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In coal-fired combustion systems solid calcium species may be present as ash compo- 
nents or limestone added to the combustion chamber. In this study heterogeneous reac- 
tions involving HCN ouer seven different limestones were investigated in a laboratory 
fixed-bed quartz reactor at 873 - I ,  I73 K Calcined limestone is an effective catalyst for 
oxidation of HCN. Under conditions with complete conversion of HCN at 0, concen- 
trations above about 5,000 ppmv the selectivity for formation of NO and N,O is 
50- 70% and below 5%, respectively. Nitric oxide can be reduced by HCN to N, in the 
absence of 0, and to N, and N,O in the presence of 0,. At low 0, concentrations or 
low temperatures, HCN may react with CaO, forming calcium cyanamide, CaCN,. The 
selectivities for formation of NO and N,O from oxidation of CaCN, is 20-25% for 
both species. The catalytic activity of limestone for oxidation of HCN decreases with 
increasing degree of sulfation. Simultaneously the selectivity for formation of NO de- 
creases while that for N,O increases. The catalytic activity of sulfated limestone in- 
creases with decreasing SO, concentration, indicating a competition between SO, and 
HCN for sites on the surface. The results indicate that heterogeneous oxidation of HCN 
is important in calciners and fluidized-bed combustors with limestone addition or when 
burning coals with an ash with a high catalytic activity. 

Introduction 
Combustion of coal for production of electricity, heat, and 

process steam is a major contributor to the emission of envi- 
ronmentally harmful oxides of nitrogen (NO, NO,, N,O) 
(Bowman, 1992). In most modern coal combustion processes 
fuel nitrogen is the major source of nitrogen oxides. During 
devolatilization, the nitrogen in the fuel is split into volatile 
nitrogen and nitrogen in the char (Johnsson, 1994). The 
volatile nitrogen is released with the tar and gases such as 
NH,, HNCO, and HCN (Baumann and Moller, 1991; Nelson 
et al., 1991, 1992, 1996; Kambara et al., 1993; Bassilakis et 
al., 1993; Niksa, 1995). Hydrogen cyanide may also be formed 
from secondary pyrolysis of the tar (Haussmann and Kruger, 
1990) as confirmed by pyrolysis experiments using tar model 
compounds (Axworthy et al., 1978; Houser et al., 1980; 
Doughty et al., 1994; Doughty and Mackie, 1994). Hydrogen 
cyanide is the most important gaseous nitrogen species for 
high-rank coals, but the fraction of fuel nitrogen released as 
NH, increases with decreasing rank (Chen et al., 1982; Bose 
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et al., 1988). The conclusion is that both NH, and HCN are 
important volatile nitrogen species in coal combustion and 
they are precursors for nitrogen oxides, as discussed below. 

Gas-phase oxidation of NH, primarily yields NO and N,, 
although minor amounts of N,O have been reported 
(Hulgaard and Dam-Johansen, 1993; Kasuya et al., 1995; 
Caton et al., 1995). At high temperatures the products of 
gas-phase HCN oxidation are mainly NO and N,, but in the 
temperature range 1,000-1,200 K, the operating range of flu- 
idized-bed combustors (FBC), significant amounts of N,O are 
formed (Hulgaard and Dam-Johansen, 1993; Khan et al., 
1993). 

When solids are present in the combustion chamber, het- 
erogeneous pathways for conversion of volatile nitrogen may 
become important. Calcium species (CaCO,, CaO, CaSO,, 
CaS) are frequently present in combustion chambers, either 
due to addition of limestone (of which the main constituent is 
CaCO,) or because the ash contains calcium. The calcium 
content may be high, especially in low-rank coal (lignite) 
ashes. It has been reported that calcium species may catalyze 
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a number of reactions related to formation and reduction of 
nitrogen oxides (Johnson, 1994). Reactions related to the 
formation of nitrogen oxides are discussed below. 

Oxidation of NH, catalyzed by calcined or partly sulfated 
limestone has been investigated by several investigators (Lee 
et al., 1985, 1987: Yasunaga and Furusawa, 1986; Iisa et al., 
1991; de Soete and Nastoll, 1991; Shimizu et al., 1993; Lin et 
al., 1993, 1994; Bruun and M~ller,  1994). For oxidation of 
NH, over calcined limestone it is generally found that NH, 
is oxidized to NO with a selectivity in the range 50-80%, 
which is higher than for the homogeneous reactions. The se- 
lectivity for formation of N,O is much lower. Lin et al. (1994) 
reported values less than 1%, and Iisa et al. (1991) found a 
maximum selectivity of 16% for N,O with 2,000 ppmv NO 
and 2,000 ppmv NH, in the inlet gas. The selectivity for NO 
formation and the catalytic activity decreases during sulfation 
of the limestone (Lin et al., 1994; Bruun and Mdler, 1994), 
mostly because CaSO, has a lower catalytic activity than CaO 
and partly because the active surface area decreases due to 
filling of the pores, since the molar volume of CaSO, (46.0 
cmyriiol) is larger than that of CaO (16.9 cm3/mol). The study 
by Lee et al. (1987) indicates that the lower selectivity for NO 
formation may be due to reduction of NO by NH, catalyzed 
by CaSO,. Recently, Kiil et al. (1996) reported a model for 
the simultaneous sulfation of a limestone particle and oxida- 
tion of NH,, which can describe qualitatively the decrease in 
NO selectivity with an increasing degree of sulfation. 

Catalytic oxidation of HCN over calcium species has been 
investigated less than NH , oxidation. Calcined limestone has 
been reported to be an effective catalyst for oxidation of HCN 
(de Soete and Nastoll, 1991; Shimizu et al., 1992, 1993, 1994), 
and the reported selectivity for NO formation is typically in 
the range 40-70% when the 0, concentration is above 5,000 
ppmv. There is agreement that the selectivity for N,O forma- 
tion is low, less than 10%. Jensen et al. (1993) reported a 
study of HCN oxidation and simultaneous sulfation of the 
limestone. It was found that for six different types of lime- 
stone the catalytic activity and the selectivity for NO forma- 
tion decreased by sulfation of the limestone. Simultaneously 
the selectivity for formation of N,O increased from almost 
zero to about 10%. The influence of sulfation on HCN oxida- 
tion thus appears to be similar to the case of NH, oxidation. 

The reactions just discussed are of potential importance 
for understanding the formation of nitrogen oxides in indus- 
trial combustion systems. In FBC limestone is added for sul- 
fur capture and typically a Ca/S ratio of 2-3 is used to obtain 
sufficient sulfur capture (Zhang et al., 1992). Addition of 
limestone to FBC often results in a higher emission of NO 
and a lower emission of N,O (Moritomi et al., 1991;0Mori- 
tomi and Suzuki, 1992; Gavin and Dorrington, 1993; Amand 
et al., 19931, indicating the importance of the reactions dis- 
cussed earlier. A detailed discussion of the nitrogen chem- 
istry in FBC with limestone addition can be found in Jensen 
et al. (1996). In the cement industry there has been a growing 
interest in low-NO, calciners because more stringent legisla- 
tion is expected (Syverud et al., 1994; Deussner, 1995; Jeschar 
et al., 1996). In calciners limestone is calcined in a gas-solid 
suspension and coal or coke is burned to produce the neces- 
sary heat. The operating temperature of calciners is similar 
to FBC, but the Ca/S ratio is much higher and the limestone 
is essentially unsulfated. Reburning is a method to reduce 

the emission of NO, by injecting a reburning fuel after the 
primary combustion zone, forming a reducing zone where NO 
is reduced to N,, NH,, and HCN. Traditionally, gas has been 
used as reburning fuel, but coal has been considered for eco- 
nomical reasons. Burch et al. (1991) investigated lignite as a 
reburning fuel and suggested that HCN was converted to NH, 
over the fly ash in the reburning zone. In a subsequent study 
Chen and Ma (1996) reported significant reduction of NO 
over lignite char. This indicates that heterogeneous reactions 
may be important in lignite reburning, and suggests that cat- 
alytic oxidation of HCN or NH, over ash in the burnout zone 
is of importance, too. 

