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A single-pellet, moment technique is presented for evaluating reac- 
tion rate constants, effective diffusivities, and adsorption equilibrium 
constants for gas-solid noncatalytic reactions. Experimental pulse- 
response data for the reaction of SO, with activated soda at 473 K were 
obtained to illustrate the method. The results show that intraparticle dif- 
fusion is the controlling mechanism for this reaction. The value of the 
Thiele modulus for axial transport was found to be 8.6 for a cylindrical 
pellet of porosity 0.56, tortuosity 2.3, and length 3 x lo-' m. 
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SCOPE 
Effective diffusivities of reactant and products, ad- 

sorption equilibrium and reaction rate constants are 
essential for the design of fluid-solid, noncatalytic 
reactors. The single-pellet, moment technique has 
been shown to be a valuable tool for evaluating effec- 
tive diffusivities and adsorption parameters in porous 
solids (Dogu and Smith, 1975, 1976). One of the objec- 
tives of this work was to extend the application of the 
technique to reaction systems. The experimental pro- 
cedure consists of introducing a pulse of reactive gas 
to one end face of a porous, cylindrical pellet of solid 
reactant and measuring the concentration vs. time re- 

sponse peak leaving the other end face. Moments of 
these response peaks are then equated with model 
equations for the moments in order to evaluate the rate 
and equilibrium parameters. 

A gas-solid reaction that also has some potential for 
removal of SO, from flue gases is the SO,-sodium car- 
bonate system. When sodium bicarbonate is heated to 
about 473 K, a porous activated soda is produced that 
reacts rapidly with SO, (Marecek et al., 1970; T. Dogu, 
1984). Pulse-response data were measured for this 
system to illustrate the method and to obtain values for 
reaction rate and diffusion parameters. 

CONCLUSIONS AND SIGNIFICANCE 

This work has demonstrated that gas-solid reaction 
rate constants together with effective diffusivities and 
adsorption equilibrium constants of reactant and prod- 
ucts can be determined by the single-pellet, moment 
technique. Such results were obtained for the gas-solid 
reaction of SO, with activated soda at 473 K. The value 
of the Thiele modulus, determined from the first mo- 
ment of the response curve of the product gas (CO,), 
was 8.6 for a pellet of porosity 0.56 and length 3 x lo-' 
m. The tortuosity factor of the pellet evaluated from 
inert tracer runs was 2.3. The adsorption equilibrium 
constant and effective diffusivity of CO, (in helium) 
were p,K, = 0.14 and D, = 0.22 x 

The effective diffusivity of the reactant gas (SO,) 
rn'ls. 

was evaluated from the ratio of zeroth moment of the 
product (CO,) response, in the reaction runs and the 
CO, response for the adsorption runs. The result, D," = 

0.23 x m2/s, is larger than expected for pore-vol- 
ume diffusion. Assuming that the discrepancy is due to 
surface diffusion of SO,, this mechanism could contrib- 
ute about 20% to the total diffusive flux in the pellet. 

By carrying out the pulse-response experiments for 
two pellets of different lengths but with the same por- 
osity, dead volume effects were eliminated. Analyzing 
the difference between the first moments for the two 
pellets gave more accurate values for the rate parame- 
ters than data for one pellet alone. 
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Introduction 
Dynamic methods for the evaluation of rate and equilibrium 

parameters such as mass transfer coefficients, diffusivities, and 
adsorption rate constants are well established. The moments of 
the response curves to pulse inputs have been extensively used in 
the analysis of packed bed systems (Schneider and Smith, 1968; 
Hashimoto and Smith, 1973; Haynes and Sarma, 1973; Hsu and 
Haynes, 198 1). The single-pellet, moment technique, which 
eliminates axial dispersion, has been used successfully for the 
evaluation of effective diffusivities, adsorption equilibrium, and 
rate constants in catalyst pellets with monodisperse and bidis- 
perse pore structure (Dogu and Smith, 1976; Dogu and Ercan, 
1983; G .  Dogu, 1984). 

The objective of the present research is to show that the sin- 
gle-pellet, moment technique also czn be used for the rapid mea- 
surement of reaction rate constants, effective diffusivities of 
reactant and products, and adsorption parameters in gas-solid 
noncatalytic reactions. To demonstrate the method, experimen- 
tal data were measured and analyzed for the reaction of sulfur 
dioxide with activated soda pellets. 

Solid carbonates are frequently used for removal of SO2 from 
flue gases (Hartman, 1978). Activated soda has been reported 
to react rapidly with sulfur dioxide, even at  temperatures as low 
as 423 K (Marecek et al., 1970 T. Dogu, 1984). Almost com- 
plete conversion of Na2C03 to the reaction products was 
reported. On the other hand, much lower conversion levels were 
obtained when limestones or dolomites were used for controlling 
SO, emission. This perhaps due to the pore-mouth closure and 
diffusional limitations in these reactions (Hartman and Cough- 
lin, 1974; T. Do&, 1981; Orbeyet al., 1982). 

When sodium bicarbonate is heated to a temperature of about 
373 to 473 K it decomposes rapidly, forming a porous product 
called activated soda. The reaction is 

2 NaHCO, ==+ Na,CO, + CO, + H 2 0  [ R l ]  

It is believed that the activation procedure has a significant 
effect on the pore structure and consequently on the activity of 
soda toward SO,. The effects of temperature, gas composition, 
and the mechanism of the sorption reaction of SO, on activated 
soda are not well understood (Marecek et al., 1970; Genco and 
Rosenberg, 1976; Neuzil and Prochaska, 1978; T. Dogu, 
1984). 

Experimental 
In this work, the dynamic version of the Wicke-Kallenbach 

diffusion cell was used. The details of the cell have been reported 
elsewhere (Do& and Smith, 1975). Helium was used as the car- 
rier gas flowing over the end faces of a cylindrical soda pellet. 
Nitrogen, carbon dioxide, and sulfur dioxide were used as  the 
inert, adsorptive, and reactive tracers and were introduced as 
pulses into the stream entering the upper chamber. In the inert 
(N,) and adsorbtive (CO,) tracer runs, the response peaks mea- 
sured at the outlet of the stream leaving the lower chamber were 
analyzed for the evaluation of the effective diffusivities and 
adsorption parameters. Jn the case of reactive (SO,) tracer runs, 
sulfur dioxide reacts with activated soda and gives Na,S03 (in 
the absence of oxygen) according to the reaction 

Na2C03 + SO2 - Na2S0,  + C 0 2  IR21 

Part of the carbon dioxide generated by this reaction leaves the 
pellet from the lower face and is detected a t  the exit of the lower 
flow stream. A set of initial experiments was carried out, intro- 
ducing pulses of SO, in the stream fed to the upper chamber, to 
determine the composition of the response peak. The pulse vol- 
ume was 5 x 1 0-6 m3. The effluent from the lower chamber was 
analyzed in a gas chromatograph using a Poropak Q column to 
separate C02 and SO2. The results showed that the concentra- 
tion of SO, leaving the lower chamber was below the limits of 
detection so that the response peak consisted only of the product 
gas (CO,). This indicates that reaction step R2 is fast compared 
to diffusion in the pellet. After these initial experiments, the 
Poropak Q column was removed from the system and the 
response peaks of product (CO,) were measured with a thermal- 
conductivity detector. Data were obtained for a series of lower 
stream Row rates. The response peaks were then analyzed for 
the evaluation of the rate parameters for the reaction system. 

