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6. Rate of Carbon Formation

As originally conceived, tnhis task involved a series of five runs with
each feed gas/catalyst pair operating at fixed reaction conditions for
variable times, from 100 to 1200 hKours duration. However, additional
tests were conducted in order to repeat runs which experiencad operating
problems and to provide further data on the ipitial rates of carbon
formation, with run durations less than 100 hours. Nominal operating
conditions for all the runs were 35 atm, 480°%, 3.85 percent steam with
a Lurgi gas at a 10,000 hr™| VHSV.

Run 8: Lurgi Gas/G-87P (35 atm, 480°C, 3.85% steam, 100 hours)
Run 9;. Lurgi Gas/G-87P (35 atm, 380°C, 3.85% steam, 310 hours)
"Run i0: Lurgi Gas/G-87P (35 atm, 480°C, 3.85% steam, 580 hours)
Run 11; Lurgi Gas/G-87P (35 atm, 480°C, 3.85% steam, 900 hours)
Run 12; Lurdi 6as/G-87P (35 atm, 480°C, 3.85% steam, 1200 hours)

Five runs were initiated early in May, 1978 to study cumulative carbon
formation as a function of time on-stream. The operating conditions were
identical td those of Run 2 except for slightly lower steam injection
level.

Run 8 was completed after operating for 100 hours. The temperature
srofile 14s given in Figure IV-D-30. The profile remained stable
throughout the test period with the hot spot located one inch from the
top of the catalyst bed. The conversion obtained at 24 hours and 100
hours was consistent and close to the equilibrium value. The spent
catalyst appeared uniformly black with no difference betwaen the bed
sections. Some carbon coating was noted on the external surface of the
top section catalyst basket.

Run 9 was completed after operating for 310 hours. The temperature
profile, plotted in 100-hour intervals (see Figure IV¥<D=31), appears
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FIGURE IV-0-30

CARBON FORMATION STUDY-
TEMPERATURE PROFILE OF RUN #8

LURGI/ G —87P (35 ATM., 480 °C, 3.85% STEAM, 100 HRS.)
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FIGURE IV-D-31
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identical to that of Run 8. The results of product gas analyses indicate
that equilibrium convérsion was achiéved at all times.

Three time variation runs (Runs 10, 11 and 12) experienced a loss of feed
over a weekend starting on June 3, 1978 due to booster breakdown caused
by excessive condensate in the compréssed air Tine. Water was
continuously pumpéd into the reactor at Q.1 @l/min for 50 hours while no
feed gas was flowing. The reactors were put under nitrogen flew until
normal operation could be resumed. Both boostér compressors had to be
overhauled. At the same time, a three-way valve ‘was instaited to
automatically cut off the feed gas and to switch to nitrodgen when the
feed pressuré drops below the operating pressure. A modification on the
electrical system was also made to shut off all metering pumps in such an
event.

Run 10 operated for 383 hours before it was interrupted by the booster
compressor breakdawn for 240 hours., It was restarted on Juné 13 and
completed on June 21 after 580 hours of operation. The temperature
profile of Run 10, as shawn in Figure IV=D=32; exhibits two distinct
patterns as in Run 7, which also experienced a similar incident. The
first pattern is the initial profile prior to the fead loss, with thé hot
spot located one inch from the top of the catalyst bed. When the feed
flow was restored, a new profile was established with the hot spot
temperatufe downn about 5 inchées from its original positioh. No
significant increase in the hot spot temperature was observed, contrary
to findings in Run 7. The profile remains unchinged for the rest of the
run period. The conveérsion results indicated that equilibrium conversion
was approached at all times. The results  seem insénsitive to the
history of the catalyst bed, since as long as the hot spot exists mast of
the conversion is achieved in the vicinity of the hot spot. Some white
spots were detected in the spent catalyst from the top three sections.
The catalyst from the bottom section appeared uniformly black.
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Run 11 operated for 237 hours before it was interrupted by the booster
breakdown. It was restarted on June 13 and completed 960 hours of
operation.

Run 12 operated for 213 hours before it was interrupted by the booster
breakdown. 1t was restarted on June 13, and completed 1200 hours of
operation. ’

The temperature profile for Run 11 is plotted in Figure IV-0-33 and the
profile for Run 12 is shown in Figure IV-D-34. Even after 1200 hours of
reaction, no decline in catalyst activity was observed. Extensive carbon
taydown was noted in the longer duration runs and these spent catalysts
also appeared structurally weak.

