Noncatalytic Coal Char Gasification

A simple particle model is used to interpret differential thermogravimetric data
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taken on the gasification of coal/char with COy, H; and Hz0. The model takes into

account the major physical factors which influence the gasification rate, viz., the
changing magnitudes of surface area, porosity, activation energy and effective
diffusivity during gasification. Specific reaction rate constants based on surface
area and activation energies are extracted from the data. Practical criteria for re-
gimes of reaction rate and diffusion control and for particle isothermality are de-
veloped. For isothermal particles at low classical Thiele moduli, the data can be
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correlated with only one parameter, which has a simple physical interpretation.

SCOPE

Many theoretical and empirical models for the correlation
of coal gasification kinetics have been proposed. These include
essentially empirical correlations in which constants that have
little relation to independently measurable quantities are chosen
to give a best fit to the data. Other models do not take into ac-
count the evolution of physical properties as the carbonaceous
matrix is consumed. Still others consider complex gas-phase
kinetic processes, but are so complex that only difficult nu-
merical solutions to the equations are possible.

In this work we take a different approach: 1) the effect of
conversion of the carbonaceous material on the relevant phys-
ical properties; 2) use of constants in the model which have clear
physical significance and which can be determined by inde-
pendent measurements; and 3) maintaining sufficient mathe-
matical simplicity so that asymptotic analytical solutions can
be obtained in the regions of high and low (modified) Thiele
moduli.

This approach is dictated by two considerations. First, the
evolution of the physical structure (porosity, specific surface
area, etc.) plays a dominant role in determining the reactivity

of char. Second, there is a need for a model which can be used
without recourse to numerical routines or to data which are
normally unavailable and yet is sufficiently realistic to predict
the principal features observed in char gasification kinetics.
These latter features include: the existence of a so-called uni-
versal curve of char reactivity (Mahajan et al., 1978) and the
observation of a maximum in the reaction rate at intermediate
conversions (Feldkirchner and Huebler, 1965).

To achieve the above goals several restrictive assumptions
must be made. Perhaps the most severe is to include all of the
heterogeneous chemical kinetics into a single first-order rate
expression, The justification for this is simply that in most
practical situations the possible spectrum of species, the ele-
mentary molecular processes, and the appropriate kinetic con-
stants are unknown. Another major assumption is the use of
simple algebraic relationship among activation energy, effective
diffusion coefficient, density, specific surface area and porosity
(conversion). The effect of convective flow in the pores was also
neglected.

CONCLUSIONS AND SIGNIFICANCE

A single particle model was developed and used to interpret
kinetic data taken on the gasification of coal char with Hg, CO,
and H20. The model takes into account the major physical
factors which influence the gasification rate, viz., the changing
magnitudes of surface area, porosity, activation energy and
effective diffusivity during gasification, but is sufficiently
tractable mathematically to permit asymptotic analytical so-
lutions for high and low Thiele moduli. Equations for both
isothermal and nonisothermal particles were formulated and
solved to obtain the local conversion-time relationship. Practical
criteria for identification of the regimes of reaction rate or
diffusion control and for particle isothermality were developed.
The model, which only has two parameters, closely describes
the shape of the conversion vs. time curves as determined by
CO; gasification studies. Moreover, it describes the maximum
in the rate sometimes observed at intermediate conversions and,

under certain restrictions, leads to a “universal curve” of con-
version vs, an appropriate dimensionless time.

The model was used to calculate activation energies and in-
trinsic rate constants (based on surface area) for CO; gasification
of char. The intrinsic rate constants for various chars were very
nearly the same at the same temperature and were close to the
reported values for the CO; gasification of graphite. These re-
sults suggest that, despite its simplicity, the model does describe
the major factors that influence the reactivity of chars.

Significant features of the model are its mathematical sim-
plicity and the fact that the parameters have clear physical
significance. The asymptotic solutions that were obtained for
the limiting cases of low and high Thiele moduli can be used
in reactor modelling studies thereby avoiding complex numer-
ical routines.

ISOTHERMAL PARTICLE MODEL

Mathematical Formulation

Let a spherical char particle of initial radius R, be exposed to
a gas mixture containing steam (or hydrogen, carbon dioxide)
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whose bulk concentration is Ca . If the concentration of steam

varies only in the radial direction, then the material balance on the
steam is:

O0Ca 19

ot r2or

Boundary conditions are:

Tor ) T ot )

_1 (r2 eoc,,) L 9C
CA=CA‘satr=Rand2§—A=Oalr=0. (2)
r
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Carbon gasification reactions at low to moderate pressures often
have an empirical reaction order of between zero and one and
appear to follow rate expressions of the Langmuir-Hinshelwood
type. However, the order of reaction at high pressures can be
greater than one (Blackwood and Ingeme, 1960). In this analysis
the reaction is assumed to be first order in the gaseous concentra-
tion. The material balance for carbon then becomes

%f = —kS;p,Ca. (3)

In most previous work it has been assumed that the physical
properties are independent of radius or remain constant during the
reaction. This assumption is not realistic because as the particle
reacts, the effective diffusion coefficient, the surface reaction rate
constant, the specific surface area and the density all change locally,
in some cases drastically.

For the effective diffusivity, D,, the simplest empirical rela-
tionship is:

D, = De2 (4)

Other, more sophisticated, models give different results. For ex-
ample, Petersen (1965) derived the porosity dependence of ef-
fective diffusivity using Maxwell's model and obtained an €3/2
dependence. Whatever the model, D, must vary with both time
and position as the porosity varies.

As the internal void volume increases, the specific surface area
initially increases. A linear dependence can be assumed in the range
of moderate conversions (Walker et al., 1959),

Sg = Se 5)

In the absence of swelling or shrinking of residual solid structure,
the bulk and true densities of the particle are related:

Pp =p(l—¢€) (6)

If the porosity changes solely from the heterogeneous reaction,
then porosity is directly related to fractional conversion. With this
assumption for an ash-free particle one has:

e=1—(1-¢)l-1x) (M

It should be noted that the pore structure can also change from
swelling, shrinking, caking, etc.

