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1. INTRODUCTION

Although a voluminous literature exists concerning the study of coal char-gas
reaction systems, the understanding of the actual mechanisms and the roles of heat
and mass transport in the overall conversion process, are still far from complete.
One difficulty in determining intrinsic reaction mechanisms in many previous
studies can be at least partially attributed to the use of ''steady-state' condi-
tions. The results of such experiments can be explained equally well by a few
plausible models which all yield roughly the same overall gasification rate. Dis-
crimination among candidate models is difficult under these conditions, and there
is no guarantee that the model finally selected actually reflects the true mech-
anism over a wide range of operating conditions. Also, ''steady-state" rate measure-
ments reveal relatively little concerning the detailed sequence of elementary steps
that constitutes the intrinsic reaction mechanism.

In addition to difficulties in model discrimination, the types of laboratory
reactors which have been used in coal gasification kinetic studies may have also
contributed to data interpretation problems that are well known for heterogeneous
catalytic systems [e.g., see (1-3)].

The primary objective of the current work is to overcome most of these problems
in order to develop a fundamental description of the reaction mechanisms of the
heterogeneous coal char-gas reactions using an experimental system and techniques
which allow the elementary steps to be better identified. More specifically, the
approach involves the application of a ''gradientless' reactor system coupled with
a supersonic, modulated molecular beam mass spectrometer, and transient response
techniques to char gasification kinetic studies. The transient behavior of a reac-
tion system as it proceeds from one steady-state to another upon perturbation of
system state variables exhibits characteristics reflective of the nature of the de-
tailed kinetic mechanism. Furthermore, in addition to transient data, the usual
steady-state results are available as well. Thus the transient response method is
employed as an aid in model discrimination, mechanism determination, and, ultimate-
ly, parameter estimation.

The use of an internal recycle, "gradientless' reactor serves a dual purpose:
(1) it simplifies the mathematical analysis of the transient data due to the result-
ant lumped parameter description of the transient response; and (2) it significantly
reduces the influence of interphase mass and heat transport gradients. The princi-
pal advantages of this type of reactor over other common reactor types have been
well documented in the literature [e.g., see (3-11)].

Finally, in order to obtain the transient data, the reactor must be coupled to
a responsive analytical technique which allows continuous measurement of the trans-
ient product concentrations. Mass spectrometry is one such technique compatible
with the transient response method. On-line mass spectrometry has been employed by
several researchers in studies of the devolatilization of coal under vacuum condi-
tions (12-14). