il, or in terms of its heating value, 43.38 million Btu/hr.

Thus, the heat rate of this power plant is 8,930 Btu/kwh.

4.2.2 Feedstock and Utilities Consumption

For operation at 100% of design capacity to produce 3.2 x 106 scf/d of H2

the following consumptions are anticipated:
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Fuel 0il No. 2 feedstock (x106 Btu/hr HHV) 39.60

Fuel 0il No. 2-fuel (x10° Btu/hr HHV) 3.86
Fuel cell off-gas (x10% Btu/hr HHV) 5.51
Boiler feed water (1b/hr) 9,145
Instrument air (scf/h) 3,500
N> for initial start-up (scf/h) 42,000

The production anticipated is as follows:

Fuel cell fuel (x10° Btu/hr HHV) 44.97
M.P. steam export (1b/hr) 7,880
Boiler blowdown (1b/hr) 880

o 6
The "overall heat rate" = (39'62 562'86)]0 = 8,930 Btu/kwh

4.2.3 Discussion

Whether or not the power plant will perform as described here hinges strongly

on how accurately the performance of the Toyo reformer has been predicted.

Among the units in the power plant, this is the only unit whose performance is
not well understood. The results of bench-scale tests published by Toyo Engin-
eering show that a straight crude o0il or even a vacuum residuum can be completely
gasified by this process; therefore, a No. 2 0il should present no problems.

An important concern in the design of the combined HTSR/ATR system is the
temperature at which complete gasification is achieved.

Many of Toyo's tests were made at temperatures above 900°C (16529F); even at
these high temperatures, the product compositions are such that the corresponding
equilibrium temperature is far below the actual reformer exit temperature. In
other words, to achieve a practical reforming conversion, either a large volume
of catalyst may have to be used or the reformer may have to be operated at a
higher temperature.
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In the detailed plant scheme presented in this report, the HTSR was designed
with an exit temperature of 820°C (1508°F). The heat rate for this plant was
calculated to be 8,930 Btu/kwh, a reasonably good rate for the first-generation
fuel-cell system. It remains to be seen whether the assumed reforming temper-
ature will be high enohgh to provide a reasonable conversion of the No. 2

fuel oil. If a higher reformer temperature is required, the heat rate will be
higher than 9,000 Btu/kwh, since a higher reformer temperature requires a
greater amount of fuel for the reformer furnace.
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5. EFFECTS OF HoS AND CO ON PHOSPHORIC ACID FUEL CELL

The phosphoric acid fuel cell tolerates certain levels of HpS and CO which are
common contaminants in the synthesis gas generated by the distillate oil re-
forming described in this report. Just how much of these gases can be tolerated
by the cell is an important consideration from the standpoint of system opti-
mization. Experimental results so far are not conclusive. One interesting
indication is.that there may be a synergism in the deactivating effects of

HoS and CO on the cell.

United Technology has run a long-term test to determine the cell tolerance to
HZS and CO. One cell was run for more than 2,400 hours with 130 to 200 ppm

HZS in the anode feed (King, 1977). This is shown in Figure 5-1. As it can be
seen, the cell operated normally for up to 900 hours with anode gas containing
CO and H»S. UTC noted that the cell performance was restored by removing CO .
or HoS, or by raising the cell temperature. For example, Figure 5-1 shows that
a severe decay that occurred after v650 hours was restored by removing CO while the
flow of H,S was maintained. UTC does not indicate how much CO was present
before the performance decay. As far as could be determined by electrochemical
measurements and transmission microscopy, the anode showed no permanent damages
from the test.

In an earlier UTC test in which the anode gas contained 500 ppm HS, there was
less than 1% performance loss (King, 1976).

At a more fundamental level, Binder, et al.,(1969) found that HpS is more
strongly adsorbed on Pt than CO is. Interestingly, when a Pt electrode was
covered with S, its anodic oxidation of CO to CO2 was much faster than that of
the same electrode without S coverage. Binder, et al., also noted that under
open~circuit conditions the shift reaction:

CO + Hy0 &=# COp + H,
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occurred at a high rate on Pt covered with S, whereas on pure Pt, the reaction
was very slow. The measurement was made at 90°C and in 3N HS04. Table 5-1
lists the results of this test. Since the equilibrium of the shift reaction at
90°C lies entirely on the side of CO2 + Hp, the results imply that the shift
reaction was far from being at equilibrium. Still, it is interesting to note
the difference in H2 generation between pure Pt and S-covered Pt; 1.3% of feed
CO was converted to Hp in the case of pure Pt, compared with 12% in the case of
the S-covered Pt.

Stonehart and Ross (1975) measured potentiodynamically the competing adsorption
of CO and Hp on a Pt electrode in 1M HpSO, and showed that CO is much more
strongly adsorbed than Hy. This is in agreement with their previous findings
that H atoms on Pt can be displaced by adsorption of CO, while displacement

of adsorbed CO by gaseous Hp does not occur. These authors note that, in an
aqueous electrolyte, CO chemisorbed on Pt is not oxidized to €O, because the
reversible hydrogen ionization:

Hy o= 2H' + 27,

even on the few Pt sites available, is so rapid that the surface potential of
the catalyst is controlled by this reaction and is maintained at a value below
the oxidation potential of CO. These references do not provide enough clues to
explain the abrupt cell performance decays observed in the UTC test. Never-
theless, they indicate that adsorption of H»S or CO on Pt is quite fast and
that, if these impurities are present in sufficient quantities in the anode gas,
their surface coverages may reach equilibrium within a matter of hours., For
example, it can be estimated that, at 200 ppm H,S, the hourly flow of anode gas
contains a number of H,S molecules that is about equal to the number of the
surface Pt atoms in the anode cell. In this respect, the behavior of the UTC
test cell, which included periods of steady operation lasting 300-900 hours
followed by rapid decays, cannot be explained in terms of competing surface
coverages by CO and H,S. Instead, the deéays are likely to have been the
results of secondary effects. To answer what these seconcary effects are
requires, first of all, understanding of interplays of adsorbed species existing
on the electrode surface. A great deal of work is needed in this area.
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TABLE 5-1

Gas Composition (vol %) Before and After Shift
Reaction of CO with H20 on Platinum Electrodes Under
Open-Circuit Conditions in 3N H,S0, at 90°¢C

Gas Inlet

co CO2
With sulfur adsorbate 100 --
50 50
10 90

Without sulfur adsorbate 100
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Gas OQutlet after
Shift Reaction

H, co, co
12,1 12.1  75.8

12.2  56.1 31.7
5.9 90.6 3.5

1.3 1.3 97.4
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APPENDIX A



I. INTRODUCTION

Poisoning of supported metal catalysts by sulfur compounds poses serious
problems in a number of important processes, including steam reforming of
sulfur-containing fuels. Sulfur apparently bonds strongly to metal surfaces,
substantially reducing their catalytic activity. Even at sulfur impurity levels
of only a few ppm, catalyst life may be reduced to only a few months or weeks.
Because of the essentially irreversible adsorption of sulfur compounds on
metals, regeneration is usually impossible or impractical.

In spite of its industrial importance, sulfur poisoning has received only
moderate attention in previous scientific investigations and in the literature.
The most recent comprehensive review of the literature dealing with poisoning
of metals was Maxsted in 1951 (1). Madon and Shaw (2) reviewed the pre-1970
literature on the effects of sulfur in Fischer-Tropsch synthesis; some of this
information is applicable to other reactions, including steam reforming.

In this section, we briefly review the more recent literature dealing with
sulfur poisoning of metals, with the purpose of highlighting areas in which
significant contributions have been made or could be made. The discussion is
focused on several fundamental questions that emphasize the present lack of
understanding and the need for further research:

e What is the nature of sulfur-metal bonding on surfaces?

How is it affected by metal crystallite size, metal-support
interactions, and metal or metal oxide promoters?

e How strong are surface metal-sulfur bonds? Under what con-
ditions of temperature and partial pressure do sulfur compounds
adsorb reversibly?

e What is the mechanism of sulfur poisoning in steam reforming and
related reactions? Is it possible to predict catalyst life on
the basis of such mechanisms or models?

o Is it possible to regenerate sulfur-poisoned catalysts?
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IT. THE NATURE OF METAL-SULFUR BONDS

Because sulfur has a lower electronegativity than oxygen (3), metal sulfides
tend to be much more covalent than metal oxides; indeed,the sulfides occur
often as nonstoichiometric phases, some with semimetallic behavior. Only the
more electropositive elements, alkalies,and alkaline earths form sulfides that
appear to be mainly jonic. Maxsted (1) suggested that sulfur compounds chemi-
sorb on transition metals by forming bonds in which previously unshared
electrons in the sulfur atom are shared in the d-orbitals of the metal.
According to Kishi and Roberts (4) this diminishes the potential of the metal
surface for back-bonding other molecules. That nonionic metal-sulfur bonding
occurs on transition metal surfaces is suggested by recent @ initio calcu-
lations (5, 6) showing the net charge transfer between nickel and sulfur in
two-dimensional sulfides to be 0.4 to 0.6 electron per sulfur atom. Such
theoretical calculations appear to have considerable promise in revealing
more about surface metal-sulfur bonds.

The thermodynamic properties of bulk metal sulfides are fairly well documented
(7-13). The nickel-sulfur system, for example, shows many phase transitions

and bulk phases, at high temperatures and large concentrations of HpS (7-10).
Data from Rosenquist in Figure A-1 show that, at temperatures of catalytic
interest (400-6000C), nickel exists in the metallic state only at PH s/Py., values
of 1073 to 107% and below. At higher HpS concentrations, the bulk su1f1dg Ni3So
is formed. Similar behavior is observed for iron-, cobalt-, and other metal-
sulfur systems of catalytic interest. Thus, in steam reforming of fuels of

high sulfur content, H,S concentrations may be high enough to cause bulk sulfide
formation in the metal catalyst. Generally the levels of HoS encountered in
processing of low sulfur fuels are in the ppm range; therefore, surface, rather
than bulk, sulfides are formed.

Among the metals commonly used as catalysts, Co, Fe, Ni, Pt, Rh, and Ru have

low free energies of formation of their bulk sulfides, indicating that relatively
large gas-phase HZS concentrations are necessary to maintain the bulk sulfides of
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these metals. Sulfides of metals such as Cr, Mn, Mo, Re, Ti, V, W, Zn,
and Zr have much higher free energies of formation. This suggests that
sulfur-poisoning of one metal may be reduced by alloying it with another
metal having a higher free energy of formation of the bulk sulfide. In-
deed, Cr (14) and Mo (15) impart sulfur resistance to Ni.



ITI. ADSORPTION OF SULFUR COMPOUNDS ON METALS

A. Nickel

1. Stability of Adsorbed Sulfur

Nickel has been the most commonly studied metal for sulfur
- adsorption, and HZS the most studied sulfur compound. Previous ad-
sorption studies on polycrystalline films, powders, and supported
nickel (16-29), and more recent studies on single crystal nickel (30-42),
provide a great deal of insight into the fundamental mechanisms of surface
nickel-sulfur compound interactions and of poisoning.

A number of early studies (5, 20, 27-29, 32, 33) suggest
that the surface nickel-sulfur bond is more stable than the bulk nickel-
sulfur bond. If so, the heat of adsorption should be larger than the
heats of formation for bulk phases. In recent, definitive investigations,
Oliphant et al. (27) and McCarty et al. (28) obtained heats of HZS
adsorption on polycrystalline Ni powders and on supported Ni from desorp-
tion isosteres and adsorption isosteres, respectively. Their two sets of
data agree remarkably well, as shown in Table A-1. Since, according to
these data, the heats of adsorption for HZS on various forms of nickel may
range from 130-160 kJ/mole, the enthalpy of adsorption is 55-85 kJ/mole
more exothermic than is the enthalpy of formation of N1’3S2 of 75 kJd/mole.

