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Abstract

The combined effect of H,O and SO> on the reaction kinetics and pore structure of
limestone during simultaneous calcination/sulfation reactions under circulating
fluidized bed (CFB) conditions was first studied in a constant-temperature reactor.
H>O can accelerate the sulfation reaction rate in the slow-sulfation stage significantly
but has a smaller effect in the fast-sulfation stage. HoO can also accelerate the
calcination of CaCOs, and should be considered as a catalyst, since the activation
energy for the calcination reaction was lower in the presence of H>O. When the
limestone particles are calcining, SO> in the flue gas can react with CaO on the outer
particle layer and the resulting CaSO4 blocks the CaO pores, increases the diffusion
resistance of CO; and, in consequence, decreases the calcination rate of CaCOs. Here,
gases containing 15% H>0O and 0.3% SO; are shown to increase the calcination rate.
This means that the accelerating effect of 15% H2O on CaCO3s decomposition is
stronger than the impeding effect caused by 0.3% SO;. The calcination rate of
limestone particles was controlled by both the intrinsic reaction and the CO; diffusion
rate in the pores, but the intrinsic reaction rate played a major role as indicated by the

effectiveness factors determined in this work. This may explain the synergic effect of
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H>0 and SO, on CaCO3 decomposition observed here. Finally, the effect of H>O and
SO; on sulfur capture in a 600 MWe CFB boiler burning petroleum coke is also
analyzed. The sulfation performance of limestone evaluated by simultaneous
calcination/sulfation is shown to be much higher than that by sulfation of CaO. Based
on our calculations, a novel use of the wet flue gas recycle method was put forward to
improve the sulfur capture performance for high-sulfur, low-moisture fuels such as
petroleum coke.

Key words: Calcination; Sulfation; Simultaneous reaction; Limestone; Kinetics; H.O

Introduction

With the industrial application of 600 MWe supercritical circulating fluidized bed
(CFB) boilers and the advanced development of 1000 MWe CFBs, these boilers will
be widely used for power generation, especially when combusting poor-quality fuels
like low-rank coals, petroleum coke and refuse-derived fuels.

In-situ desulfurization is one of the greatest advantages of CFB boilers. However,
the low sulfur capture efficiency and low calcium utilization represent their greatest
deficiencies. Economical but effective techniques to improve the sulfur capture
performance in CFB boilers are still being sought. But this requires a comprehensive
understanding of the sulfur capture process.

Limestone is the normal sorbent for desulfurization in CFBs. To capture SO,
limestone will experience the calcination reaction (1) and sulfation reaction (2) in the

furnace.



CaCO; — CaO + CO2 (1)
CaO + S0, + 1/20, — CaSO0q4 (2)
Over the past several decades, many researchers have explored these reactions '*. The
calcination of limestone is reversible, and the reaction rate is usually related to three
steps >: heat transfer; CO> diffusion; and the intrinsic reaction. Which of these steps
has a greater impact on the calcination rate depends on factors like temperature, CO>
concentration, particle size, etc. Generally, a higher temperature, low CO>
concentration and smaller particle size will increase the calcination rate of limestone
57
The sulfation reaction of CaO may also be controlled by heat transfer, SO»
diffusion in the pores of CaO, solid state diffusion through the CaSO4 product layer or
the intrinsic sulfation reaction rate. To increase the sulfation rate, a smaller particle
size, higher SO, concentration and optimum temperature are suggested 5'°. Limestone
particles in a CFB are recirculated and sulfated for periods of hours, and the long-term
sulfation reaction can usually be divided into a fast-reaction stage and a slow-reaction
stage !!. The common consensus is that the fast-sulfation stage is controlled by the
intrinsic reaction rate or SO, diffusion, while in the slow stage the diffusion through
the CaSO4 product layer is the major resistance to sulfation 2.
H>O is one of the main components in the gas produced from coal firing, and
usually accounts for 10-20% of CFB flue gases. Investigation has shown that the
calcination of CaCQOs, sintering and sulfation of CaO are all significantly affected by

H,O '* ¥ Many investigations have reported that the calcination of CaCOs can be



greatly accelerated by H,O '3 even at very low steam pressures ', Researchers
have put forward different theories to explain the effect of H>O on CaCOs
decomposition. Burnham et al. '® suggested that H2O can lower the decomposition

temperature of CaCQs, while the research of Wang et al. '

suggested that H>O may
weaken the bonding between C-O in CaCOs.

H,O can also affect the sulfation of CaO !'!. Some investigations '” '* have reported
that HoO had little influence on the sulfation reaction in the fast stage, but
significantly accelerated the reaction rate in the slow-sulfation stage. Based on this
phenomenon, some researchers speculated that Ho O may accelerate solid-state ion
diffusion in the CaSO4 product layer '*2°, but the mechanism is as yet unclear.

As discussed above, the calcination and sulfation reactions of limestone have been
thoroughly studied, but most of the studies are conducted as follows: calcine
limestone particles in air or N2 atmosphere;; then test the sulfation performance of the
resulting CaO. In other words, most previous studies have considered the calcination
reaction and the sulfation reaction as separate processes (“calcination-then-sulfation”
reactions). However, this does not represent what is actually occurring in CFBs. The
actual process proceeds as follows: after limestone reaches hot flue gases containing
SO,, the calcination and sulfation reactions occur simultaneously, and the two
reactions affect each other. We «call this process the ‘simultaneous
calcination/sulfation of limestone’ and have carried out preliminary investigations on
it 2123

. Some important phenomena were demonstrated in our earlier work, in

particular, the decomposition rate of limestone particles was impeded by SO», and



some of the CaCOs3 did not decompose completely even after 90-min reaction in the
presence of 0.38% SO». Hence, the simultaneous calcination/sulfation reaction, rather
than the calcination of CaCOs3 and the sulfation of CaO, more accurately describes
what is happening to limestone in a CFB. Unfortunately, this has not been taken into
account in the bulk of research done to date.

In a CFB, it takes several hundred seconds for the limestone particles to decompose
completely, and during this process CaSO4 forms in their pores. Since the calcination
usually occurs from the particle surface inward, the pores in the outer CaO layer serve
as the diffusion path for COo. If a pore is filled by CaSOQs, the diffusion resistance of
CO2 increases and, consequently, the calcination rate of the particle will be retarded.
If all the pores are blocked before complete decomposition occurs, some CaCO3 will
be sealed in the inner particle and remain undecomposed during the entire sulfation
process. Where this is the case, much of the pre-existing research on CaCOs3
calcination and CaO sulfation fails to describe the actual reaction characteristics of
limestone in a CFB.

As is well known, one of the main problems for SO, capture in CFBs is that the
utilization of limestone is much lower than the theoretical value. Although there have
been decades of investigation, this problem is still unresolved '. Moreover, there are
still many unclarified questions on the sulfation of limestone in CFBs ?*. To know
more about the real reaction characteristics, the interaction of the two reactions in the
simultaneous calcination/sulfation process requires attention. It is worth noting that

the issue of reaction product interfering with limestone calcination is not only limited



to SO capture in CFBs, but is also important for other processes like CO; capture by
calcium looping 2?7, Therefore, in our previous work 2'>?2, the characteristics of the
simultaneous calcination/sulfation reaction were investigated by thermogravimetric
analysis (TGA).

However, some knowledge gaps still remained. First, how does SO» affect the pore
structure of CaO during the simultaneous reactions? Second, how does H>O influence
the calcination and sulfation kinetics as well as the pore structure of sorbents? Third,
what is the combined effect of HyO and SO, on the reactions and pore evolution of
sorbents?

The most probable reason for these questions not being answered is that it is
impossible to measure the calcination and sulfation rates separately in a normal
commercial TGA. Moreover, the sample collected from one test in a commercial TGA
is very small (about 10 mg), so it needs about 100 repetitions to collect enough
samples (about 1 g) for the pore structure measurement. To answer these questions
while addressing the shortcomings of TGA, a specially designed experimental system
was employed here. With this equipment it is feasible to measure the calcination and
sulfation rates separately 2°. The sample collected from one test in this system is about
50 mg, so it is easier to obtain enough sample for the pore structure measurement.

To fill the knowledge gaps on simultaneous calcination/sulfation of limestone in
CFBs, the combined effect of SO> and H>O on reaction kinetics and the pore structure
of sorbents was studied for the first time. The SO, emission in a 600 MWe CFB

burning petroleum coke was calculated to show how SO, and H,O affect the in-situ



sulfur capture performance. Based on these calculations, the novel use of the wet flue

gas recycle method was recommended to optimize the SO, capture in air-fired CFB.

Experiments and Calculations
Experimental system and procedure

Baoding and Xinxiang limestone were used for the tests. The limestone was milled
and sieved to a narrow particle size range (0.4-0.45 mm). Their chemical components
are listed in Table 1 according to X-ray fluorescence (XRF) elemental analysis.

The pore structures of the two limestones after being calcined completely under the
same conditions (850 °C, 15% COz and 85% Nz) were measured by the N> adsorption
analyzer (Micromeritics TriStar II 3020), and results are summarized in Table 2.

The experimental system is shown in Fig. 1. The main reactor is a horizontal tube
furnace (40 mm internal diameter, 800 mm length, accuracy of 2 °C). Synthetic flue
gas was composed of mixed gases of CO2, SO2, Oz, N> and H>O. The flux of each gas
was controlled by flowmeters, except for H>O. The H,O vapor was generated from
the evaporation of water injected into a heated tube (200 °C), and its flow was
controlled by an injection pump. A total gas flux of 1.2 dm*/min was used after
ascertaining that this flux was high enough to eliminate external gas diffusion
resistance. After the furnace reached the set temperature and was purged by synthetic
flue gas for 15 min, the sample (80 £ 2 mg) was loaded into a quartz boat, and its
mass was continually measured by a mass monitor (accuracy 0.1 mg) and recorded by

computer. Our previous work ' 23 2 with this system showed it has sufficient



accuracy for this type of study.

When limestone is calcined and sulfated simultaneously, the calcination ratio
cannot be calculated directly from the mass data. To determine the calcination ratio,
the sample at a given reaction time was removed quickly from the furnace and cooled
in N2. Then the sample was weighed, crushed and calcined again in pure N, until the

sample was calcined totally. The calcination ratio of the sample was calculated by:

X, =1-2% 3)
Amy,

where x¢ is the mass fraction of the undecomposed CaCO; in the sample,
x, =(1-m,/ ml)(M caco, [ Mco, ); mois the initial sample mass; m:is the sample mass

after a given reaction duration; m is the mass of sample after crushing; m> is the mass

of the sample after being totally calcined; 4 is the CaCOs3 mass fraction of limestone,
assuming that other impurities don’t react; and Mcaco. and Mco. are the mole mass of

CaCO3 and CO», respectively.

The sulfation ratio of the limestone samples can be calculated by the expression:

gy Moo, 1

t +(1_
_ Am, Amy Mo, A (4)

o (MCaSQ, _MCaO)/MCaCQ

where Mcao and Mcaso. are the molecular mass of CaO and CaSOs, respectively.

Since the calcination ratio curve was not smooth, the calcination rate cannot be

obtained by the derivative of the X.—time curves. So, an average calcination rate 7,
before a given reaction time ¢ was used to describe the calcination speed. The 7
value was calculated by:

n=X, [t (5)

where X ot is the calcination ratio at time ¢.

