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Enhancement of Reactivity in Surfactant-Modified Sorbents for Sulfur
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Injection of calcium-based sorbents into the postflame zone of utility boilers is capable of achieving
sulfur dioxide (SQ;) captures of 50-60% at a stoichiometry of 2. Calcium hydroxide [Ca(QH),)
appears to be the most effective commercially available sorbent. Recent attempts to modify Ca(OH),
by adding calcium lignosulfonate with the water of hydration have succeeded in enhancing its
effectivenesa. The particle size reduction, which in some applications accompanies lignosulfonate
addition, does not appear to be a prerequisite for increased SO, capture. Similarly, the accelerated
rate of dehydration observed in modified hydroxides does not appear to be an important mechanism
in the enhancement. The primary cause of increased reactivity in modified sorbents is the ability
oﬂrctglcium lignosulfonate to retard the rate of sintering and thus to retain pore volume and reactive
4 ace area.

The injection of calcium-based sorbents into the post- tion has been paid to the most effective sorbent for the
flame zone of a boiler for the purpose of controlling SO, process. Limestone (CaCOy), lime (Ca0), and hydrated
emissions has been studied extensively. Particular atten- lime [Ca(OH),], as well as modified forms of the latter two,

- have been tested. Of the commercially available materials,
*'To whom correapondence should be addrsssad. Ca{OH); has been demonastrated consietently to achieve
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the highest levels of 50, capture (Overmoe et al., 1985;
Beittel et al., 1985; Bortz and Flament, 1985; Slaughter et
al., 1985).

Several approsches to enhance the reactivity of com-
mercial sorhenta have been tried. Calcination and hy-
dration conditions can be optimized to produce modest
increases in the reactivity of hydroxides (Kirchgessner et
al., 1986). Chemical additives such as alkali metals have
been shown o enhance 80, capture in calcium-based
sorbents (Borgwardt et al., 1987}, but it has also been
shown that these volatile promoters are redeposited on the
ash particles during coal firing and their effectiveness is
lost (Slaughter et al., 1986; Muzio et al., 1986). The most
recent work along these lines demonstrates that the sur-
factant, calcium lignosulfonate, can be added to Ca(OHj,
in the water of hydration to increase its ability to capture
80, by as much as 15-20 relative % (Kirchgessner and
Lorrain, 1987). Lignosulfonate was originally chosen be-
cause it is known to be compatible with calcium-based
systems, it is relatively inexpensive, and in some applica-
tions, it has dispersant properties. Under current market
conditions for calcium hydroxide and calcium ligno-
sulfonate, it has been estimated that increases in S0,
capture greater than 3-5 relative % will produce an eca-
nemic benefit,

The first laboratory-scale study of the modified sorbent

showed that lignosulfonate addition decreased the mass
median particle size of the resulting hydroxide from 12 to
3 um. The effect of particle size on reactivity is well
documented (McCarthy et al., 1986; Borgwardt and Bruce,
1986a; Cole et al., 1986) and is of the order —0.20 to —0.35
(Ishihara et-al., 1975; Gullett and Blom, 1987; Gullett and
Kramlich, 1987). The enhanced reactivity displayed by
this material was, therefore, attributed largely to particle
size reduction (Kirchgessner and Lorrain, 1987). Subse-
quently, however, the modified hydroxide was produced
on a commercial scale and tested in combustors ranging
from pilot to utility scale. While the modified sorbent in
that case showed no significant reduction in particle size,
a substantial increase in SO, capture was again observed.
A recent laboratory study which focused on the structural
changes undergone by the modified sorbent during furnace
injection showed that it dehydrates (calcines) more quickly
and is more resistant to sintering than the unmodified
sorhent {Kirchgessner and Jozewicz, 1988). It could be
hypothesized that more rapid dehydration would allow the
sorbent a longer period of time in its reactive form to react
with 80,. Alternatively, it could be argued that a delay
in sintering would allow the sorbent to retain higher spe-
cific surface areas and porosities and, therefore, to remain
more reactive longer. The relationship of higher caleined
surface areas to higher reactivity with SO, is well estab-
lished (Newton et al., 1985; Harrison et al., 1985; Cole et
al.,, 1935; Beittel et al,, 1985; Slaughter et al., 1985; Borg-
wardt and Bruce, 1986b). Borgwardt and Bruce (1986b)
have shown reactivity to vary with square of the specific
surface area of the calcined sorbent over the range 2-63
m?/g. The importance of porosity was noted by Hartman
et al. (1978), and the role of pore volume distribution was
discussed by Ulerich et al. (1978). Larger pores are gen-
erally regarded as more favorable, both to avoid pore filling
by the sulfation product (Simons, 1988) and to minimize
resistance to the diffusing species. Gullett et al. {1988)
have even suggested that a combination of surface area in
the range 40~-50 m?/g and of porosity around 0.4 could
prove to be aptimal for 80, capture.

