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EXECUTIVE SUMMARY

In the area of gas analysis, most of the attention during the past quarter was devoted to
gaining an understanding of the operation of the Antek total sulfur analyzer, and making
appropriate modifications in the unit. The primary problem is that the resistance of the capillary
flow restrictor is not large enough, and the amount of sulfur which reaches the UV-analyzer

" results in the analyzer becoming saturated. We have added a N, diluent flow downstream of the
pyrotube tube which, we believe, will permit the unit to be operated at pressures to about 50
psig. Use of larger diluent flow rates to permit higher pressure operation is not feasible since
larger diluent rates increase the back pressure on the quartz pyrotube (which operates at 1050°C)
to unsafe levels. In the meantime, Antek is studying the redesign of the capillary flow restrictor
to provide larger flow resistance.

Studies on the regeneration of FeS in the atmospheric pressure reactor were almost
completed during the quarter. Only a series of multicycle sulfidation-regeneration tests remains.
The effects of reactive gas mol fraction and temperature have been examined using both O,/N,
and H,0/N, atmospheres. The initial rate of regeneration was found to be a weak function of
temperature and first-order in both O, and H,0 concentration. In a test series in which the
reactive gas contained both O, and H,O, the experimental initial rate was effectively equal to the
sum of the individual initial rates, suggesting that the two reactions proceed independently of one
another. Detailed correlation and statistical analysis of the data is currently being done.

Principal effort during the quarter using the high pressure electrobalance was devoted to
studying the regeneration of FeS in a H,O/N, atmosphere. Experimental difficulties involving
steam condensation in high pressure tests slowed progress. The steam diffused to cold spots in
the hangdown tube where it condensed. Drops would build-up and subsequently fall into the
heated zone. There, the drops would vaporize almost instantaneously and create a shock wave
which altered the results, and, in some instances, had sufficient force to displace sample from
the sample pan. This problem was resolved by heat tracing those portions of the hang-down
tube where condensation occurred. The effects of temperature and reactive gas mol fraction
were qualitatively similar to those observed in the atmospheric pressure tests. The temperature
effect was small and the initial rate was first order in both O, and H,0. The initial rate
increased with pressure between 1 and 5 atm, and subsequently decreased between 5 and 15 atm.

GAS ANALYSIS

At the end of the previous quarter both the Antek total sulfur analyzer and the gas
chromatograph had been delivered and installed. The GC appeared to be working properly but
problems existed, and still exist, with the Antek analyzer. Much of the effort during the quarter
was directed toward resolving these problems. Progress, although slow, has been made and
we believe that the system is almost operable at reactor pressure equal to or less than 50 psig.

The flow rate of reactor product through the Antek analyzer is determined strictly by the
pressure upstream of the capillary flow restrictor. The resistance of the current quartz restrictor




is too small, with the result that sulfur flow rates saturate the UV-analyzer. Calibration curves
of instrument response versus percent sulfur always contained a maximum so that the same

_instrument reading corresponded to two different concentrations. The point of the maximum
shifted to higher sulfur concentrations as the feed pressure was decreased.

When the normalized results of several calibration tests at different pressures were plotted
versus the mol fraction SO, to the detector (see Figure 1), we found that all of the curves
effectively collapsed into a single curve having a maximum at about 0.03 mol fraction SO,. The
y-axis in Figure 1 was obtained by dividing the Antek response at given conditions to the
maximum Antek response for the particular test. In tests 1, 3, 4, and 5§ in Figure 1, the only
variable was inlet pressure, which, as previously stated, produced a variation in flow rate. In
analyzing the data from tests 1 through 5, it became obvious that extending the analytical range
to higher sulfur concentrations could be accomplished only be reducing the sample flow at a
given inlet pressure or by diluting the gas between the pyrotube and the UV-detector. Antek is
continuing to work on the design of a new capillary flow restrictor to provide increased flow
resistance and decreased flow rate. '