8



All the tests were carried out in triplicate (or more) to assure repeatability, and in all
tests the standard deviations of the calcination ratio were less than 1%. All the sample
mass curves in the figures were normalized to initial sample mass of one unit (the
normalized mass equals the sample mass divided by its initial mass). The pore
structures of the calcined samples were measured by the N> adsorption method. Table
3 summarizes the experimental conditions.

Calculations

To demonstrate the effect of H O and SO> content on sulfur capture, a simplified
model based on energy and material balances was established to calculate the
limestone consumption, desulfurization efficiency and the SO emission in an
industrial CFB boiler. The fuel consumption Wre (t/h) for a CFB boiler can be

calculated by

P- Csc . Qsc
I/Vfuel = Q—

(6)
where P is the electric power of the boiler, MWe; Cs is the standard coal consumption
for power generation, kg/kWh; Qs is the calorific value of the standard coal, 29310
kJ/kg; and Q. is the net calorific value of the fuel as received, kl/kg.
The total in-situ desulfurization efficiency is

a,=CalS-X +oa (7)
in which Ca/S is the calcium/sulfur molar ratio, asser 1S the self-desulfurization
efficiency of fuels, and Xs is the utilization of calcium.

To reach a given desulfurization efficiency of as, the limestone consumption Wi

(t/h, ignoring impurities) can be calculated by
9



Wis = W}ueISar(as —aself)]\4CaCO3 /(XSM) (8)
in which Sar 1s the sulfur content of the fuel, kg/kg; Mcaco, =100 g/mol; and Ms =32
g/mol.

The SO, emission Sem (t/h) after the desulfurization process is

Sem = 2WtuelSar (1 - as) (9)

Results and Discussion
Effect of H:20 on kinetics of simultaneous calcination/sulfation reaction

The influence of H>O on the simultaneous calcination/sulfation reaction was tested
first. All tests were done at 850°C, under 15% COz + 0.3% SOz + 3% O», with 0% or
15% H>O, and N, balance. For comparison, the effect of H>O on the
calcination-then-sulfation of limestone was also tested, as shown in Fig. 2.

Fig. 2 shows that the mass of all samples declined first and then rose, and there was
a minimum mass point for each curve. For convenience, the curves in Fig. 2 were
divided into two stages by the minimum mass point, designated as the mass-loss stage
and the mass-growth stage, respectively. The mass-loss stage was dominated by the
calcination reaction, and the mass-growth stage by the sulfation reaction. But it should
be noted that in the simultaneous calcination/sulfation reaction, the minimum mass
point occurs when the mass loss rate caused by the calcination reaction equals the
mass gain rate caused by the sulfation reaction, not the end of the calcination reaction
or the beginning of the sulfation reaction like that in the calcination-then-sulfation

reaction. This means that both calcination and sulfation reactions occur in both stages
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in the simultaneous calcination/sulfation reaction 2!. The mass-growth stage can also
be divided into two stages according to the sulfation rate, namely the fast-sulfation
stage (from the minimum mass point to 40 min) and the slow-sulfation stage (beyond
40 min).

The mass-loss stage is discussed below. First, examining the mass-growth stage, it
is found that the samples in the simultaneous calcination/sulfation reaction had higher
mass, which implies a higher sulfation ratio than that of the calcination-then-sulfation
reaction. The final samples, after being crushed and re-calcined, did not lose further
mass. This means that there was no undecomposed CaCOs in the final samples, so
their sulfation ratio can be calculated based on formula (4) with x; = 0. Taking
conditions without H>O for example, the final sulfation ratio of the simultaneous
calcination/sulfation reaction was 0.22, which was 25.5% higher than that (0.175) in
the calcination-then-sulfation reaction.

Fig. 2 shows that H»O significantly accelerated the sulfation rate in the
slow-sulfation stage but had less influence in the fast-sulfation stage as compared with
conditions without H>O. Taking the simultaneous calcination/sulfation reaction for
example, the sulfation ratio of samples in 15% H>O is 0.288, which is much higher
than that (0.22) in 0% H>O. A preliminary explanation for the effect of H>O on the
sulfation reaction supports the idea that H>O accelerates the sulfation rate in the slow
sulfation stage by improving the solid-state ion diffusion in the CaSO4 product layer
17.19 But why H,O can act in this way needs more investigation. Wang et al. ?? found
that the unreacted CaO cores covered by CaSO4 in the presence of H>O were smaller

11



and more dispersed, which may increase the reaction surface and accelerate the
sulfation rate.

Regarding the mass-loss stage, Fig. 3(a) shows greater detail for that stage from Fig.
2. The calcination ratios were calculated as in Fig. 3(b).

First, considering the influence of H>O on the calcination reaction, Fig. 3(a) shows
that H>O accelerated the mass loss rate of calcination significantly, both in the
presence and absence of SO,. H>O also accelerated the calcination rate, as shown in
Fig. 3(b). Taking conditions without SO for example, the average calcination rate
(7.34 x 10 /s) before 120 s with 15% H>O is 28.3% higher than that (5.72x107/s)
without H,0. The mechanism of the H>O effect on calcination is discussed below.

Second, considering the effect of SO, on the calcination rate by looking at the two
curves obtained without H>O, the mass loss rate of the sample without SO, was faster
than that in the presence of 0.3% SO.. In addition, the final mass of the sample was
different. The lowest mass (0.594) of the sample calcined with 0.3% SO, was about
4.0% higher than that (0.571) of the sample calcined without SO». From Fig. 3(b), the
average calcination rate before 120 s in 0.3% SO (5.06x1073/s) was 13.0% lower than
that (5.72x107/s) without SO, which means that the calcination rate was slowed by
the presence of 0.3% SO». A similar effect of SO, was found under conditions with
15% H»O.