The objective of this study is to investigate the reactions 
involving HCN and calcium species in the form of limestone 
in a fixed-bed quartz reactor in order to improve the under- 
standing of how nitrogen oxides are formed and reduced in 
combustion systems where calcium species are present. Seven 
different limestone types have been investigated. The influ- 
ence of temperature, HCN inlet concentration, 0, concen- 
tration, sulfation of the limestone, and NO concentration on 
oxidation of HCN is reported. 

Experimental Studies 
The experiments were performed in the fixed-bed reactor 

made of quartz shown in Figure 1. The reactor was placed in 
an electrically heated three-zone oven that gave a good tem- 
perature control and a flat temperature profile in the reac- 
tion zone. The inner and bottom sections of the reactor were 
removable, and the solids were placed on the porous quartz 
plate and reinserted without changing the oven temperature. 
The main gas inlet was positioned in the bottom of the reac- 
tor (l), which functioned as a preheating section. A second 
gas stream could be introduced through the tube at the top 
of the reactor (2). With this arrangement, reactant gases could 
be kept separate until mixed, just above the solids placed on 
the porous quartz plate. The reactor temperature was mea- 
sured below the porous quartz plate by a thermocouple 
shielded by a quartz tube (3). There was a steep temperature 
gradient in the outlet section in order to limit homogeneous 
reactions, and the gases left the reactor through the outlet (4) 
to flow to the analyzers. Two different diameters of the porous 
quartz plate supporting the solids were used, depending on 
the amount of limestone: large (16 mm) and small (8 mm). 
The gas residence time from the point where the primary and 
secondary gases mix and down to the porous quartz plate was 
43 ms with the large (16-mm) quartz plate for a total gas flow 
of 2000 NmL/min. The residence was not significantly influ- 
enced by the presence of solids in the reactor because the 
bed is very shallow, only a few particle diameters high. Hy- 
drogen cyanide entered the reactor through the inlet (2) to- 
gether with a flow of N, to give a total flow of about 900 
NmL/min. The other gases (N,, NO, SO,, 0,) were intro- 
duced through the main inlet in the bottom at a rate of 
900-1,200 NmL/min. The flow rates of the individual gases 
were controlled by mass-flow controllers and the actual flow 
rates were measured by means of a bubble flowmeter. The 
gas analyzers were conventional continuous IR (CO, CO,, 
N,O), UV (NO, SO,), and paramagnetic (0,) analyzers from 
Hartmann & Braun, except for the N,O analyzer, which was 
from Perkin-Elmer (Spectran 647). The NO and N,O analyz- 
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Figure 1. Fixed bed reactor for the study of heteroge- 
neous reactions. 
1 = Main inlet; 2 = secondary inlet; 3 = thermocouple; 4 = 
outlet to gas analyzers. All figures are in mm. 

ers were cross sensitive to SO,, and therefore SO, was re- 
moved by scrubbing the gas in a 1-M Na,CO, solution in a 
bubble flask before the NO and N,O analyzers. The N,O 
analyzer was cross sensitive to H,O, and excess water was 
removed in a condenser at 273 K after scrubbing for SO, 

removal. The analyzers were calibrated every day before 
starting experiments, by means of certified calibration gases. 
Hydrogen cyanide was measured by an on-line gas chromato- 
graph (GC) equipped with a Flame Ionization Detector in 
some of the experiments. The column was a Porapak Q 
80/100 mesh kept at 393 K. The GC made one measurement 
every 8.5 min, but it was necessary to make measurements 
3-4 times to get a steady value, and therefore the GC results 
are only qualitative during transient experiments. 

Seven limestones were tested in the present work and their 
chemical composition is given in Table 1, while the physical 
characteristics of the limestones are presented in Table 2. 
The data for limestones 1, 2, 4, and 5 are taken from Dam- 
Johansen (1987) and van der Lans (1994), whereas the data 
for limestones 3, 6, and 7 were measured in this study by 
Hg-porosimetry. The presence of CO, in the calcination pro- 
cedure by Dam-Johansen (1987) and van der Lans (1994) may 
result in a lower BET surface area compared to the proce- 
dure used in this study, in which the limestone was calcined 
in N,. The pore-size distribution of the calcined limestones 3, 
6 and 7 was not bimodal, and consequently macro- and mi- 
cropore sizes are not given for these limestones. Dam-Johan- 
sen and 0stergaard (1991) classified the limestones according 
to their sulfur capture capacity. Stevns Chalk is a geologically 
young porous and soft limestone with a high sulfur capture 
capacity, whereas the other limestones are relatively soft, ge- 
ologically young limestones with an intermediate sulfur cap- 
ture capacity. Chichibu limestone (7) was used in an earlier 
study of limestone catalyzed HCN oxidation by Shimizu et al. 
(1992, 1993). 

Before each experiment the limestone sample was calcined 
at temperatures of 1,073-1,173 K in an N, flow according to 
Reaction R1 until no more CO, was detected in the reactor 
outlet: 

CaCO, (s) + CaO (s) + CO, (8). 

Most of the experimental results are presented as conversion 
of HCN, X,,,, and selectivities for formation of NO and 
N,O, +NO and respectively, defined by 

mol of HCN in - rnol of HCN out 
rnol of HCN in (1) X H C N  = 

mol of NO formed by HCN oxidation 
rnol of HCN oxidized (2 )  +NO = 

Table 1. Chemical Composition of Limestones* 

Chemical Composition (wt. %I 
Limestone No. co2 SiO, A 2 0 3  Fez03 CaO MgO Other 
Faxe Bryozo 1 43.6 0.45 0.10 0.08 55.1 0.43 0.24 
Stevns Chalk 2 43.6 0.36 0.07 0.04 55.2 0.29 0.44 
Koping Fine 3 40.0 4.0 0.9 0.9 51.0 1.3 1.9 
Faxe Bryozo Fe 4 43.4 0.55 0.11 0.58 54.8 0.31 0.25 
Ignaberga 5 40.1 8.33 0.39 0.22 49.8 0.55 0.61 
Gotland 6 41.5 3.33 1.27 0.65 50.7 1.37 1.18 
Chichibu 7 43.3 0.60 0.80 0.30 54.3 0.67 0.03 

*The composition of limestone 1, 2, and 4-6 from Dam-Johansen and 0stergaard (19911. The composition of limestone No. 3, Koping Fine, from 
Mjornell et al. (1991). The composition of No. 7, Chichibu, was recalculated from Shimizu et al. (1993). 
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Table 2. Physical Characteristics for Calcined Limestones* 

Limestone 1* * 2** 3' 4* * 5** 6' 7t 
Specific surface (m2/g) 14.3 17.0 9.34 18.2 17.0 23.7 16.2 
Macropore vol. (mL/g) 0.55 0.37 0.15 0.17 - - - 

- - Micropore vol. (mL/g) 0.24 0.21 0.25 0.18 
Total pore vol. (mL/g) 0.79 0.58 0.26 0.40 0.35 0.23 0.12 

- 

- - Macropore radius (nm)tt 400 500 -* 400 
Micropore radius (run)'' 35 27.5 27.5 25 
Particle density (g/mL) 0.90 1.09 1.32 1.20 1.54 1.49 1.54 

- 
- - - 

*For limestones 1. 2, 4 and 5, the calcination was performed at 1123 K in a flow with 4 vol. % 0, and 10 vol. % CO,, Dam-Johansen (1987) and van 
der Lans (1994). For limestones 3, h and 7, the calcination was performed at 1,123 K in a flow of N,. 