In the interim, we have added a N, diluent between the pyrotube and the detector as
shown in Figure 2. Diluent was added in tests 6 and 7, and, as shown in Figure 1, the results
are effectively identical to results from tests not using the diluent. In test 6, the inlet pressure
was 180 psig which produced a sample flow rate of 180 sccm (Q,). 437 sccm of O, was added
to the pyrotube (Q,) and 2800 sccm of N, diluent (Q,) was added downstream of the pyrotube.
The operating pressure and O, addition rate were the same as in test 1, and, as shown in Figure
1, the results in terms of normalized instrument response versus percent SO, were practically
the same. The addition of 2800 sccm N, diluted the sulfur concentration to the detector by a
factor of 5.53 (3417/617), and shifted the peak in the response curve based on inlet H,S
concentration from about 1.1% H,S without diluent to 4.3% H,S as shown in Figure 3.
However, this high rate of N, dilution increased the back pressure on the pyrotube to about 4.5
psig, which is too large for normal operation.

Calibration test 7 used 50 psig inlet pressure which produced a sample flow of 25 scem.
Coupled with 437 sccm of O, and 371 sccm of N, diluent, the dilution factor was 1.8. Figure
4 compares the calibration curve for test 7 on the basis of H,S percent with the curve from test
4 without N, dilution, but otherwise at the same conditions. The 1.8 dilution factor shifted the
peak in the curve from about 3% H,S to about 9% H,S. Back pressure in this case was not
excessive and the test 7 results form the basis for our current belief that diluent addition may
make the Antek unit satisfactory for reactor operating pressures up to about 50 psig. The
unnormalized test 7 results were fit to a quadratic equation to give

y = 1749 x - 9.35 x* + 13

where y is the Antek instrument response and x is the mol percent H,S in the feed gas.
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An empty reactor was subsequently added to test the reactor system response to varying
inlet H,S concentrations. The reactor was at 50 psig pressure and contained no sorbent for this
initial test. Oxygen flow to the pyrotube and diluent N, flow downstream of the pyrotube were
controlled at 437 sccm and 371 sccm, respectively, as previously discussed. Feed gas containing
N, and up to 2% H,S, as determined by mass flow controller settings, was added to the reactor.

Figure 5 compares the Antek response to step function changes in the feed composition
as a function of time. The qualitative response was as expected. Except at the beginning, the
Antek unit began to sense a composition change after about 2 to 3 minutes. The Antek reading
then increased and asymptotically approached a steady state between 5 and 15 minutes later,
depending on the total flow rate through the reactor. The initial response was slower because
of the start-up procedure employed. Figure 6 is a blow-up of a portion of Figure 5 to show
more detail in the Antek response to one of the step function feed concentration changes.

While the qualitative response was as expected, the steady-state Antek concentration
levels during the period of H,S concentration increase were somewhat lower than the levels
established by the mass flow controllers and were somewhat higher than the mass flow controller
settings during the period of composition decrease. There are a number of possible reasons for
these differences which are now being investigated.

First, the test 7 calibration results were established using H,S concentrations which were
generally larger than those used in the Figure 6 response test. The minimum H,S content used
in the calibration test was 2%, while H,S contents of 0.5, 1.0, and 1.5% were used in the
response test. The inclusion of lower H,S concentrations in the calibration might alter the
calibration equation and provide better agreement.

The second source of the problem may be associated with the temperature controller on
the photomultiplier tube (PMT) of the UV detector. The PMT temperature should remain
constant, but, as shown in Figure 7, a gradual increase in temperature with time was observed.
Over the 4 hour duration of test 02, the PMT temperature increased from 10.5°C to 11.2°C.
While Antek assures us that this temperature variation is not important at the high concentration
levels of this study, they have agreed to repair or replace the temperature controller.

Finally, a third potential cause of the problem could be adsorption/desorption of H,S on
the walls of the reactor and other system components. Adsorption during the period of
increasing H,S concentration would decrease the H,S concentration reaching the Antek while
desorption during the period of decreasing H,S concentration would increase the concentration
to the Antek. If physical adsorption/desorption is the cause of the problem, the effect will be
reduced at the higher temperatures to be used for reaction.
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ATMOSPHERIC PRESSURE ELECTROBALANCE

Most of the planned experimental program relating to the regeneration of FeS was
completed during the quarter. This program examined the effects of volumetric flow rate,
temperature, and reactive gas mol fraction on the regeneration reaction in atmospheres of O,/N,,
H,0O/N,, and O,/H,0/N,. Tables I, II, and III summarize operating conditions and present key
results for all tests. Tests completed during the quarter are marked with the asterisk in the first
column.

