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OBJECTIVES recovery of sulfur (as elemental sulfur) from
regeneration off-gases and coal-gas produced in

The objective of this work is to demonstrate integrated gasification combined cycle (IGCC)
on a bench-scale the Direct Sulfur Recovery power generating systems. Fundamental kinetic
Process (DSRP) for up to 99 percent or higher and thermodynamic studies will also be conducted



to explain the mechanism of DSRPreactions. The in a single catalytic reactor at 450 to 700 °C,
goal of the project is to advance the DSRP 20 atm and space velocities of 1000 to 7500
technology to the point where industry is willing scc/(cc.h). Furthermore, experiments simulating
to support its further development, two reactors in series with an intermediate sulfur

condensation step have demonstrated that over 99
BACKGROUND INFORMATION percent overall sulfur recovery is feasible.

Hot-gas desulfurization processes for IGCC As shown in Figure 1, the DSRP consists of
and other advanced power applications utilize two fixed-bed catalytic reactors, each followed by
regenerable mixed-metal oxides sorbents to a sulfur condenser. Hot regenerator off-gas is
remove hydrogen sulfide (H2S)from raw coal-gas, mixed with a hot coal-gas slip stream and fed to
Regeneration of these sorbents produces an off-gas the first DSRP reactor. Approximately 95 percent
typically containing 1 to 3 percent sulfur dioxide of the sulfur gas in the inlet stream of the first
(SO2). Production of elemental sulfur is a highly reactor is converted to elemental sulfur. The
desirable option for the ultimate disposal of the outlet gas of the first DSRP reactor is cooled,
SO2 content of this off-gas. Elemental sulfur is condensing out sulfur. The gas could be recycled
easily stored and transported and is an essential after the Stage I condenser. Alternatively, by
industrial commodity, adjusting the proportion of coal gas to regenerator

off-gas, the effluent composition of the first
In the DSRP, which has been under reactor can be controlled to produce an H2S to

development since 1988, a near stoichiometric SO2 ratio of 2 to 1 at 95 percent sulfur
mixture of off-gas and raw coal-gas (2 to 1 tool conversion. The cooled gas stream is then passed
ratio of reducing gases to SO2) is reacted in the to the second DSRP reactor where 80 to 90
presence of a selective catalyst to produce percent of the remaining sulfur compounds are
elemental sulfur directly (McMichael and converted to elemental sulfur via the modified
Gangwal, 1990). Claus reaction at high pressure. The total

efficiency of the two reactors for the conversion
Initial work on the DSRP was directed at of sulfur compounds to elemental sulfur is

screening a number of catalysts. Tests were projected to be about 99.5 percent.
carried out in a 1-in. diameter, fixed-bed reactor.
The best catalysts to date have shown that sulfur A preliminary economic study, in which the
recoveries as high as 96 percent can be obtained two-stage DSRP was compared to conventional
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Figure 1. DSRP Process.



processes, was carried out in the third year of the by surrounding steam at 250 °F in a coil and then
previous contract. This comparison indicated that re _hed into the sulfur collection pot for separation
DSRP can produce a ton of elemental sulfur at of gas and sulfur. A sulfur drain is included so
costs much less than those for the conventional that it is not necessary to dismantle the condenser
processes and at significantly lower capital after every run. The ability to drain the sulfur
investment. Further cost savings might be realized during a run allows extended runs to be carded
for IGCC system applications by designing a out. Also fittings are provided in strategic
proper recycle system for the gas following the locations to allow dismantling when cleanup
first stage DSRP condenser and eliminating the becomes necessary.
second stage equipment.

Gas in
upto 350 I_i
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PROJECT DESCRWTION aa,out
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The present work seeks to (i) demonstrate ,\x___

:' the DSRPscaledin an integratedfactoroftW°'stage forbench'scale99 _"-'ll_" T, unit up by a up to 40, up to ii,__

/, percent or higher recovery of sulfur, (ii) explain ,, .]].=.--_" ._J the high sulfur yield and mechanism of DSRP lo

reactions by conducting kinetic experiments and -____ 3o./advanced thermodynamic calculations, and (iii) [
continue technology transfer to the point where

' industry is willing to support further DSRP
: development. _"_

DSRP Bench-Scale Unit c_den.teo=

' SulfurDrain

='_ The DSRP Bench-Scale Unit hardware has
been described in detail previously (Gangwal and ,.a: tn'Fema**._,f_B: SS 3/8"Tubing,O.035cWal

l McMichael, 1990; Gangwal and McMichael, o'CiBlindflange
3/8"Weldfitting

E, H, I: 3/8' Bored*throughunion

1991). The unit consists of a simulated off-gas
i and coal-gas delivery system connected to two Figure 2. Steam-Jacketedsulfur condenser.

high-pressure reactors and condensers in the
configuration shown conceptually in Figure 1. Experimental System for Kinetic Studies
The system is rated to 400 psig and the reactors,
capable of operation at up to 400 psig at 750 °C, A micro-catalytic reactor system (Figure 3)
hold up to 1 L of catalyst each. The inlet and was designed and constructed to study the kinetics
outlet gases are analyzed using two gas chromato- of the DSRP reactions, with emphasis on the
graphs (GCs) and a continuous SO2 analyzer. One reduction of SO2 using H2 at elevated pressure. In
major change recently made to the unit consists of the system, the feed is prepared by blending the
installing advanced condensers suggested by gases in desired proportion using electronic mass
experts in the field to facilitate more efficient flow controllers. The reactor, designed for high-
separation of the sulfur after each reactor. A pressure operation, consists of a 3/8 in.-O.D.
schematic diagxam of the advanced condenser is quartz-lined stainless steel tube in which about 0.2
shown in Figure 2. The sulfur-laden gas is cooled g of the DSRP catalyst is positioned at the center
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Figure 3. Schematic of reactor for DSRP kinetic studies.

using two plugs of quartz wool on both sides. A coal gasification systems for IGCC and presenting
single zone furnace controlled by a temperature technical papers at national meetings. Presently,
controller was used to heat the reactor. The discussions are in progress regarding field testing
effluent stream from the reactor is vented through of the DSRP by transporting the skid-mounted unit
a back pressure regulator after condensing sulfur, at the Research Triangle Institute (RTI) to an
A small portion of the effluent stream is sent to operating gasifier site.
the GC for product analysis. A four-port valve is
used to analyze either the feed or the effluent RESULTS
stream without disturbing the gas flow to the
reactor. The catalyst is crushed to 60/80 mesh Bench.Scale Testing
size to minimize the presence of pore diffusion.
The quartz-lined reactor minimizes gas phase In the previous contractor's meeting
reactions. For example, the conversion of SO2 (McMichael and Gangwal, 1991), results of a
was less than 2 percent in the quartz-lined reactor number of bench-scale tests with regeneration off-
at temperatures as high as 650 °C. In contrast, the gases containing up to 12.4 volume percent SO2
SO2 conversion was 13 percent in a stainless steel were reported. These results indicated the
reactor under similar reaction conditions, effectiveness of the DSRP in obtaining near 96

percent conversion to sulfur in one stage of
Technology Transfer reaction. Thermal degradation effects were not

experienced in the liter-size adiabatic reactors.
Over the past year, technology transfer Earlier laboratory results, which were largely

activities have included presenting detailed results restricted to gases containing 2 percent SO2, were
of DSRP to selected U.S. companies developing confirmed and excellent sulfur balance was



achieved. The influence of kinetics on condensers, eight additional bench-scale tests have
conversions became more apparent. In some tests, recently been conducted. The objective of these
increased space velocity (from 1250 up to 7500 tests was to increase the sulfur conversion beyond
scc/cc/hr) showed the same or increased the 96 percent previously achieved and achieve up
conversion to sulfur. Reversal of sulfur conver- to 99 percent or higher conversion in two stages.
sion via the reverse Claus reaction occurred in the Another objective of the tests was to examine the
Stage II reactor presumably due to incomplete stability of the unit in a continuous long-term test
removal of interstage sulfur, using the more efficient sulfur condensers

designed to eliminate sulfur plugging of the lines.
The main conclusion of the previous testing