'From Hg-porosimetry. 
**BET area. 

ttThe stated values are mean Dore radii obtained from the Dore-size distribution. 
*Not stated. 

2 4mol of N,O formed by HCN oxidation) 
mol of HCN oxidized 4 N z 0  = 

Influence of Temperature. Figure 3 shows the outlet con- 
centrations of CO, , CO, NO, and N,O as a function of tem- 
perature, with Stevns Chalk as catalyst. At each temperature 
level the effect of 175 ppmv NO on the inlet gas was investi- 
gated. The same data are plotted as conversion of HCN and 
selectivities for NO and N,O in Figure 4. The catalytic effect 
of calcined Stevns Chalk, which appears from a comparison 
with the results from the empty reactor is significant (Figure 
2). The conversion of HCN is 65% at 823 K, increasing to 
100% at temperatures above 973 K, and the NO selectivity 
increases from about 25% at 823 K to 64% at 1,173 K. The 
NO selectivity is lower when NO is present in the inlet gas, 
but the difference is reduced with a rising temperature. The 
NO selectivities reported here are in fair agreement with the 
values reported by de Soete and Nastoll (1991) and Shimizu 
et al. (1993, 1994). Interestingly, significant amounts of N,O 
are formed at low temperatures. A maximum of almost 17 
ppmv is formed at 923 K, and with 175 ppmv NO present in 
the inlet gas, almost 30 ppmv is formed, which corresponds to 
selectivities of 12% and 23%, respectively. At high tempera- 

(3) 

The calculated conversion of HCN was based on the mea- 
sured outlet concentrations of CO and CO,. The N,O selec- 
tivity is calculated from Eq. 3 also when NO is present in the 
inlet gas, even though one of the N atoms in N,O may come 
from NO in the inlet gas. All the results are presented as 
measured values, except if specifically stated otherwise. 

Experimental Results 
HCN Oxidation over calcined limestone 

Faxe Bryozo and Stevns Chalk were tested in the study of 
HCN oxidation over calcined limestone. The conversion of 
HCN in the empty reactor was first investigated to be able to 
interpret the results with limestone in the reactor with greater 
confidence. 

The reactor is 
designed to minimize homogeneous reactions, but some oxi- 
dation of HCN does take place in the empty reactor. Figure 2 
shows the influence of temperature on HCN oxidation in the 
empty reactor. At each temperature level the influence of 
175 ppmv NO was tested. The presence of NO did not influ- 
ence the oxidation of HCN and the formation of CO and 
CO, significantly, and only one set of curves for HCN con- 
version and CO and CO, is shown. The conversion of HCN 
increases from about 7% at 873 K to 42% at 1,173 K. With- 
out NO in the inlet gas, the NO and N,O outlet concentra- 
tions reach 40 ppmv and 8 ppmv respectively, at 1,173 K. The 
N,O outlet concentration is higher with NO in the inlet gas 
than without NO present, which is consistent with the homo- 
geneous reaction (Glarborg and Miller, 1994): 

Oxidation of HCN in the Empty Reactor. 

240 (loo 

40  

20 

0 
200 

An increase in the CO outlet concentration (not shown in 
Figure 2) was also observed in the presence of NO, which 
supports that Reaction R2 was taking place. In most of the 
experiments with limestone the Ox concentration was lower 
than that used in the experiments in Figure 2, and so the 
conversion in the empty reactor will be lower than shown in 
Figure 2. The reactions with nonlinear rate expressions are 
complex, and the results with limestone in the reactor have 
not been corrected for the reactions in the empty reactor. 

960 1000 1100 1 
Temperature (K) 

Figure 2. Influence of temperature and NO and HCN ox- 
idation in the empty reactor. 
Flow rate: 1748 NmL/min. Inlet concentrations: 2!30 ppmv 
HCN, 1 vol. % O,, 0.0 and 175 ppmv NO. 0: CO; 13 : CO,; 
A : NO; 0: N,O *: 10; 0: NO (175 ppmv NO in); : N,O : 10 
(175 ppmv NO in); A : XHCN. 
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dation over calcined limestone. 
Figure 3. Influence of temperature and NO on HCN oxi- 

Flow rate: 1748 NmL/min. Limestone: Stevns Chalk. Mass 
of uncalcined limestone: 0.2451 g. Particle diameter: 
0.25-0.3 mm. Inlet concentrations: 290 ppmv HCN, 1 vol. % 
O,, 0.0, and 175 ppmv NO. 0 :  CO,; 0: CO: 10; A :  NO; 
0: N20*10;  0: NO (175 ppmv NO in); m :  N 2 0 *  10 (175 
ppmv NO in). 

tures, however, the N,O selectivity is close to zero. It is known 
that N,O decomposes over calcined limestone (Iisa et al., 
1991; Shimizu and Inagaki, 1993; Hansen and Dam-Johan- 
sen, 1993; Johnsson et al., 1997). Calculation of the intrinsic 
N,O selectivity was attempted by correcting for N,O decom- 
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Figure 4. Influence of temperature and NO on HCN oxi- 
dation over calcined limestone. 
Flow rate: 1,748 NmL/min. Limestone: Stevns Chalk. Mass 
Of uncalcined limestone: 0.2451 g. Particle diameter: 
0.25-0.3 mm. Inlet concentrations: 290 ppmv HCN, 1 vol. % 
02, 0.0 and 175 ppmv NO. 0 NO; 0 :  NO (175 ppmv NO 
in); A : N 2 0 ;  0: N 2 0  (175 ppmv NO in); H : N,O (175 ppmv 
NO in) corrected; 0: HCN conversion. 

position over the limestone, as described in detail elsewhere 
(Jensen, 1996). The corrected N,O selectivity is shown in Fig- 
ure 4 for the case with NO in the inlet gas. It can be seen 
that the intrinsic N,O selectivity is significantly higher than 
the observed N,O selectivity, indicating that N,O decomposi- 
tion over limestone is important. However, even the intrinsic 
selectivity decreases with increasing temperature, which is in 
agreement with the observations of Shimizu et al. (1993). 