The extent to which HZS adsorption on Ni is reversible at various
temperatures and concentrations, although a subject of obvious importance
in regard to poisoning, has received only modest experimental scrutiny
(19, 21, 27-29). Nevertheless, equilibrium adsorption and desorption iso-
therms at various temperatures (19, 27, 29) and isosteres (28) from these
studies have established the concentiations at which less than saturation
coverage is observed for a given temperature. For example, the isotherms
of Oliphant et al. (27) in Figure A-2 reveal that, in the temperature range
of 450-500°C, less than saturation coverage (i.e., reversible adsorption)
occurs on the Ni surface only at concentrations less than 1-2 ppm HZS'
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TABLE A-1

Experimental Heats of HZS Adsorption on Metals

~Compared with Heats of Formation for Bulk Sulfides

Temp., Crystallographic -AHa?a AHfb
Metal (°C§ plane (kd/mole S) Method Ref. (kd/mole S)
Ag 300-450 (111) 114 Isotherms 54 96 (AgZS)
300-450 (100) 122 in HZS/H2 '
300-600 (110) 139
Fe 850 Polycrystal 188 Isotherms 63 150 (FeS)
. in H,S/H
27172
Mo 1050-1150 (110) 215 Desorption 51 180 (M0253)
Ni 450-500 Polycrystal 134 Desorption 27 . 75 (Ni352)
450-500 16% Ni/A1203 150
450-500 Sponge 144 Ads. isostare 28
450-500 5% N1'/A1203 143
Pt 930-1100 (111) 169 Desorption 72,73 138 (PtS)
- (100) 198
%per mole of HZS‘
PPer mole of S; corresponding to (x/y)M + 1/2 S, = (1/y) M.S

v
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The incredible stability of adsorbed sulfur is further demonstrated in
Figure A-1, in which most of the early equilibrium adsorption data for

Ni (19, 21, 27, 28) are represented on a single plot of 1In (pHZS/PHz)

as a function of reciprocal temperature. The solid line corresponds

to the equilibrium data reported by Rosengvist (7) for formation of N1'3S2
(in the temperature range 400 to 535°C). On the basis of equation

AG% = RT 1n (PHZS/PHZ) = H-Tas (A-1)

the slope of this line is AH/R, where AH = -75 kJ/mole and the intercept

is a -AS/R. The dashed lines in Figure A-1 represent equilibrium lines

for chemisorbed sulfur with heats of adsorption of 85, 125, and 165 kJ/mole,

assuming formation of N1’3S2 (i.e., the same intercept as the solid line for

' NiBSZ). Thus, according to these data, the enthalpy of adsorption of HZS on
Ni is 50-100 k J¥mole more exothermic than the enthalpy of formation of Ni352,
depending on temperature and coverage. It is also apparent that the absolute
value of the heat increases with decreasing coverage and that the equilibrium
partial pressure of HZS increases with increasing temperature.

From these data in Figure A-1 it is also possible to estimate the equilibrium
partial pressure of HZS at any given temperature for fractional coverages
ranging from 0.5 to 0.8. For instance, at 450°C and 0 = 0.5, the values of
PHZS/PHZ range from about 10'8 to 10’9. In other words,.half coverage obtains
at"1 to"10 ppb HZS’ a concentration range at the lower 1limit of our present
analytical capability' At the same temperature (450°C) almost complete
coverage (8 = 0.9) obtains at values of PH S/PH of 10'8 to 10'6 (0.01 to

1 ppm) or in other words, at the HZS conceritrations encountered in many

catalytic processes after the gas has been processed to remove sulfur compounds.
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In view of the stability of adsorbed sutfur on Ni, it would be desirable

to find modifiers (supports or additives) that would either (a) change
nickel's sulfur adsorption properties in the direction of greater reversi-
bility and/or (b) would enhance its sulfur adsorptive capacity substanti-
ally. Only two investigations thus far have directly explored these possi-
bilities. Oliphant et al. (27) found that Pt- and Co-promoted N1‘/A1203
evidenced slightly lower HZS adsorptive capacities than did Ni/Al?_O3 that

was not promoted (see Figure A-2), although the adsorption isotherms for

the bimetallics indicated about the same degree of reversibility as did those
for Ni/A1203. Fowler and Bartholomew (29) found a significantly greater sul-
fur adsorption capacity for Mo-promoted N1'/A1203 than for nonpromoted Ni/
A1203, although the adsorption of HZS on the Mo catalysts was about as strong
as that on Ni/A]203. Thus, these investigators were not successful in pro-
moting more reversible adsorption of HZS on Ni; however, the discovery of
enhanced adsorption capacity in Ni/Mo catalysts is significant. Further
investigation of the effects of metal and oxide promoters on adsorption

~ properties of HZS on Ni and other metals is an important area deserving fur- /
ther attention.

2. Adsorption Mechanisms

The interaction of H,S (and organic sulfides) with metals may
include a number of consecutive steps: reversible molecular adsorption of
HZS’ dissociation, reconstruction of the metals surface to a two-dimensional
metal sulfide, and incorporation into the bulk (at sufficiently high Pst/
PH ratios) to form a three-dimensional metal sulfide. Unfortunately,little
information is available, especially of a quantitative nature, regarding
the kinetics of these various steps for the nickel/sulfur system. Apparently
the incorporation of sulfur into nickel at PH2S = 1 atm occurs slowly at

room temperature, diffusion through the sulfide layer controlling the rate
(16). Rates of adsorption of H,S on copper (28, 44, 45) are very rapid;

the high sticking probability suggests that no barrier to adsorption and
dissociation exists until the surface is saturated. Accordingly, sulfur
poisoning of metals is not 1ikely to be limited by rates of adsorption and
reaction on the surface. Thus, surface coverages of sulfur can be pre-
dicted by equilibrium thermodynamics under most conditions of catalytic
interest, although the same is not true of bulk sulfide formation, for which
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the rate depends very much on the temperature and on the partial pressure
of Hy,S. In view of the lack of quantitative data for H,S adsorption and
absorption rates on Group VIII metals, additional research would be desirable.

Most of the early work (16-19, 21-29) suggests that HZS completely dis-
sociates on nickel surfaces, even below room temperature, although there

is obvious disagreement regarding the number of nickel atoms per sulfur
atom. Saleh et al. (16) suggested a three-site mechanism in the temperature
range of 80-100°C:

'
HZS(g) + -Ni-Ni=Ni + -Ni-Ni-Ni- , (A-2)

whereas Den Besten and Selwood (17) inferred from magnetic measurements at
0-120°C that H,S forms four bonds with the nickel surface:

H S H
/

| v
GZS ) + ~Ni-Ni-Ni-Ni > -Ni-Ni-Ni-Ni . (A-3)

(g
They also found that, at high coverages, sulfur displaces hydrogen from the
surface. In a more recent magnetic study of Ni/SiOz, Ng and Martin (25, 26)
also reported that HZS adsorbs at room temperature,with initially four Ni
surface atoms being involved in the bond formation for every HZS molecule
adsorbed; at PH S of 1 atm, deeper layers of Ni are subsequently attacked.
Rostrup-Nielsen (19) suggested a one-site mechanism at higher temperatures
(550-650°C) :

2% (g) * Mi(s) ~ Ni=3(s) * Mo(q) (A-4)
on the basis of obtaining a value of 1 for the power, n, in a Langmuir
fit for his data. Oliphant et al. (27), on the other hand, obtained Lang-
muir exponents of 2.9 and 2.7 for Ni powder and 3% Ni/A1203,respective1y.
at 450°C, consistent with a three-site mechanism. The data of Oliphant
et al. (27) are considered to be more reliable than those of Rostrup-Nielsen
(19), since their desorption isotherms, each determined from a single
sample, evidence considerably less scatter than does Rostrup-Nielsen's
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adsorption isotherm, each point of which corresponds to a different
sample. Accordingly, the three-site mechanism is favored, at least at
high temperatures (400-600°C).

Although infrared spectroscopy cannot provide direct information on
metal-sulfur bonds, IR studies of the adsorption of sulfur compounds on
supported Ni (18, 25, 47) and evaporated Ni films (23, 48) have supplied
limited indirect mechanistic information. For example, the complete
absence of S-H or C-S stretching frequencies when HZS and CS2 are adsorbed
on Ni (23, 25) provides indirect evidence for the dissociative mechanism.
Similarly, the absence of IR bonds for methyl mercaptan adsorption on Ni
(23) is likewise interpreted in terms of dissociation of C-S and S-H bonds,
consistent with the observations of Saleh et al. (49) of metal sulfide for-
mation, accompanied by evolution of hydrogen, methane, and dimethyl sulfide.
Mercaptans involving higher-molecular-weight hydrocarbons (23, 25, 47, 48)
are generally believed to adsorb at room temperature as mercaptide struc-
tures, through dissociation of the H-S bond -- the C-C and C-S bonds re-
maining intact. Heating to 80°C, however, decomposes the mercaptide, with
formation of the corresponding olefin and a sulfided surface (48). IR

data suggest that dimethyl sulfide adsorbs nondissociatively at room temp-
erature (49), in accordance with the earlier results of Den Besten and
Selwood (17). In the case of thiophene adsorption, the IR results are in-
conclusive, as the spectra for thiophene on SiOz'and Ni/SiO2 are the same
(25).

3. Surface Structures

Significant advances during the past decade in surface-analysis
techniques, such as low-energy electron diffraction (LEED) and Auger electron
spectroscopy (AES), enable geometric structures of crystal faces and
adsorbed atoms to be determined. A number of recent surface studies (21,
30-43) have provided useful information regarding structures of sulfur
adsorbed on Ni. During the initial stages of sulfur adsorption on clean
Ni single-crystal surfaces, sulfur atoms reside in high-coordination sites,
i.e., the atomic hollows of the surface (21, 30-33). For example, on a
Ni(100) surface, sulfur is adsorbed in an ordered layer with a p(2x2) over-
layer, with each sulfur atom being bonded to four Ni atoms, up to 6 = 0.25,

A-11



and from 6 = 0.25 to 0.5, with a c(2x2) overlayer, with each sulfur atom
being bonded to two Ni atoms. The adsorption of sulfur on Ni(111) and
Ni(110) is apparently more complicated (21, 31, 36-38); the evidence sug-
gests that sulfur restructures the nickel surface. For example, on

clean Ni(111), a p(2x2) structure was observed at 6 < 0.25. At slightly
higher coverages (0.25 < 6 < 0.33), the structure changed to a v3 x V3 R
30° pattern, with each sulfur atom being bonded to threr Ni atoms in three
coordination sites. As the surface coverage of sulfur increased beyond
1/3 monolayer, the surface of the Ni(111) was reoriented to a (100) layer,
adsorbing more sulfur. Only surface Ni atoms underwent rearrangement, the
bulk maintaining its (111) symmetry. It was found that sulfur is adsorbed
on, and not incorporated into, the rearranged layer of surface Ni atoms.
Edmonds and co-workers (36-38) speculate that the strong Ni-S interaction
weakens the bonding between the surface and the next lower Ni layers, there-
by permitting rearrangements of the surface Ni atoms. Indeed, the weaken-
ing of Ni-Ni bonds in cluster complexes by sulfur ligands does occur (39).
The change from fourfold to twofold coordinated sulfur bonding as a func-
tion of increasing sulfur coverage implies that the adatom-adatom inter-
actions are strong enough that subsequent adsorption requires modification
of the bonding of preadsorbed atoms. The fact that the sulfur must modify
its bonding to the Ni to allow further sulfur adsorption also implies that
as one covers the surface, strong restraints are put on further adsorption
of any sort.

Since poisoning by sulfur usually involves complete coverage, the surface
structures under these conditions are of great interest. For all three

low -index faces of Ni, the Ni surface saturated with sulfur corresponds to
one sulfur atom for every two surface Ni atoms, and has a c(2x2) overlayer
structure. A general conclusion is that the Ni-S bond lengths found on all
surfaces are smaller than those occurring in stable Ni-S bulk compounds (5,
30, 32). This is further evidence that adsorbed sulfur is bonded to Ni more
strongly than is sulfur in a bulk Ni sulfide. Indeed, AI-.If is estimated to
be -240 kJ/mole for sulfur bonded in a bridge position to Ni (5), compared
with -74 kd/mole for bulk Ni su]fide.
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4. Adsorption Stoichiometries

There is apparent]y only fair agreement as to the stoichiometry
of H,S adsorption on Ni. The reasons for this are twofold: (1) the
stoichiometry apparently depengs on surface coverage, which in turn de-
pends on PH X and (2) the stoichiometry varies with temperature, as de-
sorption of hydrogen occurs more readily with increasing temperature, free-
ing sites for sulfur adsorption.