Interestingly, when both H>O and SO, were present, Fig. 3(b) shows that the
calcination rate under 15% H>O with 0.3% SO; is slower than that under 15% H-O
and no SO, but faster than that without SO, and H>O. This means that, on the one

12



hand, the accelerating effect of HoO and the impeding effect of SO» can coexist when
they change the calcination rate; and on the other hand, the accelerating effect of 15%
H>O is more significant than the impeding effect of 0.3% SO..

One more phenomenon to be noted in Fig. 3(b) is that the samples under all four
conditions were calcined completely at 300 s. This is different from the findings on

1. 2!, where they found that the samples

Massicci limestone in the work of Wang et a
which experienced 90 min of reaction still contained 3-5% mass fraction of
undecomposed CaCOsz. The reason may be that the sulfation reactivity of the
limestone used in the present work is lower than for Massicci limestone, as has been
pointed out elsewhere 2.

To demonstrate that the accelerating effect of H>O in Fig. 3 is not limited to only
15% H»0O, another H>O concentration (8%) was tested and compared with that of 0%
and 15% H>O. Limestone with 0.4-0.45 mm particle size was used, and SO2 was 0.3%
as before (see Fig. 4).

From Fig. 4(a), it can be seen that with H>O increasing from 0 to 8% and further to
15%, the mass loss rate of the sample continued to increase. From Fig. 4(b), with H>O
increasing from 0% to 8% and 15%, the average calcination rate before 120 s
increased from 5.06x1073/s to 5.92x1073/s and further to 6.40x107/s. So, the
calcination rate increased with the increasing H>O concentration in the range 0-15%.

Since SO» concentration has significant influence on the sulfation rate, the
calcination performance of limestone can be expected to be different under different

SO concentrations. To further study the effect of SO> concentration on the calcination,
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calcinations were done under 0/0.15/0.3% SO with 15% H>O (see results in Fig. 5).

From Fig. 5(a), the mass loss rate under 0.15% SO; was lower than that without
SO,. When the SO concentration was raised to 0.3%, the mass loss rate decreased
further. And from Fig. 5(b), it can be seen that the calcination rate can also be
influenced by the SO, concentration. Taking the average calcination rate before 120 s
for example, when SO, concentration increased from 0 to 0.15% and 0.3%, the
calcination rate decreased from 7.34x107%/s to 6.84x10/s and further to 6.40x1073/s.
So, in the range tested, a higher concentration of SO> will decrease the calcination rate
more significantly.

SO, may react with CaO in the calcination stage, and fill or block the pores in the
CaO layer. With higher SO, concentration in the atmosphere, the sulfation rate will be
higher and more CaSO4 will form in the pores. With more pores filled, the CO,
diffusion resistance is higher and, in consequence, the calcination is slower.

To demonstrate that the combined effect of H>O and SO> was not limited to one
limestone, another limestone, Xinxiang limestone was also tested. The test conditions
were the same as in Fig. 3, and the results are shown in Fig. 6.

The reaction curves of Xinxiang limestone shown in Fig. 6 are similar to those of
Baoding limestone in Fig. 3. The calcination rate was accelerated significantly with
15% H>0, with or without 0.3% SO»; while 0.3% SO, decreased the calcination
reaction also. As shown in Table 2, the pore surface area, pore volume and width of
the two limestones used in this work were very different from each other. The pore
surface area of Baoding limestone is much larger than that of the Xinxiang limestone,

14



but the average pore width of Baoding limestone is much narrower, which means that
they are two distinct types of limestone. Despite their different pore structures, the
combined effect of H>O and SO» in Fig. 6 was also similar to that reported in Fig. 3.
So, the effect of H>O and SO, on calcination are clearly not limited to a particular
limestone.
Mechanisms

As discussed above, H,O can accelerate the calcination rate of limestone, and SO,
on the contrary, slows down the calcination reaction. When both H,O and SO, were
present, the acceleration caused by 15% H:O is stronger than the reduction in rate by
0.3% SO: in this work and, hence, the calcination rate increases (Fig. 3). The
mechanisms for how H>O and SO» separately affect the calcination were also studied
first, then the mechanism for their combined effect was investigated.
Mechanism of the effect of H>0 on limestone calcination

The effect of H,O on calcination has been investigated by many researchers, and
one speculation is that H,O catalyzes the decomposition of CaCO; %1% A direct
method of proving the catalytic effect is to measure the change in the activation
energy. However, little information was available on this in the literature. Using a
fluidized bed reactor, Wang et al. % found that the activation energy for calcination
with 15% HO is lower than that without HO. Wang et al. '* reported that H,O may
accelerate the decomposition of CaCO3 by weakening the bonding between CaO and
COz, but the activation energies they obtained (247 kJ/mol for 21.35% H>O and 197

kJ/mol without H>O) are contradictory to the observed phenomenon that H,O
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accelerated the calcination rate.

Here in this work, the apparent activation energies for the calcination of limestone
with or without Ho O were measured and compared. The calcinations were tested
under four temperatures (820, 850, 880 and 910 °C), with 0 and 15% H20 (no SO») in
the system of Fig. 1. The calcination reaction rate constant 4 is calculated by:

=k (1-Coo, /C2, ) (10)

€Oy

in which r. is the calcination rate, calculated by formula (5) before the time
corresponding to Xc=0.4; Cco.1s the concentration of CO> at the calcination point,
equal to that in the reaction atmosphere based on the kinetic controlling mechanism in

the early calcination stage. C° ~ is the equilibrium CO; concentration at the reaction

temperature, which can be calculated by the formula of Baker **. Generally, k. is in
the form of the Arrhenius equation (in linear expression):
Ink, =—E, /(RT)+Ink, (11)
Hence, the activation energy (£a.) can be calculated with k. at different temperatures
(7). In Fig. 7, the k. values under the four temperatures were fitted by equation (11)
with least squares. The fitting equations as well as E. and ko are calculated in Table 4.
From Table 4, the activation energy for calcination without H>O and with 15% H>O
were 148.4 kJ/mol and 129.6 kJ/mol, respectively. The activation energies are very
similar to the values reported by Wang et al. 2. The activation energy of calcination
with 15% H>O is about 13.6% lower than that without H>O. The decrease in the
activation energy indicated that H>O catalyzed the calcination of CaCOs3. As noted by

Wang et al. 14, H,O had a stronger binding ability to the active sites CaCO3* than CO»,
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and the adsorption of H>O on the active sites may weaken the bonding between CO»
and CaO and increase the decomposition rate.