Early tests examined the effect of volumetric flow rate on the reaction rate with the intent
of identifying a flow rate above which the reaction rate did not change and mass transfer
resistance could be neglected. As a consequence, most of the tests identified in Tables I through
IIT utilized a total gas feed rate of 300 sccm.

The effects of temperature and mol fraction reactive gas on the initial reaction rate are
shown in Figures 8 and 9, for the O,/N, and H,0/N, atmospheres, respectively. The straight
lines in these figures were determined by linear regression through the origin. More complete
statistical analysis of selected data follows. These figures illustrate three important features of
the regeneration reactions. First, the initial rate is first-order with respect to both O, and H,O.
Secondly, the rate with O, is much faster than the rate with H,O. O, mol fractions were varied
between 0.005 and 0.03 while H,0O mol fractions were varied between 0.1 and 0.5. The scale
of the rate axis extends to 0.06 min-! for O, and only to 0.018 min! for H,0O. Thirdly, over the
temperature range of 600°C to 800°C, the effect of temperature on both reactmns was quite
small.

The series of tests involving regeneration in O,/H,0/N, (Table IIT) was carried out to
determine if the individual reactions proceeded independently, i.e., if the combined rate was
equal to the sum of the individual rates. The H,0 mol fraction was held constant at 0.4 in all
tests while the O, mol fraction was varied between 0.0036 and 0.01. The standard temperature
range of 600 to 800°C was covered. The combination of 0.0036 mol fraction O, and 0.40 mol
fraction H,0 at 800°C was specifically chosen since analysis of the individual initial rates at

‘these conditions suggested that the ratio of H,S to SO, in the product gas should be
approximately 2 to 1, which is the ratio associated with the Claus reaction. '

Figure 10 summarizes results of the O,/H,0/N, tests in a plot of initial rate versus O,
mol fraction. The lines at the three temperatures are not fit to the data, but are the predicted
rates obtained by summing the single component O, and H,O regeneration rates. The close
agreement between predicted and measured rates indicates that, at least initially, the combined
reaction rate is given by the sum of the individual rates.

During the regeneration of FeS with O, effectively all of the sulfur should be liberated
as SO,. Regeneration with H,O should liberate sulfur as H,S. One of the ultimate objectives
of the program is to determine if significant quantities of elemental sulfur, S,, can be formed
when the regeneration gas contains both O, and H,0. Because analysis of the effluent gas from

11
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the electrobalance was not possible, the only way to determine if elemental sulfur was formed
would be visually. No sulfur was observed in the above tests. This was not surprising,
however, as only about 0.8 mg of sulfur could be formed if all sulfur in a 2.3 mg sample of FeS
was liberated in elemental form. Hence, one test was conducted in which the initial FeS sample
size was increased to 50 mg, thus increasing the potential elemental sulfur yield to 18 mg. A
yellow deposit was formed near the exit of the quartz hangdown tube. Although it was not
possible to estimate the amount, this deposit provided definite proof that some elemental sulfur
was formed. '

Five duplicate tests were performed at two sets of conditions to provide information of
the reproducibility of the initial rate measurements. Results are shown in Figure 8 for the five
O,/N, tests at 600°C using 3% O,, in Figure 9 for the five H,O/N, tests at 800°C using 40%
H,0, and are presented in greater detail in Table IV. The range in initial rates for the O,/N,
duplicate tests was from 0.0331 min-! to 0.0405 min-! with mean plus/minus standard deviation
values of 0.0377 + 0.0027 min!. For the H,O/N, duplicate tests the range was from 0.0133
to 0.0146 min! with mean plus/minus standard deviation of 0.0140 + 0.006 min-t.