Soda pellets were prepared from sodium bicarbonate powder 
(Mallinckrodt AR 99.7% pure). The weighed dry powder was 
first moistened by contacting with saturated air in a desiccator 
for 2 h. Then cylindrical pellets of 3 x and 1.3 x lo-, m 
length and 1.35 x lo-, m dia. were prepared. These pellets were 
dried for 24 h at  313 K, and placed into the diffusion cell. The 
details of the experimental system are  shown in Figure 1. The 
diffusion cell was placed in a constant-temperature oven and the 
pellets activated a t  473 K for 2 h while helium was flowing past 
the upper and lower faces of the pellet a t  a rate of 8 x m3/s. 
The pore-volume distribution of the sodium bicarbonate and the 
activated soda pellets are given in Figure 8. The total porosity 
and the apparent density of the activated pellet are 0.56 and 
1.07 x 10’ kg/m3, respectively. After the activation step, pulse- 
response experiments were conducted a t  different lower stream 
flow rates a t  473 K. The flow rate of the upper stream was kept 
constant a t  a high value (8 x m3/s at  2S°C, 1 atm [101.3 
kPa]) during all experiments. The pressure was maintained the 
same on both sides of the pellet to eliminate convective transport 
through the pellet. The pressure difference was observed with a 
manometer. After obtaining equal pressures, the manometer 
was disconnected prior to pulse injection to eliminate any addi- 
tional contribution to the dead volume. 

The experimental first-moment values evaluated from the 
measured response peaks contain contributions from lower and 
upper dead volumes. To eliminate these effects, pulse-response 
experiments were repeated with two pellets of identical physical 
properties but of different lengths (1.3 and 3.0 x lo-, m). Then 
the differences between the first moments obtained with these 
two pellets were used in the evaluation of diffusion and reaction 
rate parameters. The experimental values of the zeroth and first 
absolute moments were determined from the observed response 
peaks using the equations, 

m, = lm c(t) tndr; n = 0, 1 ( 1 )  

r t  = ml/mo (2) 

Theory 

equation for one-dimensional transport through the pellet is 
For a reactive tracer (SO, in this work) the mass conservation 

(3) 
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Here, N i  is the rate 

uu 
Figure 1. The experimental system. 

mass transfer from the pore volume to the 
surface and can be expressed as 

(4) 

The first term on the righthand side of Eq. 4 represents the 
rate of reaction (in this work the rate of R2). There are several 
possible mechanisms for the reaction. One is the reaction of gas- 
eous SO, directly with the solid reactant without prior adsorp- 
tion on the surface. Then k is the reaction rate constant of this 
step. A second possibility is adsorption of SO, followed by a sur- 
face reaction between adsorbed species and the solid. If this 
mechanism is correct, the rate constant k can be expressed as 
the product of surface reaction rate constant and the adsorption 
equilibrium constant, k = k,K, assuming equilibrium adsorption 
(n, = KC,). Equation 4 and consequently the resulting moment 
expressions would be the same for either mechanism. The sec- 
ond term of Eq. 4 gives the rate of change of adsorbed-phase 
concentration (n,) of reactant gas on the solid, assuming a linear 
equilibrium relation between the gas and adsorbed phases. 
Equation 4 could allow for adsorption of SO, on either solid 
phase, Na,CO, or Na,SO,. Then K, would be the sum of adsorp- 
tion equilibrium constants on the solid reactant and solid prod- 
uct. In the literature, the reaction of SO, with activated soda has 
been considered to be an irreversible process under the reaction 
conditions; there seems to be no information available about the 
possible reversible adsorption of SO, on the solid (Marecek et 
al., 1970; T. Dogu, 1984). 

The mass conservation equation for the product gas (CO,) is 

where, 

Equation 6 includes possible adsorption of the product gas 
(CO,) on the solid surface. 

The initial and boundary conditions for Eqs. 3 and 5 for a 
pulse of SO, introduced to the upper chamber ( x  = 0) are 

C , = C , = O  at  t = O  for O < x < L  (7) 

Input pulse: 

c, = Ma(t)  at  x = 0 

In writing boundary conditions, Eqs. 10 and 1 1 ,  complete mix- 
ing in the lower chamber and negligible mass transfer resistance 
between pellet face and gas a t  x = L were assumed. Also the 
accumulation terms in the lower and upper chambers have been 
neglected. The restrictions are approached closely by proper 
design of the apparatus. The catalyst holder was designed to 
minimize the upper and lower volumes between the single pellet 
and the catalyst holder (5 x lo-’ m3). The average residence 
time in the lower chamber varies from 0.25 to 0.06 s. Details of 
the single-pellet reactor and more information about the justifi- 
ciation of assumptions involved in the boundary conditions were 
reported elsewhere (Dogu and Smith, 1975, 1976). A critical 
discussion of these assumptions was reported by Burghardt and 
Smith (1979). For high values of the top stream flow rate, the 
concentration of product in the top stream approaches zero 