was that increased pressure rapidly increased Experimental conditions and results of these
conversion to sulfur up to 10 atm and then more tests are shown in Table 1. As seen, additional
slowly up to 21.4 atm. Reducing gas to SOa ratio conversion was obtained in the second reactor
was also found to be an important variable, when low conversions were achieved in the first
Optimum conversion was achieved at a mol ratio reactor presumably due to a less active catalyst.
of 2. Conversion to sulfur was lower at both the The highest conversion obtained to date was 97.4
higher ratio of 2.2 and the lower ratio of 1.8. percent. However, additional conversion in the

second reactor was not achieved when conversions

Reversal of the sulfur conversion via the in the first reactor were highmaround 95 to 96
reverse Claus reaction in the second reactor percent. Test SS-7 was a 16-hour test which
indicated the need for designing advanced sulfur demonstrated long-term plug- and leak-free
condensers (Figure 2). Using the advanced sulfur operation at pressures to 350 psig. This confirms

Table 1. Bench-Scale Test Results with Advanced Sulfur Condensers a

Overall SO2 Conversion to
Temperature °C Reducing Sulfur (%)

Test No. Reactor 1 Reactor 2 Gas to SO2Ratio Reactor 1 Reactor 2

SS1b 525 300 2.14 78.4 92.4
SS2 633 306 1.93 79.6 94.0
SS3 641 298 2.00 81.5 97.4
SS4 620 288 2.00 84.1 NAc

iiI_j SS5 623 286 2.00 84.3 97.3SS6 623 260 2.00 96.0 96.0
SS7d 623 286 2.00 95.5 95.5
SS8 623 300 2.00 96.0 95.0

a21.4 atm, 2000 scc/cc.h, 3.2% SO2 off-gas, Texaco coal gas, 10% steam in gas mixture.
bSpace velocity was 4000 scc/cc/h.
CNA = Not available due to experimental problems.
dpressure was 350 psig, test run for 16 hours.



the high efficiency of the sulfur condensers. Prior
to Test SS-8 the Stage II reactor was opened to loo [
replace the catalyst. It was found that the catalyst L
was agglomerated due to sulfur allowing gas ._ 80
channeling. This may be the reason why no ,_ t,
additional Stage II conversion (in either direction) _
was obtained in Tests SS-6 and SS-7. In SS-8, a 5=

"S o 60
different catalyst was used. It was seen that the ,o E

reverse Claus reaction slightly decreased the _
overall conversion after Stage II for this test. = "

8 _ 40However, this decrease was nowhere near the ,._
decrease obtained in the Stage II reactor with the _ _ *
condensers previously used. The results indicate ._-_, ao
that even more efficient condensation will be __,

I.U >
necessary to achieve sufficient sulfur removal and -- "08
allow additional conversion in Stage II. One _ t,
important reaction that occurred in Stage II was
COS conversion. COS formed in the first reactor t5

was completely converted in the second reactor. .2o I I I [0 10 20 30 40
Improvements to the sulfur condensation pro-
cedure will be continued. Also, a test that Pressure, atm

removes the water interstage will be conducted to
seeif most of the sulfur can be removed with the Figure 4. Comparison of Experimentally
water. This is not the optimum way to operatethe Observed and Predicted Sulfur Conversions.
bench-scale system. However, it may be
necessary to achieve 99+ percent conversion to
sulfur, discrepancy and to evaluate DSRP kinetic rate

equations for application to large scale reactor
Kinetic and Thermodynamic Studies design.