The intrinsic reaction rate constant is a function of temperature
and activation energy, the latter of which can also depend upon
the carbon conversion. Since the local carbon conversion is directly
related to porosity, i.e., Eq. 7, the activation energy is a function
of porosity. In the absence of any other information, the simplest
relation is a linear form

E=Eol+v') (8)

Further, since the intrinsic rate constant can be expressed as an
Arrhenius type equation,

k = A exp(—E/RT) = A exp{~Eo(1 + ¥'€)/RT} = ko(l — v¢€)
9)

where ¥ is a constant different from v’ and can be approximated
by v = E¢y’/RT if v is sufficiently small.

Substituting Eqs. 5, 6 and 9 into Eq. 3 and combining Egs. 3, 4
and 1, one obtains the steam and carbon balances in the following
dimensionless form:

AeC, 1 o , 9C; .
b2 bt*A - g {,:2 2! :_ — h%1 — ye)(1 — €)eCy,  (10)
J¢
e (1= €)1 = ye)(1 — €)eCy (11)

where r* = r/R, Cy = C4/Cas, h = Rikop;S/D)!/2 = Thiele
modulus, * = kep,St,q = Ca/Cland C./C? = (1 — €)/(1 — €).
The boundary conditions are:

C,‘4=latr*=land%—é=0atr“=0. (12)
or*
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The accumulation term in Eq. 10 is much smaller than other
terms by order of magnitude (Bischoff, 1963). Therefore

1 2 oC3 .
°=;.-257("252;7 —h¥1 =yl ~€)eCy (1)
de .
575 =~ €l = veX1 = €)eC (14)

where 7* = gt*.

Equations 13 and 14 contain only two parameters, h and 7, each
of which, in principle, can be estimated by independent means.
(One can also use these parameters empirically to fit existing data
sets.) The case of ¥ = O arises when the reaction rate constant is not
a function of conversion. In this important special case only one
free parameter, h, is required to fit isothermal gasification data.
Equations 13 and 14 are coupled nonlinear partial differential
equations and quite difficult to solve. Even numerical routines are
sometimes difficultt to formulate, when one has a “wavelike” form
of porosity distribution or when h is very large (e.g., h > 50).
However. the numerical solution is not very appealing for many
engineering purposes, and one would like an analytic or semi-
analytic solution to use whenever possible.

Analytic or Approximate Solutions

Various methods of obtaining semi-analytic or approximate
solutions in the asymptotic regions of high and low Thiele moduli
will be presented.

Reaction Controlling Case. If the classic Thiele modulus is small
(say, h < 1), the concentration of gaseous reactant is essentially
constant and equals the outer surface concentration, C4 ;. Then
the problem can be formulated by setting C} = 1 in Eq. 14.

2= (= el = el = e 1)

Integration of Eq. 15 by separation of variables yields the fol-
lowing equation which relates the variation of local porosity with
time:

Y 1—76_ 1
(1 =)l —€) nl—‘yeo (1 =91 - ¢) X

i€y 1 -ln(i)=r' (16)

1-¢ (1-¢) €o
Rewriting Eq. 16 in terms of local conversion, one obtains

Y p Ly £ o — e — x)

(1~vX1 -~ €) I—7ve
- In(l —x)
(I=¥)1—¢)
i —_ —_ -—
ploUml=o g
(I - €) €

If the initial porosity distribution is uniform, then the local carbon
conversion is always equal to the overall carbon conversion, i.e.,
x = X. Note the simplification in Eq. 17 when vy = 0.
Experimental results sometimes show the overall reaction rate
reaches a maximum value after which it decreases. The present
model allows the possibility of such a maximum. The maximum
and minimum locations are obtained from Eq. 15 by using the
condition d/dX(dX/d7*) = 0. The maximum, if it exists, is at

Xy =L =2V =VIi=y +7?
MX =
3Y(1 ~ €)
and minimum, if it exists, occurs at
(1-29) 4 VT=7 772
3v(1 ~ €)

It should be noted that Eqs. 18 and 19 are applicable only under
the restrictions:

+1 (18)

Xun= +1 (19}

O amx.Xun S 1 0<T~veg; 0<l—¢p 0<7v,60 (20
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Figure 1. Regions where extrema In gasification rate can occur: A, Maximum;
B, No Extremum; C, Minimum; D, Minimum and Maximum. (h = 0).

The criteria for the existence of extrema are synthesized in the
v — ¢o diagram (Figure 1). Figure 1 shows a wide region where
minima in rates can occur. However, in fact, minima are not ob-
served because v is normally less than 1, i.e, the intrinsic reaction
rate decreases with increasing conversion. The maximum occurring
region in the figure is where one sees the maxima in real experi-
ments with Jow porosity coal char. Figure 2 shows a typical example
of the occurrence of a maximum in the reaction rate. The values
of v and ¢ for this example, i.e., ¥ = 0.9 and ¢o = 0.2, are in region
A of Figure 1.

The maximum in rate arises from the competing effects of
conversion on rate constant, density and surface area, which give
rise to the (1 — v¢), (1 — ¢) and € terms respectively in Eqg. 15. Note
that for v = 0 the latter two terms can by themselves give rise to
a maximum.

