
A New Approach to Studying Pore Evolution 

I' . *  

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

- 

- 

~~~ OF WE DOC? 

h 

i 

During Char Combustion at FBC Conditions 

Shakti Goel and Adel F. Sarofim 

Department of Chemical Engineering 

Massachusetts Institute of Technology 
Cambridge MA 02139 



Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Abstract 

A new technique of studying pore structure evolution during fluidized bed combustion of 
char has been developed. Evolution of nitrogen oxides during char combustion have been 
found to be very sensitive towards changes in pore diffusivities. For a non-porous particle. 
nitric oxide is formed largely at the surface of the particle and diffuses out of the pores 
before it is destroyed. On the other hand, nitric oxide is formed and destroyed throughout 

a porous particle resulting in lower conversions of char nitrogen to NU. The instantaneous 
conversion of char nitrogen to NO is very sensitive towards changes in pore structure. 
h'20 which is formed by the reaction of NO with char nitrogen can also be used as an 
indicator for studying changes. in pore diffusivity during combustion. Since ambient A-0 
levels and pore diffusivity determine the diffusion of NO into or out of the particle. KO 
concentration within the particle affects the trends in the A'zO formation with changing 
carbon conversion. This effect is due to the changes in pore diffusivity and the pore diffusion 
length as the char particle burns. By fitting the model to the experimental data. iiiesopoies 

were found to control the pore diffusivity of the reacting species, and, hence, the location 
of heterogeneous reactions occurring inside the pores. 



INTRODUCTION 
In view of an extensive literature on pore evolution, only a brief overview can be pre- 

sented here. Changes in porosity of char particles affect not only the combustion efficiency 
but also the formation and destruction characteristics of the pollutants of combustion like 
nitrogen oxides. The approach of measuring total surface area to characterize carbon corn- 
bustion rates has been found to be unreliable [l]. A significant amount of surface area may 

reside in micropores which may not contribute to  reactive processes and that mesopores 
may control pore diffusivity 12, 31. Previous studies have involved measuring the changes 
in pore volumes and pore size distributions by burning char to different levels of conversion 

[4, 51. The phenomenon of pore structure evolution has been modeled by several authors 
which use the char carbon consumption rates as a way of understanding pore structures 

[6]-[17]. The macroscopic approach adopted by [6] accounts for porosity change via local 
carbon mass balance. The random pore model [2, 71 allows for the simultaneous solution 
of the equation of porosity, total surface area, pore size distribution, and the macrosdopic 
mass conservation equations. The model, however, assumes that all the pores are accessible 
to the particle surface. This limitation was overcome [ll] by the percolation theory [12. 131 
which accounts for inaccessible porosity. Percolation concepts have been used within the 
continuum framework [14] to describe the effect of pore system connectivity on transport 

and reactivity properties. Pore size evolution has also been studied using Bethe lattice 
[15, 161 and continuous cubic tesselation [17]. The models described above have relied on 
the rates of carbon conversion that often cannot separate the effect of chemical kinetic 
parameters from that of the diffusivity. 

This paper proposes a new experimental and mathematical approach involving a cou- 
pling between diffusive and reactive processes during char combustion. Nitrogen oxides 

formed during char combustion are found to be very sensitive to  changes in char porosity. 
Nitrogen, which is mostly bound as a heteroatom in aromatic pyridine and pyrrole rings 
within the coal structure (181, is released by the reaction of oxygen with these rings re- 
sulting in an intermediate surface species, I .  This intermediate then decomposes to form 
NO at a rate kl[lJ or reacts with NO to form N20 at a rate k#][NO].  Since these are 
the only two paths for the char nitrogen consumption, a fraction k l / ( k l  + k2[NO])  forms 
N O  and a fraction k2[NO] / (k ,  + k*[NO]) forms N20.  The nitrogen oxides, in turn, may 
react with char or CO on char while diffusing out of the pores and get reduced to form 
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free molecular nitrogen. Further details on the heterogeneous mechanism can be found in 

119, 201. Equation 1 represents the diffusion and reaction of species i inside the pores of a 
single char particle. 

where;Bb, is the effective pore diffusivity, [i] is the concentration of species 2, and & ( [ 2 ] )  

is the reaction rate for the formation of species i based on the volume of the char particle. 