DSRP lab- and bench-scale experimental Kinetics of the catalytic reaction of SO 2 and
data to date were compared (Figure 4) with H2 was studied in the microcatalytic reactor
predictions of a conventional thermodynamic system (Figure 3) using a sulfur-selective catalyst.
model consisting of the water gas shift reaction Of maximum interest in these experiments was the
(CO + H20 **CO2 + H2), reduction of SO2 with effect of total pressure, space velocity, and Hz/SO 2
Hz or CO to form the various forms of sulfur from ratio on percent SOz conversion (x) and percent
Sx to S8 (2H2 + SO2 ,* (l/x) Sx + 2HzO), and HzS selectivity (y). The percent SO2 conversion
reduction of SO 2 with H z to form H2S (3H2 + SO2 to elemental sulfur can be estimated as x(1-y/100).
---) HzS + 2H20 ). The data in Figure 4 were Figure 5 shows the effect of changing total
consistent at low pressure (~1.5 to 1.7 atm). pressure with ali other conditions including
However, as pressure was increased, experimental H2/SO 2 ratio, SOz partial pressure, temperature,
conversions to sulfur were found to be and residence time held constant. The total SO2
significantly higher than predicted conversions, conversion increased and the HzS selectivity
Fundamental kinetic and thermodynamic studies decreased with pressure. These results firmly
have been undertaken to shed light on this establish the beneficial effect of total pressure.
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,, Figure 5. Effect of Total Pressure on SO 2 Conversion and H2S Selectivity.

The pressure effect suggests that the kinetic rate temperature, studied in the low 250 to 380 °C
_q
9; constant depends on pressure and goes against the temperature region (to keep conversions low),
,_j general observation with most kinetic reactions showed that the rate of reaction could be well

_;t that the rate constant is a function of temperature represented by an Arrhenius equation with an
but not of pressure. Laidler (1965) suggests activation energy of about 17 kcal/mol. The effect
reasons and rate constant equations to account for of variation of H2/SO 2 ratio was studied at
the pressure effect. These include a pressure term 450 °C, 1.1 volume percent H2, 300 psig total
in the rate equation. The pressure effect is pressure, and 5.5 x 105 cc/hr/g space velocity.
probably due to sulfur isomerization shifted SO2 conversion increased from about 20 percent
toward higher members of Sx (x>4). , to about 75 percent as H2/SO2 ratio increased

from 1 to 5.5. On the other hand, HzS selectivity
Figure 6 shows the effect of space velocity remained below 4 percent at H2 to SO 2 ratio up to

on SO2 conversion and H2S selectivity at 350 °C 3 and below 10 percent at H2/SO2 ratio of 5.5. At
and 300 psig. A very high space velocity is used 425 °C, 0.61 volume percent SO2, 300 psig and
to obtain differential rates. As expected, SO2 5.5 x 105 cc/hr/g, SO2 conversion increased from
conversion decreases with an increase in space about 20 percent to 95 percent as H2/SO2 ratio
velocity. Interestingly, however, H2S selectivity increased from 0.6 to 3.4. Again, however, H2S
also decreases with space velocity and selectivity remained below 2 percent at H2/SO2
approximately levels off above 600,000 scc/hr/g ratio up to 2.6 and below 12 percent at an H2/SO2
catalyst. This indicates that elemental sulfur (S) ratio of 3.4. These results show that most of the
and not H2S is the primary product of SO2 selectivity is toward sulfur at elevated pressure
reduction with Hz at elevated pressure. The and H2/SO2 ratio can be increased at 425 to
reactions to form S and H2S are sequential or 450 °C above the stoichiometric 2 to achieve
consecutive (SO2-->S--->H2S). higher conversion without significant loss of sulfur

selectivity.
In addition to pressure and space velocity,

the effect of temperature and H2/SO 2 ratio on the To explain the discrepancy of classical
H2-SO2 reaction was also examined. The effect of thermodynamic predictions with experimental
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results, the technique of combining kinetic

calculations with equilibrium calculations is being dCn_s r,-1.58 r,2.43 (2)
considered following the approach of Wen et al. dt = 0.013 "-'sos ,.'tr=
(1987).