Diffusion Controlling Case. If the classic Thiele modulus is large
(say, h > 5), then there exists a large concentration gradient of
gaseous reactant inside the particle. As a result, the reaction is faster
near the surface than near the center. The pseudosteady-state
approximation is also valid for this case. The initial concentration
profile of gaseous reactant can be obtained from equation (13) for
a uniform initial porosity distribution:

1 sinh ¢or*
r* sinh ¢o
where ¢ = a modified Thiele modulus = h{(1 — ye)(1 —
€o)/ €0/ :

By combining Egs. 21 and 14, a short-time solution for porosity
development can be obtained. Obviously, it is not a good approx-
imation for the long-time case, because the porosity profile changes
as time proceeds. However, it seems tempting to seek an asymptotic
form of the solution to Eq. 13 in the following way:

ch = sinh r*
A7 r*sinh

where Y is an unknown function of r* and ¢ *. One asymptotic so-
lution can be obtained by putting

¥ = hi(l = ve)(1 — €)/€ft/2. (23)

In this case, an updated porosity function, €(r*,t*) is used to cal-
culate the concentration profile from Egs. 22 and 23. It should be
noted here that the selection of  is open and an empirical proce-
dure is also feasible. Equation 22 along with Eq. 23 is also a good
approximation for the intermediate region, where both reaction
and diffusion are equally important.

CL(0,r%) = n

(22)
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Figure 2. Calculated reaction rate vs. conversion for situation where rate
reaches a maximum; h = 0, ¢, = 0.2 and y = 0.9.

Power Series Solution. The power series solution technique can
be readily applied to this problem; however, much algebraic ma-
nipulation is required to attain the same order of accuracy as the
approximate solution given by Eqs. 22 and 23. Further detail can
be found in the original work by Lee (1980).

Numerical Solution. The Crank-Nicolson method can be applied
to Egs. 13 and 14 with a slight modification. Taking central dif-
ferences in space and backward differences in time, one can reduce
the two differential equations to a system of algebraic equations
interms of Cxyand €k = 1,2,.. .m;i =12, ...,n) Cryand € ;
represent the gaseous concentration and the porosity at ith mesh
in radius and kth time stage.

As the classic Thiele modulus gets Jarger, the system becomes
more stiff because its characteristic value tends to increase. Con-
sequently, the numerical routine requires a finer mesh size. If the
classic Thicle modulus is greater than 50, then this numerical
routine requires a very fine mesh. However, an asymptotic solution
can be rather easily obtained because the situation is nearly the
same as that of the unreacted shrinking core model.

Figure 3 shows the initial gas concentration profile for various
Thiele moduli at ¢g = 0.3 and v = 0.4. The curves were obtained
numerically from Eq. 13. Figures 4a and 4b show the instantaneous
gaseous concentration profile and local porosity profile for a dif-
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Figure 3. The Initial gas concentration profile for various Thiele moduli at €
= 0.3 and y = 0.4. (Isothermal Solution).
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Figure 4. Isothermal Solution (h =5, ¢, = 0.3 and v = 0.4). (a) Gas concen-
tration vs. particle radius; (b) Local porosity vs. particie radius

fusion-limited process, respectively. A comparison between the
approximate solution, integrated using Eqs. 22 and 23, and the
numerical solution is made for the case of k =5, ¢, = 0.3, v = 0.4
and 7* = 5. As shown in Figure 5, Eq. 22 along with Eq. 23 pro-
vides a good approximation for the instantaneous gas concentration
profile. At 7* = 0, these two solutions are, of course, identical.

Ezxistence of A Universal Curve. Recent work by Mahajan et
al. (1978) showed that the overall conversion curves, X(t), for dif-
ferent temperatures, pressures, reactant gases and chars approxi-
mately reduced to a single universal curve when plotted against
the dimensionless time ¢/t¢ 5. The half conversion time t¢ 5 is de-
fined as the value of ¢ at X = 0.5, i.e., X(to.5) = 0.5. For air at 1.013
X 10° Pa and 678 K, COg at 1.013 X 105 Pa and 1,173 K, steam at
2.2286 X 10% Pa and 1,183 K and Hy at 2.7554 X 10° Pa and 1,253
K, all conversion data were successfully correlated by

X =0.37t/tos) + 0.28(t/t55)2 — 0.15(2/t05)0° (24)

An interesting question which may be asked here is under what
conditions, if any, the present model predicts the existence of this
kind of curve.

The overall conversion X(7*), calculated from the present model
(Egs. 13 and 14) is plotted against the dimensionless time 7*/7} 5
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Figure 5. A comparison between the exact solution and the approximate so-
lution (equations (22) and (23)); h =5, ¢ = 0.3,y = 0.4 and 7* =5. —,
Exact Solution: - - -, Approximate Solution.

for the various Thiele moduli in Figure 6. For h < 5, the curves can
be reasonably approximated by a single curve.

1f the gasification rate is controlled solely by the surface reaction
and the parameter 7 is the same for different gases, then the model
predicts there exists exactly one master curve, X(7*/755). This
universal curve can be obtained by dividing Eq. 17 by the following
equation that is also derived from Eq. 17:

Y nl—’y+0.5'y(l—eo)
(1 =v)X1 - e)

1—-ve
In2 1 0.5(1 + €q)
In =755 (25)
(I-7)1—€) (1—e) € o
Thus, the final form of the universal curve is:
T*/755 = 8(X;7.€0) (26)

Since the initial porosity g is a known (measured) quantity, the
only free parameter for the model in the reaction-controlling re-
gime is 7. Recall that 735 is a unique function of 4, as shown in Eq.
25. If vy is equal to zero, then € or X is only a function of 7*/7s.
The overzall conversion X of Eq. 26 was plotted against 7* /745 for
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Figure 6. The X vs. 7*/7*¢.5 curves for various Thiele moduli; ¢, = 0.3 and
vy =04
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Figure 7. The X vs. 7*/7%¢5 curves for parametric values of 7y, '= 0

and ¢, = 0.3.

parametric values of v and shown in Figure 7. The value of pa-
rameter <y for a certain char gasification reaction can be easily
selected by the least square technique. The correlation given by
Eq. 24 merely corresponds to the ¥ = 0.7 case of the present
model.

In the diffusion controlling regime, the overall conversion vs.
dimensionless time curves, in general, cannot be closely represented
by a single universal curve. As the Thiele modulus h increases, less
of the particle volume becomes accessible to high gas concentra-
tions. The evolution of porosity, surface area and gaseous con-
centration will differ depending on the value of h. It should be
noted that the conditions which yielded the correlation (Eq. 24),
are in fact in the reaction-controlling region.