The primary purpose of the sulfation experiments dis-
cussed in this paper was to clarify the relative roles of
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Figure 1. Isothermal flow reactor.

particle size reduction, accelerated dehydration rate, and
retarded sintering rate in enhancing the SO, capture by
lignosulfonate-modified Ca{OH), sorbents. A secondary
focus was to determine the effect of S0, on sorbent
structure when it is present during calcination and the
potential interactive effect of lignosulfonate and SO, on
sorbent structure and reactivity.

Experimental Section

Materials. The Ca(OH), tested in this study was
produced from a commercial Ca0 obtained from the
Longview Lime Division of the Dravo Lime Company in
Saginaw, AL. The additive used in the modified Ca(CH),
is calcium lignosulfonate. This material is a partially
desugared variety of lignosulfonate available in the form
of a water-soluble dry powder from the Georgia Pacific
Corporation under the tradename Lignosite.

Hydration. Hydrates are produced in a steam-jacketed
Ross ribbon blender. To produce conventional Ca(OH),,
the blender is loaded with 6.8 kg of pulverized CaQ and
allowed to reach a temperature of 30-50 °C. A total of 3.7
kg of water is then added at a constant rate for 40 min.
The blender is run for an additional 20 min while the heat
of reaction drives off excess water, leaving a dry Ca(OH),
product [DH-Ca{OH),;]. The procedure for producing
surfactant-modified Ca(OH), [SM-Ca{OH),] is identical
except that the 3.7 kg of water contains 102 g of Lignosite.
This yields a Ca(OH), product containing approximately
1% calcium lignosulfonsate, the amount shown hy Kir-
chgessner and Lorrain (1987) to be optimal for enhance-
ment of SO, capture.

Resctor. The electrically heated isothermal flow reactor
into which the hydrates are injected is shown in Figure 1.
The reaction chamber consists of two concentric 3.35-m-
long quartz tubes heated by three Lindberg tube furnaces.
The inner tube has a 18-mm i.d., and the outer tube has
a 50.8-mm o.d. Premived gases enter the reactor at the
hottom of the annulus between the inner and outer tubes
and are heated as they move upward. At the top of the
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reactor they enter the inner tube with the sorbent and
move downward through the reaction zone. Gases and
solids exit the reactor through an air-cooled heat exchanger
which quenches the reactant stream to approximately 280
°C. Solids are capiured in a cyclone followed by a glass
fiber filter. Sorbent is fed from a fluidized bed feed tube
through 1.18-mm-i.d. syringe tubing. The reactor is op-
erated at nominal temperatures of 700~1000 *C and nom-
inal residence times of 0.6-1.5 s. Residence time is ad-
justed by varying gas flow, at standard temperature and
pressure (25 °C, 760 mmHg), from 13.58 to 5.44 L/min,
(Gas composition is from 20 to 5000 ppm of 80,, 5% O,
and the balance N,.

