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through a slow chemical reaction. This was not evident in the
recirculating apparatus with much lower residence/ on-stream time. Even
after a longer regeneration, the capacity reduced further tc 0.019
mmole/gm in the third cycle. Investigation of different regeneration
methods (e.g., use of steam) for FCA carbon, as well as the use of hot
Zn0 for COS removal is recommended. :

R val of H n Sulfi

Since the CW gas lost almost all of its original HyS before the study,
about 7 ppm of H»S were added in the coal gas stream to evaluate the
adsorbents for its removal. The Cu/Zn catalyst appeared to be removing
HoS adequately. In 30 hours on-stream with 7 ppm H>S added, we did

not see any HpS breaking through the sample port closest (3") to the

inlet.

Lab Test # 2

In addition to studying Fe(CO)g and HyS removal from the coal gas by
adsorption, performance of a methanol catalyst downstream of the adsorbents
was also monitored during Lab Test #2. This would confirm the effectiveness
of adsorption system. The columns were loaded with fresh adsorbents similar
to Lab Test #1, except that the H-Y zeolite and BPL carbon columns were short
loaded (0.5 ft) to get quicker cycles (see Table 6). The activation of the
Cu/Zn catalyst in column #1 and drying of the zeolite in column #2 were also
carried out as in Lab Test #1. The autoclave was loaded with about 50 grams
of F21/0E75-43 catalyst powder and 115 grams of Drakeol-10 oi). The catalyst
slurry was reduced in the autoclave using 2% Hp in Ny at 100 psig with
temperature ramping. The cumulative Hy uptake was about 2.42 scf/1b of
catalyst, very close to the expected amount. '

Two cycles were completed on the adsorption system. The operating parameters
for each adsorption and regeneration are summarized in Table 7. All the
adsorptions were conducted at 450 psig inlet pressure (430 psig outlet) and
ambient temperature. All regenerations were conducted simultaneously in
parallel using 1 Tit/min nitrogen counter current (up) flow through each
column. Capacity and mass transfer zone results for various adsorbents are
given in Table 8. '

Removal of Iron Carbonvl

Low temperature regeneration with ramping improved the regeneration of
H-Y zeolite and BPL carbon. Less iron was deposited on the adsorbents
during regeneration compared to earlier runs. This is evident from the
lower baseline Fe(CO)g concentration observed during the second cycle
(see Table 9). Also, the zeolite at the end of the the second test was
found to be non-magnetic. This i1s an improvement over the first test in
which the used zeolite was found to be magnetic due to iron deposit.

Removal of Carbonyl Sulfide

This test confirmed hon-regenerability of FCA Carbon (for COS) using N»
at 500°F (see Table 8). The capacity dropped from 0.7 mmole/gm in first
cycle to 0.09 mmole/gm in second cycle.

17



N Ll
W9 §'Gl
WO 261
WO |8

LHOIEIM

dn

'SS 91€ 4O dN 3AVIN JdY ANV
TIVM .6¥0° X QO .¥/€ 3AVH SNANTOO JHL

14 v SO0 (3AIXO HO/ND HLIM) NOSHVO Vo4 1

1460 V(02N - NO8YVO 1dd | €
14 60  §(00D)34 31M03Z A-H AN Z
141 S2H “1OH  1SATVLVD 98-€S 4Svd NZ/ND 1
HLONI NOSIOd | 1N38HOSav NIANNT0D

sa3g NOILJHOSAV
2 # 1S3l av1
NVIT1O SVD 1TV0D HALYMI00D

9 alqel

- 18 -




‘4 00S LV SHH /1

‘SHH S NI 4 00S Ol 4
4 0S¢ LV SHH /I o 'z H6
‘SHH § NI 4 062 Ol ,_
'SHH S NI 4 005§ O1 |
SCH + | SHH 02 HO4 W/ tv'v v ‘e ‘2 ‘L v ‘e ‘2L 6
"4 00S 1V SHH €I by
‘SHH 8 NI 4 00S Ol ua
"4 0G¢ 1V SHH Ol e 2
‘SHH LI NI 4 052 O1
SCH + | SHH G6 mo“_s_j vy v'e ‘el v 'e ‘¢l 8
SLINIWNOD SNOILIONOD O4NI NHHLAMVY3HE wz_._zo SNANTOD | "ON NNY