First, the species conservation equation for reactant, Eq. 3 
(G --+ 0). 
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with Eq. 4, is solved in the Laplace domain with the boundary 
conditions stated in Eqs. 8 and 10. This solution for is then 
substituted into the Laplace form of Eq. 6. Knowing N :  in terms 
of c, Eq. 5 can be solved in the Laplace domain for the Lapla- 
cian of the concentration of the product. Then, using the rela- 
tion, 

d"C 
m,= (-1)"lim- 

,-o ds" 

theoretical moment expressions for the product and reactant 
peaks are obtained. These theoretical expressions for the mo- 
ments were equated to the experimental moments in order to 
evaluate the rate and equilibrium parameters. Since no reactant 
was detected at  the outlet of the lower chamber, only the 
moment expressions for the product were used. 

In the analysis of the experimental response curves for the 
inert (N2) and adsorption (CO,) pulses, the moment expressions 
reported in the literature (Dogu and Smith, 1976) were used. 
The moment expressions for all three cases, inert, adsorptive and 
reactive tracers, are summarized in Table 1 .  

Results 

Efective difusivity of N2 
Experimental values of the zeroth and first moments were 

computed by numerical integration of the response peaks 
according to Eq. 1. The pulse-response experiments conducted 
with the inert tracer were employed to evaluate the effective dif- 
fusion coefficient and tortuosity of the activated soda pellet. The 
first absolute moment values and their difference for the two 
pellets of identical porosity but different lengths, (pellet 1, L = 

Table 1. Moment Expressions for Single-Pellet System 

System Zeroth Moment, m, First Absolute Moment, pI 

Inert A 
DN~fl 

Equilibrium adsorption A 
7 

A 
FB + - Dcsd L 

m0.c = 

Irreversible reaction A 
with eauilibrium ad- M D$er[FB (sinh aI - a,) 
sorption of reactant s "1 

1 
m0.c = and product c (for 

the product) 1: DseflaI cosh a1 + FB sinh al 

L I '  A 
L 

+ D,,(cos~ - 1 )  

LZ 
2 D.a, +- (cp + ppK3) (General expression) 

(for aI > 7) 

A Irreversible reaction 
with equilibrium ad- M 2 D*q "1 
sorption of reactant s 
and product c (for 
the reactant) 

A 
- Ds,fl a, cosh a, + FB sinh a, 
L 

mo, = 

A 
L 

DssflaI cosh a1 + FB sinh aI FB (sinh a1 - aI) + a, - DseE (cosh aI - 1) 
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3 x m) are plotted in Figure 2. 
By taking differences the correction terms, for example, for 
dead volumes, cancel. Also, the flow rate dependence of the dif- 
ference in first absolute moments is much less than the flow rate 
dependence of the first moment itself. This allows more precise 
evaluation of the effective diffusivity of N2 (in helium) in the 
pellet. The difference of the first moments from the theoretical 
equations (Table 1) for an inert tracer may be expressed as 

m; pellet 2, L = 1.3 x 

For large values of the lower stream flow rate, FB, A P , , ~  
becomes, 

The effective diffusivity of nitrogen was calculated from the 
data in Figure 2 using Eq. 14. The result, which is for 473 K is 
0.26 x 10-4m2/s. 

Eflective diflusivity and adsorption equilibrium 
eonstantfor CO, 

The experimental values of the ratio of the zeroth moment of 
CO, to zeroth moment of N, are given in Figure 3. Since the 
sensitivity of the thermal conductivity detector is different for 
nitrogen and carbon dioxide, calibration runs were conducted to 
determine the relative magnitudes of CO, and N2 peak areas for 
the same amount of tracer. The ratio of the experimental zeroth 
moment values were then corrected with this calibration factor. 
These corrected values, plotted as a function of lower stream 
flow rate in Figure 3, are essentially independent of flow rate 
and scatter around a mean value. The scatter of the ratio of 
zeroth moments is more than the first-moment results. The 
maximum deviation from the mean value of the ratio of zeroth 