A universal curve will exist when the system is in the reaction
rate controlling regime and when the evolution of porosity, surface
area and reactivity are the same. Only the reactivity is allowed to
evolve differently depending on the value of . Once the value of
v is set, then 745 is automatically fixed and is related to the surface
reaction rate constant by:

755 = (kopiS)Ca s/Ctos (27)

where Cy ;/C? can be calculated from the external condition such
as temperature, pressure and solid density. Therefore, 295 is just
another way of reporting the surface reaction rate constant in the
reaction rate controlling regime.

NONISOTHERMAL PARTICLE MODEL

In the previous section, the isothermal assumption eliminated
the energy equation and considerably simplified the analysis.
However, if the rate of evolution of the heat of reaction is suffi-
ciently large, a nonnegligible temperature gradient may exist.

Consider a spherical particle reacting with a gas whose bulk
concentration and temperature are C4 ; and Ty, respectively. If
we again assume there is no mass and heat transfer resistance in
the gas film, then the differential energy balance is:

2oL~ v (kW) + (—AH)e) (28)
The gas-phase heat capacity was neglected in Eq. 28. Initial and
boundary conditions are:

C,=C¢ T=1T; att=0 (29a)
CA = CA,s, T= Tb; atr =R (29b)
VCya =0, VI =0; atr=0 (29¢)
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Boundary conditions (Eq. 29b) are direct consequences of the as-
sumption that there is no heat and mass transfer resistance in the
boundary layer.

An a priori assumption for the effective thermal conductivity
is needed. By analogy to the effective diffusivity

ke = k(1 — €)? (30)

Substituting Egs. 6 and 30 into Eq. 28, one obtains a final form
of the energy balance. Then, the complete formulation for the
nonisothermal particle is:

9eCy _ 1 3 ,, 0Cs
=— 2] - 31
>t 227 \1‘ 2D or TA ( )
61— 10 oT
piC 5 = ﬁa (r2(l — )%k, E) + (—AH,)yr. (32)

— 14 = —1, = Ap,SeEV/RT(] — y¢)(1 — €)eCy (83)

where A is the frequency factor for the rate constant. The pseu-
dosteady-state approximation can be applied to Eqs. 31 and 32,
making the left hand sides of the equation vanish.

Approximate Solution and Isothermality Criteria

Inspection of Egs. 31 and 32 shows their similarity. By using the
pseudosteady-state approximation and eliminating —r, (or ~r4)
from the two equations, one obtains:

190, . 9Cs  (1—ePk dT
= hyep s L - "R O N 34
2or| (€ or + (—AH,) or (34)
By applying boundary conditions (Eq. 29c¢),
27y (—
T _ _ e@D(-AH,) 3C, (35)

or (1 —e2k, or

Equation 35 can be integrated easily by assuming ¢2/(1 — €)2is a
weak function of radius. This assumption is exact at the initial time
and valid at Jow conversions. Then, the integrated equation is given

by:

f?D (—AH,)
T - 6k
Assume the reaction is endothermic. Since C4 ¢ = C4 = 0 always,
the temperature bounds inside the char particle are:

6szl)(_AI{c)CA,ﬂ
(1 — & )2kc

If the reaction is exothermic, the upper and lower bounds for the
temperature are:

Tp,—T= (Cas — Ca) (36)

Tw2T2T, + 87

G?D(_AHc)CA,s
(l - & )ch
One may derive an isothermality criterion for the reacting char

particle by casting Eq. 36 into dimensionless form:

GED(—AHC)CA,S

(1 — & )2chb

Similar expressions to Eq. 39 can be found elsewhere (Aris, 1969).

Numerical solutions of Eqs. 31-33, which will be discussed later,

show that isothermal conditions may be assumed to good accuracy
for:

Tp =T=<Tp+ (38)

T*—-1= (1=Cy)=ar(l-C;) (39)

Jar] <007 for k<1 (40a)
|ar] <008 for 2<h<3 (40b)
|ar| < 0.01 for h>5 (40c)

These criteria were based on a maximum 10 K difference between
the bulk and the lowest inside temperatures at T;, = 1,200 K.

Numerical Solution
The energy balance equation (Eq. 32) is highly nonlinear in
temperature. The Crank-Nicolson method with quasilinearization
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was used to obtain complete solutions for gaseous concentration,
temperature profile and local conversion.

Parameters for the nonisothermal particle model are:
B2 = R2A p,Se—Eo/RT» _€eD(=AH,)C,,
D ™70 = e2k,Tp

Eg
6 RT, and 7.
The above defining equations are easily obtained by casting Eq.
32 into a dimensionless form.

In Figure 8a, the time variation of gaseous concentration profile
is shown for a nonisothermal example (h = 5, ¢, = 0.3, ¥ = 0.4, ar
= —0.5 and § = 20) and compared with the corresponding iso-
thermal case (h = 5, €9 = 0.3, v = 0.4). As the reaction proceeds,
the gaseous concentration profile for the nonisothermal case be-
comes closer to that of a reaction-controlling case, i.e., the con-
centration is virtually constant across the particle. This is due to the
slow reaction rate at the inner core, where the temperature is lower
than at the outer surface. Figure 8b shows the variation of tem-
perature profile as a function of the dimensionless time (7*) when
h=5,¢=038,v =04, ar = —0.5and 6 = 20. The local porosity
vs. radius curves at the same conditions are shown in Figure 8c. The
porosity profile for the nonisothermal case is even sharper than that
for the isothermal case. This arises from the relatively rapid rate
of chemical reaction at the hot outer surface and the slow reaction
rate at the cool inner core.