¢ # 1S3l gv
dN NV3ITO SVO VOO HILVMI00D

L 31qel




318V UVAY 1ON - WN

2 - €2 1 - () ZIW
60°0 0 L0 ¥1°0 0 (ND/STTONK) "dVO
2 310AD
¥N 69 VN % 81 {,) Z1IN
040 020 - 690 60°0 200 (IND/STTOWI) "dVD
I 31DAD
NOGHYD VO4  1VD 98-£S NOGYVYD 1d8 3LN103Z A-H  1VD 98-€S 1N3940Sav
8y 2 9 9 2l (.) HLONIT
¥ 1 | g 2 | # NWNT0D
SQ00 SO0 S(00)3d S(00)34 S(00)34 NQOSIOd

dnN NV310 SVYH TVOO HIALVMI00D

8 =iqel

- 20 -




378VIIVAY LON - WN

eo0o 0 (ANdd) ONOD 3NI3svd
A L'} (.) ZLW
L0 . v (ND/SITONWN) "dvD
| 2 A10AD
Vo 1°0 (AWdd) ONOOD aNI3svg
VN | % L) ZLW
69°0 6070 ~ (WN9/STTONN) "dvD
- R L 3T0AD
(.9 ‘e # 109) (.9 ‘C # 109D)
NOGHVO 1dd 311'103Z A-H-

IVAOW3Y S(09D)34
¢ # 1S3l av
dN NV3ITO SVH V0D HILVYMI00)

6 °lqel

- 21 -



Removal of Hydrogen Sulfide

With about 7 ppm HpS added in the coal gas, no H%S breakthrough was
observed in column #1 (F21/0E75-43 catalyst) during 100 hours of H3S
injection.

Methanol Catalyst Performance

The autoclave was operated at 5000 sl1/kg-hr, 750 psig and 250°C for about
120 hours. Initially, a scatter in the product analysis data was
observed, probably due to condensation of methanol in a back pressure
regulator (BPR). Additional heat tape was installed on the BPR with
individua) temperature control. Raising the BPR temperature from 60 to
140°C eliminated the problem. The expected methanol concentration of
about 10% was observed in the effluent after about 96 hours on-stream
(see Figure 8). This is below the thermodynamic equilibrium
concentration of 13.4%. Methanol production appeared to be stable.

ield/ T with Gr ‘Plain ]

Field Test # 1

The objective of this field test was to investigate the removal of methanol
catalyst poisons from l1ive coal gas by adsorption and evaluate cataiyst
performance after the coal gas clean-up. The coal gas clean-up trailer was
transported to Great Plains Synfuels Plant, North Dakota and was situated in
the plant to receive coal gas from outiet stream of the Rectisol unit.

1 Lif with A n n-stream

The adsorption columns were loaded with fresh adsorbents similar to the
lab tests with CW coal gas (see Table 10). The H-Y zeolite and BPL
carbon columns were short loaded to get quicker cycles. The Cu/Zn
catalyst in column #1 was reduced using 2% Hy in Ny at 100 psig with
temperature ramping. The zeolite in column #2 was dried using Ny at
500°F for about 12 hours. The autoclave was loaded with about 25 grams
of F21/0E75-43 catalyst powder and 100 grams of Drakeol-10 oil. The
catalyst slurry was reduced in the autoclave using 2% Hy in Ny at

100 psig with temperature ramping.

The first cycle was started up with the autoclave at 10000 s1/kg-hr,

750 psig and 250°C. The adsorption system was operated at 300 psig inlet
pressure and 5% higher flow rate than the autoclave (4.38 vs.