For reversible reactions, the catalyst can accelerate both the forward and backward
reaction. If H,O can catalyze the calcination of CaCOs, it should also accelerate the
carbonation of CaO. Interestingly, the acceleration of CaO carbonation by H>O has
been reported by many other researchers *!**2. Wang et al. ** found that H>O can also
decrease the activation energy of the CaO carbonation reaction. In conclusion, the
accelerating effect of H>O on the calcination of CaCOj3 is quite likely to be catalysis.
Mechanism of the effect of SOz on limestone calcination

As discussed above, the sulfation reaction will occur when limestone particles are
calcined in an atmosphere containing SO, and impede the calcination rate. The
impeding effect of SO» on the calcination is speculated to occur by CaSOy filling or
blocking the pores of CaO. To prove this hypothesis, the pore structure of particles
was measured by the N> adsorption method, and the closed-pore volume blocked by
the formed CaSO4 under 0.3% SO, was calculated. Then the effect of CaSO4 on the
diffusion resistance of CO> was calculated and analyzed.

The Baoding limestone particles calcined for a given time were collected. The pore
surface area and pore volume of samples calcined with or without 0.3% SO, are
compared in Fig. 8. The test was at 850 °C, without H>O.

As shown in Fig. 8, both the pore surface area and pore volume increased with
calcination time under each condition. What should be noted is that the minimum

mass point for calcination with 0.3% SO. was reached at about 275 s, and the
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calcination was complete at 300 s as described in Fig. 3. Hence, the increase of the
pore volume will not continue after 300 s, and only samples before 300 s were
measured here. Compared with the samples without SO, both the pore surface area
and pore volume under 0.3% SO decreased significantly. In addition, the difference
between the curves increased with reaction time, which means that with the
calcination going on, more pores of CaO were filled or closed by the produced CaSOs.
At 300 s, the surface area and pore volume were decreased by 25.7% and 17.6%,
respectively, for samples calcined with 0.3% SOx.

Fig. 8 shows that when limestone particles were calcined in the presence of SO»,
the CaSO4 formed changed the pore structure by filling or closing some pores. To
determine how many pores were closed by the formed CaSO4, a model based on the
sulfation ratio and measured pore volume was established to calculate the closed-pore
volume. Fig. 9 shows the schematic of a limestone particle calcined with or without
SO;. The calculation procedure is described as follows.

As in Fig. 9(a), the volume of the particle calcined without SO> consists of three
elements, the volume of CaCO;, CaO and open pores. When calcined in an
atmosphere containing SO, the volume of the calcined particle consists of five
elements, CaCQO3;, CaO, CaSOs, open pores and closed pores, as in Fig. 9(b). The
basis of the calculation is that the pore volumes measured by the N> adsorption
method do not include the volume of closed pores. An assumption made here is that
SO, did not affect the sintering of the particle, and this assumption was also used in
an investigation by Mahuli et al. 3,

18



Since the outer surface area of a calcined limestone particle contributes little to the
full total surface area (assuming that the particle is a porous ball with porosity of 0.5,
the inner surface area is about one hundred thousand times that of the outer surface), it
is reasonable to assume that most of the CaSO4 forms in the inner part of the particle.
The volume of impurities was ignored based on the assumption that they did not react.
On this basis, the full volume (Va,0) of the particle calcined without SO, equals the
full volume (Va,1) of that calcined with SO..

VA,O = VA,I (12)

(a) When limestone particles were calcined without SO»:

Vao =Voo Vw0 tVeaco, 0 (13)
where V. is the open pore volume of the particle calcined without SO2; 1, and
Veaco, o are the volume of CaO and CaCOs, respectively, as follows:

Voo =Vo (Mo - X+ Mo, (1= X)) (14)
Veiwoo = Vincao 1 Xy (15)
Veaco,0 = Vincaco, 1+ (1= X o) (16)

where ¥, is the measured specific pore volume; n is the total amount (in mol) of

calcium in the particle; V, ., and ¥, ., are the molar volume of CaO and CaCOs,
respectively; M., and M, are the molar mass of CaO and CaCOs,

respectively; and X is the calcination ratio.

(b) When limestone particles were calcined with SO»:

VA,I = I/CaCO;Y1 + VCaO,l + VCaSO4,l + Vop,l + ch,l (17)

where Veico,i s Vewa» Vewso,. are the volume of CaCO;, CaO and CaSOs,
19



respectively, in particles calcined with SO»; and V,,, and V,,, are the volume of

open pores and closed pores, respectively.

The volume of CaCOs, CaO, and CaSO4 can be calculated by the calcination and

sulfation ratios of the particle:

VCaCO3,1 = Vm,Caco3 n-(1-X,) (18)
VCaSO4,1 = Vm,Caso4 n- X (19)
VCaO,l = Vm,Cao n- (Xc,l -X,) (20)

where V, (.o, 18 the mole volume of CaSOs; and X, and X, are the sulfation

ratio and calcination ratio of particles in the simultaneous calcination/sulfation

reaction, respectively.

The volume of open pores is:

Vv

op,1

=Vm, 1)

where V1 is the measured specific pore volume. The volume of closed pores is:

V

cp,1

= I/c,lml (22)

where V,1 is the specific pore volume of closed pores.