For a typical char-COg reaction, ¢p = 0.4, AH = 1.7166 X 102
kJ/mol, T, = 1,250 X, k(1 — €)% = 1.6747 ] /m-s-K (Badzioch et
al,, 1964), D =5 X 1079 m?/s (Knudsen diffusion corresponding
to the pore diameter of 20 nm) and C4 s = 70 mol/m3 (a partial
pressure of 6.8948 X 102 kPa), the calculated value of |y is 0.005
and h is much smaller than unity for 14 X 18 mesh size sample. As
expected from the criteria of Eq. 40, numerical results show that
the temperature gradient inside the particle is negligible for |z |
= 0.005 and & = 23. If the porosity value is abnormally high and
the diffusivity is a comparatively large number, then || would
be greater. For most endothermic char reactions at practical
fixed-bed operating conditions, the isothermal assumption is valid,
i.e., the value of |er| is fairly small regardless of h. Therefore, an
isothermal assumption can be safely made for most endothermic
char reactions.

For exothermic reactions, the intrinsic reaction rate is faster at
the inner core than at the exterior surface of the particle, due to the
exothermic heat of reaction. The hydrogasification is an exothermic
reaction; however, relatively slow gasification rates and small values
of |ar| (order of 0.01) at most fixed-bed operating conditions
(1,100-1,300 K) make the isothermality assumption still valid.

EXPERIMENTAL DATA ANALYSIS

The carbon dioxide gasification of the Montana Rosebud Char and the
linois No. 6 Char was investigated at various reaction temperatures to test
the model. A unique experimental system, the “Hanging Reactor Ther-
mobalance,” was used for this purpose. A detailed description of this device
has been given elsewhere (Gardner et al., 1980; Angus et al., 1980).

Surface Area and Porosity Determination

The densities of Montana Rosebud and Illinois No. 6 chars at various
conversions were determined by helium displacement and mercury pen-
etration. The helium and mercury densities are used to calculate the total
void volume of the particle, which in turn determines the overall porosity
of the particle, as shown in Table 1. Mercury density was measured in a
mercury porosimeter at 101.3 kPa pressure. Pores with radii smaller than
15 pm are not penetrated at that pressure. Taking the helium density as
the true density of the solid matrix and the mercury density as the bulk
density, the following relationships can be used:

Vg = p;l - pt.l (41)
e=1—pp/p: (42)

where v, denotes the pore volume of particle.
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TABLE 1.

Helium Mercury
Density Density
Mg/m? Mg/m3
Montana Rosebud Char
Raw Sample 1.718 0.8850
30% Conversion 2.030 0.8748
50% Conversion 2.111 0.8878
70% Conversion 2.166 0.6648
100% Conversion 2.247 —
llinois No. 6 Char
Raw Sample 1.729 0.7876
40% Conversion 2.090 0.7336
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Figure 9. The surface area vs. porosity curves: O, Montana Rosebud; A, lllinois
No. 6; ---, Sg = Se.

The specific surface areas for the same samples were measured using
CO; adsorption, also shown in Table 1. Figure 9 shows how the specific
surface area increases with porosity for Montana Rosebud and Illinois No.
6 chars. Even though it was clearly impossible to obtain a universal corre-
lation regardless of char type, an approximately linear functionality be-
tween the specific surface area and porosity can be assurned, as is shown
in Figure 9. The empirical equation (Eq. 5) appears to be a reasonable
approximation in the range of moderate conversions (Walker et al., 1959).
Values of S, defined in Eq. 5, were determined by the least square method
as 745 (m?/g) for Montana Rosebud char and 490 (m2/g) for Illinois No.
6 char.

Experimental Determination of Reaction Order

The experimental fractional conversion of the coal char is defined in two
different ways:

MORPHOLOGICAL DATA OF CHAR SAMPLES USED

Void Specific
Volume Surface
m3/Mg Porosity Area, m?/kg
0.5479 0.4849 3.96 X 10°
0.6505 0.5691 4.30 X 10°
0.6527 0.5795 4.26 X 105
1.0425 0.6951 4.61 X 105
0.6913 0.5445 2.51 X 105
0.8847 0.6490 3.29 X 10°

The above two definitions of fractional conversion will be used in the rest
of data analysis.

The 35 X 60 mesh sieve fractions of Montana Rosebud char were gasified
with CO at various conditions in the reaction rate controlling regime. The
partial pressure of COg was suddenly changed to another pressure at in-
termediate conversion. Comparing the reaction rates immediately before
and after the step change in pressure, the reaction order with respect to the
carbon dioxide concentration at high pressure (350-2,760 KPa) was ob-
tained as close to one, as reported in Table 2. The results are in good
agreement with those by Blackwood and Ingeme (1960). More detail can
be found in the work by Lee (1980).

Intrinsic Reaction Rate

The 35 X 60 mesh sieve fractions of Montana Rosebud char were gasified
with carbon dioxide at 1,083, 1,123, 1,163, 1,193 X and at 1,380 kPa. The
fractional conversion vs. time curves can be found in Figure 10a. The av-
erage particle radius can be obtained by assuming spherical particles and
is approximately 0.000125 m.

The molecular diffusion coefficients for the CO2-CO binary gas system,
D¢og-co, can be calculated using the Enskog-Chapman equation as a
function of both temperature and pressure. In the molecular diffusivity
calculation, only the bulk diffusion in the macropores is considered. For
diffusion occurring in micro and transitional pores predominantly by
Knudsen flow, the Knudsen diffusivity can be approximated from the
Satterfield correlation assuming cylindrical pores:

v (45)
TmogPp

Again, the tortuosity is assumed to be equal to the reciprocal of porosity.
The molecular, Knudsen and overall diffusivities were calculated using
the Enskog-Chapman equation, Satterfield correlation and resistance
relation (D71 = Df_l + Dg1), respectively and are shown in Table 3.
Previously, the dimensionless time was defined in Eq. 14 and rewritten

as:
Cas Cas\[(h2D
= (G wons = () 52) (46)