Since the reactor operates under a laminar flow regime,
reactivity testing is performed at a 8/Caof 10 or greater
to produce conditions that are differential with respect to
80,. It has been verified experimentally that SO, star-
vation does not limit the calcium conversion ohserved.
Variability in the reactor system is compensated for by
replicating selected samples until the standard deviation
falls to less than 10% of the mean.

Particle S8ize Analyses. Aerodynamic particle size
analyses were performed by passing the particle-laden
gases exiting the reactor through 2 heated Gelman inertial
impactor (Gelman particle sizing stack sampler no. 4024-
29). This particular impactor is used because of its ability
to withstand temperatures up to 800 °C. The median
diameter range of particles that can be classified is
0.44-7.55 um in increments of seven trays. A preimpactor
collects all particles larger than 11.9 pm.

Analyses. Specific surface area, porosity, and pore size
distribution are measured by N, adsorption/desorption in
a Micromeritics Digisorb 2600 autoanalyzer. Machine error
is less than £1%. Calcium utilization or conversion of
reactor products is calculated after analyses for calcium
by atomic absorption spectrophotometry and for sulfate
by ion chromatography. Calcium utilization analyses have
a precigion of £5%. No sulfur apecies other than sulfate
have heen detected.

Results and Discussion

In the course of studying the behavior of lignosulfo-
nate-modified Ca{QH)j, it has been noted that significant
particle size reductions do not always accompany the ob-
served increases in reactivity. In Figure 2, calcium con-
version as a function of residence time and particle size
is plotted for SM-Ca(OH); and DH-Ca(OH),. It can be
seen that for each particle size at each residence time the
conversion of SM-Ca{OH}, exceeds that of DH-Ca(OQH)..
For each sorbent, the degree of conversion increases with
decreasing particle size as expected, These data show
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Figure 3. Calcium conversion as a function of particle size for
SM-Cr0 versus DH-CaQ and for 8M-Ca(OH), veraus DH-Ca(OH),

convincingly that reduced particle size is not & prerequisite
for enbanced reactivity in SM-Ca(OH),. In those appli-
cations where lignosulfonate does effect a size reduction,
however, it would serve as an additional factor in en-
hancing reactivity with 50,.

It has been suggested that the more rapid rate of deh-
ydration of SM-Ca(OH), may be part of the cause of its
increased reactivity, More rapid dehydration would allow
the sorbent more time in its oxide state to react with SO,
The data in Figure 3 were produced to test this hypothesis,
For SM-Ca(OH), and DH-Ca(0OH),, convetsion is plotted
against particle size for both the raw hydrozides and for
Ca0 made from the hydroxides in an initial precalcination
step. SM-Ca(QH), was precalcined at 1000 °C for 1.5 s
to produce SM-Ca0O having a specific surface area (S,) of
24 m?/g and a porosity (¢) of 31%. DH-Ca(OH); was
precaleined at 1000 °C for 0.6 8 to produce DH-CaO with
a8, = 22 m?/g and ¢ = 28%. If the dehydration step is
decoupled from the sulfation reaction and the physical
properties of the sorbents are kept very similar, the im-
portance of the dehydration rate to the sulfation reaction
can be determined. It can be seen from Figure 3 that
SM-Ca(OH), is more reactive than DH-Ca(OH),, as ex-
pected. It can also be seen that SM-Ca0 is more reactive
with 8Q; than DH-CaQ at all particle sizes. This dem-
onstrates that the enhanced reactivity of SM-Ca(QH), is
not dependent on its more rapid rate of dehydration.

The lower conversion of the precalcines compared to the
raw sorbents has been observed before and was assumed
to be the result of a more advanced stage of sintering in
the precalcine. Lange (1987) chserved similar results and
suggested that the raw sorbent is more reactive because
of an unspecified effect caused by having S0, present
during the calcination step. This is of particular interest
because lignosulfonate is believed to retard sintering by
delaying the solid-state diffusion mechanism that causes
it. If the presence of SO, hag a similar effect, the inter-
action or combined effect of the two species in modified
sorbents may be important.