4.17 Yit/min). The excess flow was vented through a back pressure
regulator. GC analysis of the coal gas indicated that the gas had no
HoS or COS (<0.25 ppm). Also, amounts of Fe(CO)g and Ni(CO)4

detected were insignificant (<0.03 ppm). The feed gas had a composition
of about 20% CO, 63% Hy, 0.35-0.75% COp, and 16.5-18.0% CHg4.
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Methanol concentration in the product effluent is plotted as a function
of on-stream time in Figure 9. Methanol concentration dropped
substantially from about 8 mole% at the start to about 5.7 mole% after 80
hours. The initial deactivation rate was higher than expected. The
activity appeared to stabilize over the next 110 hours. Methanol
concentration remained in the 5.3 - 5.7 mole% range, with productivity of
about 21 gmole/hr-kg, during this period (see Figure 10). This activity
level, however, was lower than the results obtained from the 300 hour old
catalyst with synthesized Great Plains gas in the lab. The low Co,
concentration of the coal gas (see Figure 9) was a concern. Productivity
Is significantly sensitive to CO, concentration in the 0 - 2 mole%

range, which may be responsible for Tow and fluctuating productivity.

A gradual decline in catalyst activity was observed over the next 125
hours (from 190 to 315 hrs on-stream). The deactivation rate was much
higher than expected. Methanol concentration in the effluent dropped to
about 4.5% after 300 hours. No HpS, COS, Fe(CO)g or Ni(CO)4 were
detected in the feed by on-line GC analysis. Spot checks for Cl-, CN-,
NH3, and arsenic compounds by wet chemical methods also showed negative

responses.

The adsorbents were regenerated after 315 hours on-stream. If the
adsorbents were saturated with any unknown poison, this would possibly
get some capacity back and temporarily slow down the deactivation of the
catalyst. During the regeneration, the effluent was analyzed and one
unknown peak (at 2.2 minutes) was observed on the PID set up for sulfur
detection. However, this unknown peak was not observed in the feed.
Presumably, this unknown species was either concentrated on the
adsorbents or formed during regeneration. It could also be ethane, which
has a retention time of 1.9 minutes.

Resumption of operation after regeneration was delayed due to detection
of ppm levels of HyS and COS in the feed by our sulfur GC. The

analysis by Great Plains did not show any sulfur (<50 ppb). There was no
sulfur in the autoclave since the unit was not operating at that time.

An unknown peak was observed at about 9.5 minutes in the sulfur GC. This
had not appeared before as the chromatogram was usually terminated after
6 minutes (after both H,S and COS are out). "This component was later
fdentified as propane.

Catalyst activity was even lower after restart of the autoclave (about 4%
methanol in effluent). Perhaps the presence of some poison at reaction
temperature and pressure during three days of shutdown (no flow)
deactivated the catalyst. Fluctuations of COz content in the feed
increased after regeneration, and methanol concentration dropped
significantly at lower CO2. The catalyst, however, showed signs of
deactivation after the CO, effect was accounted for. For example,
methanol concentration dropped from 4% to 3.6% in about 4-5 days at COp
concentration of 0.6% in feed. The effect of CO; during the entire

test can be seen in Figure 11. Methanol concentration in effluent is
plotted as a function of CO, concentration in effluent. The data are
divided in five segments according to the on-stream time. Lower methanol
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concentrations were generally observed at lower COp concentrations in
the effluent at a given age of catalyst. However, at a constant CO;
concentration in effiuent, methanol concentration dropped with days
on-stream, indicating definite deactivation.

Conversions of CO, Hy, CO; and CHg during the test are plotted in
Figure 12. CO and Hy conversion steadily decreased during the test.
CO, conversion started out negative (produced) but soon became positive
and increased with time on-stream. CHq conversion remained low. Its
deviation from zero probably indicates experimental errors.

One reason for catalyst deactivation could be the low CO, content

(0.35 to 0.75%) in the feed. It 1s known that a certain amount of COp

is needed in the feed to enhance catalyst activity. However, the long
term effect due to COp deficiency is not known. The other reason may be
that some catalyst poisons escaped the four adsorbents and deactivated the
catalyst. Examples are unsaturated hydrocarbons.