Evidence for the first observation was discussed in the previous subsection.
Indeed, the studies of single-crystal Ni, obtained for the most part at
very low PH S values, show that the number of sulfur atoms adsorbed per Ni
surface atom (S/Nis) ranges from 0.25 to 0.5. Based on adsorption studies

at high Py,s (10 ppm - 1 atm) on polycrystalline or supported Ni, S/Ni values
range from 0.25 to 0.33 at room temperature (16, 17, 25) to as high as 0.75-
1.0 at 450-600°C (19, 27, 29). A priori, it is reasonable to expect that,

at most, about 0.6 to 0.7 atom of sulfur chemisorbs on a clean Ni surface in
view of the relative areas of about 0.10 and 0.065 (nm)2/atom for S and Ni
atoms, respectively.

These apparent discrepancies can be resolved as follows. First, the values
of S/NiS of 0.25 and 0.33 (16, 17, 25) are observed at the lower temperatures
(-78 to 25°¢) because hydrogen atoms from the dissociative chemisorption of
HZS bond irreversibly with Ni sites, and thereby prevent further sulfur
adsorption. Since at higher temperatures, the chemisorption of hydrogen is
reversible, sulfur atoms can cover most or all of the Ni sites, and thus
higher S/Ni_ ratios are possible. |

The near-unity values of S/NiS observed by Oliphant et al. (27) for both
supported and unsupported Ni on desorption after saturation at 25-30 ppm can
be explained by a surface reconstruction at the higher concentration range.
Accordingly, the authors hypothesized thét, at HZS concentrations less than
10 ppm, atomic sulfur is chemisorbed on the Ni surface up to a coverage of
S/N1'S = 0.7-0.8, consistent with N1'3$2 stoichiometry; however, saturation

at 25-30 ppm with subsequent desorption is accompanied by a reconstruction
of the surface to a surface sulfide of Ni, consistent with NiS stoichiometry.
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This hypothesis is supported by the observation of a hysteresis effect for
adsorption and desorption, characterized in part by a trend of increasing
saturation covefage with increasing HZS concentration for single equilibrium
adsorption points.

B. Other Metals

The adsorption of HpS on Group VIII and Ib metals (50,51) and in
particular on Ag (52-54), Cu (44, 45, 55-58), Fe (23, 50, 59-64), Mo (571,
65-67), Ru (27, 68), and Pt (51, 69-75) results in surface metal sulfides
having qualitatively similar structures and stability to those of Ni. Data
showing that the metal-sulfur bond at the surface is generally more stable
than in the corresponding bulk metal sulfide are summarized in Table A-1.
Indeed, the heats of adsorption are 20-40% larger than thé heats of forma-
tion of the most stable bulk sulfides. The data also show that sulfur is
generally more strongly bonded on the more atomically rough metal planes.
Dissociative adsorption of HZS on metals (50, 59, 61, 68, 71, 74, 76) and
restructuring of the metal surface by adsorbed sulfur (44, 45, 50, 51, 58,
61, 62, 69, 70) are also general phenomena. Kinetic studies (44, 71) revéa],
in the case of Cu and Pt, two adsorption regimes; at 6 < 0.5-0.6 the ad-
sorption occurs rapidly with a high sticking coefficient. However, at 8 >
0.6 the adsorption occurs slowly with a low sticking coefficient. This

interesfing behavior hay result from surface reconstruction and/or a change
in the mechanism of adsorption involving more weakly bound and less dis-
sociated species at high coverages. Further investigation of this phenomenon
would be worthwhile. Generally, further investigation of the kinetics and
thermodynamicé of HZS adsorption on catalytic metals is needed. Since
adsorption of HZS on Co, Pd, Rh, and Ru has received very little or no
attention, the investigation of these important catalytic metals should

have a high priority.
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IV. EFFECTS OF SULFUR ON ADSORPTION OF OTHER MOLECULES

Since one of the necessary steps in a heterogeneous reaction is the adsorption
of one or more of the reactants, investigation of the effects of adsorbed sul-
fur on the adsorption of other molecules can reveal a great deal about the
poisoning process. Particularly the effects of sulfur poisoning on CO and H2
adsorption on metals are of interest, not only because these molecules partici-
pate in numerous reactions, but in addition, because they are used as

selective titrants to measure metal surface area.

A. Nickel Catalysts

1. Effects on Hydrogen Adsorption

Results of previous investigations (15, 26b, 29, 77-84)
show that hydrogen adsorption on nickel at room temperature is lowered by pre-
adsorbed sulfur. Moreover, the fraction by which hydrogen adsorption is re-
duced is generally proportional to the fractional coverage of sulfur, although
some of the data suggest a larger than linear reduction of metal surface area
with increasing sulfur coverage during the initial stages of poisoning. This
is illustrated by data in Figure A-3. Rendulic and Winkler (84) have shown
a similar linear decrease in the initial sticking coefficient of hydrogen with

increasing sulfur coverage. At maximum sulfur coverage, the sticking co-
efficient is virtually zerc. Accordingly, H2 adsorption at 25°C on partially
sulfur-poisoned catalysts provides an accurate measure of the unpoisoned
nickel surface.

2. Effects on Carbon Manoxide Adsorption

The effects of sulfur poisoning on the adsorption of CO on
nickel (23, 26, 48, 77-81, 83, 85-91) are very complex; the nature of the
adsorbed species and the adsorption stoichiometry vary considerably with
changes in pressure, temperature, and sulfur coverage. For example, IR data
(25) show that bridged bonding is diminished and subcarbonyl bonding enhanced
by sulfur. Moreover, there are significant differences in the behavior 6f
supported and unsupported Ni (80, 83). In fact, in the case of supported
nickel catalysts, very significant increases in CO adsorption are observed
at -80 to 25°C and moderate pressures (100-400 Torr) after treatment with
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HZS (77-81, 83), apparently as a result of sulfur-catalyzed Ni(CO)4
formation (83, 92). However, at low CO pressures (less than 1 Torr),
sulfur completely inhibits room-temperature CO adsorption at OS > 0.3
(90). On the other hand, under high-temperature reaction conditions rep-
‘resentative Qf methanation (200-400°C, 1 atm, PCO = 5-10 kPa, HZ/CO = 3),
dissociative adsorption of CO occurs on a completely poisoned N1'/A1203
catalyst, the extent of which is about 50% of that observed for an un-
poisoned catalyst (91). These incredible differences in behavior at
different pressures and temperatures emphasize the importance of investi-
gating effects of sulfur poisoning under conditions representative of the

particular process of interest.

3. Effects on Adsorption of Other Molecules

Since sulfur poisoning is known to modify selectivity properties
in a number of hydrocarbon reactions, investigation of the effects of pre-
adsorbed sulfur on the adsorption of organic molecules on metal catalysts
may provide the basis for understanding this behavior. The only reported
research on hydrocarbons is that of Ng and Martin (26b) dealing with ace-
tylene and benzene adsorption on presulfided Ni/SiOz. The volumetric,
adsorption, and saturation magnetization data for these compounds reveal
a more complex behavior than that of either H2 or CO. Both acetylene and
benzene adsorb on presulfided N1'/S1'02 at room temperature; these results

suggest interactions of the hydrocarbons with deeper nickel layers.
Perhaps the most significant observation from this study is that pread-
sorbed HZS inhibits the cracking of hydrocarbons on nickel.

That only one investigation (26b), so far, has considered the effects of
sulfur, poisoning on the adsorption of organic molecules, and only one study
(93), poisoning of the adsorption of 02 on nickel, strongly suggests the
need for further research. A number of important molecules are suggested
by considering some of the important reactions in which nickel catalysts
are poisoned by sulfur, e.g., ethylene (hydrogeneration), methane (steam
reforming), and cyclohexane (hydrocracking). Moreover, the study of
poisoning of H, and CO adsorption by various sulfur compounds should be

of high priority, since only one investigation (25) has considered such
effects.
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B. Other Metals

Relatively few studies (16, 67, 71, 77-79, 81, 84, 94-99) have
examined the consequences of sulfur poisoning on the adsorption of other
molecules on metals other than Ni. Generally, it appears that adsorp-
tions of hydrogen, oxygen, and CO are prevented by adsorbed sulfur. For
example, Bonzel and Ku (71a) reported a decrease in the binding energy of
CO on the Pt(110) surface with increasing sulfur coverage; at Og = 0.75,
no CO was adsorbed. Bartholomew and co-workers (77-79, 81) reported that
hydrogen uptakes for nickel bimetallics and ruthenium were generally de-

creased in proportion to sulfur coverage. Unfortunately, in most of the
previous work, quantitative relationships between the coverage of sulfur
and decrease in adsorption for a given adsorbate were not obtained. Thus,
determination of the quantitative effects of sulfur on adsorption of
reactants on metals is obviously a potentially fruitful area for further
research.
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V. EFFECTS OF SULFUR ON ACTIVITY/SELECTIVITY
PROPERTIES OF METALS DURING REACTION

A. In Steam Reforming

Conyentional nickel reforming catalysts are very sensitive to
poisoning by sulfur compounds, suffering significant losses in activity
at concentrations greater than 1-20 mg S/m3 (100-105). Since organic
sulfides are present in conventional reforming feedstocks such as natural
gas and naphtha at levels as high as 300-500 ppm and at much higher levels
in heavy oils and resids under consideration as potential feedstocks, de-
sulfurization of the feed is essential before it is reacted over conven-
tional catalysts. Organic sulfur compounds remaining in the feed after
desulfurization are readily hydrogenated to HZS under typical reforming
conditions; thus, it is sufficient to consider poisoning by HZS'

Adsorption studies of HZS on nickel (summarized in Fig. A-1) indicate
increasing reyersibility of sulfur adsorption with increasing temperature.
Since the reforming process is carried out at high temperatures (400-
850°C), poisoning by sulfur should be somewhat reversible; indeed, the re-
versibility was demonstrated by Morita and Inoue (101-102), who found that
nickel catalysts regained initial activity after removal of sulfur com-
pounds in the feed. At any given temperature, there was a threshold con-
centration below which no detectable poisoning was observed.

Sulfur threshold concentrations determined by Morita and Inoue (101-102)
and other workers (100-103) for outlet temperatures of 800-900°C are listed
in Table A-2 and compared with equilibrium adsorption data from Figure A-1
for OS = 0.5. The agreement among experimental values, and of experimental
values with predicted values from Figure A-1 at the same temperature, is
generally good, which suggests that the reversibility of sulfur poisoning
during reforming is a predictable consequence of equilibrium adsorption of
H,S. Accordingly, the poisoning effect of sulfur in reforming may be

2
ascribed to blocking of the nickel surface.

This hypothesis is confirmed by the data of Rostrup-Nielsen (104, 105)
listed in Table A-3, showing the effects of sulfur poisoning on the
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TABLE A-2

Sulfur Threshold Levels? in Steam Reforming, ppm

Catalyst exit

Catalyst temp., oC  Ref. Comments
800 80 900
14-25% Ni (ICI) 0.7 3.5 18 103 Full-scale reform-
ing; catalyst temp.,
400 to TOC
4.4% Ni . 1.4 -- -- 101,102 1Isothermal bed
26% Ni 3 11 --
Various Ni 7 14 21 100 Experimental concen-
catalysts trations based on
: equilibrium gas com-
position for:
Co + 3H2‘:= CH4 + H20
Various Ni 3 7 16 Fig. A-1 PHZS/PH2 values from
catalysts Fig. A-1 based on ex-

trapolation of equi-
librium adsorption
data at 8g = 0.5 for
temperature shown.