An earlier study by Kirchgessner and Jozewicz (1988)
showed that SM-Ca(OH), retained more of ita porosity and
surface area than DH-Ca{OH), under similar reactor
conditions. These observations were attributed to a lower
rate of gintering in SM-Ca(OH);. Additional evidence for
the difference in sintering behavior between SM-Ca(OH),
and DH-Ca(OH), is offered in Figure 4. By plotting
median pore diameter versus particle sizs, it can be seen
that the larger median pore diameters caused by advanced
sintering in small particles of DH-Ca(QH), do not oceur
to the same extent in SM-Ca(OH); where the sintering rate
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Figure 5. Changea in meso pore volurie as a function of increasing
caleium conversion for SM-Ca(QH), and DH-Ca{OH),.

is reduced. With a reduction in particle size having been
shown to be unnecessary and an enhanced dehydration
rate ineffective in increasing the reactivity of the modified
sorbent with S0O,, a reduced rate of sintering appears to
be the most acceptable explanation.

In an effort to examine the effect of having SO, present
during the calcination process, the change in intraparticle
pore volume (20-500 A) with increasing levels of calcium
utilization was measured. To eliminate the effects of
sintering, time and temperature were held constant at 0.8
s and 1000 °C, respectively. Different levels of conversion
were affected by varying the 80, concentration from 0 to
5000 ppm. In Figure 5§, the points on the vertical axis
represent the pere volumes that the sorbents will sinter
to, at this time and temperature, in the absence of 50,.
The next point to the right for each sorbent shows the
conversion achieved (ca. 5%) and the resulting pore vol-
ume after exposure to 20 ppm of 80, Since the CaS0,
product has approximately 3 times the volume of the or-
iginal Ca0Q reactant, one would expect an immediate re-
duction of porosity through the processes of pore filling
and pore plugging, Instead, a higher pore volume results
for both sorbents than occurred in the ahsence of SO,
Although particle expansion during sulfation has heen
observed previously (Borgwardt and Harvey, 1972; Gullett
and Bruce, 1987), it is not necessary to invoke expansion
as an explanation for the results observed here. It would
be sufficient for 80O, to simply retard sintering of the Ca0,
perhaps by interfering with the solid-state diffusion-related
exchanges of lattice vacancies and migrating reactant
gpecies at the pore face. The larger difference in pore
volumnes at low conversions than at higher conversions
between SM-Ca(OH), and DH-Ca(OH), may suggest that,
at low SO, levels, the effects of the lignosulfonate and S0,
are combining to further retard sintering in the modified
sorbent.

Figure 6 shows results from the same experiment as
Figure 5 but plots specific surface area, instead of pore
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Figure 6. Changes in surface area as a function of increasing eal-
cium conversion for SM-Ca(0OH); and DH-Ca(0OH),.
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volume, versus conversion. It can be seen that the rise in
pore volume observed at low levels of conversion is not
mirrored by a similar rise in surface area. The explanation
would appear to lie in the range of pore sizes primarily
affected by retardation in sintering versus those primarily
affected by pore filling or plugging. The finest pores, which
contribute much of the surface area, would be the first ones
removed by sintering and the first ones to be plugged or
filled by reaction product. Regardless of the ahility of
Lignosulfonate and S0, to reduce sintering of pores in this
range, the dominant effect is one of pore filling or plugging,
and surface area is iromediately lost. The effect of lig-
nosulfonate alone to reduce sintering can be zeen in the
higher surface area of SM-Ca(OH), in the absence of 80,