The two boundary conditions required include externaI mass transfer at  the surface and 
the zero slope for species profile at the particle center assuming the particle to be spheri- 
cally symmetrical. The external mass transfer coefficient was estimated using the method 
proposed by [21]. Eq. 1 is solved for 5 species, viz., 0 2 .  CO, Con. NO.  and h;O using 
orthogonal collocation on finite elements (221. In Eq. 1 the diffusive processes are balanced 

by the reaction kinetics, making the evolution of nitrogeneous species, uiz., NO and K20 
very sensitive to pore diffusion. Since N20 is formed from the reaction of A 7 0  with char ni- 
trogen inside the pores, the concentration of NO inside the pores is critical to the amounts 
of h'20 formed. A single order of magnitude analysis can be used to show the dependence 
of N O  within the pores on different parameters. The rate of NO production is given by 
the product of rate of carbon consumption. T,, for a particle, the nitrogen/carbon atomic 
ratio X/C, and the fraction of the char nitrogen converted to N O ,  k l / ( k ,  + k2[.VO]). The 

- 

rate of ,'I7O loss from a particle is given by the rate of diffusion to the surface which is 

of order 4;7R2(Dppl/Lp)([lVO] - [NU],) .  where. L, is the penetration depth over which the 
reactions occur, and R is the particle radius. This, in turn, must equal the external mass 

transfer rate of 47;R2k,([IVO], - [NO]b).  where k, is the external mass transfer coefficient. 
and the subscripts s and b represent the surface and bulk conditions, respectively. 

For case of visualization, the quadratic in [NO] was not solved here. The relationship would 
be further complicated if the adjustments were made for the heterogeneous N O  destruction 
reactions. It can be seen that the NU within the pores increases as the ambient NO is 
increased, or the diffusion length L, is increased, or the carbon burning rate is increased. 
The effect of diffusivity, Dp is not simple as in addition to  appearing explicitly it also 
influences T,  and the diffusion length. In this study, two of these parameters will be varied, 
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the diffusion length L, which decreases once the particle radius decreases to values below the 

penetration depth, and the ambient NO concentration. The fractional-conversions to NO 
and A720 are strongly dependent upon the NO concentration in the pores and. therefore. 
provide sensitive indicators of the effective diffusivity in those pores which participate in 

the reaction. This paper, therefore, aims at 

1. developing the technique for studying effective pore. diffusivity, and 

2. determining the effective pore size class controlling the heterogeneous reactions. 

If the nitrogen oxides formation from a single char particle is sensitive to  pore diffusivity 
then the determination of effective diffusivity by fitting the model to the experimental data 
should be able to provide the estimates of pore size and class. The following sections 

describe the experimental procedure, estimation of model parameters, and a discussion on 
the techniques for pore diffusivity estimation. 
EXPERIMENTAL 

The experimental set up consists of a lab scale fluidized bed combustor (FBC) having 
a bed diameter of 50 mm and a static bed height of 50 mm. Single particle experiments 
were carried out by burning Eastern Kentucky bituminous coal particles ranging from 2 to 
10 mm in size in the FBC. For a given experiment. particles with only one size were used. 
The gas feed consisted of 2-8% oxygen in helium and the bed temperature was maintained 
frim 750-850'C in the increments of 50°C. For some experiments was also introduced 
in the feed gas such that its inlet concentration was either 500 or 2000 ppm. The flue gases 

were analyzed for CO, C02, N O ,  &O, and CH4 as a function of combustion time using 
a Sicolet 520 FTIR. The raw data were converted into instantaneous conversion of char 
nitrogen to  NO and N20 using Eqs. 3 and 4 as a function of instantaneous particle radius. 
Further details on the experimental set up can be found in [23]. 

[NO1 
(3) 

where, N/C is the nitrogen to carbon atomic ratio in char. The denominators denote 
the amount of nitrogen consumed at any given instant of time assuming that there is no 
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preferential consumption of organic carbon over organic nitrogen [24]. For all the exper- 

iments the carbon balance was found to close within 5% and the carbon conversion, -Yc. 
and instantaneous particle radius, R, were calculated using Eq. 5. 

where, Y is the volumetric flow rate, Ub is the initial weight of carbon in char, and Ro is 
the initial particle radius. 
RESULTS AND DISCUSSION 

The model parameters were estimated once the raw data for nitrogen and carbon oxides 
were converted to  instantaneous conversion of char nitrogen to NO and N20. The model 
was fitted to the experimental data by minimizing the error between the model predictions 
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m d  the experimental observations 1191 with respect to  the unknown model parameters. It 

was assumed that the reactivity of carbon and nitrogen oxidation varied in a manner such 

that the ratio of the two rates remained a constant as the carbon conversion increased. 