The mass of the calcined particles m; is:

m :n'[(l_Xc,l)MCaCO3 +(X, —X) Mo+ X, 'MCaso4] (23)

Combining the formulas above, one can obtain:

_ leo + kZVm,CaO + k3Vm,CaC03 - Xst,Caso4

c,l - I/1 (24)
k4MCaCO3 + kSMCaO + XsMCaSO4

in which
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k=X c,oM co T(I—X c,O)M CaCo,
k, = Xc,O _(Xc,l - X))

k3 :XC,I_XC,O
k,=1-X_,
kS :XC,I_XS

Formula (24) gives the closed-pore volume (V.1) of particles calcined in the
presence of SOz. The calculated results of closed-pore volumes at different times are
shown in Fig. 10.

As shown in Fig. 10, the closed-pore volumes are larger than zero, which means
that some pores are closed by the produced CaSO4 as speculated. As the calcination
proceeds, the closed-pore volume increases. At 300 s, the closed-pore volume is about
10% of the total pore volume. The increase of the closed-pore volume should be due
to the accumulation of CaSOs in pores. As has been noted by Bhatia and Perlmutter *°,
the closure of pores will occur when the solid product formed occupies a larger
volume than the reactant consumed, and the pore closure will first occur at the surface,
stopping further diffusion of the reactant gas.

It is also evident that some pores will be filled or even closed by the formed CaSOx,
so the pathways left for the diffusion of CO2 will be lower, and the diffusion
resistance should be increased. To further show the influence of CaSO4 on the CO:
diffusion resistance and the calcination rate quantitatively, the effectiveness factors for
the calcination reaction with SO> were calculated and compared with those without
SO..

The definition of the effectiveness factor # for a gas-solid reaction is 3¢
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B actual reaction rate (25)
reaction rate obtainable without

mass and heat diffusion resistance
The effectiveness factor describes quantitatively to what degree the diffusion
resistance slows down the reaction rate. For a spherical particle, # can be calculated

by 3¢:
n= %{coth(qﬁ) - %} (26)

¢=RJk /D, @7)
where R is the radius of the particle, m; 4, is the reaction rate constant per unit volume;
and De. is the diffusion coefficient of CO; in pores of CaO layer. The procedure to
calculate kv and De can be found elsewhere 2*. The effectiveness factors at different
times for calcination with 0.3% SO are shown in Fig. 11, compared with those
without SO;.

Fig. 11 shows that the effectiveness factors # are all larger than 0.79 but lower than
0.85. According to Fogler ¥, » in this range means that the calcination reaction was
controlled by both the intrinsic reaction and the diffusion resistance in the pore, but
the intrinsic reaction played a major role.

Under both conditions, the effectiveness factors for the calcination reaction
decreased with time, which means that the diffusion resistance of CO; increased with
the calcination process. For calcination without SO», the effectiveness factors
decreased from 0.845 at 75 s to 0.822 at 300 s. With 0.3% SO., the effectiveness
factors are about 2.5-3.6% lower than those without SO, for the entire calcination

process. The CaSO4 formed in the pores of the CaO layer should account for the
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difference. Moreover, a lower effectiveness factor means that the diffusion resistance
of COz is higher for calcination in the presence of SO».

Combining data from Fig. 8, Fig. 10 and Fig. 11, the mechanism of the effect of
SO on calcination of limestone can be elucidated. When calcination of a limestone
particle was proceeding, pores formed in the CaO layer served as the CO diffusion
path. On the other hand, in the presence of SO», CaSO4 formed in the CaO layer, the
pores were filled or even blocked by the formed CaSOs4, and pores remaining for the
diffusion of CO, were less, resulting in an increase of the diffusion resistance of CO.,
consequently increasing the CO; partial pressure in the particle and decreasing the
calcination rate.

Mechanism of the combined effect of H20 and SO: on limestone calcination

As shown in Fig. 3, H,O and SO, can change the calcination rate together, but H.O
played a more major role. This phenomenon must relate to both the intrinsic reaction
rate and CO; diffusion resistance in the pores. To explain it, the pore structure of CaO
under different conditions was measured first, then the CO, diffusion coefficients and
effectiveness factors were calculated and analyzed.

Limestone particles experiencing the same calcination time (300 s) under different
conditions (0 or 15% H2O, 0 or 0.3% SO:) were collected, and their surface area, pore
volume, and pore size distribution were measured by the N> adsorption method, as
shown in Fig. 12 and Fig. 13.

Considering the conditions without SO>, as shown in Fig. 12, compared with

conditions without H>O, the surface area and pore volume of samples calcined in the
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presence of 15% H>O decreased by 34.2% and 51.7%, respectively. In Fig. 13, both
peaks of the pore size distribution were decreased by H>O. These phenomena
illustrate that H>O causes a significant enhancement of the sintering of CaO.

Fig. 12 shows that the pore volume and surface area under 15% H>O and 0.3% SO-
were the lowest. This indicates that the filling effect of SO, and the enhanced
sintering effect of H,O can act synergistically in decreasing the pore volume and
surface area. This synergy effect can also be found from Fig. 13, in which the pore
size distribution of CaO generated in 15% H>O and 0.3% SO has the lowest peak
value.

To analyze the effect of pore structure on reaction rate, the effective diffusion
coefficients D. and effectiveness factors #z for the calcination under different
conditions were calculated based on the pore parameters in Fig. 12. The results are
shown in Table 5.

From Table 5, it can be seen that both D. and # under 15% H>0O were lower than
those without H>O. The enhanced sintering of CaO by H>O, which decreased the pore
volume, should be the main cause for the lower D.. At the same time, the lower D.
and higher intrinsic calcination rate result in the lower 5. Although the effectiveness
factors under 15% H>O were lower, the calcination rate was higher, as shown Fig. 3.
This means that the intrinsic reaction rather than CO; diffusion resistance played the
major role in the rate-controlling step.

