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INTRODUCTION

The objective of this work is to develop a novel system for regenerable SO and NOy
scrubbing of flue gas that focuses on (a) a novel method for regeneration of spent SO, scrubbing
liquor and (b) novel chemistry for reversible absorption of NOy. In addition, high efficiency hol-
low fiber contactors (HFC) are proposed as the devices for scrubbing the SO; and NOy from the
flue gas. The system will be designed to remove more than 95% of the SOx and more than 75% of
the NOy from flue gases typical of pulverized coal-fired power plants at a cost that is at least 20%
less than combined wet limestone scrubbing of SOy and selective catalytic reduction of NOx. In
addition, the process will make only marketable byproducts, if any (no waste streams).

The major cost item in existing technology is capital investment. Therefore, our approach is
to reduce the capital cost by using high efficiency hollow fiber devices for absorbing and desorbing
the SO2 and NOx. We will also introduce new process chemistry to minimize traditionally well-
known problems with SO and NOy absorption and desorption. For example, we will extract the
SO, from the aqueous scrubbing liquor into an oligomer of dimethylaniline to avoid the problem of
organic liquid losses in the regeneration of the organic liquid. Our novel chemistry for scrubbing
NOy will consist of water soluble phthalocyanine compounds invented by SRI and also of poly-
meric forms of Fet+* complexes similar to traditional NOy scrubbing media described in the open
literature. Our past work with the phthalocyanine compounds, used as sensors for NO and NO3 in
flue gases, shows that these compounds bind NO and NO; reversibly and with no interference
from O3, CO», SO, or other components of flue gas.

The final novelty of our approach is the arrangement of the absorbers in cassette (stackable)
form so that the NOy absorber can be on top of the SOy absorber. This arrangement is possible
only because of the high efficiency of the hollow fiber scrubbing devices, as indicated by our pre-
liminary laboratory data. This cassette (stacked) arrangement makes it possible for the SO; and
NOy scrubbing chambers to be separate without incurring the large ducting and gas pressure drop
costs necessary if a second conventional absorber vessel were used. Because we have separate
scrubbers, we will have separate liquor loops and deconvolute the chemical complexity of simulta-
neous SO2/NOy scrubbing.

We will conduct our work in a 60-month period (5/92 to 4/97), encompassing 16 tasks
(Table 1), beginning with studies of the fundamental chemistry and of the mass transfer character-
istics of small HFC modules in the laboratory. We will then examine the most favorable method of
SO3 liquor regeneration, determine the ability of the HFC devices to withstand particulate matter,




and examine the behavior of scalable modules. In the final 15 months of the program, we will de-
termine the fundamental mass transfer behavior of a subscale prototype system. Based on these
data, a computational design model will be devised to guide further scaleup efforts that may follow.

Table 1
PROJECT TASKS AND SCHEDULE

Task

Number Title Duration
1 Project Definition 5/92 ~ 8/92
2 Capacity, Reversibility and Lifetime 7/92 - 6/94
3 Chemical Synthesis 7/92 — 6/94
4 SO0> Scrubbing with HFCs 7/92 — 9/93
5 NOyx Scrubbing with HFCs 2/93 — 3/94
6 SOs Liquor Regeneration 7/93 — 9/94
7 Particle Deposition 8/93 — 9/94
8 Integrated NOy Life Tests 8/94 — 1/96
9 Scalable Modules 9/94 - 1/96
10 Computational Model 3/95 — 1/96
11 Construction of Subscale Prototype 2/96 - 4/96
12 Operation of Subscale Prototype 5/96 - 4/97
13 Refinement of Computational Model 1/97 - 4/97

14 Economic Evaluation Various
15 Reporting 5/92 — 4/97
16 Chemical Synthesis for Process Scale-up 5/94 — 4/96




SUMMARY OF QUARTERLY PROGRESS

During the third quarter of 1995, we continued work on Task 8. We also obtained some
mass transfer data on Task 9.

In Task 8, we gathered additional 400 hours of NOy absorption/desorption data. We also
presented the data on NOy absorption/desorption behavior over cumulative time to date (650
hours). The performance indicates unchanged reversible characteristics of Co(Il) phthalocyanine
solution. Therefore, we believe that NOy absorption/desorption chemistry is robust.

In Task 9, we experimentally observed the channeling of liquid flow due to poor design of
previous rectangular modules. Newly obtained welded rectangular modules out-performed
previous modules. We also presented SO absorption data using different NapSO3 concentrations.
The SO absorption seem to be dependent on liquid flow rate, a rather surprising result compared
to earlier results. Apparatus for combined absorption/desorption of SO in rectangular modules is
also given in this report.