1.0 

0.8 

z ; 0.6 
\ 

2. 
0.4 

0.2 
7 8  0 I 2 3 4 5 6  

Lower streom flow rote F~ x to6 m3/s 

Figure3. Ratio of zeroth moments of CO, and N, re- 
sponse curves. 
Pellet length L = 3 x lo-' m. 

moments was found to be 10%. From Table 1 ,  the following 
expression represents this ratio of zeroth moments of CO, and 
N2 

Since the effective diffusivities of nitrogen and carbon dioxide 
are expected to be close, and the experimental values of lower 
stream flow rate were larger than the (A/L)D, ,  terms, this theo- 
retical expression also indicates that the ratio mo,,/m,,N should 
be essentially flow-rate-independent. The effective diffusivity of 
CO, is then evaluated as 0.22 x m2/s, as determined from 
the data given in Figure 3 and using Eq. 15. The experimental 
error involved in this value is less than 10%. This value may be 
checked by noting that the diffusivities should be inversely pro- 
portional to the square root of the molecular weight. Using 
0.26 x m'/s for nitrogen, the diffusivity for C02 is 
expected to be 0.21 x m'/s. This agrees well with the 
experimental value. 

First absolute moments of the response peaks obtained in 
experiments with CO, pulses are reported in Figure 4. Again, in 
order to eliminate the dead volume corrections, the first absolute 
moment values obtained with two pellets of different lengths are 
used in the analysis. The experimental A P , , ~  values are some- 

10 

8 
u) 

0. 

i 6  

4 

2 
0 I 2 3 4 5  6 7 8 

Lower streom flow rote F, x 10' m3/s 

Figure 4. First absolute moment values of CO, tracer for 
pellets of different lengths. 
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what larger than the AplL values predicted from Eq. 16 using the 
known effective diffusivity of CO,. This result indicates that 
CO, is slightly adsorbed on the solid surface. The comparison of 
the CO, and N, response peaks also indicated that CO, peaks 
had a longer tail. This suggests adsorption of CO,. Pulse- 
response experiments carried out a t  lower temperatures (about 
423 K) showed that this adsorbtion phenomenon becomes more 
significant at lower temperatures, as expected. Considering 
these findings, the first-moment data of CO, peaks were ana- 
lyzed using the equation for adsorptive tracer in Table l .  The 
difference of the first moments for two pellets of different 
lengths can then be expressed as, 

For high values of FBI Aplc becomes, 

Using the data reported in Figure 4 the adsorption equilibrium 
constant was found as ppKc = 0.14. 

Reaction rate and diflusion parameters for SO2 
In reaction experiments, SO2 pulses were injected and C 0 2  

responses measured. The ratio of the zeroth moments of COz 
response curves for the reaction experiments (SO, pulse) and 
the adsorption runs (CO, pulse) are  plotted as a function of FB in 
Figure 5. Using the equations given in Table 1, this ratio can be 
expressed as, 

The dimensionless group a, is the Thiele modulus. Experimental 
results showing that there is no reactant gas leaving the lower 
face of the pellet suggest that surface reaction is very fast and 
diffusion is the controlling mechanism. For this condition Eq. 18 
indicates that at should be large. The experimental values of the 
ratio plotted in Figure 5 are essentially independent of flow rate 
for both long and short pellets. The value fluctuates around 1.06 
for the long pellet, while slightly lower values were obtained for 
the short pellet. These results are consistent with the conclusion 
that a, is large. For largevalues of a, (aI > 6 )  the second term in 
the parenthesis in Eq. 18 becomes negligible. 

As discussed later, a, was evaluated for a pellet 3 x lo-* m in 
length from the first-moment data of CO, response curves in the 

0.4 1 I I I 1 I I I I 
0 I 2 3 4  5 6  7 0  

Lower stream flow rate FB x 10‘ m 4 s  

Figure 5. Ratio of zeroth moments of C02 in reaction (SO2 
pulse) and adsorption (CO, pulse) experi- 
ments. 
Pellet length L = 3 x lo-’ m. 

reaction runs. Its value was found to be 8.6. This result is consis- 
tent with the zeroth-moment data reported in Figure 5. 