Figure 11 shows the results of a statistical analysis of the effect of O, mol fraction on the
initial regeneration rate at 600°C. Results of 10 tests, including the five duplicates at 0.03 O,
and three duplicates at 0.01 O,, are included. Single tests were conducted at 0.005 O, and 0.02
O,. The solid straight line represents the best-fit through the origin while the dashed straight
line represents the best unconstrained linear fit. The two curved dashed lines represent the 95%
confidence limits based on the unconstrained straight line. The two straight lines are, for
practical purposes, identical, with the intercept of the unconstrained line being only 0.0012. The
slope of the lines, which is proportional to the reaction rate constant, is 1.287 min! for the
constrained best-fit, and 1.219 min-! for the unconstrained best fit. Results from 9 of the 10
tests lie within the 95% confidence limits.

Similar analysis for the regeneration in H,0/N, is presented in Figure 12. Regeneration
conditions were 800°C with the H,O mol fraction ranging between 0.15 and 0.50. Results from
twelve tests are included with duplicate tests at 0.15 O, and 0.40 O,. In this case there is a
larger difference between the constrained and unconstrained straight lines, with the latter having
an intercept of 0.002. The slopes are 0.0359 for the constrained line through the origin and
0.0293 for the unconstrained line. Only one of the test results falls outside the 95% confidence
limits. , '

'Finally, Figure 13 shows comparable results for a limited test series for O, regeneration
at 800°C where only three tests were carried out. Once again, the constrained and
unconstrained best-fit lines are effectively equal. Although all three data points are very near
the unconstrained line, the spread in the 95% confidence limits is larger because of the small
number of data points.

The relatively small effect of temperature on the initial reaction rate is emphasized in
Figure 14, which presents Arrhenius plots of the rate constant for both O, and H,O regeneration




Table IV. Initial Rate Measurements from
Multiple Tests at the Same
Reaction Conditions

Regeneration of FeS in Oy/N, : T=600°C, 3% O,

Test No. Initial Rate, min?!

011 0.0382
010 0.0381
009 0.0384
006 0.0405
EO1 0.0331

Mean + Std. Dev. 0.037 + 0.0027

Regeneration of FeS in H,O/N, : T=800°C, 40% H,0

Test No. Initial Rate, min?
H16 , 0.0133
H32 0.0135
H38 0.0141
H39 0.0145
H40 0.0146

Mean + Std. Dev. 0.0140 + 0.006
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versus the inverse of the absolute temperature. The data points are the slopes of the best-fit
lines through the origin from Figurés 8 and 9. The slopes of the best-fit Arrhenius lines are
-1892 and -5175 for O, and H,0, respectively. From this analysis, the rate equations, based on
initial rates, for the regeneration of FeS can be written as

Io, = 11.2 ¢ 3760RT Yo,  in oxygen

o = 42 ¢ "10280/RT Yo in steam

r has units of min?, T is the absolute temperature, R is the gas constant, and y is the mol
fraction of either oxygen or steam. At 800°C and equal mol fractions, the regeneration rate in
O, is about 56 times larger than the regeneration rate in H,0.

HIGH PRESSURE ELECTROBALANCE

The FeS regeneration test series in H,O was completed during the quarter. We had
thought that the O, regeneration series was also complete, although further analysis of the data
has indicated the need for additional tests to reduce the data scatter. Tables V and VI
summarize operating conditions and present key results for all O, and H,O regeneration tests,
respectively. Those tests completed during the past quarter are marked with an asterisk. The
following presentation is limited to the H,O/N, test series because the additional O,/N, runs may
alter the results somewhat. Experimental problems associated with steam condensation on cool
sections of the hangdown tube were experienced. These problems became more severe as the
mol fraction of H,0 and the operating pressure increased. Heat tracing eliminated the
condensation problem except at the highest pressure (15 atm) and largest H,O mol fraction
(0.40). As a consequence, 15 atm tests were limited to a maximum H,0 mol fraction of 0.30
compared to the maximum H,0 mol fraction of 0.40 in 1 and 5 atm tests. The temperature
range covered was 600°C to 800°C.

_ Figure 15 shows the effect of H,O mol fraction and pressure on the initial regeneration

rate at a temperature of 700°C. The straight lines corresponding to each pressure were
determined by linear regression without the constraint that the line pass through the origin. Each
of the lines has a small negative intercept. The most interesting result from this figure is the
effect of pressure at constant H,O mol fraction. - The maximum rate corresponded to the
intermediate pressure of 5 atm. The rates were intermediate at low pressure (1 atm) and the
lowest rates were measured at the maximum pressure (15 atm).