As discussed in Fig. 3, the calcination rate of particles with both 15% H>O and

0.3% SO was larger than that without them, but lower than that with only 15% H-O
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and no SO,. This can be explained by the findings presented in Fig. 7 and Table 5,
that the intrinsic reaction played a major role in the controlling step of the calcination
reaction. Since H>O can increase the intrinsic reaction by catalysis, the influence of
15% H20 was clearly stronger than 0.3% SO> concentration in changing the reaction
rate, and in consequence, calcination rate under 15% H>O and 0.3% SO, was larger
than that without these two components.

Sulfur capture optimization in CFB boiler

Sulfur capture based on simultaneous calcination/sulfation reaction

In Fig. 2, it was found that the sulfation ratio of limestone experiencing the
simultaneous calcination/sulfation reaction is different from that occurring via the
calcination-then-sulfation reaction. Therefore, assuming the latter to analyze the sulfur
capture performance of limestone, as is implicitly done %, will produce errors. To
demonstrate this further, the limestone consumption in a 600 MWe CFB burning
petroleum coke was calculated. For comparison, the calculation was based on the
calcium utilization data from the simultaneous calcination/sulfation reaction and
calcination-then-sulfation reaction, respectively, and the data were obtained from the
system in Fig. 1.

Table 6 shows the analysis of the petroleum coke (as received basis) *° used for
these calculations. As is typical of petroleum coke, its sulfur content is high but ash
content is very low, so the self-desulfurization efficiency can be ignored. When
burning the petroleum coke, the SO> concentration in flue gas is about 0.3% (with

excess air coefficient of 1.4) and (assuming) the standard fuel consumption rate for
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power generation is 0.3 kg/kWh.

The calcium utilization and limestone consumption needed to reach a
desulfurization efficiency of 90% under different reaction modes are compared in Fig.
14. The sulfation ratios of limestone and CaO (0.4-0.45 mm Baoding, sulfated for 90
min at 850 °C and 0.3% SO.) were taken as the calcium utilization for the calculation.

As shown in Fig. 14, compared with that in the calcination-then-sulfation reaction,
the calcium utilizations in the simultaneous calcination/sulfation reaction were much
higher, while the limestone consumptions to reach the same desulfurization efficiency
were much lower. Taking condition of 8% H>O for example, the difference in calcium
utilization or limestone consumption was about 25%.

Thus, when evaluating the sulfur capture performance of limestone, the data from
the sulfation of CaO can produce major errors. Therefore, the simultaneous
calcination/sulfation reaction, rather than the sulfation of CaO, should be adopted in
future to evaluate the sulfation performance of limestone.

Based on the calcium utilization data from the simultaneous calcination/sulfation
reaction, the influence of H>O and SO> concentration on the sulfur capture
characteristics in a CFB can be accurately analyzed further. The desulfurization
efficiency and SO, emission at Ca/S5=3, and the limestone consumption to reach a
desulfurization efficiency of 90% in the CFB under different HoO and SO:
concentration are calculated and shown in Fig. 15.

Fig. 15(a) shows that the calcium utilization increases with H,O concentration in

the range of 0-25%. The research of Jiang et al. ! found that the sulfation ratio of
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CaO can still increase with H>O even at levels as high as 40%, albeit that this would
produce other problems. At the same time, the limestone consumption rate to reach a
desulfurization efficiency of 90% decreases significantly. A higher calcium utilization
can improve the desulfurization efficiency in a CFB, and consequently, SO, emission
declines sharply, as shown in Fig. 15(b). Assuming conditions of 0.3% SO, for
example, when H»,O concentration increases from 0 to 25%, the SO, emission at
Ca/S=3 decreases from 5.84 t/h to 1.1 t/h.

Fig. 15 shows that the SO, concentration can also influence the sulfur capture
characteristics. With a higher concentration of SO», the calcium utilization also
increases, which can improve the desulfurization efficiency and lead to a lower SO»
emission. Taking conditions of 8% H>O as our example, when SO concentration
increases from 0.15% to 0.3%, the SO, emissions fall from 7.34 t/h to 3.94 t/h. Under
different SO, concentration, the effect of H>O on SO» capture was almost the same.

It is worth noting that the comparison in Fig. 14 and Fig. 15 focused only on the
effect of water vapor and SO; content on sulfur capture in CFB boilers, but many
other factors also play an important role, such as limestone size and quality, cyclone
efficiency, oxygen supply to the furnace (oxidizing and reducing conditions), etc. '**
These factors can affect the sulfur capture performance significantly, and although
outside the scope of this work, should also be investigated.

Optimizing the sulfur capture in CFBs
One of the main problems of the in-situ desulfurization in CFBs is the low calcium

utilization. Investigators have recommended many ways to improve the calcium
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utilization, for example, operating temperature optimization *° and limestone particle
size optimization *!.

Based on the findings of Fig. 15, another method can be proposed to optimize the
sulfur capture in CFBs, the wet flue gas recycle. Namely, when burning coals
containing high sulfur but low moisture, increasing H>O concentration could increase
the calcium utilization and desulfurization efficiency according to Fig. 15.

1. #2 reported that the desulfurization efficiency in oxy-fuel CFB can be

Duan et a
increased by wet flue gas recycle, due to the high steam concentration. It is clear from
this work, in air-fired CFBs, wet flue gas recycle can also increase the H>O partial
pressure in the furnace, and ought to improve the desulfurization performance as well.
While these findings are preliminary and will require significantly more work to

extend them to various coal types, or coal firing modes such as co-firing, it is evident

that they are potentially very significant.