The model parameters estimated included the effective diffusivity, and the rate constants 
of the six reactions: 2C + 0 2  + 2C0, 2CO + 0 2  + 2CO2, -CN + 0 2  * -1. 
-I -+ NO,  - I+  NO NzO, NO+char + N 2 ,  IVO+CO + 1/2iY2+ COz. 

N20 + N,. Table 1 presents the Arrhenius expressions for the different rate constants. 
Table 2 presents the effective diffusivities for different experimental conditions. Figures 1 

and 2 show the model fit to the experimental data for two of the six experimental data 
ze ts  (bed temperature = 750. 800, 850°C, 0 2  = 4% and 8%) for the Eastern Kentucky 
coal. The figures show that the model predictions assuming constant diffusivity describe 
the data well when the bed temperature was 850°C. Deviations are, however, observed 
when the temperature was 750%'. On assuming that the diffusivity varied with conversion 

the model predictions matched the data. The diffusivity was varied by a factor of four 
* generally increasing with increasing conversion. The constant diffusivity approximation is 

expected to be valued as long as the penetration depth L, is small relative to the particle 
radius. At lower temperatures char combustion is controlled by reaction kinetics rather than 
pore diffusion. Oxyken is, therefore, able to penetrate deeper into the particle, react with 
carbon and alter the pore size distribution. This change in porosity will affect the nitrogen 
formation and destruction rates, or in other words, the instantaneous conversion of char 
nitrogen to NO. Hence. a variable diffusivity was required to better fit the observations. 

The effective pore radius. rp was calculated using Eq. 6. 

Fp 

where, T is the particle temperature. R, is the universal gas constant, and Mi is the 
molecular weight. The results are presented in Table 2. 

Besides studying the effect of temperature on f N 0  and Dpt, it would be interesting to  
study the f ~ o  profiles for particles with different initial sizes. If the penetration depth 
is small relative to  the particle radius. the particle should burn as a shrinking sphere. In 
this limit. the results for nitrogen conversion at a given particle size, say 2 mm, will be 
independent of whether the initial particle radius was 5, 4, or 3 mm. The pyrolysis process 
for the different size particles may give different pore size distribution since the particle 
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heating rate decreases with increasing particle size. 
To confirm this hypothesis, Eastern Kentucky coal particles ranging from 2 to 10 mm 

in diameter were burnt in 4% oxygen. The resulting fN0 profiles are shown in Fig. 3. 

The figure shows that the fN0 profiles for the 8 and 10 mm particles overlap when the 
larger particle shrinks to  8 mm. The profiles, however, do not overlap when the 6 and 
2 mm particles were burnt. Also, the profiles are steepest for the 2 mrn particle. On 
fitting the model to the experimental observation with effective diffusivity as the only 
adjustable parameter, the changes in diffusivity were found to have maximum variation for 
the 6 mm particle. The model was able to  describe the data for the 2 mm particle using 
constant diffusivity for the bulk of the data with variation required only at high conversions. 
The effective diffusivities were estimated to lie in the range 8 x m2/s 
corresponding to an effective pore radius range of 3-35 nm. The experimental results 
presented so far have shown that the conversion of char nitrogen t o  NO is sensitive to 

effective diffusivity, and any changes in it. It is. however, difficult for the reasons presented 
above to conduct an experiment in which the effective diffusivity can be kept a constant. 
and one has to resort to model simulations. Figure 4 shows the results of model simulations 
for the cumulative or net conversion of char nitrogen to NO, FNO, using Eq. 7 as a function 
of effective pore diffusivity for different initial particle radii and temperatures. 

Fg.3 - 

to 3.8 x 

q. 4 3 

where, U’K is the initial weight of nitrogen in char. The figure exhibits an initial increase 
in F N O  with decreasing diffusivity. The net conversion to NO then decreases with further 

decreases in diffusivity. In order to explain these observations it is important that the 
chemistry of N O  formation be well understood. As mentioned before the model represents 

a balance between the diffusive and the kinetic processes occurring inside a single char 
particle. The diffusivity changes affect both the rate of mass transfer of NO, governed by 
changes in the Lp and Dp terms in Eq. 2. and the rate of carbon consumption T, which 
is governed by oxygen diffusion into the particle. An increase in diffusivity increases the 
carbon consumption rate (which will increase the internal NO concentration) but decreases 
the diffusional resistance for N O  (which will decrease the NO concentration). The trade- 
offs between these processes, plus the impact of diffusion on the NO destruction rates leads 
to  the complex trends in Fig. 4. Since NO kinetics are dependent on oxygen penetration 
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depth which in turn is a function of char reactivity and temperature, it would be interesting 
to  eliminate the effects of oxidation kinetics and the oxygen penetration depth. and then 
study the net conversion of char nitrogen to N O  on changing pore diffusivity. The results 
of this exercise are presented in Fig. 5 where the oxidation rate constant is changed in 

proportion to changes in pore diffusivity making FNO a function only of char porosity. 