®Threshold concentrations below which there is no measurable loss of activ:
Zty at the temperature shown in ppm (VH S/VCH Y; 0.7 ppm (V/V) = 1 mg S/m3
STP). 2 4
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TABLE A-3

Influence of Sulfur Poisoning on Spec1f1c Activity in
Steam Reforming of Ethane on 25% N1/A1 MgO (5000C,
31 atm, H O/C 4)2

Su]fur content Reaction rate, Reac§10n rate, 3
in wt, ppm Sulfur coverage mole/g-h x 10 mole/m& Ni-h x 10

80 - <0.1 2.41 120

239 0.30 0.66 62

360 0.45 0.53 69

398 0.49 0.59 64

615 0.76 0.38 _ 56

805 -~ 1.00 <0.01 --

qpata from Refs. 104 and 105.



specific activity of 25 wt % Ni/MgOA]zo3 in steam reforming of ethane at
500°C. The fact that the specific activities based on the remaining nickel
surface area are reasonably constant over a wide range of sulfur coverage

is evidence that chemisorbed sulfur poisons by blocking the metal surface

for adsorption of reactants. At a sulfur coverage of 1.0, the rate is low-
ered by more than two orders of magnitude. Thus, the actual tolerance of con-
ventional nickel catalysts toward sulfur poisoning during steam reforming

at 500°C is very low.

A]tﬁough the above-discussed studies have defined sulfur poisoning toler-
ances for conventional nickel catalysts used in steam reforming of natural
gas and naphtha, they have not considered in sufficient detail the kinetics
of poisoning at above-threshold concentrations nor the effects of catalyst
and/or gas compositions on rate of deactivation and tolerance level. Nor
is there any previous report on the effects of sulfur on product distribu-
tion (i.e., relative rates of production of H,, €O, and CH4) in steam re-
forming of hydrocarbons. Nevertheless, such studies have been conducted
for nickel and nickel bimetallic catalysts in methanation of CO (15, 29,
82, 106), the reverse of methane steam reforming; the results suggest that
catalyst and gas compositions are important in determining rates of de-
activation. Moreover, sulfur poisoning significantly changes product selec-
tivity in favor of hydrogen-poor products.

A recently announced Japanese process (107) for high-temperature steam re-
forming of high-sulfur, heavy-hydrocarbon feedstocks (such as resids), based
on Ni/Ca aluminate catalysts, demonstrates the potential for developing
sulfur-tolerant catalysts. Certainly, steam reforming of such high-sulfur,
high-coking feedstocks will necessitate development of a new class of steam-
reforming catalysts. The study of their sulfur tolerance should constitute
an'important, fruitful area of research.

B. General Poisoning Models
Realistic, accurate models of poisoning can serve two useful pur-
poses: (1) provide insights into the mechanisms of poisoning and (2) enable
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prediction of poison distribution and catalyst life. Unfortunately
much of the previous work along this line has been based on unreal-
istic or inaccurate empirical models with very limited application.
However, two recently described models (104, 108) appear to have more
general application to poisoning processes, and specifically,sulfur
poisoning in steam reforming. |

Wise et al. (108) recently proposed a theoretical model of sulfur-pois-
oning kinetics in an isothermal fixed bed, assuming kinetically con-
trolled poisoning conditions. In this model, the poisoning is considered
to be an irreversible adsorption of a gaseous contaminant on nonporous
particles at a rate ds/dt = -kns, where k is the deactivation rate con-
stant, n the poison concentration, and s the poison site density. Simul-
taneous solution of the mass-balance and rate equations and integration
over the bed leads to expressions relating outlet poison concentration
and site density to time:

In[n,/n - 1] Infexp(ks L/V) = 1] - kn.[t - (L/V)] (A-5)

s /s - 1] ]n[éxp(kni (t - L/v)) -1] - ks (L/V) (A-6)

where n; and NL are the inlet anq outlet concentrations of poison,

L/V is the space velocity, and So is the initial site density. By plotting
experimental breakthrough concentrations in the form of 1n[n1./nL - 1]

as a function of t, the values of the rate constant k and pcison site
density can be determined. Once k and s are known for a given catalyst

and process, it is possible to estimate catalyst 1ife for different space
velocities and poison concentrations.

Bartholomew and co-workers (29, 82) extended this model to correlate act-
ivity as a function of time. Letting a = s/so in Eq. A-6 simnlifies the
equation such that rate constants can be obtained from plots of 1n[(1-a)/a]
as a function of time. Fowler and Bartholomew {29) used this ex-

tended model to determine rate constants and site densities for Ni and
Ni-Mo catalysts during methanation in 10 ppm HZS’ They were then able

to estimate catalyst lifetimes in the methanation process for conditions
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of 1 ppm and a space velocity of 3,000 hr'l. For example, the process

1ifetimes of 14% N.i/Alzo3 and 10% Ni/20% Mo/A]ZO-SiO2 catalysts were
estimated to be 3 and 9 months, respectively, under these conditions. If
activity-versus-time data could be generated for steam-reforming cat-
alysts, it might be possible to use this model to estimate their 1ife-
times in the process, assuming that temperature profiles and concentration
gradients through the reactor were taken into account. This model,
however, is mainly useful for estimating the time of approach to equili-
brium sulfur coverage at the relatively large poison concentrations and
low temperatures, characteristic of the inlet to a steamreforming
reactor. However, the poisoning process would probably cause the temp-
erature profile to move gradually through the reactor with time at suf-
ficiently large inlet concentrations of HZS‘

Because of the large temperature gradients in steam reformihg and the
significant reversibility of H2$ adsorption at the high temperatures
representative of the outlet conditions (800-850°C), the equilibrium
distribution of sulfur in the catalyst and particles is of interest. Rostrup-
Nielsen (104), has demonstrated how equilibrium sulfur coverage profiles
through a steam-reforming reactor can be estimated for different inlet

sulfur concentrations. His calculations assume that chemisorption
equilibrium is readily established and depends only on PHZS/PH2 and

temperature. Axial profiles of hydrogen flow and temperature are rep-
resented by straight lines. Unfortunately, his calculations assume an
_unrealistically low value for the heat of chemisorption for HZS on nickel
of 42 kJ/mole; moreover, it is evident that poisoning influences the
hydrogen and temperature profiles over a period of time. Thus the
quantitative results of Rostrup-Nielsen are suspect. Qualitatively,
however, they illustrate how overall sulfur coverages as a function of
position in a fixed bed can be determined for different sulfur concentra-
tions at any given time. Since sulfur apparently poisons by blocking the
sites, it should be possible to 1link the sulfur profiles to changes in
activity as a function of concentration.

In addition, the calculations of Rostrup-Nielsen consider the effects of
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pore diffusion, the results suggesting that equilibrium coverage is
attained rapidly at the external surface of the catalyst pellets in the
entire bed; thus, the adsorption front moving gradually through the

bed is not as sharp as it would be in the case of methanation at lower
temperatures. This means that a large but short-term increase in the
-inlet sulfur concentration in the feed could significantly upset the
entire process by causing a significant increase in the coverage of the
external pellet layer throughout the reactor bed. It also means that
accumulation in the interior of the pellet is a slow process. Indeed,
Rostrup-Nielsen estimates overall inlet coverages for typical catalysts
in naphtha reforming for an ammonia plant to be 10 and 70% of equilibrium
coverage after 100 and 1,000 hours, respectively.

The work of Rostrup-Nielsen is very informative, but it also raises a
number of important questions. It is clear that improvements could be
made in his sulfur coverage profiles by using more realistic heats of
adsorption for nickel and by using more realistic temperature and con-
centration profiles through the reactor. These more accurate data should
be valuable in modelling the process at near-threshold concentrations of
HZS’ Thus, the questions of how sulfur is actually distributed in the
catalyst pellets and in the bed and how this distribution changes as a
function of time at various HZS concentrations merit further attention.
Also, in the model by Wise and co-workers for steam reforming, it might
be worthwhile to examine a modification in which pore diffusional res-
jstance is considered, so as to account for the slow deactivation of the
pellet interior.
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VI. REGENERATION OF CATALYSTS

Relatively few studies of regeneration of sulfur-poisoned catalysts
have been reported (44, 60, 104, 106, 109-115). Removal of sulfur by
oxidation with air, oxygen, or water (44, 106, 109-113, 115) or by
high-temperature desorption in Hy (106, 114) have been proposed. Un-
fortunately,treatments in an oxidizing environment and/or at high temp-
erature can cause severe thermal degradation of typical steam-reforming
catalysts. Patents on the subject have not addressed these problems
nor the rationale for such proposed procedures.

In the only previous, comprehensive study of regeneration, Rostrup-Nielsen
(104, 110) found that significant removal of sulfur was obtained for nickel
steam reforming catalysts -- either unpromoted, or promoted with magnesium
and calcium -- on treatment in steam at temperatures above 700°C, whereas
removal was negligible for sodium- and potassium-promoted catalysts. This
behavior suggests that promoters which bind sulfur strongly (such as K and
Na) render the catalyst difficult to regenerate. Although the treatment
in steam oxidized the nickel at high temperatures, the results indicate
that steam does not influence the HZS chemisorption equilibrium. However,
when steam and air were used in regeneration, sulfates were formed; these
were reduced back to HZS in the subsequent reduction. Bartholomew et al.
(106) observed similar behavior in regeneration of sulfur-poisoned Ni/
A1,0, in oxygen at 250°C, followed by reduction at 250 and 400°Csrespec-
tively. A moderate recovery of activity was observed following reduction
at 250°C; however, after reduction at 400°C, the catalyst completely lost
its activity again. Recent studies of the oxidation of sulfur adsorbed

on well-defined Cu (44) and Ni (93, 115) surfaces suggest that it may be
possible to remove sulfur as 502 at very low partial pressures of 02,
thereby avoiding the formation of sulfates and the subsequent repoisoning
of the catalyst on rereduction. Considerably more research with both
well-defined surfaces and supported metals should be encouraged in this
important area of regeneration by 02.

The removal of sulfur in either H2 or a sulfur-free reactant mixture may
also have potential as a regeneration technique in steam reforming.
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Although the rate of desorption of HZS is very slow at 450-500°C
-(106), it should increase significantly at higher temperatures
(800-900°C) as the adsorption becomes significantly more reversible
(see Table A-2). This is apparently the basis of a patent for re-
generation of sulfur-poisoned methanation catalysts (114). Of
course, this technique may not find general application because of
reactor system temperature restrictions and/or catalyst sintering
problems. It does, however, merit additional investigation.
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VII. EXPERIMENTAL CONSIDERATIONS

Although the discussion of previous work illustrates valuable techniques
and approaches, not much has been said to this point régarding the details
of experimental problems in the investigation of sulfur poisoning. Most
of the difficulties occur because of: (a) strong adsorption, which results
in nonuniform poisoning of the catalyst, (b) choice of apparatus materials
that adsorb or react with sulfur compounds, or (c) choice of experimental
conditions, such that heat-and mass-transport limitations, disguise the true
~effects of poisoning. '

Because sulfur adsorbs so strongly and rapidly, it tends to distribute
with complete coverage at the entrance to the bed (108) and on the outside
of catalyst particles, in a manner typical of shell poisoning (106). Hence,
sulfur is very nonuniformly distributed in a partially poisoned catalyst;
some areas are completely poisoned and other areas are not poisoned at all.
Thus great care should be exercised in describing the surface coverage and
experimental results obtained for a partially poisoned catalyst. For this
reason, it is safer to infer effects of poisoning from comparison between
fresh catalysts and completely poisoned catalysts. It is also advisable
to avoid Pst/PH2 values that are large enough to cause bulk metal sulfide
formation, since this introduces additional complications. Much of the
previous work is suspect for this very reason.

The choice of materials for controlled atmosphere studies is crucial.
Most metals adsorb, desorb, or react with sulfur compounds, depending on
the experimental conditions. At very low PHZS/PH2 values (<1 ppm),
desorption of H,S from any metal, and adsorption/desorption

effects of Pyrex are serious problems (116). Quartz and Teflon are the
- preferred materials at these Tow H,S concentrations (28, 116).