The procedure for determining the reaction rate constant is essentially based
on the least square method. In Eq. 46, values of C, 5, C2, R and D are ob-
tained from measurements or calculated from correlations. Therefore, each
gasification condition generates one defining equation relating the di-
mensionless time with rea) time. For example, one obtains the following
defining relations for carbon dioxide gasification reactions at various

Dk = 19,400

(i) Ashfreebasiss X =1~ H (43) temperatures and 1380 kPa.
(1& ) MM 7 = 0.21951 h% at 1,083 K (47a)
‘e . l A . — s/t v a
(#) Dry mineral matter free basis: X M)e—M, =M, o= M, =M, (44) 7% = 0.21728 h2 at 1,123 K (47b)
TABLE 2. DETERMINATION OF REACTION ORDER FOR CO3 GASIFICATION OF MONTANA ROSEBUD CHAR
R di ds
il —1 pakid —1
Run T X Xs Py, kPa Py, kPa (dt)Pl’ s dt)P;’ s n
a 1,123 0.43 1,380 2,070 7.30 X 1074 1.108 X 1078 1.03
b 1,163 0.34 690 345 6.50 X 10~* 3.00 X107 1.12
c 1,183 0.53 1,725 862.5 4.26 X 1074 2.02 X 1074 1.08

X; = conversion at which pressure is changed suddenly
P = pressure before the step change
Py = pressure after the step change
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Figure 10. Fractional conversion vs. time curves for CO, gasification of chars.
{a) Montana Rosebud char: —, Experiments; - - -, This model; ---, Pro-
gressive conversion model. (b) lllinois No. 6 char: ——, Experiments; - - -, This
model.
7% = 0.21485 h%t at 1,168 K (47¢)
7* = 0.21339 h2t at 1,193 K (47d)

By plotting the experimental conversion data (X) against the dimensionless
time (t/to.5) and comparing these curves with the theoretical X vs. 7%/75
curves at an assumed Thiele modulus (h), one can obtain the value of v
using the least square method. An updated value of k is calculated by using
Eq. 47 at the perfect fitting point, i.e., X = X = 0.5. If the assumed h and
the calculated h are equal, then the iterative calculation stops; if not, the
procedure is repeated with the updated value of k.

If the reaction rate is controlled solely by surface reaction, then the cal-

culation does not require the iterative procedure because there is only one
solution for this case, i.e., Eq. 17. However, if the diffusional process affects
the gasification rate, then the iterative procedure is required.

The intrinsic reaction rate constants for carbon dioxide gasification of
Montana Rosebud char were caleulated by analyzing the previous four runs
as described above. The predictions of fractional conversion (X) vs. time
were plotted at the four different temperatures and compared with the
experimental data and to the progressive conversion model (Ishida and
Wen, 1968) in Figure 10a.

Since the Arrhenius-type temperature dependence is assumed in the
model, the activation energy can be obtained by plotting (Inko) against
(1/T). The calculated activation energy E for CO; gasification of Montana
Rosebud char is 2.495 X 102 k] /mol. The dependence of the activation
energy upon the fractional conversion is obtained from Egs. 7 and 8 as:

E = (2.495 + 0.065¢) X 102 k] /mol
= (2529 + 0.033X) X 102 kJ/mol (48)

The average activation energy from the present study is found to lie be-
tween the literature values of 2.261-2.847 X 102 k] /mol. Accordingly, the
rate constant can be represented by an Arrehenius-type equation as fol-
lows:

ko = 687.54 exp(—2.495 X 102/RT)(m/s) (49)

As shown in Table 4, the chemical reaction controls the process at tem-
peratures up to 1,193 K at 1380 kPa. At higher temperatures, however,
diffusion resistance may become appreciable. There is a critical temper-
ature above which pore diffusion significantly limits the reaction rate for
a given size particle at a fixed partial pressure of the gaseous reactant. If
one uses h > 5 as the criterion for the onset of diffusion limitation, then the
critical temperature (T.) can be calculated using Newton’s method. For
example, the critical temperature is 1,516 X at R = 0.000125 m (approxi-
mately equivalent to 35 X 60 mesh), P = 1,380 kPa and T, = 1,193 K. If
the particle size is increased to R = 0.000625 m (approximately equivalent
to 12 X 14 mesh), then the critical temperature is 1,300 K. Similarly, the
critical radius can be defined as the radius at which pore diffusion signif-
icantly influences the rate, i.e., the radius at which2 =5 At T =1,123K
and P = 1,880 kPa, the critical radius is 0.00378 m (larger than 3 mesh size
sample). Many practical gasification conditions (1,073-1,273 K, 0.0001-
0.002 m and 690-3,450 kPa) for various fixed bed reactors are in the re-
action controlling regime.

Similarly, the carbon dioxide gasification reactions of Illinois No. 6 char
were analyzed and the fractional conversion vs. time curves for 35 X 60
mesh are shown in Figure 10b for 1,123,1,173, 1,198 K and 1,380 kPa of
COq. The intrinsic reaction rate constants were calculated and are sum-
marized in Table 5. The activation energy calculated from the slope of the
Arrhenius plot is 2.389 X 10% k] /mol. The porosity (or fractional conversion)
dependence of the activation energy is:

E = (2.389 + 0.078¢) X 102 kj/mol
= (2.431 + 0.033X) X 102 kJ/mol (50)

It is worthwhile to check the assumption of isothermality. Assuming
ke(1 — €)? = 1.6747 ] /m-s-K, ar is found to be:

lar| =0.00872, h =0.09325; at1,123K
|ar| =0.00829, h=017217; at1,173K
|ar| =0.00810, k =0.20100; at1,198K (51)

Therefore, according to the criteria of Eq. 40, the isothermal assumption
is valid for this situation.

ANALYSIS OF LITERATURE DATA

Hydrane No. 49 char (35 X 60 mesh) was gasified with COg by
Dutta et al. (1977). Table 6 presents the data on pore characteristics.