In this so-called kinetically modified where C = concentration, mol/L
equilibrium calculation approach, ali reactions are t = time, seconds
assumed to reach equilibrium under the constraint
that a small number (say, 3 or 4) of reactions are From Equation (2), SO 2 may be viewed as
governed by kinetics. For DSRP, kinetic inhibiting HES formation. The above rate
constraint can be set for H2S selectivity via 3H2 + equations can be integrated with the kinetically
SO2 _ 2H20+H2S. Kinetic rateequationsbased modified equilibrium calculations by setting
on experimental data can be used to set the kinetic kinetics constraints for H2S selectivity. Other
limitations, minor side reactions, e.g., those leading to the

formation of hydrogen polysulfides (H2Sx) can be
The kinetic data for SO2 conversion and H2S handled by equilibrium calculation. However,

selectivity were fit to Langmuir-Hinshelwood type recent thermodynamic calculations show that
rate equations using the Broyden-Fletcher- considering more hydrogen polysulfide species
Goldfarb-Shanno optimization (Pike, 1984). (H2S 2 and H2S3) does not have any significant

impact on sulfur yields at DSRP conditions.
The equations obtained can be approximated

by the following power-law rate expressions at Recently additional sulfur allotropes
425 °C and 300 psig. (Sx, x = 9 to 20) have also been co_asidered in

thermodynamic calculations. Althoagh sulfur
dCso=

- 10.37 C_0_ H=_ _ co.Ta (1) yield predicted by equilibrium at DSRP Stage I
dt conditions increases by 20 percent at around

327 °C, no increase is predicted at 660 °C.
Recently, H25 solubility in liquid sulfur has also



thermodynamic calculations. Although sulfur systems for inclusion of DSRP in future
yield predicted by equilibrium at DSRP Stage I demonstrations of hot-gas cleanup technology.
conditions increases by 20 percent at around
327 °C, no increase is predicted at 660 °C.
Recently, HaS solubility in liquid sulfur has also REFERENCES
been considered as a reason why high apparent
conversions are seen in Stage I. At 160 °C which Gangwal, S.K., and W. J. McMichael. 1990.
is the typical sulfur condenser temperature, the Bench-scale Testing of Sulfur Recovery
H2S solubility in liquid sulfur is only about 0.1 g Process. In Proceedings of the Tenth
per 100 g. Thus, it does not represent a Annual Gasification and Gas Stream
significant amount in the overall sulfur balance of Cleanup Systems Contractors Review
DSRP. It is, however, significant from the Meeting, DOE/METC-90/6115, Vol. 1.
standpoint of degassing impact on the (DE90009689), August.
environment.

Gangwal, S. K., and W. J. McMichael. 1991.
More recently, kinetic studies have also Bench-Scale Testing and Evaluation of the

been conducted for the CO to SO2 and the coal- Direct Sulfur Recovery Process, In
gas-SO 2 systems. These results are preliminary at Proceedings of the Eleventh Annual
the present time. The fundamental kinetic and Gasification and Gas Stream Cleanup
thermodynamic studies to date indicate that the Systems Contractors Review Meeting,
most likely reason for high sulfur yields from D O E / M E T C- 9 1 / 6 12 3, V o 1 2.
DSRP Stage I is that the sulfur-forming reactions (DE92001102), August.
are quite rapid. HaS is not a primary but a
secondary reaction product and kinetics of HzS Laidler, K. J., 1965. Chemical Kinetics, 2nd Ed.,
formation from sulfur is slow. It is believed that McGraw-Hill Book Co., New York, NY.

kinetically modified equilibrium calculations will
be able to successfully predict the experimental McMichael, W. J., and S. K, Gangwal. 1990.
results. Recovery of Sulfur from Hot Gas

Desulfurization Processes. Final Technical

Report DOE/METC Contract No. DE-
FUTURE WORK AC21-86MC23260, May.

Future plans call for continued Pike, R. W. 1984. Engineering Optimization,
improvement to the sulfur condenser design to Louisiana State University, Baton Rouge.
further increase two-stage sulfur yield to 99
percent and development of advanced kinetically Wen, T. C., D. H. Chen, J. R. Hopper, and R. N.
modified equilibrium models based on real gas Maddox. 1987. Claus Simulation with
equations of state to predict sulfur yield from IClnetics, Energy Processing/Canada, July-
DSRP reactions. Two papers are planned at the August, p. 25.
next AIChE meeting, one on kinetics of DSRP
reactions and the other on future field test plans.
A subcontractor will be selected for independently
evaluating DSRP economics for IGCC systems.
Technology transfer activities will in:lude further
discussions with developers of coal gasification