Many of the previous investigations of the effects of sulfur poisoning on
catalytic activity were carried out at high conversions in a large bed of
pellets. Unfortunately,the resulting nonuniform distribution of sulfur
on the bed and catalyst pellets combined with heat- and mass-transport
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limitations for the reaction to disguise the true effects of poisoning.
Fowler and Bartholomew (29) demonstrated that under such conditions, re-
action rates over partially poisoned methanation catalysts are about the
same as for the fresh catalysts and that the true effects of poisoning

on activity and selectivity are observed only under reaction-limited con-
ditions at low conversions.

Experimental and theoretical surface-science techniques (12) have con-
siderable potential for investigating the nature of metal-sulfur bonds

at the surface. Auger and LEED spectroscopies have already proven them-
selves as useful techniques for investigating the structure of absorbed
sulfur on metals and such phenomena as surface reconstruction. One of
the most promising tools for investigating the effects of sulfur on metal
crystallite structure in real catalysts is extended x-ray adsorption, fine-
structure spectroscopy (EXAFS).

Adsorption/desorption studies of HZS on supported and unsupported metals
(27, 28) can now be carried out conveniently with the recent development
of automated chromatographic analysis using flame photometric detectors
with extremely high sensitivity for sulfur. The desorption technique
developed by Oliphant et al. (27) appears to be the most accurate, conven-
ient technique for generating adsorption isotherms.

Fitzharris and Katzer (116) have developed Pyrefg)and quartz CSTR reactors
which enable convenient, direct study of sulfur-poisoning kinetics and
effects on activity and selectivity during reaction on metal films (117-
119) and monolithic catalysts (120, 121). Bartholomew and co-workers

(29, 122) have also developed quartz and Pyrefg)differential fixed-bed
reactors for similar studies on catalyst powders, pellets, and monoliths.

In addition to the careful choice of experimenta1 conditions and reactor
materials, the choice of well-defined catalyst systems is important. In-
vestigator-prepared catalysts, the physical and chemical properties of
which have been carefully determined by a number of techniques,are pre-

ferred.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions
1. Metal-sulfur bonds at the surface are significantly
stronger than the corresponding metal-sulfur bonds in bulk metal sulfides.
Heats of HZS adsorption on metals are 20-40% larger than heats of forma-
tion of the bulk sulfides.

2. Adsorption of HZS on metals occurs dissociatively
over a wide range of temperatures and coverage. During initial stages of
HZS adsorption on nickel, sulfur resides in the high coordination sites,
with each sulfur atom being bonded to 3 or 4 nickel atoms; however, as the
sulfur coverage is increased, the surface restructures, with each sulfur
atom being bonded to 2 nickel atoms. Further restructuring of the surface
and adsorption of sulfur occurs at relatively high HZS concentrations and
temperatures.

3. Sulfur poisons the adsorption of H2 and CO on most
metals; however, CO adsorption on nickel may be increased at sufficiently
high pressures because of the formation of Ni(CO)4. No data are available
on the effect of sulfur on CH4 adsorption.

4. Sulfur-poisoning threshold levels range from 1 to
20 ppm HZS for conventional steam-reforming catalysts, depending on the
outlet temperature. The few available data suggest that poisoning occurs
by a simple blockage of the surface for further adsorption of reactants.
The poisoning process is somewhat reversible at high outlet temperatures.
Sulfur is distributed mainly in the front of the bed and on the outside
of catalyst pellets at near-threshold sulfur concentrations.

B. Recommendations for Further Work

This discussion of previous work has focused on several funda-
mental questions. Some of these questions could not be addressed because
of the present lack of information. For example, how are metal-sulfur
bonds affected by metal crystallite size and metal-support interactions?
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Can sulfur-poisoned catalysts be successfully regenerated? Since no
reported investigation has considered adsorption of H,S on Co, Pd, or

Ru, or the effects of sulfur poisoning on the adsorption of methane, and
since only two studies have considered the poisoning of catalysts during
steam reforming, additional research in these areas is highly recommended.
Other specific needs for further research were addressed at various
appropriate points earlier in this section.
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I INTRODUCTION

Deactivation of supported metal catalysts by carbon or coke is a serious
problem in steam reforming, methanation, and other important catalytic
processes. Its effects are generally threefold: (1) fouling of the metal
surface, (2) blockage of catalyst pores and voids; and (3) disintegra-
tion of the catalyst support. Since loss of catalytic activity and physi-
cal destruction of the catalyst by carbon deposits can occur rapidly
(within hours or days), control of these effects is of major technological
and economic importance.

The high degree of interest in these problems is evident from the fairly
extensive literature dealing with carbon deposition and coke formation

on metals and metal catalysts, summarized in recent reviews (1-7). Prog-
ress in understanding carbon formation and needs for further research are
documented reasonably well in the most pertinent of these literature sur-
veys (5-7). Nevertheless, it is clear that some old and even some new
concepts regarding carbon deposition need to be revised and/or updated

in light of even more recent data. Moreoven new directions of research
have just recently come to view.

The purpose of this section is to survey briefly the previous work with
carbon deposition on metals; emphasized are research areas in which signi-
ficant progress has been and/or could be made. As in the section on
sulfur poisoning, this discussion focuses on several important, basic
questions which should reveal the present state of understanding and needs
for further investigation:

1. What are the mechanisms by which carbon and coke are
deposited? What is the rate-determining step?
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2. What are the chemical, physical, and morphological
properties of various carbonaceous materials formed
in the decomposition of CO and hydrocarbons on metals?

3. How do catalyst and gas-phase compositions influence
the rate of carbon formation and the amount ultimately
deposited?

4. How do metal crystallite size, surface structure, and
metal-support interactions affect the rate of carbon
formation and the nature of the species deposited?

5. How can the unfavorable consequences of carbon deposition
be avoided? Which methods of regeneration are most
practical and result in the least damage to catalysts?

Because this document is directed at problems connected with steam reform-

ing, the ensuing discussion in this section will emphasize work with nickel
catalysts and surfaces.
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IT  CARBON AND COKE FORMATION

A. Morphology of Carbon and Coke A
The definitions of carbon and coke are somewhat arbitrary and

by convention related to their origin. Carbon is a product of CO dis-
proportionation, while coke is produced by decomposition or condensation
of hydrocarbon on metals. Nevertheless, actual coke forms may vary

from high-molecular-weight hydrocarbons such as condensed polyaromatics
to carbons such as graphite, depending on the conditions under which the
coke was formed and aged (Figure B-1). Formation of carbon deposits

via CO (see Ficure B-2) may involve the production and transformation

of various carbon forms (8), e.g., atomic (C,), amorphous, vermicular
(CB), bulk nickel carbide (CY), and crystalline, graphitic (CC), the
structures and reactivities of which are summarized in Table B-1. Recent
investigations (9-21) of the structure and bonding of carbon on well-
defined nickel surfaces by low-energy electron diffraction (LEED) and
Auger electron spectroscopy (AES) confirm the presence of "dispersed"

or atomic carbon stable below 325°C (sometimes referred to as a surface
nickel carbide) and polymerized carbon stable above 325°C. For example,
Kelley and co-workers(21) investigated the nature of dispersed carbon
formed by dissociation of CO at 325°C on Ni(100) using AES, concluding
that the adsorbed carbon is “"carbidic" in nature. This carbon was easily
removed by hydrogen at the same temperature; however, on heating in
vacuum at significantly higher temperatures, the surface carbon apparently
diffused into the bulk. However, decomposition of CO on the Ni(100)
crystal at 425°¢C produced a carbon with an AES spectrum characteristic

of graphite forms. McCarty and Wise (8) have demonstrated that C,

is converted to«CB at temperatures above 325%C and CB to Cc at even
higher temperatures, according to the scheme shown in Figurc B-2.

Several studies of carbon deposition on nickel powders, foils, and single
crystals (5, 7, 22-30) show direct evidence of 1ow-densfty filamentous
(amorphous) and high-density, crystalline graphitic forms, such as plate-
lets (30) observed after treatment in carbonizing atmospheres at temp-
eratures above 550°C. It should be emphasized that, at high temperatures,
amorphous carbons may convert to more graphitic forms in terms of their
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3"

Structural

__type

Atomic (dispersed,
surface carbide)

Vermicular (polymeric,
amorphous )

a. Filaments

b. Fibers

c. Whiskers

Nickel carbide (bulk)

. Graphitic (crystalline)

a. Platelets
b. Films

TABLE B-1

Forms and Reactivities of Carbon on Nickel

Temperature Peak temperature for
Designation formed, °C reaction with Hos oc
Ca . 200-400 200
C6 300-1000 400-600
CY 150-250 275
CC 500 550-850
550

Ref.

6-8

5-8
28




G-4

(Hydrocarbon)
CnHm (a) —m0¥p Ca(a) + H(a) + CHX(a) + CzHy(a) + .... +CH

—» C_(s) (metal carbide)
Cala) + Cg(s)—»C_(s) (carbon)
\’*”—(")>cn4(a)—> CHy(9)

2H (a) — H. (a)—H, (9)

+(4-x)H (a)
cH, CHy (a) — CHy (9)
» condensed high mol. wt. HC (a) —»C , C,, C. + W (9)
(coke) Tcargon)

Fig. B-1. Formation and transformation of coke on metal surfaces (a, g, and s refer to

adsorbed, gaseous, and solid states, respectively; gas-phase reactions are
not considered).



co (a) —»C, (a) + 0 (a)

Ni3C (s)
Cq (s) —» C_ (s)

c, (a) < >
| \——>cn4 (9)

4 H (a)

Fig. B-2. Formation, gasification, and trans-
formation of carbon on nickel (a, g,
and s refer to adsorbed, gaseous, and
solid states, respectively).
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reactivity and even crystallinity,while retaining their overall
vermicular structure (7, 8, 21, 29). The kinetics and mechanisms
of formation and transformation will be discussed later in this
section. '

B. ' Thermodynamics

1. Carbon Formation. Equilibrium calculations
(4, 25, 31, 32) can be used to estimate the amount of solid carbon
in equilibrium with gaseous CO, Hé; CHgs €Oy, and H,0 for fixed values
of O/H ratio, temperature, and pressure in any reaction system in-
volving mainly these six species, such as in methanation or steam
reforming. Calculations are typically based on equilibrium constants
for the following three independent reactions:

CO + 3H,=2CH, + H,0  Methanation (AH = -206 kd/mote)  (B-1)
€O + H02H, + CO, Shift (AH = -41 kd/mole) (8-2)
2002C + CO2 Boudouard (AH = -172 kJd/mole (B-3)

Other carhon-forming reactions involving the six species above, such as
methane decomposition, CH4;=!C + 2H2, are not independent since they re-
sult from a combination of Reactions B-1, B-2, and B-3. From the above-
described equilibrium calculations, it is possible to plot the interface between
carbon-forming and carbon-free regions on a C-H-0 ternary diagram and

thus estimate the carbon-forming potential for given process conditions.
This is illustrated in Figure B-3, in which the equilibrium carbon deposi-
tion boundaries are shown for amorphous (25, 31) and graphitic (33) carbons
ﬁt 450°C and 1.4 atm. Points A and B correspond to reactant gas composi-
tions of HZO/CH4 = 0.1 and HZO/CH4 = 2.0, respectively. Since point A

1ies above the boundary lines for both carhons, there is a predicted
tendency to deposit carbon. For the composition represented by Point B,
however, no deposition of carbon is expected, as this point is clearly
below the boundary lines for both carbons. It should be emphasized that,