TABLE 3. DIFFUSIVITY CALCULATIONS FOR COz GASIFICATION OF MONTANA ROSEBUD CHAR

T,K P, kPa DCOz-CO, m2/s Dk, m2/s D, m2/s

1,083 1,380 1.046 X 10~5 1.373 X 10-6 1.214 X 10-6

1,123 1,380 1.143 X 1075 1.398 X 10~6 1.246 X 10-6

1,163 1,380 1.237 X 1075 1.423 X 106 1.276 X 1076

1,193 1,380 1.325 X 1075 1.441 X 1076 1.300 X 106
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TABLE 4. CALCULATION OF INTRINSIC REACTION RATE CONSTANTS FOR CQOg GASIFICATION OF MONTANA ROSEBUD CHAR

T P kop,S kO

K kPa he vy 1055 t05 he 1/s m/s
1,083 1,380 0 0.6 1,450 3.475 0.1045 0.84825 6.626 X 10-10
1,123 1,380 0 0.7 650 3.869 0.1655 2.18453 1.707 X 107°
1,163 1,380 0 0.7 275 3.869 0.2559 5.34761 4.176 X 1079
1,193 1,380 0 0.75 145 4.118 0.3648 11.07319 8.653 X 1079

ha and he = assumed and calculated Thiele moduli, respectively

TABLE 5. CALCULATION OF INTRINSIC REACTION RATE CONSTANTS FOR COg GASIFICATION OF ILLINOIS NO. 6 CHAR

T kopts ko
K ha Y tos,s 75.5 T* = he /s m/s
1,123 0 0.8 1,150 4,953 0.49527h2%t 0.0933 1.2153 1.4345 X 1079
1,178 0 0.8 340 4.953 0.49145h2t 0.1722 3.6991 4.3662 X 1079
1,198 0 08 250 4.953 0.49038h2t 0.2010 5.9872 7.0670 X 1079
TABLE 6. PORE CHARACTERISTICS OF DEVOLATILIZED HYDRANE 10
NO. 49 CHAR (DUTTA ET AL, 1977)
Properties measured by mercury porosimetry /I
Net Pore Particle True BET Method I
Volume Density Density Surface Area T i
m/kg kg/m? kg/m? Porosity m?/kg 8 I ,,'
2.65X 1073 022 X 10° 1.17 X 108 0.809 1.72 X 105 @ B .‘l
<
o 5 [ .
- /] Prad
a{ 1 /l ”’/
The total pore surface area of the devolatilized char in the table S i P
was determined by BET nitrogen adsorption. It has been found that ~ i P,
nitrogen at 77 X fails to reach all the micropore surface areas and § f o
some investigators such as Gan et al. (1972) and Marsh (1965) have ~ [ o =
suggested that carbon dioxide is a better adsorbate. Therefore, the H Lz
surface area given should only be regarded as an approximation. I - o o ot A== Q
The measured value of porosity seems high compared to the value 0 B
given in the previous section and other literature values (Gan et 0 0.5 1.0
al,, 1972). The mechanical integrity of the pore structure remains 1-X
doubtful under 34,500 kPa of mercury pressure. Nevertheless, the A
data appearing in the original work will be used without modifi- Figure 11. Reaction rate vs. conversion curves for CO, gasification of Hydrane
cation in the fo]lowing analys‘is. No. 49 char: 0, 1332 K; A, 1232 K; O, 1132 K; —, this model; - - -, Dutta’s
model.

Figure 11 shows the reaction rate vs. conversion curves as a
function of temperature for the Hydrane No. 49 char. A differ-
ential method can be used in this case. The present model provides
the following relationship between the reaction rate and the
fractional conversion (Eq. 14):

B = v+ (L — )l = R~ o)1 — X))

dr*
X{l=(1-¢€)1-X)NCs (52)

where C}, is approximately equal to unity for a reaction controlling
case and can be approximated by a semianalytic solution for an
intermediate or diffusion limiting case. The present model has only
two parameters (y and k), whereas the Dutta’s model includes four
parameters. The intrinsic rates are calculated and shown in Table
7. In Figure 11, Dutta’s model and this model are compared. The

sum of squares of error for the two models calculated at the data
points are summarized in Table 8. It is obvious that the current two
parameter model is at least as good as the Dutta’s four parameter
model in fitting the experimental data.

Wicke (1955) studied the reaction of spectroscopic electrode
carbon at 1.013 X 10* Pa carbon dioxide pressure and obtained the
following equation for the rate of the carbon-carbon dioxide re-

action:

Ratec.co, = 2.6 X 107 exp{(~—8.559 £ 0.126) X 102/RT}(m/s)
(53)

At 1,123 K, the intrinsic rate constants for the char-CO; reaction

TABLE 7. CALCULATION OF INTRINSIC REACTION RATE CONSTANTS FOR COy GASIFICATION OF HYDRANE NO. 49 CHAR

(&)

T P dt |x=02 (dX) kop:S k,

K kPa ha 571 dr*/x=02 Y 51 he m/s
1,132 101.3 0 45 X 1075 0.108 0.2 0.52461 0.0211 2.109 X 10—°
1,232 101.3 0 4.05 X104 0.108 0.2 5.13857 0.0641 2.066 X 1078
1,332 101.3 0 (7.7 X 107%) {0.029) 0.2 39.33665 0.1732 1.581 X 1077
Values in the parentheses are at X = 0.8,
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TABLE 8. SUM OF SQUARES OF ERROR

# of Data
T K Dutta’s Model This Model Points
1,132 0.0177 X 10~8 0.0229 X 1078 9
1,232 0.5320 X 10-8 0.1308 X 1078 6
1,332 0.3920 X 1078 0.4716 X 108 4