Influence of 0, Concentration. Experiments were per- 
formed at 1025 K with Stevns Chalk to test the influence of 
0, and NO on HCN oxidation. Figure 5 shows the influence 
of 0, with and without 520 ppmv NO in the inlet gas. In the 
absence of NO, the conversion of HCN increases from about 
70% at 300 ppmv 0, to 100% for 0, concentrations above 1 
vol. %. The selectivity for NO formation increases from 15% 
to 56% when the 0, concentration increases from 300 ppmv 
to about 3 vol. %. The selectivity for N,O formation in- 
creases from 2% at 300 ppmv 0, to a maximum of 6-8% at 
2,000 ppmv 0, and then decreases with increasing 0, con- 
centration. The HCN conversion with NO present is slightly 
higher than without NO when the 0, concentration is below 
1 vol %. The selectivity for NO formation is negative at low 
0, concentration and lower than without NO in the inlet, 
indicating that NO is reduced by HCN. Part of the NO is 
reduced to N,O as shown by the higher N,O selectivity with 
NO in the inlet. Experiments without NO in the inlet gas 
were also performed with Faxe Bryozo at 1,015-1,167 K, and 
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Figure 5. Influence of 0, and NO on oxidation of HCN 
over calcined limestone. 
Temperature, 1,025 K, flow rate, about 1,860 NmL/min; 
limestone, Stevns Chalk, mass of uncalcined limestone, 0.25 
g; particle diameter, 0.25-0.3 mm; inlet concentration, 
396-420 ppmv HCN; 0 ,  without NO; A ,  520 ppmv NO. 
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Figure 6. Influence of HCN concentration on HCN oxi- 
dation over calcined limestone. 
Flow rate, 1,770-2,030 NmL/min.; limestone, Faxe Bryozo; 
mass of uncalcined limestone, 0.0656 g; particle diameter, 
0.25-0.3 mm; inlet concentration of 02, 0.52-0.59 vol. %; 
0. 1167 K; 0 ,  1,117 K; A 1,015 K. 

the results werc similar to those obtained for Stevns Chalk 
(Jensen, 1996). 

The influence of HCN 
inlet concentration was investigated for Faxe Bryozo at tem- 
peratures of 1,015 K, 1,117 K, and 1,167 K, and the results 
are shown in Figure 6. At 1,117 K and 1,167 K, the conver- 
sion of HCN is close to 100% for all HCN inlet concentra- 
tions. However, the HCN conversion decreases with an in- 
creasing inlet HCN concentration at the low temperature of 
1,015 K, indicating that the reaction order with respect to 
HCN is less than 1. The NO selectivity increases with de- 
creasing HCN inlet concentration and a rising temperature, 
the maximum selectivity being about 60%. The N,O selectiv- 
ity shows the opposite trend and reaches a maximum selectiv- 
ity of 12% at 1,015 K and inlet concentrations above 500 ppmv 
HCN. Shimizu et al. (1993) observed the same influence of 
HCN inlet concentration using limestone 7 (Chichibu) of this 
study. 

In experiments with a 
high HCN concentration surrounding the limestone particles, 
that is, at low 0, concentration, at low temperature and/or 
high HCN inlet concentration, a solid product was sometimes 
formed. This was especially severe in a preliminary study of 
the kinetics of HCN oxidation over calcined Faxe Bryozo 
(Klug and Michelsen, 1992), where the conversion of HCN 
was kept low. The formation of this solid product resulted in 
a transient decrease in the catalytic activity of the limestone 

Influence of HCN Concenhation. 

Formation and Oxidation of CaCN2. 
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throughout an experiment. The phenomenon appeared simi- 
lar to coking of refinery catalyst particles, and sometimes the 
limestone turned black. During combustion of this residue 
CO, CO,, NO, and N,O was formed. An experiment was 
performed where HCN was passed through a bed of calcined 
limestone and the solid product subjected to IR analysis. The 
IR spectrum showed that the solid product was CaCN,, cal- 
cium cyanamide. de Soete and Nastoll(1991) investigated the 
reaction between HCN and calcined limestone but did not 
report the formation of CaCN,. 

The oxidation of CaCN, at 1,023 K was investigated after 
it was formed by reacting HCN with calcined Stevns Chalk 
for a given time. When HCN was removed from the inlet gas, 
0, was added and the solid product burned off. In Figure 7 
the outlet concentrations of CO,, CO, NO and N,O are 
shown vs. time for an experiment with inlet concentrations of 
420 ppmv HCN and 0.5 vol. % 0, in the two periods, respec- 
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Figure 7. Reaction between calcined limestone and 
HCN with subsequent combustion of the reac- 
tion product. 
Temperature, 1,023 K (limestone calcined at 1,123 K); flow 
rate, 1,783 NmL/min; limestone, Stevns Chalk; mass of un- 
calcined limestone, 0.2498 g; particle diameter, 0.25-0.3 mm; 
inlet concentrations, 420 ppmv HCN, 0.5 vol. % 02. 
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tively. When HCN reacts with CaO, that is, in period I, the 
only gaseous products are CO and CO,, with CO, as the 
main product. The formation of CO, indicates that CaCN, is 
formed, for example, according to the overall reaction (Reac- 
tion R3) (Ullman’s Encyclopedie, 1985): 

4HCN (g) + 2Ca0 (s) + 2CaCN, (s) + C (s) 

+ CO, (g) + 2H2 (g). (R3) 

In period I1 HCN is removed and 0, is introduced. In the 
oxidation period the products CO, CO,, N,, N,O and NO 
are formed. The integral NO and N,O selectivities from oxi- 
dation of CaCN,, defined as mole N in NO or N,O formed 
per mole N oxidized, were calculated from four experiments 
at 1,023 K with 0.5-1.0 vol. % 0, in the oxidation period. 
The selectivities were found to be 20-22% for NO and 20-28 
% for N,O. In a single experiment CaCN, was burned in the 
presence of 1,000 ppmv 0, and 550 ppmv NO. In this case 
the NO and N,O selectivities were zero and 40%, respec- 
tively, indicating that part of the NO is reduced to N,O. Fur- 
ther experimental work is required on this matter. 

The reaction between NO and 
HCN over calcined Stevns Chalk was investigated (Figure 8). 
In period I between 180 and 207 min, there is 420 ppmv HCN 
and 280 ppmv NO in the inlet gas. Nitric oxide is reduced to 
about 20 ppmv and the CO and CO, concentrations are 40 
ppmv and 200 ppmv, respectively. The oxygen in these two 
compounds corresponds to 220 ppmv O,, which is more than 
released by reduction of NO. This indicates that some of the 
oxygen comes from CaO and that CaCN, is formed simulta- 
neously. When changing from period I to period I1 at 207 
min, hydrogen cyanide is removed from the inlet gas and the 
NO inlet concentration increases to 300 ppmv due to the 
lower total flow. There is a rapid decrease in the CO and 
CO, outlet concentrations, followed by a slower transient de- 
crease. The NO outlet concentration is initially low and then 
increases slowly, indicating that NO is reduced by a reaction 
with CaCN, formed in the first period. The gaseous products 
are CO and CO, and a very small amount of N,O is also 
formed. In period 111, NO is removed from the inlet gas and 
the remaining CaCN, is burned off. It is interesting that N,O 
is not formed by the reaction between NO and CaCN,. Ni- 
trous oxide is only formed in the presence of 0,, but the 
presence of NO enhances N,O formation. This is similar to 
the formation of N,O from char oxidation (Krammer and 
Sarofim, 1994; Mochizuki et al., 1992). 