CARBON

CARBON FORMING
REGION

NO CARBON FORMED

HYDROGEN H,0 OXYGEN

Fig. B-3. Equilibrium C-H-0O diagram showing carbon isotherms at 450°C and
1.4 atm for graphite and amorphous carbons. Points A and B cor-
respond to compositions of H,0/CH, = 0.1 and H,0/CH, = 2.0, re-
spectively. Point A is in tﬁe reéion above thg isotherms where
carbon is predicted to form. Carbon formation is not expected
at Point B because it lies below the isotherms for carbon forma-
tion. ‘
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although the presence of carbon is predicted for composition A, for-
mation may not actually occur unless the system is at equilibrium.
Since near-equilibrium conditions obtain in methanation and steam-
reforming reactions at 400 and 850°C,respective1y, ternary diagrams
such as Figure B-3 are useful for estimating the amount of carbon
formed under these conditions. Major deviations from predicted equili-
brium isotherms may occur if the product gas contains other gaseous
species (e.g., C2+= hydrocarbons) than the above-mentioned five. More-
over, Rostrup-Nielsen (25) states that in steam reforming, coke may be
formed because of poor activity or selectivity of the catalyst under
steady-state conditions, for which the equi1ibrium'composition is pre-
dicted to form no carbon. In addition, if the surface temperéture of
the catalyst is higher than that of the bulk gas, carbon could form on
the catalyst surface when no carbon formation is predicted on the basis
of the bulk gas temperature (4). -

Whalen (4) has discussed the effects of temperature, pressure, compasition,
and carbon type on equilibrium carbon deposition isotherms. The carbon-
forming boundary is apparently more sensitive to carbon fraction than

any other variable. Addition of water or hydrogen decreases the propen-
sity to form carbon. Formation of amorphous carbon from HZ/CO mixtures

is more likely to occur with increasingly higher temperatures and pressures,
whereas formation of graphitic carbon from H,0/CH, mixtures is more

likely at low pressures and very high temperatures. Although formation of
"nonideal” (amorphous) carbon permits carbon-free operation over a wide
range of compositions (see Figure B-3), the deviation of experimentally
obtained equilibrium constants for amorphous carbon from those for graph-
ite becomes smaller with increasing temperature (25) as the amorphous
carbon becomes more graphitic. In the range of 400-600°C, however, the
deviations from graphite are significant; they also increase significantly
with decreasing metal crystallite diameter. Rostrup-Nielsen (25) attri-
butes these deviations to the higher surface energy and structural dis-
order of the small-diameter filaments formed on small crystallites. This
geometrical effect is consistent with data obtained for single-crystal
nickel (22, 23) and shows the strong influence of crystal orientation.
Indeed, carbon was formed in the Boudouard reaction on Ni(111) but could
not be detected on Ni(100) and (110)! That this effect is mainly geometrical
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is emphasized by the experimental observations of Rostrup-Nielsen (25),
which show catalyst composition, supports, promoters, and alloys to
have negligible influence on the thermodynamics of carbon formation.
Nevertheless, the kinetics of carbon formation are clearly influenced
by these factors, as will be demonstrated later in this section.

The practical application of the above thermodynamic information to
steam-reforming and methanation processes is illustrated as follows.
Since the equilibrium carbon formed in steam reforming at 600-850°C

is mainly graphitic in terms of its reactivity (rather than structure)
and since typical steam-reforming catalysts contain relative]y large
metal particles, thermodynamic data for graphite are more applicable

to this process, particularly at the reactor outlet. On the other hand,
the carbons formed in methanation (250-450°C) and at the steam-reformer
inlet (400-500°C) are clearly amorphous, and the thermodynamic data show
significant deviations from graphite, especially in the case of well-
dispersed methanation catalysts having average crystallite diameters in
the range of 4-6 nm.

2. Carbon Adsorption on Nickel.

The binding energies of carbon atoms on various single
crystal surfaces of Ni, Pd, and Pt haye been determined by Blakely and
co-workers(15-18, 34, 35) through LEED and AES studies of equilibrium
segregation of carbon dissolved in the metal. Some of their results are
summarized in Figure B-4. Carbon is endothermically dissolved in Ni
with an energy of solution relative to graphite of 41.8 kJ/mole. Segregration
of dispersed carbon to the surface of Ni(100) is energetically favorable,
and releases 40.2 kJ/mole. Since the dispersed carbon adsorbed on
Ni(100) at Tow coverage has a heat of formation of only 1.6 kJ/mole
relative to graphite, it remains stable at low coverages over a fairly
wide range of temperature. Segregation of dispersed carbon to the Ni(111)
surface was not observed by Blakely et al., presumably because the energy
of adsorbed carbon on Ni(111) is greater than that for C dissolved in Ni;
this is illustrated in Figure B-4 by a dotted line at an arbitrary value
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- above 41.8 kcal/mole. Blakely et al. have provided data for carbon
segregated to a number of other stepped surfaces, showing the stabi-
lity of the dispersed, adsorbed carbon to be favorable relative to
carbon dissolved ih Ni. Apparently the binding of carbon atoms to step
sites is stronger than on smooth planes. Their results also show (see
Figure B-4) that dissolyed carbon is unstable relative to graphite on
Ni(111), suggesting that formation of graphite occurs preferen-

tially on the (111) surface. This may explain the earlier obserya-
tions by Leidheiser et al. (22, 23) of carbon formation on the (111)
but not on the (100) and (110) faces of Ni. The facts that the ener-

. getics of carbon adsorption vary with crystallite surface steps and
planes and that the energy of filamentous, amorphous carbonl s ex-
pected to be higher than for graphite (see Figure B-4) may account in
part for the deviations in equilibrium constants observed for amorphous
carbon relative to graphite. More research of this kind with other
catalysts, e.g., promoted Ni, Fe, and Co systems, would be yaluable.

In the section dealing with sulfur poisoning, evidence for a sulfur-

" induced reconstruction of the surface was documented. Can adsorbed
carbon also cause rearrangement of the metal surface? Although very
few data are available in this regard, they tend to support such a
possibility. For example, Thapliyal and Blakely (18) provide evidence
for faceting of stepped Ni(111) planes by adsorbed graphite to (111)
and (110) planes at high carbon coverages. ’They conclude that adsorhed
carbon enhances the attractive interaction among steps to cause facet-
ing. Sulfur adsorbates on the other hand tend to inhibit step coales-
cense on similar stepped surfaces of Ni. This difference in behavior
may account for the different effects of carbon and sulfur on activity/
selectiyity properties in a number of reactions.

! The energy level shown for amorphous carbon in Figure B-4 is arbitrary.
Although. it clearly has a higher energy than graphite, the actual energy
leyel depends on the vermicular structure. The energy leyel probably
increases with decreasing filament diameter (see Ref. 25).
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Adsorption

on Ni(100)

t——- C adsorbed on Ni(111)

41.8 C dissolved in Ni
Energy of | Energy
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to Ni(]OO‘ Solution .
................... -~ C in amorphous carbon
ENERGY
(kd/mo1)
/
1.8 A E adsorbeﬁ .on Ni(100), 6 < 0.4
-4.8 C in graph1te monolayer on Ni(111)

Fig. B-4.

Energies of adsorbed carbon species relative to carbon in graphite
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C. Kinetics and Mechanisms

1. Disproportionation of Carbon Monoxide

The stoichiometry of CO disproportionation of the Boudouard
reaction is shown by Eauation B-3. The forward reaction is exothermic and
is favored at temperatures below 700°c. Measurable. rates -of carban for-
mation occur in the presence of Co, Fe, and Ni catalysts above 350°C. Re-
cent investigations (7, 36) indicate the decreasing order of activity to
be Fe, Co, and Ni, although each metal has a different optimum temperature
of operation (7, 37). The form of carbon deposited depends on reaction
conditions. In the lower-temperature range, 350-600°C, filamentous car-
bons predominate (7, 24, 25, 37), while at 700°C and above, platelet grap-
hite is observed (7, 30, 27, 38).

The kinetics of CO disproportionation has received relatively little
attention; in fact, only two comprehensive kinetic studies of Ni catalysts
(both gravimetric) have been reported (39-41) and to our knowledge,none

of ‘other metal catalysts. Tgttrup (39) investigated the reaction on Ni/
nrA]203 in the temperature range of 280-500°C; Gardner and Bartholomew

(40, 41), on y-A1,0; -supported Ni and Ni bimetallics from 300 to 450°C.

In both investigations, an induction period of 0.5 to 5 hours was observed,
during which no measurable weight increase occurred and after which the

rate of carbon deposition passed through a maximum, reaching a steady state
within the next 1-2 hours (see Figure B-5). The rate of carbon formation

is zero to first-order in CO and quite sensitive to temperature, apparent
activation energies ranging from 100-130 kJ/mole. Gardner and Bartholomew
found the specific steady-state rate of multilayer filamentous carbon
formation (on a Ni-site basis) to be reasonably high but nevertheless about
one order of magnitude less than for methanation of CO under comparable
conditions. Recent data from Goodman et al. (42) indicate that the turn-
over number (rate per site per sec) for formation of atomic carbon on Ni(100)
at coverages less than a monolayer is about the same as for methanation

of CO; their reported activation energy of 105 kcal is also the same as for
methanation, within experimental error. Thus, the rate of formation of atomic

-~
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carbon on Ni at low coverages is apparently significantly greater than
that of filamentous carbon formed in relatively massive quantities.

A mechanism for carbon formation on Ni consistent with these previous
studies is shown in Figure B-2. The rate-determining step at low cover-
ages is presumably the dissociation of CO. The atomic carbon thus formed
is transformed to a polymeric form CB’ according to kinetics reported by
McCarty and Wise (8). The proposed mechanism by which the filaments of

CB are formed has been discussed in great detail by Trimm (6) and by
Baker and Harris (7). Briefly,it entails (a) the dissolution of adsorbed
carbon atoms in the metal crystallite, (b) diffusion through the metal,
and (c) precipitation of carbon atoms at the rear of the metal particle

to form a polymeric carbon filament. Thus, the metal particle is lifted
off the support and is moved outward on top of the growing filament. This
process continues until the metal particle becomes encapsulated with inactive
carbon. The observed induction period for filamentous carbon formation

is explained by this mechanism; that is, a certain induction period is re-
quired for dissolution, precipitation, and separation of the metal crys-
tallite from the support.

The nature of the driving force and the rate-determining step for the for-
mation of carbon filaments are matters of some controversy. Rostrup-Nielsen
and Trimm (5) suggest that the driving force is a concentration gradient

of carbon (atoms presumably) across the metal particle, the activity of
carbon being lower at the growing filament/metal interface. Harris and
Baker (7), on the other hand, argue that the reaction is driven by the temp-
erature gradient due to the exothermicity of CQ dissociation. The ad-
vantages and disadvantages of both mechanisms have been discussed at some
- length (5, 67). Since some hydrocarbon decomposition reactions are endo-
thermic, the actual process may require a combination of concentration and
temperature driving forces.

ﬁThe rate-determining step in formation of filaments is believed to be the
diffusion of carbon through the metal, since the sum of the activation
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energy for diffusion of carbon through Ni (43) of 84 kJ/mole, plus the
heat of solution of carbon in Ni (44) of about 42 kJ/mole, is near the
observed activation energy for carbon formation of 130 kJ/mole. An
alternative mechanism is surface migration of adsorbed carbon atoms or

CO molecules to carbon filament/metal interface (5, 45). However, since
data from Massaro and Peterson (43) indicate that surface diffusion on

a Ni foil is negligibly small in the temperature range of 350-700°C, the
concept of surface diffusion of carbon itself may not be reasonable. Ex-
perimental evidence for a metal carbide intermediate (6, 7, 27) in car-
bon formation supports the bulk migration model.

2. Decomposition of Hydrocarbons.

Trimm (6) and Baker and Harris (7) have reviewed in
some detail previous studies of the kinetics and mechanisms of carbon
formation from decomposition of various hydrocarbons on Co (46), Fe (46),
and Ni (6, 46-51). Generally, rates of formation of carbon decrease in
the following order: acetylenes, olefins, paraffins (6, 51). For example,
" Rostrup-Nielsen (49) shows that during steam reforming at 500°C (HZO/C = 2),
the coking rate for ethylene on Ni/MgO-A1203 is a factor of 104 greater
than that for n-butane and 200 times greater than that for n-heptane. Rates
of carbon formation from benzene and toluene arz orders of magnitude greater
than that from CO (6).