This effect of pressuré is emphasized in Figure 16 where the initial Tegeneration rate at
600°C is plotted versus pressure with H,O mol fraction as the parameter. The rate increased
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Table Y. Operating Conditions and Key Results for the High
Pressure Electrobalance Tests Involving the Regeneration
I — of FeS in 02/N2 :
Date Bun | T Q (0o2f P Mo M1} M2 | Mi/Mo| M2/Mo| Rate
. (C) | (scecm)| (%) | (atm)] (mg) | (mg)| (mg) 1 (min”-1) .
7/31/95|F 37| 600§ 800] 3 1] 2.545 2.311 0.908] 0.0400
-7/31/95|F 38{ 600} 1000| 3 1} 2.380 2.161 : 0.908] 0.0483
8/1/95{F 39j800] 1000} 3| 15]|2.898 2.631 0.908| 0.0350
-- 8/1/95{F 40{800 800§ 3 151 3.920 3.558 0.908} 0.0350
8/15/95]F 42]700f 800f 3} 15/2.540 2.304 0.907] 0.0300
8/16/95|F 431650{ 800f 3| 15]3.060 2.738 0.895] 0.0125
8/17/95|F 44|625 800 3 15| 3.360 3.064 0.912] 0.0125
8/17/95|F 45/ 600] 800] 3] 15{3.048 2.926 0.960| 0.0214
8/22/95{F 47{600| 800| 1 112.910 2.619 0.900{ 0.0100
8/22/95{F 48] 700 800] 0.5 113.470 3.151 0.908| 0.0058
8/22/95}{F 491700 800 1 1] 3.060 2.754 0.900f{ 0.0114
8/23/95}F 501700 800 3 1]3.920] - 3.559 0.908f 0.0358
8/24/95|F 51| 700} 800} 0.5 1]2.934 2.655 0.905| 0.0060
8/24/95|F 52| 600 800} 0.5 112.800{ 2.633 0.808f 0.0056
8/25/95{F 53/800] 800 1 112.734 2.485 0.909| 0.0150
8/28/95{F 54} 600 800 1 -512.572 2.335 0.908{ 0.0180
8/28/95{F 55| 700 800} 0.5 5{2.275 2.052 0.902} 0.0067
8/28/95|F 56} 700 800 1 512.284 2.062 0.903| 0.0175
8/29/95|F 57} 700 800 3 512.117 1.916 | 0.805] 0.0400
8/30/95{F 58] 700 800 3 5] 3.004 2.704 0.800| 0.0400
9/1/95| F 59] 800 800 1 5{4.310 3.879 0.900{ 0.0164
9/5/95|F 60{700 800] 0.5 15{3.0086 2,705 0.900{ 0.0067
9/6/95|/F 61}700{ 800 1 15]2.436 2.192 0.900] 0.0150
9/6/95|F 62{800 800| 0.5 1]3.520 3.168 0.900f 0.0082
9/7/95|F 63/ 800 800 3 1]3.034] 2.731 0.800] 0.0429
~ 9/7/95|F 64/600/ 800} 0.5 5{4.680 4.212 0.800{ 0.0092
9/8/95|F 65{600 800 3 5{2.916 2.654 0.910{ 0.0450
9/8/95{F 66{800 800] 0.5 514.510 4.104 -} 0.910f 0.0078
9/11/95}F 67} 800 800 3 512.791 2.512 0.900] 0.0467
9/11/95|F 68| 600 800} 0.5 151 2.469 12.247F 0.910f 0.0045
8/12/95|F 69| 600 800 1 15} 3.195 2.984 0.937] 0.0060
9/13/95|{F 70] 800 800} 0.5 15] 3.450 3.105 0.900{ 0.0054
9/22/95{F 75| 600 800 1 11 4.600 4.140 0.900{ 0.0100
*l 10/6/95}F 80| 800 800 3 15]2.639 2.401 0.910}- 0.0220
“*1_10/9/95{F 81{700 800§ 0.5 113.159 2.859 0.905] 0.0072
*|_10/9/95|F 82]600{ 800} 3 514.340 3.948 0.910| 0.0360|
*{ 10/10/95|F 83| 800{ 800} 1 15| 2.988 12.704 0.905{ 0.0150
*1 10/11/95]F 84]600] 800 .3 5(2.796 2.533) 0.906{ 0.0400
*| 10/12/95|F 85{800| 800( 1 15]3.1587 2.873 0.610{ 0.0188
*1 10/13/95}F 886|700 800} 0.5 112.527 2.274 0.900} 0.0064
*1 10/16/95]F 87{700 800} 0.5 112.775 2.498 0.900| 0.0068
25