The analytical results of the catalyst samples from this serdies are
presented in Tahle IV-D-4 and the carbon content of the top bed sections
is pletted in Figure IV-D-39. Surface area and- pore volume values for
all of the runs in this series are within normal bounds. In fact, based
upon these analyses, there s no exp1ahaticn for the apparent
deactivation noted for Rum 10. Unlike the catalyst for Run 7, which
clearly lost its micropore structure due to 100 percent steam operation
with a concurrent drop in surface area to the 10 mz/gm range, the
values obtained are virtually the same as for the other runs in this
series. It must, therefore; be concluded that there 1is a set of
temperature and time conditicns at the 100 percent steam level which
alter the catalyst structure sufficiently so that the formation of carbon
is kinetically unfavorable {Runs 10 and 12).  Too 1little treatment
neither affects activity nor the catalyst's inherent carbon forming
éharacteristics (Runs 9 and 11), while too much of the treatment results
in catalyst deactivation (Runs 7 and 10}. Further, since the approximate
time of 100 percent steam flow was the same for Runs 10, 11 and 12,
temperature must play a critical role.
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FIGURE [V¥-D-33

CARBON FORMATION STUDY
TEMPERATURE PROFILE OF RUN #11
LURGI/G-8T7P ( 35 ATM, 480°C,3.85% STEAM, 900 HRS.)
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FIGURE 1v-D-34

CARBON FORMATION STUDY
TEMPERATURE PROFILE OF RUN & 12

LURGI/G-87P (35 ATM, 480°C, 3.85% STEAM, |200 HRS.}
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Run 8a; Llurgi Gas/G-87P (35 atm, 480°C, 3.85% steam, 0 hoursg)
Run 8b; Lurgi Gas/G-87P (35 atm, 480°C, 3.85% steam, 25 hours)
Run 8c: Lurgi Gas/G-87P (35 atm, 480°C, 3.85% steam, 50 hours)
Run 8d; Lurai Gas/G-87P (35 atm, 480°C, 3.85% steam, 100 hours)
Run 12a; Lurgi Gas/G-87P (35 atm, 480°C, 3.85% steam, 1105 hours)

An additicnal five runs were initiated in order to clarify the data
obtained from Runs 8 - 12. Data from Run ? was usad in‘p1ace of Run 10
while Run 12 was repeated as Run 12a. Additionmal runs were also
performed (Runs 8a, 8b, 8c and &d) in order to obtain data for operating
times of less than 100 hours. '

Temperature profiles of Runs 8b, 8c and 8d are shown .in Figures 1V-D-35,
1V-D-36 and I1V-D-37, respectively. Run 8a included no methanation time,
but the catalyst bed was reduced in the standard manner prior to sending
the catalyst out for analysis.

Near egquilibrium conversion was obtained at all times. In all runs, the
spent catalyst appeared black. No extensive carbon buildup was observed
on the catalyst itseif, but a carbon coating was noticed on the catalyst
basket.

The repeat of Run 12 (Run T12a) with G-87P catalyst was completed after
1105 hours of reaction. The temperature profile (Figure 1v-D-38) appears
normal except the hot spot, usually located one inch from the top of the
catalyst bed; is spread over 1 - 3 inches from the top. This abnormality
is also reflected in the conversion results. During the entire operating
period, the average CO conversion was 94 percent which is Jess than full
equilibrium conversion. However, examination of both the temperature
profile and conversion data indicate no sign of gradual decay in catalyst
activity. The spent catalyst appeared loaded with carbon in all sactions
and a carbon coating was also observed on the top catalyst basket.
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FIGURE I -D-38
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Spent catalyst analytical results for this series are presented in Table
IV-D-4. Cumulative carbon formation versus time on-stream is plotted in
Figure IV-D-39 for the top catalyst bed sections. It appears that there
fs a short induction period of about 100 hours during which the carbon
Tevel sTowly increases from 0.5 percent to 0.87. At that time, the rate
rapidly accelerates, and, by 300 hours, the carbon level has increased to
over 5§ percent. The carbon level continued to redu]ar1y increase,
reaching almost 10 percent after 900 hours. Then, for an as yet
unexplained reason, since the repeat Rur 12a ran without mishap, the
carbon level at the 1200 hour mark was only 2 percent. Unfortunately
since this result was unexpected, c¢rystallographic or physical property
analyses were not requested which might have provided corroborating
evidence.

Run 17; Lurgi Gas/Ni-1047 (35 atm, 480°C, 3.85% steam, 96 hours)
Run 18; Lurqgi_Gas/Ni-104T (35 atm, 480°C, 3.85% steam, 280 hours)
Run 19; Lurgi Gas/Ni-104T (35 atm, 480°C, 3.85% steam, 570 hours)
Run 20; Lurgi Gas/Ni-104T (35 atm, 480°C, 3.85% steam, 1200 hours)
Run 21; Lurgi Gas/Ni-104T {35 atm, 480°C, 3.85% steam, 620 hours)
Run 18a; Lurgi Gas/Ni-104T (35 amm, 480°C, 3.85% steam, 305 hours)

This series of six runs was initiated in July, 1978 to study cumulative
carbon formation versus time on-stream with Ni-104T catalyst. Tempera-
ture profiles of Runs 17 - 21 are shown in Figures IV-D-40 through
1v-D-44,

Upon completion of Run 18, it was found that the spent catalyst in the
top half of the catalyst bed was sintered. The catalyst tablets and the
basket were coated with what appeared to be a nicke?! melt. Al1 available
records for Run 18 indicate no upsets in temperature profile or other
abnormalities during the operating period. A brief feed loss was en-
countered due to a power failure, but the reactor presumabiy switched to
nitrogen flow .with the water feed shut off until the unit was restarted.
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FIGURE TW-C-39