Kinetic data for carbon formation on Ni catalysts in the temperature range
of 350-600°C are summarized in Table B-2. Reaction orders are generally
zero for both hydrocarbons and HZ’ although the order for hydrocarbons may
“increase to 1-2 at temperatures above 650°C (6). Activation energies for
acetylene and olefin decomposition on Ni range from 125 to 139 kJ/mole.
Since these values of Eact are so very near those observed for CO dispro-
portionation, the same mechanism (formation of filamentous carbon) and
rate-determining step (i.e., diffusion of carbon through the metal) are
believed to operate (5-7). Indeed, the filamentous carbons formed by de-
composition of these unsaturated hydrocarbons are very similar in struc-
ture to those observed in CO disproportionation (5-7, 27, 29, 52). For
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L1-9

Hydrocarbon
gas

CoHos CZ—C4 olefins
Cot2

C3H
Cole
CeHia
Benzene
Toluene

n-Heptane

TABLE B-2

Kinetic Parameters for Steady-State Carbon
Formation on Nickel-Containing Catalysts@

Catalyst
Ni
Ni

Ni foil
Ni/A1-0
Ni/kieselguhr

Ni/A]203

Ni/A1203
Ni/A1203
Ni/A1203

Ni/1g0-A1,0,

T, °C

375-525

375-525
350-450
350-450
350-475
350-525
475-600
475-600

450-550 .

Reaction orders

)

H

W)
0 0

0 0

0 0

0 0

#0 70
-0.36 -0.9
0 0

0 0

Eact’
kd/mole
138+17
145
138+4
125+8
12518
199
139
201
151

167

Ref.

46-47
48
50

4In most of these experiments, sufficient H2 was present to prevent encapsulation.

bUnder conditions representative of steam reforming with H,0 = 2.0; not really comparable
ecause it includes the gasification Brocess.

with the other data b



decomposition of paraffins and light aromatics on metals, the overall
rate of carbon formation is slower (than for acetylenes and olefins)
and is controlled by the rate of surface reaction (6); activation ener-
gies are also larger (see Table B-2).

Although catalytic decomposition of methane to form filamentary car-
bon has been reported (25, 29, 53, 54b), Baker et al. report that their
attempts to produce it from very pure methane failed (7, 55). Baker
and Harris (7) suggest that hydrocarbon impurities and/or the production
of unsaturated hydrocarbon products over a long test period may account
for the previous observations of carbon filaments from methane. They
argue that since methane decomposition is endothermic, there is no
temperature driving force to sustain its decomposition, unless oxygen
or other hydrocarbons are present. If methane does not form carbon,
then the carbon formed in steam reforming of methane must originate
from decomposition of CO formed by the reverse methanation reaction
(Equation B-1).

Beside the formation of filamentous carbon and very similar activation
energies, there are several other chacteristics of the kinetics of car-
bon formation from hydrocarbons which appear to be general features.

One of these is the form of the weight-versus-time curve illustrated in
Figufe B-5; this curye is for CO disproportionation,but it is.also appli-
cable to hydrocarbon decomposition, with perhaps one slight modification.
After steady state is reached, the rate of carbon formation may, after

a period of time, drop off because of widespread crystallite encapsula-
tion, lending an S shape to the curve. This behavior, however, is usually
not observed if a small amount of either H2 or HZO is present.

A second feature common to carbon formation from hydrocarbons is the

form of the Arrhenius plot over a wide range of temperature, illustrated
by the data for 1-butene on Ni in Figure B-6. At relatiyely low tempera-
tures (400-550°C) typical Arrhenius behavior is observed, with activation
energies ranging from 100 to 200 kJ/mole (see Table B-2). However, at
moderate temperatures (550-650°C) , negative temperature coefficients are
observed, and finally at high temperatures (above 650°C) positive
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Fig. B-6. The temperature dependence of carbon
deposition on Ni foil. Butene-1 =
100 Torr; H2 = 25 Torr (Ref. 51).
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temperature coefficients are once more observed (presumably because of
the onset of cracking on the support and in the gas phase). The possible
basis for the negative activation energy at moderate temperatures has
been discussed in some detail by Rostrup<Nielsen and Trimm. They believe
it is best explained by adsorption effects, i.e., a decline in surface
concentration of reactants with increasing temperature. Although these
authors discount other possihilities, most notably gasification of the
adsorbed carbon by H, or HZO’ or self-poisoning by a film of graphite
(54a) or polymer (56, 57), these are neyertheless also plausible expla-
nations. It is obvious that more careful research is needed to settle this
controversy.

However, a more urgent need is the study of complex precursors from decom-
position of hydrocarbons which lead to coke and carhon formation. Be-
cause only a few previous studies (7, 58-61) have been made, this seems

to be another area for further research.

3. Effects of Hydrogen and Water

The presence of either H, or H,0 can very substan-
tially reduce or eliminate altogether the formation of carbon or coke
deposits in either methanation or steam reforming. The mechanism by
which this occurs is simple. Adsorbed H, or H,0 react with, and thus
remove, atomic carbon and/or coke precursors formed by dissociation of
CO or decomposition of hydrocarbons to form CH,, CO, and H, (8, 40, 41,
49). If sufficient H, or Hy0 is present, the surface residence time of
active carbon forms and coke precursors will be short. Thus, there is
Tittle transformation of these species to more inactive forms according
to the schemes in Figures B-1 and B-2, and the formation of condensed
hydrocarbons and amorphous and graphitic carbons is minimized. This
is well illustrated by data from the studies of Gardner and Bartholomew
(40, 41) of carbon deposition during methanation and from the investi-
gation of Rostrup-Nielsen (49) of coking under steam-reforming condi-
tions.
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Gardner and Bartholomew (40, 41) found that massive formation of fila-
mentous carbon did not occur over a period of 24 hours on a 14% Ni/A1,04
catalyst tested at temperatures from 350 to 450°C (1 atm) in a care-
fully purified mixture of N,-diluted H, and CO (the H,/CO ratio was
varied from 0.5 to 3.0). However, if the H,/CQ ratio was lowered to less
than Q.25, massiye formation of carbon occurred within a few minutes;
moreover, once initiated, the deposition continued at relatively high
rates, even at H,/C0 ratios ranging up to 4.0. Nevertheless, the over-
all rate of carbon formation (after initiation) at 400°C, Hy/CO = 3, was
a factor of 20 Tower than that under equivalent conditions in the ab-
sence of H,, indicating substantial gasification of carbon intermediates
even after the deposition had begun (see Figure B-7). More important,
however, these results demonstrate that, if sufficient H, is present
initially (and other gaseous impurities are absent), carbon deposition
does not occur, even over a long period of time and over a wide range

of process conditions.

Rostrup-Nielsen (49) reported similar obseryations in regard to coking
under steam-reforming conditions of SOOOC, 1 atm, and HZO/C = 1.3 to 2.0.
For example, he noted that the residence time of coke precursors is
_greater and that coking rates are much larger in the absence of steam.
His results suggest that the best steam-reforming catalysts are active
for adsorption of both hydrocarbons and steam, i.e., achieve an even
balance betwzen rates of formation of coke precursors and gasification

by adsorbed water. Catalysts with enhanced ability to adsorb steam delay
the formation of coke and also lower the rate of formation once it is
initiated.

Both studies demonstrate the importance of investigating carbon-deposi-
tion kinetics under reaction conditions in the presence of H2 and HZO'
Previous investigations in which the formation of carbon and coke and
their gasification were carried out separately haye little general
application to real reaction systems entailing both reactions, because

B-21



2c-4

m carbon)
g-cal hr

In Rate (

6.0

5.0

4.0

3.0

2.0

1.0

0.0

H,/CO  [C0] %
D 4 10
o 3 10
B 0 5
a 0 10
® o0 15

| ‘ | 1 )

1.5 1.6 1.7 1.8
1T x 103 (k'

Fig. B-7. Rates of carbon formation from CO in the absence and presence of H2 (Refs. 40, 41).



the carbonaceous deposits are transformed to unreactive and unrep-
resentative carbon deposits. An important exception to this was the
temperature-programmed reaction study of McCarty and Wise (8), in

which representative carbon forms were carefully deposited at low cover-
ages and then quantitatively hydrogenated. The need for additional
quantitative studies of the formation and gasification of carbon and
coke precursors and of carbon formation under reaction conditions can-
not be overemphasized.

4. Effects of Promoters and Poisons

Promoters that enhance the adsorption of H2 or HZO
and/or the rate of gasification of carbon or coke by H2 or H20 should,
in principle,minimize the deposition of carbon. Gardner and Bartholomew
(40, 41) found that the rate of carbon deposition on Ni/A1,05 in methana-
tion was increased by addition of Mo and decreased by addition of Pt
(see Table B-3). Rostrup-Nielsen (49) observed that formation of coke
in steam reforming was delayed and occurred at lower rates on Ni catalysts
promoted with alkali or supported on Mg0. This effect was attributed to
enhanced steam adsorption and more efficient gasification in the presence
of these promoters. The better selectivity of urania-promoted catalysts
has also been related to the ability of urania to enhance steam ad-
sorption and gasification (62). Catalysts containing Ni-Cu, Co, and Pt
produced no coke but also demonstrated negligible activity in ethane re-
forming, presumably because they did not dissociatively adsorb hydro-
carbons (49). Ru and Rh catalysts, howeyer, showed very high reforming
activity, while producing no coke. This was attributed to reduced mo-
bility and/or solubility of carbon in the metal which retards nucleation.

Two poisons, S and Fe(CO)s, are known to affect the deposition of carbon
in methanation and steam reforming, although the precise nature of their
influence is not clear from the somewhat scarce, contfadictory literature

on this subject.
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TABLE B-3

Turnover Numbers for Carbon Formation of

Alumina-Supported Ni and Ni Bimetallics

during Methanation (PT = 1 atm, PCO = 0.09

atm, H2/CO = 3). Ne (s‘l) x 103
Average metal crystallite

Catalyst, wt% diameter, nm 3500C 4250C
3% Ni/A1203 4.4 0.32 2.9
14% Ni 6.2 0.37 0.9
15.7% Ni/0.5% Pt 12 0.18 1.9

2.5% Ni/3% MoO 9.2 2.7 19

3
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Kelley et al. (21) observed deactivation of a Ni(100) crystal for
methanation by ppm quantities of Fe(_CO)5 that deposited Fe on the
surface, and by diffusion of S from the bulk Ni. In both cases, the
deactivated surface was covered with a "graphitic" carbon after the
reaction. Gardner and Bartholomew (40, 41) found that by carefully
purifying the gases of Fe(CO)5 and S compounds, carbon formation on
Ni/A1,05 could be avoided over a wide range of methanation condi-
tions. Two recent papers (63, 64) indicate that S enhances the trans-
formation of C, to CS on Ni/A1,04, either by catalyzing the o to 8
transition (63) or by preventing the dissociative adsorption of H2,
thereby poisoning hydrogenation of Ca (64) and causing it to build
up and polymerize. Thus S does not completely prevent dissociative
adsorption of CO in Ni but rather changes the selectivity in metha-
nation to hydrogen-poor products that coke and carbon the surface.

In apparent contradiction to the results obtained under methanation
conditions, Rostrup-Nielsen (49) reported that carbon formation did
not occur on a S-poisoned Ni/A]203ﬂMg0 catalyst under steam-reforming
conditions. This, he explained, was because of a blockage of the Ni
surface. A possible explanation for this apparent contradicition is
that, whereas dissociate adsorption of CO can take place on a S-
poisoned Ni surface, dissociative adsorption of hydrocarbons is not
possible. Additional research on how S affects the adsorption of
hydrocarbons and deposition of carbon should be encouraged.