For aI values of larger than 6, Eiq. 18 reduces to 

The effective diffusivity of SO, in helium was then calculated 
from the data (for the 3 x lo-’ m pellet) in Figure 5. From Eq. 
19 Ds, = 0.23 x 

The first-moment expression for the CO, product in the reac- 
tion runs is given in Table 1. The difference in the first-moment 
expressions for the long and short pellets can be expressed as, 

m’/s. 

where 6,,, 6,,, and a,, correspond to pellet 1 ( L  = 3 x lo-’ m) 
and At,, 6,,, and at, correspond to pellet 2 ( L  = 1.3 x lo-’ m). 
The value of a,, is equal to a,, ( L 2 / L I )  = 0.43aI1. The dimen- 
sionless groups 61 and 6, are defined in Table 1. 

The first moments of the CO, peaks for the reaction runs for 
two pellets of different lengths, and the differences of the first- 
moment values, are given in Figure 6.  The experimental first- 
moment values for the longer pellet were also corrected for the 
upper and lower dead volumes. The corrected first moments are 
given in Figure 7. The two unknowns, a,, and p&, were evalu- 
ated using the differences of first moments and the corrected 
first-moment values. In this analysis an iterative technique was 
used to evaluate the two unknowns from the two equations: Eq. 
20 and the first-moment equation for the long pellet, which is 

The values so determined are all = 8.6 and ppKs = 4.2. 
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Figure 6. Experimental first absolute moment values of 
C02 in reaction experiments (SO, tracer in- 
jected) for pellets of different lengths. 

From the definition of the Thiele modulus, 

(YI = L($* 

and the values of alr L, and Dss,. p,k was determined to be 1.89 
S-1. 

In the development of the theoretical moment expressions, the 
adsorption of SO, and C02 on the solid surface were considered 
to be equilibrium processes. Investigation of the derivations 
indicated that the first-moment expressions would not change if 
finite rates of reversible adsorption had been considered instead 
of equilibrium adsorption. Hence, the analysis presented here 
would still be correct. For finite reversible adsorption only the 
second moment expression is different from that corresponding 
to an equilibrium adsorption process (Do& and Smith, 1976). 

Discussion 
The tortuosity of the activated soda pellet, before reaction 

with SO2, can be estimated from the effective diffusivity that 
has been determined for N 2  (0.26 x lo-' m2/s). The effective 
diffusivity is related to a composite diffusivity, Di,, by the equa- 

where r is the tortuosity factor. For a dilute binary system, the 
composite diffusivity is essentially independent of concentration 
and can be expressed as 

where Dii and DiK are the molecular diffusivity of component i in 
j ( j is the carrier gas in this work) and the Knudsen diffusivity 
of component i. At 473 K and 1 atm (101.3 kPa) the molecular 
diffusivity of N 2  in helium is estimated from the Chapman-Ens- 
kog equation to be 1.49 x m'/s. The Knudsen diffusivity, 
evaluated a t  the mean pore radius of 0.93 x m, Figure 8, is 
3.69 x m'/s. Using these values in Eqs. 23 and 24 gives a 
tortuosity factor of 2.3. 

The ratio of the effective diffusivities of SO, to CO, was 
determined as 1.06 from the ratio of zeroth moments of CO, 
peaks in reaction and adsorption runs. On the other hand, the 
square root of the ratio of molecular weights of CO, and SO, is 
0.83, suggesting some surface diffusion for SO2. As noted earlier 
the effective diffusivities of N2 and CO, agree with the inverse 
square root of the molecular weight ratio, indicating no surface 
transport. The effective diffusivity of SO, determines the 
amount of sulfur dioxide that enters the pellet from the top sur- 
face. Since the reaction of SOz with activated soda is fast, some 
Na,S03 is expected to form near the top surface of the cylindri- 
cal pellet. Sulfur dioxide might reversibly adsorb on the Na,SO, 
and migrate on the surface. In fact, it is reported in the litera- 
ture that SO, reacts with Na2S0, to form a stable compound, 
sodium pyrosulfite (Na2S20,) below 423 K (Kirk and Othmer, 
1952; Blyakher and Laryushkina, 1962). Above this tempera- 
ture Na2S,0, decomposes. 