TASK 8: INTEGRATED NOx LIFE TESTS

Liquid scrubbing systems for NOy have traditionally been plagued by degradation of per-
formance over time with subsequent need for convoluted liquor regeneration schemes. Therefore,
it is essential to determine whether or to what extent there is any loss with time in the performance
of the NOx absorption/desorption system. We have previously shown that Co(II)-phthalocyanine
is a promising candidate for NOy absorption in the presence of O;. We have also demonstrated the
superior mass transfer characteristics of the Co(IT)-phthalocyanine scrubbing system in a 300 fiber
HFC. Consequently, the objective here is to devise a continuously operating system for determin-

ing if the NOy absorption/desorption chemistry has the potential to be commercially robust.

As described in the Quarterly Technical Report #13, we experienced problems with the
NOy analyzer. These problems were fixed with the help of a Technical Service staff at SRI. After
restarting the system, we noticed that the removal of NO from the feed stream by the HFC was
very poor. Examination of the contactor revealed that solid precipitate had clogged fiber pores, re-
sulting in lower mass transfer area. Cleaning of the contactor proved a much harder job than origi-
nally anticipated. After thorough cleaning, we noticed a water leak from the shell side to the tube
side. This is either due to a broken fiber, due to hydrophylic pores. Subsequent testing of the
contactor pointed to the change in characteristics of the fiber; the breakthrough pressure was 5-
10 psig for water. If a fiber was broken, the breakthrough pressure would be much less than this.
A new hollow fiber contactor was located in our lab and tested. The new contactor has 1155
fibers, and has slightly different liquid flow configuration. The breakthrough pressure of this
contactor is approximately 70 psig. This contactor was installed into the NOx
absorption/desorption system.

Meanwhile, we also synthesized about 40 gms of the 4-4'-4"-4" tetra sodium salt of
Co(II)-sulfophthalocyanine for our future requirements.

We leak tested the apparatus with a 1150 fiber HFC and determined that it was suitable for
our purposes. We resumed testing of the NOx scrubbing solutions and logged an additional 120
hrs (see Figure 1). The horizontal (broken) line in the figure represents the NO concentration in
the feed stream to HFC. The top and bottom curves represent NO concentration in the gas streams
from absorption (HFC) and desorption devices, respectively. Note that at steady state the sum of
NO concentrations exiting absorption and desorption devices must equal to feed concentration.
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Figure 1. NOy scrubbing lifetime studies (Aug. 1995).




Therefore, from the figure, it can be inferred that the process is at an unsteady condition and with
increase in time, the scrubbing solution capacity for NO absorption is also increasing. The NO
removal after 120 hours of operation is about 54%. This behavior demonstrates that the solution is
not deactivating. So far, the current scrubbing solution has been on-stream for about 240-250
hours.

For the existing experimental system, we have installed some additional safety features (i.e.
check-valves) that will allow us to run for longer continuous periods of time. We collected addi-
tional 400 hours of experimental data using the modified NOy absorption/desorption system during
the later parts of the reporting period. Figure 2 shows the overall lifetime of the solution to date.
Figure 2 indicates the absorption rate in the HFC and also the desorption rate in the stripping
device. Despite some noise due to either change of contactor or shut-off of the apparatus, the trend
in absorption/desorption behavior is steady. Therefore, we believe that the Co(IT)-phthalocyanine
solution performance is unchanged during this test period (650 hours). The low removal rates can
be attributed to the inefficiency of the stripping device; the rate limiting step. In summary, the life-
time studies on CO(II) phthalocyanine solution are very promising and give us the confidence to
test the system in a bigger scale.
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TASK 9: PERFORMANCE OF SCALABLE MODULES

Because of the need for billions of (approximately 30-cm long) fibers to treat the flue gas
from a 500 MW(e) plant, it is critical to establish the mass transfer characteristics of a module that
can be scaled up to a prototypical size. To appreciate this point, one must recognize that approxi-
mately 250,000 modules of 2" diameter would be required to provide one billion fibers. Such an
arrangement would provide a ducting, plumbing, and maintenance nightmare in a full-scale plant
and clearly would not be economical or workable. A new design concept, such as rectangular
modules, is needed for a full-scale plant. Therefore, the objective of Task 9 is to develop the mass
transfer fundamentals of rectangular modules.

In the beginning of this quarter, we tested the rectangular module using various sodium
sulfite solutions as the scrubbing liquid for SO, removal. The results of these experiments are
summarized next.