The figure shows that on decreasing diffusivity, the net conversion of char nitrogen to 
N O  decreases. NO generated inside a porous particle will be able to diffuse out more 

easily than from a less porous one. This means that if NO generation is independent of 
controlling pore size: its destruction will be governed mainly by its ability to diffuse out 
of the pores. If NO cannot diffuse out. it  will be destroyed and the resulting FNo values 

?if.? 

will be lower. In conclusion, depending on the oxygen penetration depth and the location 
of NO generation and destruction inside the particle. the net conversion of char nitrogen 
to N O  may increase or decrease on decreasing pore diffusivity. This makes A'O evolution 
very sensitive to porosity variation during char combustion leading to  the developmefit of 
this technique. 

Besides N O ,  one other product of char nitrogen oxidation is N20.  Concentrations of 
N 2 0  diffusing out of the pores are governed by both the local NO concentration within 
the pores and the effective diffusivity. As rientioned before it would not be possible to 
do an experiment in which effective diffusivity can be kept constant as a char particle 
burns. However, by supplying hTO in the feed stream it should be possible to alter the A-0 
concentration within the pores. If the surrounding A'O levels are higher than the pore NO 
levels. its flux would be directed into the pores of the particles. This will lead to the surface 
intermediate splitting to form mainl? h;O. In order to test this hypothesis experiments [ ' a '  ' -> were done in which 500 or 2000 p p m  NO.  was introduced into the fluidizing gas stream. 

Figure 6 shows the instantaneous conversion of char nitrogen to N20 as a function of carbon 
conversion when the feed NO was 0, 500. or 2000 ppm in 2% oxygen. The figure shows 
that when NO concentration was 0 ppm. the instantaneous conversion of char nitrogen to  
&O exhibits a downward trend at high carbon conversions, as would be expected from the 

increase in the NO diffusion out of the particle at  high conversion. Therefore, at conversions 
approaching unity, f i ~ , ~  is zero. On the other hand, when 2000 ppm NO was fed into the 
svstem then not only did the instantaneous conversion of char nitrogen to N20 increase. 
the conversion profile also exhibited an upward curvature at high carbon conversions as 
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would be expected from an increase in NO diffusion into the particle at high conversions. 
On introducing 500 p p m  NO, the f ~ ~ o  profile is found to remain flat-. These observations 

are consistent with the hypothesis that the local NO concentration in the pores governs the 

fraction of the bound nitrogen that forms N20. The flat slope with changing conversion 
suggests that when ambient NO levels are 500 ppm the concentrations of NO inside and 
outside the pores are the same. This changing the external ,VO concentration to produce 
a flat -jwza profile provides an indirect means of estimating local NO concentration inside 
the pores. A50 is, however, not formed at carbon conversions approaching unity whcn 
ambient NO levels are zero leading to a drop in the f ~ ~ o  profile. As is evident so far. 

the controlling pore size class and, hence, the effective diffusivity will determine the N O  
concentrations in the pores which in. turn, will govern N20 formation. 

By fitting the model predictions to the experimental observations using the kinetic pa- 

rameters estimated before, the average effective diffusivity was estimated to be 4 x 10-5m2/s - 
suggesting that 70 nm pore radius may be controlling the location of heterogeneous reac- 
tions. Variable diffusivity was required to better fit the data at high carbon conversions. 
Since the value of effective diffusivity estimated is close to the one determined earlier, in- 
stantaneous conversion of char nitrogen to IL;O in presence of external NO can be used as 
an alternative technique to determine the governing pore size class. 