Discussion of HCN Oxidation over Calcined Limestone. 
Polyanchikov et al. (1976) proposed a reaction mechanism 
with 15 elementary reactions for formation of CaCN, by the 
reaction between HCN and CaO. The proposed mechanism 
involves adsorption of HCN on CaO and further reaction of 
adsorbed cyano species to finally form CaCN,. The experi- 
mental results showed that CaCN, was formed under condi- 
tions with a high HCN concentration surrounding the lime- 
stone particles even with 0, present. This indicates that the 
first step in oxidation of HCN is adsorption of HCN. Ad- 
sorbed HCN may react either along the path forming CaCN, 
or be oxidized. Once CaCN, is formed it may also be oxi- 
dized to gaseous products. Under conditions with a low HCN 
concentration the surface coverage of adsorbed cyan0 species 
is low, and consequently the rate of CaCN, formation and its 

Reduction of NO by HCN. 
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Figure 8. Reduction of NO by HCN and over CaCN,. 
Temperature, 1,123 K; flow rate, 1,940 NmL/min (with 
HCN); 1,792 NmL/min (without HCN); limestone, Stevns 
Chalk; mass of uncalcined limestone, 0.2492 g; particle di- 
ameter, 0.25-0.3 mm; period I, 420 ppmv HCN and 280 
ppmv NO; period 11, 300 ppmv NO; period 111, 5,700 ppmv 
0 2 .  

subsequent oxidation is also low. Under these conditions the 
experimental results show that NO and N, are the main 
products, whereas insignificant amounts of N,O are formed. 
Oxidation of CaCN, , on the other hand, leads to significant 
formation of N,O. These steps are shown in Figure 9. The 
steps should not be considered as elementary steps, except 
perhaps €or the adsorption of HCN. The discussion indicates 
that the chemistry of HCN oxidation over calcined limestone 
is complex and consists of a system of both catalytic reactions 
and gas-solid reactions. Further discussion of the mechanism 
of HCN oxidation and a preliminary mathematical model 
based on the reaction steps in Figure 9 is presented else- 
where (Jensen, 1996). 

Oxidation of HCN and simultaneous sulfation 
The seven limestones in Table 1 were tested as catalysts to 

investigate the influence of limestone type on sulfation and 
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Figure 9. Qualitative mechanism for oxidation of HCN 
over calcined limestone. 

oxidation of HCN. Faxe Bryozo and Stevns Chalk were tested 
more systematically for the influence of particle size and NO 
and SO, concentrations. Furthermore, the decomposition of 
sulfated limestone by HCN in the absence of 0, was briefly 
investigated. 

Oxidation of HCN in the Empty Reactor in the Presence of 
SO,. It is known that the presence of SO, influences the 
homogeneous oxidation of HCN (Dam-Johansen et al., 1993) 
and consequently HCN oxidation in the presence of SO, was 
tested in the empty reactor. The conversion of HCN de- 
creased from about 30% at zero SO, concentration to an 
asymptotic level of 17-19% for SO, concentrations above 400 
ppmv. Similarly, the NO selectivity decreased from 32-36% 
to 14-22%, and less than 2 ppmv N,O was formed through- 
out the experiments. 

Description of an Experiment. The conversion of HCN in 
the empty reactor was measured before limestone was added 
to the reactor and calcined in a flow of N,. Then a period 
with HCN oxidation over calcined limestone followed before 
SO, was introduced and the limestone was sulfated. In some 
experiments the effect of removing SO, from the inlet gas 
after sulfation of the limestone was investigated, and the flow 
rate of N, was immediately adjusted to keep the total flow 
constant. The outlet concentrations in a typical experiment 
are shown in Figure 10 as a function of time. The experimen- 
tal conditions are given in the figure caption. Hydrogen 
cyanide was measured with the GC, except in the period when 
the empty reactor was tested. Oxidation of HCN in the empty 
reactor in the presence of SO, was tested from 5 to 55 min, 
period I. A slow transient decrease in the outlet concentra- 
tions is observed, probably due to reaction of HCN with ad- 
sorbed oxygen on the reactor walls. The limestone was cal- 
cined in period I1 from 55 min to 88 min, and no concentra- 
tions are shown for this period. In period 111, oxidation of 
HCN over calcined limestone starts at 89 min. The conver- 
sion of HCN and the NO selectivity are about 80 and 62%, 
respectively, and the N,O selectivity is almost zero. In period 
IV, SO, was added to the inlet gas and the limestone was 
sulfated. The outlet HCN concentration increased and the 
outlet concentrations of CO, and NO decreased, indicating 
that the rate of HCN oxidation decreased. On the other hand, 
the concentrations of CO and N,O increased, partly because 
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CaSO, has a lower catalytic activity than CaO for CO oxida- 
tion (Dam-Johansen et al., 19931, and N,O decomposition 
(Shimizu and Inagaki, 1993; Johnsson et al., 1997). When SO, 
was removed after 208 min, period V, the rate of HCN oxida- 
tion increased, as seen from the decreasing outlet concentra- 
tion of HCN and increasing CO, and NO outlet concentra- 
tions. Lin et al. (1994) investigated NH, oxidation over lime- 
stone 1 and 2 of this study during simultaneous sulfation. As 
discussed in the introduction, the catalytic activity decreased 
with increasing degree of sulfation, as observed for HCN oxi- 
dation in this study, but the activity of the completely sul- 
fated limestone for NH, oxidation was almost negligible. 
Furthermore, Lin et al. (1994) found no change in the activity 
when removing SO, from the inlet gas, as opposed to this 
study where a significant effect is seen. The results indicate 
that the mechanisms for the catalytic oxidation of HCN and 
NH, are different. 

. 

4 
i 
- 
Q 
0. 

0 z 

v 

1 

I I  5-  

0 

20 - 
80 - 
40 - 

-- 
o h  I I 

n 
I I  I 

I I 
30 

W 

I 10 0 
U 

> 
k 150 

I I I 
0" 5 0 1 1 L i  I I I I 

I I I 
I I 

0 50 100 150 200 2t 
Time (min) 

" 0 1  
0 

Figure 10. Example of an experiment with simultaneous 
sulfation of limestone and oxidation of HCN. 
Temperature, 1,123 K, flow rate, 2,000 NmL/niin; lime- 
stone, Stevns Chak, mass of uncalcined limestone, 0.2501 
g; particle diameter, 1.7-2.0 mm; inlet concentrations in 
period IV, 296 ppmv HCN, 1,460 ppmv SO,, 4,800 ppmv 
0 2 .  
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Influence of Limestone Type. Figure 11 shows the results 
of HCN oxidation over seven different limestones. The con- 
version of HCN decreases with increasing degree of sulfa- 
tion, but for Stevns Chalk, limestone 2, the decrease is only 
from 98% to 92%. The selectivity for NO formation over the 
calcined limestones, that is, at zero degree of sulfation, is 
almost the same for all samples and in the range 50-60%. A 
small difference between different limestone types with re- 
spect to NO selectivity was also observed by Shimizu et al. 
(1994). Figure 10 shows that the rate of NO formation de- 
creases during sulfation, which is expected since the rate of 
HCN oxidation decreases. Figure 11 shows that the NO se- 
lectivity also decreases with an increasing degree of sulfation. 
It is interesting that the NO selectivities from HCN oxidation 
over the sulfated limestones are all in the range of 22-26%. 
This suggests that CaSO, is responsible for the catalytic ac- 
tivity and not impurities in the limestones, because the level 
of impurities is different in the different types of limestone. 
The N,O selectivity increases from almost zero to about 10% 
over the fully sulfated limestones. This value may be consid- 
ered as the intrinsic selectivity for N,O formation because 
the catalytic activity for N,O decomposition over sulfated 
limestone is negligible (Shimizu and Inagaki, 1993; Johnson 
et al., 1997). 