The experiments were performed in a similar manner to those using pure water as the
scrubbing liquid (Monthly Technical Report #13). We conducted the first set of tests using a con-
stant gas flow rate of 100 SLPM, varying liquid flow rates, and the following concentrations of
sodium sulfite in the liquid: 0.01M, 0.05M, 0.2M, and 0.5M. The SO3 concentration in the feed
gas was 3000 ppm. Figure 3 shows the percent of SO, removed as a function of liquid flow rate
for the various sodium sulfite solutions and for pure water. In the second set of experiments, the
liquid flow rate was held constant at 1 L/min and the gas flow rate was varied. The sodium sulfite
concentrations used for these experiments were 0.05M and 0.2M. The removal results obtained
for the various gas flow rates are shown in Figure 4 (the data for pure water is not included be-
cause the experiments were performed at a different liquid flow rate). The highest SO; removal,
about 98%, was obtained with a gas flow rate of 20 L/min, a liquid flow rate of 1 L/min, and a
sodium sulfite concentration of 0.02M.

The mass transfer coefficients for these experiments were calculated in the same way as de-
scribed for the pure water tests (see Quarterly Technical Report #13). The difference, however,
lies in the calculation of Henry's coefficient. The value for the SOy-water system was determined
from experimental data, but for the SO2-NasSO3(aq) system, it was necessary to calculate the
value based on both the physically dissolved SO, and the sulfite/bisulfite ions. By performing a
charge balance for various SO concentrations, we were able to construct equilibrium curves for
the different sodium sulfite solutions, as shown in Figure 5. (We also used this method to calcu-
late an SO-water equilibrium curve, which is also shown in Figure 5 along with the experimental
data that was used for the SO2-water calculations.) It is important to note that for each curve
shown in the figure, there is a "threshold" value of the mole fraction SO in the liquid
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below which the partial pressure of SO in the vapor is essentially zero below this value. In our
experiments, the concentration of SO absorbed in the liquid was always below this threshold
value, so we assumed Hxqye = 0 when determining the log-mean partial pressure difference.

The calculated overall mass transfer coefficients as a function of the liquid flow rate and of
the gas flow rate are shown in Figures 6 and 7, respectively. The graphs show that the mass trans-
fer appears to depend upon the liquid flow rate, but is independent of the gas flow rate near 100
SLPM.

Although the fibers are not demonstrating removal percentages as high as expected, we be-
lieve this may be due to specific problems with the housing design, rather than the cross-flow ge-
ometry or the fibers themselves (see Quarterly Technical Report #13 for a description of the de-
sign). It appears that some of the liquid may be flowing around and outside of the submodules in-
stead of through them. We have seen evidence of this flow pattern by performing tests with col-
ored dye. In addition, the high packing density (85%) may also be causing flow channeling within
the submodules, rather than allowing even flow around the fibers. To eliminate the possibility of
flow channeling around the submodules, we have decided to test one submodule welded perma-
nently into its own housing.

To examine the channeling aspect, we obtained one submodule (12.5" x 1.5" x 1.25")
welded permanently into a polypropylene housing. We have performed one set of experiments
with this submodule using pure water as the scrubbing liquid for a flue gas concentration of
3000 ppm SO». The liquid flow rate was varied while the gas flow rate was maintained constant
at about 20 SLPM. Although this is slightly different than the previous flow rate of 25 SLPM
submodule (total flow = 100 SLPM), we believe this is a reasonable comparison because the mass
transfer is independent of gas flow at these flow rates (Task 9, Quarterly Technical Report #13).

Figure 8 shows the percentage of SO, removed as a function of the liquid flow rate for the
single submodule. The graph shows that the highest removal achieved was 97% at a water flow
rate of 1.7 L/min. Figure 9 compares the mass transfer coefficients measured for both the welded
submodule and the previous device (housing with four submodules). The mass transfer coefficient
is shown as a function of liquid flow rate because it should be independent of the gas flow rate.
The mass transfer coefficients obtained with the single submodule are almost an order of magni-
tude higher than those measured with the four submodules in the housing. These results show that
the problem was in fact due to the housing design, which allowed liquid to flow around the mod-
ules rather than through the fiber bundle.

12
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We also plan to study combined SO absorption/scrubbing liquor regeneration using the
cross-flow modules and have designed an apparatus for these experiments (Figure 10). The simu-
lated flue gas is generated in the same way as described in Management Status Report #34.
Sodium sulfite solution is pumped from a reservoir through the first hollow fiber module to absorb
SO; from the flue gas stream. The scrubbing liquor then passes into the second module, where the
liquor is regenerated by the organic (d-DMA). The pH of the scrubbing liquor stream is monitored
at the outlet of both modules. It is also necessary to continuously regenerate the d-DMA stream
because of high synthesis costs involved. After passing through the second hollow fiber module,
the SO»-rich organic liquid is heated to about 125-150°C and the SO is desorbed by a nitrogen
stream bubbling into the liquid. The d-DMA is then pumped through a cooler to lower the tem-
perature to about 25°C before entering the regenerator module. The feed gas, the gas exiting the
scrubber, and the gas leaving the d-DMA stripper are all monitored by the SO, analyzer. We are
currently awaiting arrival of equipment and completion of d-DMA synthesis.

We indicated above that a single submodule in a welded polypropylene housing out-per-
forms the previous rectangular hollow fiber contactor because of channeling of liquid flow.
During the later parts of this reporting period, we continued testing the single submodule using
varying concentrations of sodium sulfite as the scrubbing liquid.

The results of the experiments are shown in Tables 2 to 5. In these experiments, we have
studied the effect of gas flow rate, liquid flow rate, and sodium sulfite concentration on the per-
formance of HFC for SO; removal. All the experiments were conducted at room temperature and
the inlet flue gas contained about 3000 ppm of SO,.

Table 2 presents data using water as the scrubbing medium. The WG runs represent exper-
iments with constant gas flow rate and the WL series represent data using constant liquid flow rate.
The highest removal achieved was 98% at a water flow rate of 1.7 L/min and a gas flow rate of
20 SLPM (Run No. WG22). Table 3 summarizes the results obtained by scrubbing with
0.01M NaySO3 solution. We conducted experiments with constant gas flow, and we chose not to
study this concentration extensively because the results were not that different compared to those
obtained with water. We were, however, able to remove 99.9% of the SO from a 20 SLPM flue
gas stream with a liquid flow rate of 0.9 L/min (Run No. S01G8). Note that when removal rates
are this high (~99.9%), we cannot calculate the mass transfer coefficient because of the log-mean
concentration term involved in the calculations.
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The data shown in Table 4 was obtained using 0.05M NaySO3 scrubbing solution. At this
concentration level, we studied two different constant liquid flow rates; 20 ml/min and 65 ml/min
(represented by the SOSL20 and SOSL65 runs, respectively). SO; removal rate of 99.9% from a
flue gas stream of 20 SLPM was obtained using 360 ml/min of liquid flow (Run No. S05G2).
Table 5 shows data from experiments performed using 0.2M Na3SO3, the highest concentration
studied, as the scrubbing medium. In these experiments, 99.9% removal was achieved with a gas
flow rate of 20 SLPM and a liquid flow rate of 65 ml/min (Run No. S2G13).

In addition to the percent removal and mass transfer coefficients, we have also represented
the data in terms of the dimensionless Reynolds number and Sherwood number in order to scaleup
the data to Phase ITI of the program. The Reynolds number, calculated for both the gas and liquid,
is given by:

where p is the fluid density, |t is the fluid viscosity, D is the inner diameter of the fiber (gas side)
or outer diameter (liquid side), and v is the fluid velocity. For the liquid side, the velocity was de-
termined by calculating the smallest space between the fibers and determining the velocity through
that area (the maximum velocity of the liquid). The Sherwood number is given by:

_KogD

Sh= Dis

Where Ko is the overall mass transfer coefficient, D is the outer diameter of the fiber, and Dap is
the diffusion coefficient of SO7 in water.

Figure 11 and 12 show variation of Sherwood number as a function of the liquid side
Reynolds number for a constant gas flow rate. Figures 13 to 15 show Sherwood number vs. gas
side Reynolds number for three different liquid flow rates. The graphs illustrates that the mass
transfer coefficient is dependent primarily on the liquid flow rate rather than the gas flow rate. This
is rather a surprising result for us, since our original laboratory work (Task 4) indicated the gas
side dependence of mass transfer coefficient.

For the combined SO absorption and scrubbing liquor regeneration step, we intend to use
0.05M NapSO03 solution. We believe that 0.01M NaSOj3 solution will not allow enough absorp-
tion and that 0.2M Na»SO3 solution will be too difficult to regenerate. There may be some addi-
tional problems with 0.2M Na»SO3, including pore-wetting and oxidation of sulfites to form sul-
fates. We are investigating the latter possibility, which is likely a result of using house air in the
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Figure 11. Sherwood Number vs. Reynolds Number (liquid).
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Figure 12. Sherwood Number vs. Reynolds Number (liquid).
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Figure 13. Sherwood number vs. Reynolds number (gas).
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Figure 14. Sherwood number vs. Reynolds number (gas).
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Figure 15. Sherwood number vs. Reynolds number (gas).
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