CONCLUSIONS AND PRACTICAL IMPLICATIONS 

The mathematical models have shown that the conversion of char nitrogen to NO and 

N20 is a function of the char oxidation kinetics. oxygen penetration depth, the fraction 
of char nitrogen forming N O  versus K20, the decomposition reactions of NO-and N20, 
and the transport of the reactants and products both within the pores and in the external 
boundary layer. The increased diffusion at high burnout is a measure of both the increased 

diffusivity and the shorter diffusion path as the char particle burns out. Based on the 
char nitrogen chemistry, two techniques have been proposed to  determine the pore class 
controlling diffusion and any changes in the diffusivity as the particle burns. One technique 
requires the measurement of NO concentrat as a single char particle burns, and the other 
one requires the introduction of N O  in the feed stream and then the measurement of the 

N20 concentration in the flue gases. The conversion of char nitrogen to  NO and N20 is 
very sensitive to the diffusion characteristics of the char particle, vit., pore size and pore 
length, making the estimation and changes in effective diffusivity possible at high carbon 
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conversions. The study shows that the efective diffusivity lies in the range of 8 x 

to 4 x-ftF5 m 2 / s  and the effective pore radius range is 3 to 70 nrn. This pore size class 

suggests that mesopores control pore diffusion to those surfaces within a char particle that 

control heterogeneous kinetips. Analyses of a char particle for the different fractions of 

micro, meso, and macro pores at different. conversions by using mercury porosiinetry gives 
the average pore radius. This radius, however, may not be the effective pore radius. and 

one cannot conclude much about effective diffusivity, One hypothesis is that the micropores . 
maybe less reactive because their surfaces are dominated by basal plane rather than edge 
carbons of the graphitic like micro domains within chars [25]. 

The practical ramifications of the present finding is that the pore diffusivities have an 
important impact on NO and N20 formation. Some control of the N O  formation from char 
maybe achievable by controlling the rate of heating in the burner zone which has an impact 
on the plastic behavior of the bituminous coals 1261 and, therefore, of the diffusivities of the 
chars that are produced. The aim should be to suppress NO and enhance E20 formation 
since &O is very easy to destroy thermally 
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Figure Captions 
Figures 1 and 2: Comparison of the model predictions with the experimental data. 
Figure 3: Instantaneous conversion of char nitrogen to NO, f,vo, for different particle 

sizes. 
Figure 4: Results of model simulations for cumulative conversion of char nitrogen to -YO. 

FNO, for 2% oxygen concentration as a function of effective pore diffusivity. 

Figure 5: Cumulative conversion of char nitrogen to NO,  FAVo. for 23; oxygen concen- 
tration as a function of effective pore diffusivity. Char oxidation rate constant is varied in 
proportion to  effective diffusivity. 
Figure 6: Comparison of model predictions with the experimental data for the instanta- 
neous conversion of char nitrogen to &O, fiv2o, for different inlet NO concentrations. 
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of this work are described in;thc attached paper which was just accepted for publication 

2.4 Air Toxics 

at the 26th Symp. (International) on Combustion, Na 
._I 

In the latter portion of this project, we will be studying 
(especially metals in the form of fine particulate matter) at ultra low 
Work is now underway to prepare for those experiments which are planned for the fall of 
1996. I 

A written research plan has been completed for a combined modeling and 
experimental study of the emissions of fine particles from coal combustion. The literature 
contains no data on fine particle emissions at NO, levels below 300 ppm. The 
experimental objective is to obtain simultaneous measurements of NO, and submicron 
particles using advanced low-NO, burner designs. 

be measured using a dilution probe and a cascade impactor followed by a gas flow 
measuring and control train. During the quarter, the gas train was assembled and 
instrument calibration was checked. Modifications were made based on the results 
obtained from preliminary tests conducted with the U-furnace. An improved probe 
support and improved temperature control for the cascade impactor has been designed 
and these items will be fabricated in the next month. 

The fine particle emissions (including both PM2.5 and submicron particles) will 

Experiments are being conducted to statistically determine the accuracy and 
precision of all measurements that are used to calculate the mass and compostion of the 
fine particles as a function of combustion conditions. The finest particle fraction collected 
by the cascade impactor may weigh as little as 10 mg so careful measurement is 
important. A check of the accuracy and precision of the analytical balance and of the 
weight stability of the collection substrates has been completed. A reference sample of 
coal fly ash with NIST-certified composition has been obtained and is being used to 
validate trace metals analysis procedures. 

3.0 Plans for Next Quarter 
The experimental studies burning the previously prepared coal chars in the U 

furnace will be completed. The data will be reduced and initial experimental conclusions 
developed. The modeling of the char nitrogen conversion will be begun using the 
experimental data from ABB drop tube studies as well as the char combustion results 
from the U furnace. 

The collection and sampling system for the metals/fine particulates will be 
completed and evaluated hot by sampling from the U furnace during low NO, 
experiments. 