Hansen and Dam-Johansen (1993) showed that for the re- 
duction of NO by CO over limestone during sulfation the 
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Figure 11. Oxidation of HCN over seven different lime- 
stones during simultaneous sulfation. 
Limestone numbers refer to Table 1. Temperature 1,123 
K flow rate, 1,790 NmL/min; mass of uncalcined lime- 
stone, 0.25 g; particle diameter, 0.25-0.3 mm; inlet con- 
centrations, 286 ppmv HCN, 1,430 ppmv SO,, 4,300 ppmv 
0 2 .  

catalytic activity could be ranked according to the sulfur cap- 
ture capacity of the limestones. This conclusion seems to hold 
only partly for HCN oxidation. The present results show that 
the loss of catalytic activity during sulfation is lowest for 
Stevns Chalk, which has the highest sulfur capture capacity. 
There is no clear relation between sulfur capture capacity 
and catalytic activity for the six other limestones. The small 
decrease in catalytic activity for Stevns Chalk is probably 
partly because pore blocking is less severe for this very porous 
limestone as shown by Dam-Johansen (1987). However, Lin 
et al. (1994) showed that Stevns Chalk loses most of its cat- 
alytic activity for oxidation of NH, upon sulfation. Therefore, 
pore blocking cannot be the only explanation for that obser- 
vation, since this effect should be similar for NH, and HCN. 
A possible explanation could be that CaSO, is not a catalyst 
for NH, oxidation but an activity catalyst for HCN oxidation. 

The influence of particle size is 
shown in Figure 12 for Stevns Chalk. The conversion of HCN 
is lower for the large particles, which indicates increasing ex- 
ternal and internal mass-transfer limitations. Calculations in- 
dicate that the reaction rate is strongly limited by the rate of 
external mass transfer even for the small particle size at low 
degrees of sulfation. The catalytic activity decreases to a 
greater extent for the large particles during sulfation, which 
may be attributed to more severe pore blocking. The NO se- 
lectivity is apparently not influenced by the particle size; the 

Influence of Particle Size. 
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Figure 12. Influence of particle diameter on oxidation of 
HCN during simultaneous sulfation. 
Temperature, 1,123 K, flow rate, 1,790-2,000 NmL/min; 
limestone, Stevns Chalk; mass of uncalcined limestone, 0.25 
g; inlet concentrations, 290 ppmv HCN, 290 ppmv SO,, 
1,450 ppmv 0,, 4,300-4,700 ppmv. a: 0.25-0.30 mm; b: 
0.85-1.0 mm; c: 1.7-2.0 mm. 
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differences are probably within the experimental uncertainty. 
The slightly higher N,O selectivity for the large particles is 
possibly caused by a higher HCN concentration within the 
particle layer resulting in a higher N,O production, either by 
HCN oxidation over CaO or by reduction of NO over CaSO,, 
as will be shown later. Similar results were obtained for Faxe 
Bryozo (Jensen, 1996). 

Influence of NO. The influence of 430 ppmv NO was 
tested with Stevns Chalk and Faxe Bryozo for three different 
particle sizes. The results for Stevns Chalk are shown in Fig- 
ure 13. The presence of NO does not influence the conver- 
sion of HCN due to the relatively high concentration of 0,. 
In comparison with Figure 12, it appears that the NO selec- 
tivity is lower in the presence of NO. Furthermore, the selec- 
tivity for NO formation decreases with increasing particle size. 
The N,O selectivity increases with increasing conversion of 
the limestone and the final level is 25-30%, that is, 2.5-3 
times higher than in the absence of NO. The N,O selectivity 
is higher for the large particles throughout most of the exper- 
iment. The lower NO selectivity and higher N,O selectivity in 
the presence of NO indicates that NO participates in N,O 
formation, most likely over CaSO,. Similar results were ob- 
tained for Faxe Bryozo (Jensen, 1996). 

Experiments were carried out with a 
lower SO, concentration of about 540 ppmv, compared to 

Influence of SO,. 
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Figure 13. Effect of particle diameter and NO on HCN 
oxidation during simultaneous sulfation. 
Temperature, 1,123 K flow rate, 2,000 NmL/min; lime- 
stone, Stevns Chalk; mass of uncalcined limestone, 0.25 g; 
inlet concentrations, 290 ppmv HCN, 1,450 ppmv SOz, 
4,800 ppmv 0,, 430 ppmv NO. a: 0.25-0.30 mm; b: 0.85-1.0 
mm; c: 1.7-2.0 mm. 
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Figure 14. HCN oxidation during simultaneous sulfation 
at a low SO, concentration. 
Temperature, 1,123 K flow, 1,770 NmL/min; mass of un- 
calcined limestone, 0.25 g; particle diameter, 0.25-0.3 mm; 
inlet concentrations, 330 ppmv HCN, 540 ppmv SO,, 5,400 
ppmv 0,. a: Stevns Chalk; b: Faxe Bryozo. 

1,450 ppmv used in most of the experiments, to obtain a lower 
rate of sulfation. The results for Stevns Chalk and Faxe Bry- 
ozo are shown in Figure 14. Surprisingly, the conversion of 
HCN decreased only slightly with an increasing degree of sul- 
fation. This is seen most clearly for Faxe Bryozo since for 
Stevns Chalk the decrease in conversion is low even at high 
SO, concentrations. In a similar experiment with Faxe Bry- 
ozo with 1,440 ppmv SO,, the conversion of HCN decreased 
from almost 100% to 70% (see Figure 11). The NO selectivi- 
ties at low SO, concentrations are slightly higher than at high 
SO, concentrations, but the N,O selectivities are similar. 

The influence of the SO, concentration was further inves- 
tigated using Faxe Bryozo. Nitrous oxide was not measured 
in these experiments. Initially, the oxidation of HCN over the 
calcined limestone was tested. The limestone was then sul- 
fated at a high inlet SO, concentration of 1,950 ppmv until it 
was almost completely sulfated, and then the inlet SO, con- 
centration was changed in the following steps: 1,950 -+ 1,450 
-+ 1,OOO -+ 500 + 0 * 500 * 1,950 ppmv SO,. During these 
steps the outlet concentrations of the measured gases changed 
in a slow transient on each change of the SO, concentration 
(Jensen, 1996). This may indicate that some of the CaSO, 
has decomposed to CaO in the periods with a low SO, con- 
centration and that resulfation of CaO takes place when the 
SO, inlet concentration is increased. 

A summary of the influence of SO, on the conversion of 
HCN and NO selectivity is shown in Figure 15. There was a 
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Figure 15. Influence of SO, concentration on oxidation 
of HCN over sulfated limestone. 
Temperature, 1,123 K, flow rate, 1,881 NmL/min; lime- 
stone, Faxe Blyozo; mass of uncalcined limestone, 0.2494 
g; particle diameter, 1-1.7 mm; inlet concentrations, 300 
ppmv HCN, 5400 ppmv 0,. 0 Before sulfation; 0: after 
sulfation. 

high conversion of HCN and a high NO selectivity of 93 and 
73%, respectively, over the calcined limestone. After sulfa- 
tion of the limestone with an SO, concentration of 1,950 
ppmv, the conversion of HCN decreased to about 40% and 
the NO selectivity to less than 30%. A decrease in the SO, 
concentration to 1,450 ppmv and then to 1,000 ppmv did not 
influence the HCN conversion or the NO selectivity signifi- 
cantly. When the SO, concentration was decreased to 500 
ppmv, the HCN conversion and the NO selectivity increased 
to 47 and 38%, respectively, in a slow transient. When SO, 
was removed from the inlet gas, the conversion of HCN in- 
creased to almost 80% and the NO selectivity increased to 
46%. When 500 ppmv SO, was introduced again, the HCN 
conversion and the NO selectivity decreased to 65 and 39%, 
respectively, in a slow transient. The NO selectivities ob- 
tained in the two experiments with 500 ppmv SO, are in 
agreement, but the conversion of HCN in the latter experi- 
ment was significantly higher than in the former. The differ- 
ences in HCN conversion are probably due to the fact that 
steady state was not achieved. When 1,950 ppmv SO, was put 
on the conversion of HCN and the NO selectivity decreased 
to the level observed earlier. It is clear that the SO, concen- 
tration influences both the rate of HCN conversion and the 
NO selectivity, although the results are not easily interpreted 
quantitatively due to the influence of SO, on HCN oxidation 
in the empty reactor. 