CARBON FORMATION STUDY

CARBON FORMATION VS, TIME ON-STREAM
LURGI GAS/G-87P

BASIS. CARBON CONTENT IN TOP BED SECTION

12 - T e et e
L o T LI L 1 1 LIl — —
- T o v ' ‘\r - 1 T OO T 1‘ T 1 - +
— .l T Il - - X l]\
R T u: ot t = HE
! ir S Se=amaa = + :
! = } : ¥
2 : : T e T
: EaS S paRT LR B S s ~
Io\ L _‘I .l  ——
- + LT T o T . =
: = = /..4:54&;#-1 =
e T ==
P mh s B : i R o Rty vl i
¥ ) T T - - -
2 a8 - // — = = —
- —IT T i T - : P ety Rty gy
b ‘ : : PA=E e
= = T T E
e e s U , =
.- = e I’;,/' e o =
S T " P oo s P 4 b - 1
[ wr ™ -
z == e =
w 6 = —
; == a -/ e e Sran s aona
= > :
S = — o s Er =
H F U= - —— - y :
3 == e = =
z T= = P ——
g : =
o 4 7 = =
o y : T =
< = - : [») T Sy —
(&) 1 =——f — YN-#HI1E= -
=/: : = -
2 Thonsdt /- T = -
i ' § — - :
3. f =
E —+7. o = = =
— T ‘ = =8
RUN #8b J-oA— - T tan e y—
T X _ARUNTE ==
RUN % 8¢ et = e
—— iR T RUN R Ad o
| e iy — m e 1m s oy
o += p— - —— T

‘0 200 400 600 800

TIME ON - STREAM , HOURS

CHEM - SYSTEMS iNC.

enosgey ne, 6 B4 pare




300

FIGURE IV-D-40

CARBON
TEMPERATURE

FORMATION
PROFILE

OF

STUDY
RUN & 1I7

L_URGI GAS / Ni-104 T (35 ATM, 480°C, 3.85% STEAM,96 HRS))

°C

TEMPERATURE ,

O |8 HRS.
D 96 HRs.
800 ——
500 =— = :
e
3 S =
400 = : .
z00=F 3 —— :
200 ———
100 = '
; i e =i e 2
Q _i_ — — : - : = *‘==,J —
o 2 4 o ) 10 12 14 16 18 20 22
DISTANCE FROM 2" ABOVE THE CATALYST BED

CHEM SYSTEMS INC,

FeOy ECT. WO, 6 6 ‘ VaTK




*C

TEMPERATURE ,

301

FIGURE v.D-4]

CARBON FORMATION STUDY
TEMPERATURE PROFILE OF RUN #18
LURGI GAS/Ni-104T (35 ATM, 480°C, 3.85 STEAM, 280HRS)
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FIGURE 1v-p-42

CARBON FORMATION STUDY
TEMPERATURE PROFILE OF RUN #|9
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FIGURE  tV-D-43

CARBON FORMATION STUDY
TEMPERATURE PROFILE OF RUN #20
LURGI GAS/NI-104T(35ATM,480°C,3.85% STEAM, IZGOHRS.)
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Since the sintering was not noticed in Run 19 which also éxparienced the
power failure, a repeat of Run 18 was initiated. Thi§ run i3 designated
Run 18a. The temperature profilé for Run 18a {Figure IV-D=45) appearead
normal and thé conversion data indicated that equilibrium was attained at
all timas. The spent cdtalyst apbeared black and free of §intering.

Run 20 was completed after aperating 1200 hours. The temperaturé profiie
remained stable. Some carbon debesition was rdticed on the ¢pént
catalyst and extensive carbon laydowh was obseérved on the catalyst basket,

Run 21, schéduléd for 900 hours, was accidentally terminated after
gperating for 620 hKours. The conditions are, thus, $imilar to Run 19,
At 18 hours the temperature profile dropped due to a faulty tefperature
“controller. Subsequently, this problem was corrécted.

Results of spent carbon anaiysis for thése six runs aré prasented in
Table 1V¥-D-4. Cumulative carben formation versus time on-stream is
plottea in Figure IV¥«D-456, The results indicate a very slow rate of
carbon formation with this catalyst., After 1200 operating hours; the
gpent catalyst carben content wag 3.6 weight percent as éentrasted fo
3.0 weight percént in the fréesh catalyst. This 1§ equivalent to an
overall increase of 0.6 percent ¢ompared to moré than 8 pércent observed
from 1200 hours of operation with G=87P catalyst. Although, with 6=87P,
most of the carbon appeared ih the top catalyst bed <sections, with
Ni-104T, the carbon was uniformly distributed throughout the bed.
Physical and c¢rystallographic analyses corroborate existing évidencé that
this catdlyst is particularly stable undeér these operating conditions.
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CARBON FORMATION STUDY
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FIGURE IX-0D-46

CARBON FORMATION STUDY
CARBON FORMATION VS, TIME ON-STREAM
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