Analytical Results on Gas/Catalyst Samples

To identify the unknown catalyst poisons, gas samples were taken during
both on-stream and regeneration periods with specially made sample devices
and shipped to Allentown for GC-MS analysis. GC Analysis at Great Plains
(both Air Products and DGC) revealed the presence of ethylene, propylene
and acetonitrile in the inlet to the adsorption system during on-stream
period and the outlet from the adsorption system during regeneration. The
field test was terminated after 545 hours on-stream and the used catalyst
and adsorbents were shipped to Allentown for potential catalyst poisons
analysis. The GC-MS analysis on gas samples revealed:

e Significant amount of water in the inlet and outlet stream of the
adsorption system (about 1000 ppmv).

e Benzene and toluene in both streams (about 6 ppmv total in inlet and
0.06 ppmv in outlet).

e Ethane and propane in both streams (>>6 ppmv).

e Significant acetonitrile (>6 ppmv) in the inlet to the adsorption
system and none in outlet.

e Substantial amount of DME and water (>>6 ppmv) in the sample from the
regeneration outlet. DME and some of the water were believed to be

formed during regeneration from methanol adsorbed during on-stream
period.

e Acetonitrile (>6 ppmv) in the regeneration outlet.
e (C3-Cy1 alkanes (>6 ppmv) in the regeneration outlet.

e Benzene and toluene (about 7 ppmv each) in the regeneration outlet.
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The water in the streams was unexpected and could deactivate the catalyst
if it entered the reactor in liquid form with impurities, such as
dissolved sulfur compounds. Benzene, toluene, ethane, and propane, in
the quantities discovered, were not believed to be detrimental to the
catalyst. Acetonitrile was a possible catalyst poison, but it was
successfully picked up by the adsorption system when the samples were
taken. Various analyses of the spent catalyst showed:

e Substantial crystallite size growth (from about 100 A to 400 A Cu,
using XRD analysis).

e Significant Fe pickup (from about 50 ppm to 400 ppm, qsing both XRF
and AA analysis).

e Some Ni pickup by AA (from 20 ppm to 120 ppm); however, none
indicated by XRF.

The crystallite growth showed damage to the catalyst. The Fe and Ni
pickup have been fatal to the catalyst in the past.

Lab Test # 1
| lyst Life Test with Synthesized GP

A test was conducted in Air Products' laboratory in Allentown to check if
lack of sufficient COp in the feed was responsible for the catalyst
deactivation in the Great Plains test. This test was conducted in the
300 cc unit #1 (not in the trailer pilot unit). This unit has been
previously used for methanol synthesis work. The details of this unit
are available in a hazards review document (5). Synthesized Great Plains
feed (63% Hp, 20% CO, 16.5% CHgq and 0.5% COp) without any poisons

was used for the test. The autoclave was loaded with about 15 grams of
F21/0E75-43 catalyst powder and 130 grams of Drakeol-10 oil. The
catalyst slurry was reduced in the autoclave using 2% Hy in Ny at

100 psig with temperature ramping. The cumulative Hy uptake was about
2.41 scf/1b of catalyst, close to the expected number.

The autoclave was started up at 10,000 sl/kg-hr, 750 psig and 250°C. The
methanol concentration observed in the product effluent is plotted as a
function of on-stream time in Figure 13. The catalyst appeared stable
over 400 hours on-stream. Methanol productivity after 400 hrs was much
higher compared to Field Test #1 (27 gmole/hr-kg vs. 14 gmole/kg-hr; see
Figure 14). It is clear that a low amount of COp in the feed does not
result in unstable catalyst activity. Conversions of CO, Hp, CO2 and
CHg during the test are plotted in Figures 15 and 16. CO and H)
conversion remained constant during the test. CO; conversion started
out negative (produced) but soon became positive and increased with time
on-stream. CHg4 conversion remained low and probably represented
experimental error.
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