Additional evidence for surface transport of SO, is seen by 
comparing the predicted pore-volume diffusivity and the ob- 
served value. The effective diffusivity of SO, in helium predicted 
from Eqs. 23 and 24 is 0.18 x m'/s. On the other hand, the 
experimental value, 0.23 x m2/s, is larger. As shown in the 
previous section, the adsorption equilibrium constant of SO, on 

G *  - 
u u 
& 
2 6  
c 0 

u 
.- 
L 

f 4 
0- 

a 
- 
I 

2 
I 2 3 4  5 6 7 

Lower streom f low  rate , F~ x 1 0 ~ ~ 3 1 ~  

Port Rodius. micron 
Figure 7. Corrected first absolute moment values of CO, 

in reaction experiments (SO, tracer injected) 
for pellet length L = 3 x lo-* m. 

Figure 8. Cumulative pore size distribution curves for 
soda pellet before and after activation. 
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the solid surface is rather large, a necessary requirement for sig- 
nificant surface migration. 

Figure 8 indicates that the pore structure of the pellet is bidis- 
perse, with most of the pore volume in micropores. The effective 
diffusivities of N 2  and CO, are average values corresponding to 
the whole pore-size distribution. Also, in reaction runs some of 
the reactant solid is converted to products. Consequently the 
effective diffusivity of SO, is an average value for the whole pel- 
let, which consists of mostly Na2C03 but also contains some 
solid product. 

The results of this work suggest that the single-pellet moment 
technique can be a valuable procedure for evaluating both diffu- 
sion and reaction rate parameters, as well as adsorption equilib- 
rium constants of reactant and products, in gas-solid reactions. 
For large values of the Thiele modulus only the product peak 
was observed at the outlet of the lower stream for the SOz- 
Na,C03 reaction. This allowed the use of a simple thermal con- 
ductivity detector for the determination of the response peaks. 
For smaller values of a,, both reactant and product peaks are 
expected at  the outlet of the lower stream. In this case, a suitable 
detector such as a mass spectrometer would be required (G. 
Dogu, 1984) for the detection of reactant and product peaks in 
the presence of each other. For this situation the moment 
expressions for the reactant peak, given in Table 1, can be used, 
as well as those for the moments of the product. 
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Notation 
A = area of end face of pellet, m2 

C, = concentration of inert tracer (nitrogen), kmol/m’ 
C, = concentration of adsorbtive tracer (CO,), kmol/m3 
C, = concentration of reactive tracer (SO,), kmol/m’ 

C,, = concentration of ith species at x - L, kmol/m3 
D,, = effective diffusivity of ith species, m’/s 
D,, = composite diffusivity of i th species, m’/s 
D,, = Knudsen diffusivity of ith species, m2/s 
D,, = molecular diffusivity of i inj ,  m2/s 
Fs = lower stream flow rate, m’/s 
Ft = top stream flow rate, m’/s 

k = reaction rate constant, m’/kg . s 
K ,  = equilibrium constant of species i ,  m’/kg 
L = length of the pellet, m 
M = strength of the input pulse, kmol - s/m’ 
m, = nth moment about the origin, Eq. 1 

m,,,, = zeroth moment of species i 
s = Laplace variable, s-’ 
x = coordinate in the direction of diffusion in pellet, rn 

Greek letters 
al = Thiele modulus defined as, a, = L(pp”/D,,)’/’ 
ali = value of a, for pellet i 

L ( r )  = Dirac delta pulse, s-’  
cp = total porosity of the pellet 
F ,  = first absolute moment, m,/m,,. s 

fil,i = first absolute moment of species, i, s 
pp = apparent density of the pellet, kg/m’ 

T = tortuosity factor 
6 ,  = defined in Table 1 
L,, - value of 6’ for pellet i 
6, = defined in Table 1 
82i - value of L2 for pellet i 

Subscripts 
c - carbon dioxide 

s - sulfur dioxide 
N = nitrogen 
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