Decomposition of CaSO,. In fluidized-bed combustors 
there are zones with very low concentrations of 0, and high 
concentrations of CO and hydrocarbons present (Stubington 
and Chan, 1990; Lyngfelt et al., 1993). The presence of re- 
ducing zones has been shown to be of great importance for 
the capture of SO, by limestone (Hansen et al., 1993). The 
effect of removing both SO, and 0, from the inlet gas but 
retaining HCN was tested in a few experiments to simulate 
reducing conditions. Figure 16 shows the results from an ex- 

periment with Faxe Bryozo Fe (4). The limestone was first 
sulfated for 85 min and the conversion of CaO to CaSO, was 
37%. When SO, was removed after 162 min, period I, HCN 
was simultaneously added to the inlet gas, and in period 11, 
after 176 min, 0, was removed from the inlet gas. The de- 
crease in the total flow by the removal of 0, was not cor- 
rected for, and so the inlet concentration of HCN increased 
from 295 ppmv to 335 ppmv, and the CO, concentration in- 
creased from 255 ppmv to 300 ppmv. The CO concentration 
decreased at first and then increased when 0, was removed. 
The NO concentration decreased quickly at first, but then 
more slowly. The N,O concentration was low throughout the 
experiment and decreased further when 0, was removed. 
There was a peak in the SO, outlet concentration that indi- 
cates the decomposition of CaSO,. Since there was no 0, in 
the inlet, all oxygen in the reaction products must come from 
the decomposition of CaSO,. Both CaO and CaS may be 
products of the decomposition reaction as shown in Reac- 
tions R4 and R5: 
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Figure 16. Decomposition of sulfated limestone 
(CaSO,) by reaction with HCN in the ab- 
sence of 0,. 
Temperature, 1,123 K; flow rate in the presence of 0, 
(period I), 2,000 NmL/min; flow rate without 0, (period 
II), 1,760 NmL/rnin; limestone, Faxe Bryozo Fe; mass of 
uncalcined limestone, 0.2497 g; particle diameter, 
0.3-0.355 mm; inlet concentrations in the presence of O,, 
295 ppmv HCN, 4,800 ppmv 0,; HCN inlet concentration 
without 0,, 334 ppmv. 

3080 November 1997 Vol. 43, No. 11 AIChE Journal 



HCN (8) + 2.5CaS0, (s) + 2.5Ca0 (s) + 1/2H20 (g) SO,. Further conclusions on the mechanisms of HCN oxida- 
tion over limestone during sulfation would require more de- +co, (g) + 1/2N,(g) +2.5So, (g) (R4) tailed experiments. 

HCN (g) + 5/8CaSO, (s) + 5/8CaS (s) + 1/2H20 (g) 

+ CO,(g) + 1/2N,(g). (R5) 

These reactions are thermodynamically possible under the 
present conditions (Jensen, 1996). Figure 16 shows that at 
180 min about 175 ppmv SO, is formed and therefore also 70 
ppmv CO, according to the stoichiometry of Reaction R4. 
The actual CO, concentration at 180 min is about 300 ppmv, 
and consequently decomposition of CaSO, to CaS by Reac- 
tion R5 also takes place forming 230 ppmv CO,. Similar re- 
sults were obtained for Faxe Bryozo (Jensen, 1996). 

Discussion of' HCN Oxidation over Limestone During Simul- 
taneous Sulfation. The experiments with simultaneous HCN 
oxidation and sulfation of limestone were carried out under 
conditions at which CaCN, is not formed, and CaCN, is left 
out of the following discussion. 

During sulfation of the particles a layer of CaSO, builds 
up from the outer surface of the particle progressing inwards. 
The sulfation influences the reaction in two ways. The origi- 
nal catalyst CaO is converted to CaSO, and the pores of the 
limestone close because the molar volume of CaSO, is larger 
than that of CaO. 'The pore plugging reduces the surface area 
available for reaction and the effective diffusion coefficient 
for the gaseous reactant resulting in a lower reaction rate. 
Furthermore, it is usually found that the catalytic activity of 
CaSO, is lower than the catalytic activity of CaO (Jensen, 
1996). The experimental results show that the catalytic activ- 
ity of limestone decreases during sulfation, which is in line 
with the general observations discussed earlier. However, the 
influence of SO2 on HCN oxidation is surprising because such 
effects have not been observed when NH, is oxidized over 
limestone during sulfation (Lin et al., 1994). The effect of 
SO, is discussed further below. 

The catalytic activity of sulfated limestone decreases with 
an increasing SO, concentration up to about 1,000 ppmv and 
then reaches an asymptotic level. This behavior indicates a 
competition between HCN and SO, for active sites. The fact 
that by increasing the SO, concentration the catalytic activity 
decreases asymptotically to a nonzero level, which is higher 
than in the empty reactor, may be explained if there are two 
different types of active sites. On type 1 sites there is a com- 
petition between HCN and SO,, which leads to a decrease in 
HCN conversion with an increasing SO, concentration. At an 
SO, concentration of 1,000 ppmv these sites are completely 
covered by SO,, and HCN is no longer oxidized on these 
sites. On type 2 sites only HCN can adsorb, and so the oxida- 
tion of HCN on these sites is not influenced by SO,. The 
selectivity for NO formation must be higher on type 1 sites 
than on type 2 sites since the NO selectivity increases when 
SO, is removed. The tests with decomposition of sulfated 
limestone showed that CaSO, can decompose to CaO and 
CaS in the presence of HCN when 0, and SO, are absent. 
Furthermore, transient results reported elsewhere (Jensen, 
1996) indicate that CaSO, decomposes to CaO in the pres- 
ence of HCN when SO, is absent even in the presence of 0,, 
indicating that the type 1 sites are CaO. This interpretation is 
in agreement with the higher NO selectivity in the absence of 

Discussion 
In this section the relative importance of homogeneous 

gas-phase oxidation of HCN and heterogeneous catalytic oxi- 
dation of HCN over calcined limestone in combustion sys- 
tems is discussed based on the following simplified assump- 
tions: 

1. The reaction temperature is 1,123 K, relevant for calcin- 
ers and fluidized-bed combustors. 

2. The rate of the catalytic oxidation of HCN is controlled 
by external mass transfer because the reaction is extremely 
fast. As a lower limit for the mass transfer rate a Sherwood 
number of 2 is used. 

3. The rate of the homogeneous oxidation of HCN is based 
on the mechanism of Glarborg and Miller (19941, and in- 
cludes the following reactions: 

H C N + O e N C O + H  (R6) 

HCN +O e CN+OH (R7) 

HCN + 0 P NH + CO (R8) 

HCN+OH P HOCN+H (R9) 

HCN + OH e HOCN + H (R10) 

H C N + O H S H N C O + H  (R11) 

HCN + OH P NH, + CO. (R12) 

Only the forward reactions, that is, HCN destruction, are in- 
cluded. 