TABLE 9. APPROXIMATE RELATIVE RATES OF CARBON DIOXIDE
GASIFICATION REACTIONS AT 1,123 K

Intrinsic Reaction Rate Relative
Constant, m/s Rate
Mentana Rosebud Char 1.7X107° 1
Hllinois No. 6 Char 1.4 X109 0.82
Hydrane No. 49 Char 1.6 X 1079 0.94
Graphite 0.25 ~3.6 X 10~° 0.15-2.1

are compared with that for the graphite-COg reaction and the
results are reported in Table 9. The intrinsic rate constants (based
on surface area) for various char samples are nearly the same and
lie in the range of reaction rate constant for the graphite. Therefore,
one can conclude that to some extent the activation energy and
frequency factor for carbon dioxide gasification are independent
of char type. Figure 12 shows a combined Arrhenius plot for the
three chars shown in Table 9. The vertical scale was shifted arbi-
trarily to bring the three data sets onto the same line. This em-
phasizes the importance of the physical properties such as surface
area and porosity in explaining differences in overall observed rates.
As a result, the intrinsic reaction rate constant for carbon dioxide
gasification, regardless of char type, can be represented by

ko = 760 exp(—2.512 X 102/RT)(m/s) (54)

in the temperature ranges of 1,073 to 1,323 K.

More literature data including some steam and hydrogen gas-
ification runs were analyzed using the present model and the ap-
plicability of the model was further demonstrated in the work by
Lee (1980).

ACKNOWLEDGEMENT

This work was supported in part by the Dept. of Energy through
its research grant No. E(49-18)2368. The authors are grateful to
F. Kocjancic and F. Kucera for their help in experimental mea-
surements.

NOTATION

A = rate constant frequency factor
C, = gaseous concentration of species A, mol/m3
Ca s = bulk concentration of species A, mol/m3
C3 = dimensionless concentration of species A (= C4/Cy )
C, = carbon concentration, mol/m?
C? = initial carbon concentration, mol/m?

C: = dimensionless carbon concentration (= C,/C?)
D = overall diffusion constant, m2/s
D, = effective diffusivity, m2/s

€
Dy = bulk diffusivity, m?/s
Dx = Knudsen diffusivity, m?/s
d = pore diameter, m
do = initial char particle diameter, m
E = activation energy, k] /mol
Eo = activation energy at € = 0, kJ/mol
h = classic Thiele modulus
k = intrinsic reaction rate constant based on surface area,
m/s
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Figure 12. Arrhenius plot for CO, gasification of the three different chars: 01,
Montana Rosebud; A, lllinois No. 6; O, Hydrane No. 49 char.

k¢ = thermal conductivity of continuous medium, J/m-s-K
ko = intrinsic reaction rate constant at ¢ =0, m/s

M, = mass of ash in char sample, kg

M; = mass of char sample, kg

M, = mass of volatile matter in char sample, kg
n = apparent reaction order

P = pressure, Pa
g = ratio of gaseous concentration to solid concentration

(= CA,s/Cg)

R = particle radius, m
R = universal gas constant, 0.0083164 kJ /mol-K
r = radial distance from the center of particle, m
r* = dimensionless radius (= r/R)
S = a constant defined in Eq. 5

S, = specific surface area, m?/kg or m2/g
T = temperature, K
T, = reference temperature, K
Tp = bulk temperature, K
T* = dimensionless temperature (= T/T},)
t = real time, s
tos = time when X = 0.5, s
t* = dimensionless time
v = pore volume of particle, m®/kg
X = overall conversion
X = fractional conversion defined by Eq. 43
X = fractional conversion defined by Eq. 44
Xumn = overall conversion where the minimum in the rate oc-
curs
Xumx = overall conversion where the maximum in the rate oc-
curs
x = local carbon conversion

Greek Letters

ar = dimensionless number defined in Eq. 39
7Y = a constant
0 = dimensionless number (= Eo/RT})
= porosity
pp = particle apparent density, kg/m3
p; = particle true density, kg/m3
T* = dimensionless time
Tm = tortuosity
¢ = & modified Thiele modulus
= a function introduced in Eq. 22
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Liquid-Phase Diffusion and Adsorption of
Pyridine in Porous Silica-Alumina Pellets

The adsorption and effective diffusivity of pyridine dissolved in heptane were

D. S. van VUUREN

measured in silica-alumina pellets using a specially developed single-pellet con-

tinuous-flow diffusion cell. The measured diffusivities varied between 0.43 X 10—

Chemical Engineering Research Group—

and 3.25 X 107® m%s~1; the temperature dependence of the diffusivities indicated CSIR

that both pore volume diffusion and surface diffusion play a role in the mass

transfer.

Pretoria, Republic of South Africa

C. M. STANDER

National Physical Research Laboratory—
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DAVID GLASSER
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SCOPE

The heterocyclic nitrogen compounds present in fossil-fuel
liquids like shale oils, petroleum and coal liquids cause problems
such as catalyst poisoning during processing and formation of
excessive nitrogen compounds during the combustion of the
final products. Their removal by hydrodenitrogenation in
multiphase reactors or possibly by liquid-phase adsorption in
a packed column is, therefore, essential.

Mass transfer effects such as bulk diffusion in the pores and
adsorption accompanied by surface diffusion on the pore walls
of catalysts have a major influence on the efficiency of these

removal processes. It is, therefore, important to establish the
magnitude of the effective diffusivities and adsorption coeffi-
cients in these systems by either predictive or experimental
methods. The available predictive methods for determining
effective diffusivities are not adequate in systems where ad-
sorption and surface diffusion are important and experimental
methods must therefore be used. This paper describes a novel
way to determine effective liquid-phase diffusivities in porous
solids by measuring the transient response in a single-pellet
continuous-flow system.

CONCLUSIONS AND SIGNIFICANCE

Using the developed method, the effective diffusivities of
pyridine in the porous silica-alumina materials were measured

Correspondence concerning this paper should be addressed to D. S. van Vuuren.
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to an estimated accuracy of about 20%. Advantages of the
technique are: sampling is easy (even at elevated temperatures
where evaporation of the liquids can cause experimental dif-
ficulties); only small amounts of fluid are required; there is no
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