5. Effects of Surface Structure, Parfic]efSize,
and Support

Effects of surface structure (6, 22, 23, 30, 65-68)
and metal crystallite size (7, 25, 40, 41, 69) on the rate of carbon
formation have been observed in several preyious studies. Coke formation
occurs at different rates on different metal crystal faces (67, 68), the
order of activity depending on the extent of deposition (6). Formation
of filamentous carbon is apparently favored on the (111) steps and on
the (111) face of Ni (22, 23), and in general on rough surfaces (66),
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and it is less favored on single crysté]s containing no grain bound-
aries (66). Induction periods are shorter for supported catalysts
relative to foils, suggesting that nickel particles must be separated
from the foils for measuf;ble rates of carbon formation to occur.
According to these data, the formation of carbon should be favored on
small particles having a higher frequency of rough planes, and indeed
that is the case (25, 69). Data in Table B-3 (40, 41) shaw that the
carbon deposition rate during methanation is greater on smaller parti-
cles of Ni on A1,0;. Admittedly this could be either a particle-size
effect or a support (metal-loading) effect.

The influence of metal-support interactions on the rate of carbon
formation has received very 1ittle attention. 'Figueiredo and Trimm
(50b) found that A1,05 and kieselguhr supports had little effect on

the rate of carbon deposition from propylene (see Table B-2), except
that hydrogen changed the kinetics for the unsupported Ni but had no
effect on the supported catalysts. In comparing the formation of car-
bon on Ni/A1203 and Ni/Ti0,, Bartholomew, et al. (70) found that the
rate of carbon.formation from CO on Ni/Ti0, was negligible under con-
ditions for which the rate was very significant on Ni/A1203. More-
over, very little filamentous carbon was observed in electron micro-
graphs of Ni/TiOZ, whereas copious amounts were observed in the micro-
~graphs for Ni/A1203. This result suggests that strong metal-supporti
interactions may significantly lower the rate of carbon formation.

In view of the potential importance of these results, further research
into metal-support interactions should have a high priority. Since
carbon deposition often results in a transfer of Ni particles from a
ceramic to a carbon support, the study of the properties of MNi supported
on high-surface-area filamentous carbon should also be of great interest.
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I1I. DEACTIVATION BY CARBON DEPOSITS

At the beginning of this section we mentioned three ways in which

carbon deactivates catalysts. The extent and nature of deactivation

by one or a combination of these modes depends on reaction conditions;
temperature and H2/C0 or HZO/C ratios are apparently the most critical
factors. For example, in steam reforming there is a critical H20/C
ratio (for a given temperature and hydrocarbon feed), above which coking
does not occur (71). At low temperatures (<375°C) condensed polymers,
and at high temperatures (>650°C),graphitic carbon encapsulate the

metal surface (26, 72). However, in the temperature range of 375-650°C,
encapsulation of the metal does not occur; thus,filahentous carbon
formed in steam reforming at these temperatures does not cause a loss
of intrinsic catalyst activity (26, 49, 71, 72). In fact, it may re-
sult in increased specific activity because of a redispersion of the
Ni on the carbon support (26, 72).

Nevertheless, formation of copious amounts of filamentous carbon can
bring about other forms of deactivation, namely plugging of catalyst
pores and reactor voids (49, 71) and destruction of catalyst pellets
(49, 71, 73). Rostrup-Nielsen concluded that pore mouth poisoning by
carbon was responsible for decreased activity of reforming catalysts
tested in a pilot plant (49). If sufficient carbon is allowed to
accumulate in the pores, the strong carbon filaments can actually break
up catalyst pellets into a tine powder (49, 71, 73). Carbon and cata-
lyst powders can thereby plug the voids and cause channeling, decreased
conversion, and ultimately plugging of the reformer tubes (49).

One other possible mode of deactivation should be mentioned-— namely
formation of metal carbides haying lower activities than the metals.
The importance of such carbides is still open to question. Coad and
Riviere (11) reported that bulk metal carbides are unstable above 300°C,
but Lobo (46) and Moayeri and Trimm (72) have identified their presence
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in catalysts exposed to coking environments. Whether metal carbides
are involved in filament growth, or are formed during cooling or when
filament growth has ceased, is also open to question (7). The role
of metal carbides is clearly an area needing further investigation.

Although a number of empirical power-law models including the Voorhies
Correlation (74) have been developed for coking on cracking catalysts,
these models are not applicable to carbon deposition on the supported
metal catalysts used in methanation and steam reforming (49). There

are two fundamental differences between the two kinds of catalysts which
explain this: (1) the mechanism of carbon formation on metals involv-
ing a linear weight increase with time (see Figure B-5) is different
from that on acid supports,and (2) the various types of carbon formed

on metals may or may not lower intrinsic activity (e.g., in steam re-
forming, amorphous filaments do not, and graphite films do).

Even so, since carbon filaments plug and break up the catalysts, their
formation is undesirabile. A relatively simple model of carbon fila-
ment formation would involve two kinetic parameters from gravimetric
measurements under reaction conditions over a range of temperatures
(e.qg., 500-600°C) and reactant partial pressures: (1) induction time
and (2) the zero-order rate constant (49). In addition, if the re-
sults were to be accurate, the effects of heat and mass transport would
need to be inputtéd .to a two-dimensional model,such as that developed
by Rostrup-Nielsen (71) for steam reforming.

Deactivation by graphite films at temperatures above 650°C might be
modelled with a general power-law rate expression according to Leven-
spiel (75), although the intrusion of cracking reactions in the gas
phase and on the support at very high temperatures adds considerable
complexity.

The need for realistic, accurate models of metal catalyst deactivation
by carbon is apparent.
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IV. REGENERATION OF CATALYSTS

In spite of its obvious importance, regeneration of coked catalysts
has received relatively minor scientific attention. Future require-
ments for processing heayy fuels will undoubtedly stimulate more
activity in this area. Neyertheless, carbon deposition, like sulfur
. poisoning, is more easily prevented than cured, because the "cure"
entails process interruptions and possible damage to the catalyst.
Thus; it is preferable if steam-reforming catalysts can be deyelaped
which interfere with the deposition of carbon by. promoting the im-
mediate removal of coke precursors yia gasification. Once coked,
however, the alternatives for removing the carbon are twofold: (1)

- gasification with H, or H,0 or (2) controlled oxidation with oxygen
or oxygen-containing compounds.

Removal of coke by H, of H,Q has been reyiewed in some detail by
Trimm (6). Gasification by steam of coke (presum;b]y»cs)deposited

by pyrolysis of hydrocarbons on Ni occurs at significant rates between
500 and 700°C, once the encapsulating material has been removed. The
rates are comparable with those of the diffusion of carbon through
Ni,which suggests that the backdiffusion of carbon is rate-deter-
mining. In accordance with earlier discussion, gasification rates are
enhanced by alkali and other oxide promoters. That the rate of carbon
~gasification by steam also depends on the reactivity of carbon is con-
firmed by Rostrup-Nielsen (49). He ubserved that freshly formed fibrous
carbon was easily removed by a large excess of steam (presumably at
500°C), but a flake-1ike coke produced in reforming over a few hundred
hours was not so removed. However, a few percent air added to the
steam above 450%C caused complete decoking of all samples.

Gasification of amorphous carhon hy H, is slower than with steam (6).

The rate-determining step appears to be a surface reaction of carbon
and hydrogen atoms, rather than diffusion of carbon through Ni (6, 76).
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The rate of gasification apparently increases with increasing temper-
ature up to about 700°C, above which the rate decreases with in-
creasing temperature. Nashiyama and Tamai (77) have suggested that
the negative activation energy results from the approach of the re-
action to equilibrium, although the suggestion by Rewick et al. (78)

- of a thermal restructuring of carbon to a less active form is equally
reasonable.

The removal of coke from nickel with COZ at 625%has also beén reported
(6, 79). As with H,,it also apparently entails dissociative adsorp-
tion and a surface reaction with carbon.

Moeller and Bartholomew (80) recently studied the oxygen regeneration

of nickel methanation catalysts deactivated under carbon-forming reaction
conditions at 450°C. A mild treatment in 02 at 30c°C over a period of
15-30 minutes restored complete activity. However, chemical analysis
showed a 7% loss of nickel following the regeneration treatment, which
suggests that some of the nickel crystallites were lost from the catalyst
as the carbon was burned off. If in fact Ni is lost, the outlook for
repeated regeneration in 0, is poor.

Although the above-mentioned studies establish that carbon removal by
02, HZO’ H2’ and CO2 is possible, the effects of these exothermic or
high-temperature treatments on a metal surface area were, with only one
exception, not determined. The need for additional careful study of
the effects of these treatments on metal and support surface areas and
metal content is clear.
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V. EXPERIMENTAL CONSIDERATIONS

Much of the previous carbon deposition work may be subject to question
because (a) the gases were not carefully purified of iron carbonyl,sul-
fur compounds, and organic impurities, all of which affect the rate of
carbon formation; (b) conditions were poorly chosen in the case of mech-
anistic or deposition studies (i.e., they included heat/mass-transport
limitations or conditions not representative of the process of interest);
and/or (c) catalyst or surface properties (e.g., surface area and com-
position) were not carefully characterized before and after formation

of carbon. For example, in their study of hexane steam reforming Bett

et al. (81) attempted to identify the precursor to carbon formation by
means of gas-phase analysis of products in an integral reactor operating
over the range of 500-750%C, to which was fed laboratory-grade hexane

(no further purification). The ethylene obseryed in the product, which
they hypothesized to be a carbon precursor, may have been formed by
gas-phase cracking at 750°C. Moreover, the carbon formed may have been
due to olefin impurities in the hexane feed. Fortunately, these work-
ers did examine the filamentous carbon formed by electron microscopy.

Electron microscopy, AES, LEED, and temperature-programmed reaction
spectroscopy have proven themselves as very useful techniques for in-
vestigating the structure and reactivity of carbons on metals (6-8, 13,
15-18, 21). Grayimetric analysis (5-7, 40, 41, 49) is invaluable in
the investigation of carbon deposition and gasification rates, as is
the more specialized but very powerful technique of controlled-atmos-
phere electron microscopy (7).

Promising techniques for inyestigating coke precursors and character-
izing surface carbons include high-resolution energy loss, infrared,
and Raman spectroscopy; for the investigation of catalytic phases
(e.g., carbides, small particles) controlled-atmosphere Moessbauer
spectroscopy and EXAFS are recommended. The use of single-pellet (82),
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mixed-flow, recirculation, and single-pass differential reactors,
coupled with careful gas-phase analysiss should facilitate the identi-
fication of coke and carbon precursors. Again, as mentioned in
connection with sulfur poisoning, the careful choice of well-defined
catalyst systems and surfaces is critically important.
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VI CONCLUSIQNS AND RECOMMENDATIONS

A. ~ Conc¢lusions

1. Carbons and cokes vary in their structure and
reactivity. Atomic carbon (gx) formed by dissociative adsorption of
CO and hydrocarbons is transformed to low-density filaments (CB)' and
to graphitic carbon (CC) at progressively higher temperatures.

2. Filamentous carbon is formed in steam reforming
by the decomposition of both CO and hydrocarbons. Apparently, the rate-
determining step is the diffusion of atomic carbon through the metal
crystallite to the back side, where it precipitates to form CB filaments.

7 3. The presence of H2 and/or H20 is desirable in
preventing carbon formation. Alkali, oxide pramoters, and noble metals
lower the deposition rate by enhancing adsorption of water, increasing
the rate of gasification by H2, or lowering the solubility of carbon in
the metal.

4. Carbon deposition is sensitive to surface structure,
occurring at faster rates on small particles. Strong metal-support inter-
actions may decrease carbon formation.

5. . Removal of coke and carbon with steam and oxygen
appears. to be practical; however, the effects on surface area and catalyst
life are unknown.

B. Recommendations for Further Work

Several fundamental questions were presented at the beginning
of this section which we have attempted to address throughout this dis-
cussion of previous work. We attempted to identify specific needs; also
additional questions were raised. For example, what are the precursors
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in coke formation? Can strong metal-support interactions reduce
carbon formation on nickel while maintaining high actiyity for ,
steam reforming? Some of the most promising areas for future work
are in the study of deposition and gasification rates, nohle-metal- -
promoted nickel catalysts for steam reforming, and the structures
and reactivities of polymeric substances formed in coking during
reaction. We also agree with Baker (6) that additional research

is needed to understand the region of negative temperature coeffici-
ents and to determine the stoichiometry of hydrocarbon decomposition
reactions through analysis of gas-phase products.
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