To determine if finer pores are preferentially filled or
plugged, while larger pores are preserved through reduced
sintering, incremental pore volume is plotted versus pore
size ag a function of 80, concentration. Figure 7 shows
the results for SM-Ca{OH),, and Figure 8§ shows the results
for DH-Ca(OH),. In both figures it can be seen that, for
all levels of SO, concentration, there is less incremental
pore volume below 75 A than in the unsulfated sample.
In this size range, incremental pore volume also decreases
consistently as S0, concentration increases, suggesting that
pore plugging or filling is dominant. For pores between
76 and 275 A, the ability of SO, to delay sintering can be
observed. In the S8M-Ca(OH), shown in Figure 7, this
effect holds for SO, coneentrations up to 300 ppm. In the
DH-Ca(OH); on Figure 8, which lacks the effect of ligno-
sulfonate, SO, concentrations up to 3000 ppm retain an
effect. The lower incremental pore volumea in DH-Ca(0-
H); than in SM-Ca{QOH), for all pore sizes are consistent



Downloaded by US EPA - RTP LIBRARY on August 11, 2009
Published an May 1, 2002 on hitp://pubs.acs.org | doi: 10.1021/ie00088af)06

.08~ T ' ' E |
o< 0.061- DH-CalOH)g
& ool 1000 o
0.04 084

K
o
w
§ 0.021-
>
it
&=

0.0t} _
S o.aosf ]
0,006} .
2 dr g
Z 0.004[-W 50, CONCENTRATION, ppm 4]
Y
L ]
;: 0.002 )— 3 300 -
2 | 3000
0 5000
0001 . I | | 1
2 75 125 175 226 275
PORE 5IZE, &

Figure 8. Incremental pore volume as a function of pore size and
80, concentration for DH-Ca(QOH),.

1610

g 180}
K e
L]
4 1301
2 120 -
Z & SM.CaiQH)3
g Mo A DH-ColOH}p -
¢ 1000 o
00— 08s —
a9 1 1 1 | 1 1

10 20 &G 100 300 1000 3000 5000
S0, CONCENTRATION, ppm

Figure 3. Median pore size ae a function of SO, concentration for
SM-Ca{0OH), and DH-Ca{OH),.

with the results reported previously (Kirchgessner and
Jozewicz, 1988).

Figure 9 shows the result of fine pore plugging most
clearly. Median pore size versus 80, concentration is
shown for both sorbents. In both cases median pore size
increases steadily with SO, concentration, indicating the
plugging of the finer pores. SM-Ca(OH), shows larger
mean pore sizes than DH-Ca(OH), for all S0, concentra-

" tions, reflecting its higher reactivity with SO,. This is

similer to the results in Figures 7 and 8 for the size range
below 75 A. In this range, for all comparable SO, con-
centrations, SM-Ca(QOH), had lowet incremental pore
volumes than DH-Ca(QH),, which also suggests more rapid
plugging of finer pores in the modified sorbent.

Conclusions

The consistently high reactivity of modified hydroxides
with S0, has been demonatrated. It does not appear that
reduced particle size is & prerequisite to enhanced re-
sctivity in SM-Ca(OH),, although in those applications
where size reduction results, it will undoubtedly produce
an additional benefit. Comparison of precalcined sorbents
made from modified and unmodified hydroxides shows
that the modified sorbent continues to be more reactive.
This suggests that the previously observed higher rate of
dehydration by the modified hydroxzide is not an important
mechanism in its enhanced reactivity with 50, The
predominant effect of lignosulfonate modification appears
to be a reduction in the rate of sintering in the reactive
sorbent,.

The presence of low SO, concentrations during calci-
nation appears to affect the structure of sorbents favorably,
allowing them to retain higher pore volumes than in the
absence of 80, It is suggested that the deposition of
calcium sulfate on pore surfaces may inhibit the exchange
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of the migrating CaO species with lattice vacancies. In the
solid-state diffusion process of sintering, thia exchange
would normally occur aleng pore surfaces. This effect is
most visible in the pore size range above 75 A. Below this
size, pore plugging and filling appear to predominate.
There does not appear to be strong evidence for a rein-
forcing effect between lignosulfonate and SO, in retarding
the rate of sintering in modified sorbents.
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