Table VI.

Operating Conditions and Key Results for
the High Pressure Electrobalance Tests
Involving the Regeneration of FeS in Hy0/Np

Date Run | T Qt |H20| P Mo M1 M2 | (M1/Mo) | (M2/Mo)| Rate
(C) | (scem)} (%) | (atm)] (mg) | (mg) | (mg) (min*-1)
10/12/95| S 02800 800] 10 1{ 3.093} 2.691 0.870 0.0040
10/13/95| S 03§ 600 800] 40 1] 3.650} 3.176 0.870 0.0045
10/24/95|/ S 13 ] 600 800] 10 1] 4.270] 3.758 0.880 0.0010
10/26/95]815{700] 800] 10 11 2.775] 2.417 0.871 0.0017
10/27/95 $16] 600 800} 30 11 2.280) 2.006 0.880 0.0033
11/2/95{S17}700] 800} 30 1}2.449] 2.106 0.860 0.0067
11/6/95] S 19| 800 800! 30 1] 2.776] 2.432 0.876 0.0102
11/7/95] § 21| 700 800! 40 113.6501 3.212 0.880 0.0080
11/7/951 S 22800 800 40/ ~ 1}13.630| 3.158 0.870 0.0134
11/14/95| § 27800 800] 30 5§ 2.930} 2.520 0.860 0.0130
11/16/95] $§29) 700 800| 40 5] 2.350] 2.045 0.870 0.0140
11/17/95] $ 30} 800 800] 40 5] 2.580f 2.270 0.880 0.0180
11/27/95{ S 36| 600 800{ 10 512.682} 2.360 0.880 0.0020
11/28/951 S371700 800] 10} 5{2.422{2.131 0.880 0.0030
11/29/95{ $38{800] 800] 10 512.,224] 1.957 0.880 0.0040
11/30/95] $ 391600 800] 40 ‘51 2.983] 2.595 0.870 0.0070
12/1/95] S 40} 600 800] 30 5] 2.372| 2.087 0.880 0.0055
- 12/3/951 $411700 800] 30 5] 2.389{ 2.102 0.880 0.0100
12/7/95] S 451800 800} 10 151 2.651] 2.333 0.880 0.0014
12/18/95| S49|700] 800] 10 15] 2.637] 2.321 0.880 0.0012
12/19/95] S501 600 800} 10 15§ 2.406{ 2.117 0.880 0.0005
12/21/96] S 53| 800 800] 30]. 15]2.788] 2.453 0.880 0.0042
12/22/98{ 8541 700 800] 30 15] 2.456] 2.161 0.880 0.0038
12/23/96{ S 55} 600 800{ 30 15} 2.937} 2.555 0.870 0.0016
12/25/96| §57]600] 800] 20 15| 3.100} 2.728 0.880 0.0010
12/26/96} S58|700f 800f 20 15} 2.987] 2.629 0.880 0.0025
12/27/96) $ 59} 800 800] 20f 15}2.905]2.556 0.880 0.0030
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as the pressure increased from 1 to 5 atm at each mol fraction, and then the rate decreased for
both mol fractions as the pressure was further increased from 5 to 15 atm.

The small effect of temperature which was found for both regeneration reactions using
the atmospheric pressure electrobalance was confirmed at the higher pressures. This is
illustrated in Figure 17 where the initial rate using 30% H,O is plotted versus temperature with
reaction pressure as the parameter.
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