Conclusions

The combined effect of H,O and SO on the reaction kinetics and pore structure of
limestone during simultaneous calcination/sulfation reactions under CFB conditions
was studied in a constant-temperature reactor. The following conclusions were drawn:

(1) H20 can accelerate the sulfation rate in the slow-sulfation stage significantly,
but has less effect on the fast-sulfation stage. H>O can catalyze the calcination of
CaCO;3, and this is supported by the lower calcination activation energy observed in
the presence of H>O.
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(2) SO2 in the flue gas decreased the calcination rate of limestone particles. SO
reacts with the CaO layer, and the formed CaSOs fills or blocks the pores in CaO layer,
decreases the pore volume, increases the diffusion resistance of CO., and
consequently impedes the calcination reaction.

(3) The acceleration by H>O and the deceleration by SO on the calcination reaction
rate can occur together. Intrinsic reaction played a major role in the calcination
rate-controlling step, and an increase in the calcination rate was found under 15%
H>0 and 0.3% SO> as compared to that observed without either.

(4) The sulfation performance of limestone evaluated by simultaneous
calcination/sulfation is much higher than that by sulfation of CaO. Hence, the
simultaneous calcination/sulfation reaction, rather than the sulfation of CaO, should
be adopted when evaluating the SO capture performance of limestone.

(5) Some degree of wet flue gas recycle should help to optimize the sulfur capture
in CFBs when burning low-moisture fuels, because higher H>O and SO:

concentrations can increase the calcium sulfation degree.
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Table 1. Limestone Composition.

Compound Loss on
SiO2  ALOs FexO3 TiO2 P0s CaO MgO SO; NaO K0 .
(%) Fusion
Baoding 0.67 0.78 <0.10 <0.05 <0.03 5493 <0.10 <0.10 <0.10 <0.10 42.90
Xinxiang 045 056 0.15 005 <0.03 5502 048 <0.10 <0.20 024 4278

Table 2. Pore structures of the two limestones

parameters Baoding limestone  Xinxiang limestone
pore surface area, S (m?*/g) 23.7 17.1

pore volume, ¥ (cm’/g) 0.261 0.225

average pore width, 4V/S (nm) 44.0 52.6

Table 3. Experimental conditions.

Conditions Value
Temperature (°C) 820, 850, 880, 910
COz concentration (%) 15

O concentration (%) 3

SO; concentration (%) 0, 0.15,0.3

H>O concentration (%) 0, 8, 15, 25

Nz concentration (%)  Balance

Particle size (mm) 0.4-0.45
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Table 4. Kinetic parameters for limestone calcination.

Conditions Correlation E, ko Correlation coefficient
equation (kJ/mol) (s -)
0% H2O  In(kc)=21.4-17848/T 148.4 1.97x10° 0.99
15% HO  In(k:)=19.5-15583/T 129.6 0.30%x10° 0.99

Table 5. The effective diffusion coefficients and effectiveness factors.

H,0 (%) SO0 (%) De(10°cm?s) 75 (-)

0 0 24878 0.823
0 0.3 20532 0.796
15 0 16423 0.728
15 0.3 12067 0.671

Table 6. Analysis of a petroleum coke (mass fraction, %).

component value component value

Mar 0.63 Har 3.42
Aar 0.48 Oar 1.58
Var 10.17 Nar 1.48
FCar 88.72 Sar 5.57

34.2

Cur 86.84 Qur (MV/kg)
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Figure Captions

Fig. 1. The experimental system.

Fig. 2. Effect of H2O on simultaneous calcination/sulfation reaction

Fig. 3. Effect of 15% H>0O and 0.3% SO: on calcination of limestone. (a) The change
of sample mass; (b) the percent calcination ratio of samples.

Fig. 4. Effect of H>O on calcination of limestone with 0.3% SO». (a) The change of
sample mass; (b) the percent calcination ratio of samples.

Fig. 5. Effect of SO on calcination of limestone with 15% H>O. (a) The change of
sample mass; (b) the percent calcination ratio of samples.

Fig. 6. Combined effect of H>O and SO, on Xinxiang limestone. (a) The change of
sample mass; (b) the percent calcination ratio of samples.

Fig. 7. Influence of H>O on kinetic parameters for limestone calcination.

Fig. 8. Pore structure of particles in calcination process. (a) Surface area; (b) pore
volume.

Fig. 9. Schematic of a particle. (a) Calcined without SO2; (b) calcined with SO».

Fig. 10. The closed-pore volume of limestone particles calcined in 0.3% SOs-.

Fig. 11. Effect of SO> on the effectiveness factors of the calcination reaction.

Fig. 12. Influence of H>O and SO on pore structure. (a) Surface area; (b) pore
volume.

Fig. 13. Influence of H>O and SO on the pore size distribution.

Fig. 14. The calcium utilization and limestone consumption to reach a desulfurization
efficiency of 90% based on simultaneous calcination/sulfation mode compared with

that based on calcination-then-sulfation mode.
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Fig. 15. Effect of H,O and SO concentration on sulfur capture characteristics in 600
MWe CFB burning petroleum coke. (a) calcium utilization, and limestone
consumption to reach a desulfurization efficiency of 90%; (b) desulfurization

efficiency and SO; emission at Ca/S=3.
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Fig. 1. The experimental system.
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Fig. 2. Effect of H2O on simultaneous calcination/sulfation reaction
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of sample mass; (b) the percent calcination ratio of samples.
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Fig. 4. Effect of H>O on calcination of limestone with 0.3% SO». (a) The change of
sample mass; (b) the percent calcination ratio of samples.
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Fig. 9. Schematic of a particle. (a) Calcined without SO»; (b) calcined with SO».
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Fig. 13. Influence of H>O and SO: on the pore size distribution.
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consumption to reach a desulfurization efficiency of 90%; (b) desulfurization

efficiency and SO; emission at Ca/S=3.

50