Based on assumption 2 the rate of heterogeneous HCN 
oxidation is 

12 -pus D mol 
rhef = ~ * C H C N  = het ' cHCN ~- , (4) 

d;*Pp m3 gasss 

where p,, is the particle suspension density of limestone in 
the reactor; D is the molecular diffusion coefficient of HCN 
in N,; dp is the particle diameter; and pp is the particle den- 
sity, assumed here to be 1,000 kg/m3 for CaO. The molecular 
diffusion coefficient of HCN in N, was estimated to be 1.68 
x lo-, m2/s at 1,123 K (Reid et al., 1987). 

From assumption 3, the rate of homogeneous HCN oxida- 
tion is the sum of the rates of Reactions R6-Rl2: 

mol 
m3 gases = khom* c H C N  -- , ( 5 )  

where khom,i is the rate constant for the ith homogeneous 
reaction, and C, is the concentration of the radical, that is, 
0 for reactions R6-R8 and OH for Reactions R9-Rl2. 

For a quantitative assessment of the relative importance of 
homogeneous and heterogeneous reactions, a complete reac- 
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tor model would be necessary. This is outside the scope of 
the present work. Instead a qualitative comparison will be 
made based on khet and khom defined in Equations 4 and 5, 
respectively. To estimate the rate of the homogeneous reac- 
tions, the radical concentrations are needed. Based on calcu- 
lations with a comprehensive model for a circulating FBC 
(CFBC), Goel et al. (1996) found a maximum concentration 
of about 230 ppmv OH and 100 ppmv 0 close to the bottom 
bed with a rapid decrease at higher levels. In the present 
calculations it will be assumed that the concentration of 0 
and OH is the same. An upper limit of 100 ppmv is used for 
the radical concentration because more than 80% of the ho- 
mogeneous destruction of HCN is by reaction with 0 radi- 
cals. Reaction R6 is the most important reaction of HCN with 
OH radicals, and about 16% of the HCN is destroyed by this 
reaction. 

Figure 17 shows a plot of khet and khom as a function of 
the solids density for different particle sizes and radical con- 
centrations. Calciners typically operate with particles with di- 
ameters in the 50-100-pm range or less, and suspension den- 
sities of 0.1 kg/m3 to 2 kg/m3. It can be seen from Figure 17 
that the heterogeneous oxidation of HCN is very important 
in this case due to the small particle size, and the homoge- 
neous reactions are only important at the highest radical con- 
centration of 100 ppmv. In CFBCs with limestone feed, the 
suspension density varies from about 500 kg/m3 in the bot- 
tom to 10-20 kg/m3 in the top of the riser, and the particle 
size is less than 1 mm. Figure 17 shows that in the bottom the 
heterogeneous reactions are important due to the high sus- 
pension density, while at the top the homogeneous reactions 
are not important due to the low radical concentrations when 
the volatiles’ combustion is complete. The conclusion is that 
the heterogeneous destruction of HCN is important in calcin- 
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khet and khom defined in Eqs. 4 and 5, re- 
spectively, as a function of the suspension 
density of calcined limestone at 1,123 K. 
0 :  d ,=  SO pm;  0 :  d ,=  100 p m ;  a: d ,=  1,000 pm; 0: 
C R =  0.1 ppmv; H :  C R =  1 ppmv; A :  C R =  10 ppmv; +:  
C ,  = 100 ppmv. 

ers and the fluidized-bed combustor with limestone addition. 
Without limestone addition, heterogeneous HCN oxidation 
may still be important if the coal ash has a high catalytic 
activity. Under pulverized coal combustion/reburning condi- 
tions the temperature is higher than 1,123 K. Simulations of 
CO oxidation (2 vol. % CO; 4 vol. % 0,) at 1,400 K using a 
detailed kinetic model of Glarborg et al. (1997) indicate that 
the maximum concentrations of 0 and OH are above 1,000 
ppmv, and at these levels HCN is destroyed very quickly. Since 
the solids concentration under pulverized coal/reburning 
conditions is even lower than in calciners, heterogeneous re- 
actions are probably of low importance in these systems. 

Conclusions 
The results obtained in this study may help to improve the 

understanding of the nitrogen chemistry in coal combustion 
processes where significant concentrations of solid calcium 
species, such as fluidized bed combustors and calciners, are 
present. It was shown that: 

HCN is oxidized catalytically over CaO or reacts with 
CaO in a gas-solid reaction to form CaCN, depending on 
the conditions. A high HCN concentration, a low 0, concen- 
tration, and a low temperature favor the formation of CaCN,. 
Once formed, CaCN, can be oxidized to CaO and gaseous 
products. The nitrogen in CaCN, is oxidized to N,O and NO 
with selectivities of 20-28% and 20-22%, respectively, under 
the experimental conditions employed. 

The NO selectivity from HCN oxidation over calcined 
limestone increases with a rising temperature, an increased 
0, concentration, and a decreasing HCN concentration. The 
maximum NO selectivity is of the order of 50-70%. At low 
0, concentrations, or in the absence of 0,, NO is reduced 
by HCN over CaO and by a gas-solid reaction with CaCN,. 
In the absence of 0,, only N, is formed by NO reduction, 
but with 0, present, part of the NO is reduced to N,O. 

The selectivity for N,O formation from HCN oxidization 
over calcined limestone under conditions where CaCN, is not 
formed is below about 5%. At low temperatures the observed 
N,O selectivity shows a maximum as a function of the 0, 
concentration, under the present experimental conditions at 
about 300-1,000 ppmv 0,. A similar maximum is observed as 
a function of temperature at about 873 K. Under these con- 
ditions CaCN, is formed and there are indications that the 
maximum rate of N,O formation occurs when CaCN, is si- 
multaneously formed and oxidized at a significant rate. It was 
observed that the presence of NO in the inlet gas enhances 
N,O formation. 

The catalytic activity of limestone for HCN oxidation de- 
creases with an increasing degree of sulfation. The limestone 
with the highest sulfur capture capacity had the highest cat- 
alytic activity after sulfation. 

The catalytic activity of sulfated limestone depends on 
the SO, concentration, and it decreases to a nonzero level 
with an increasing SO, concentration. This indicates that 
HCN is oxidized on two different types of active sites. On 
type 1 there is competition between HCN and SO,, and as a 
consequence the catalytic activity decreases with an increas- 
ing SO, concentration. On type 2 sites only HCN adsorbs 
and so the reaction rate on these sites is independent of the 
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SO, concentration. It is possible that the type 1 site is CaO, 
formed by reductive decomposition of CaSO, even in the 
presence of 0,. 

The selectivity for NO formation decreases with an in- 
creasing degree of sulfation of the limestone, and the selec- 
tivity for NO formation over the fully sulfated limestone is 
not significantly influenced by the type of limestone. When 
NO is added to the inlet gas, the NO selectivity decreases, 
showing that NO is reduced by HCN over CaSO,. The selec- 
tivity for N,O formation when HCN is oxidized increases with 
an increasing degree of sulfation and is higher in the pres- 
ence of NO. 

CaSO, decomposes to CaO and CaS by a fast reaction 
with HCN in the absence of 0, and SO,. 

Simplified calculations indicate that the heterogeneous 
catalytic oxidation of HCN over calcined limestone is impor- 
tant in calciners and in fluidized-bed combustors with lime- 
stone addition or if the ash has a high catalytic activity. The 
importance of heterogeneous reactions for HCN destruction 
under pulverized coal combustion/reburning conditions is 
probably low. 
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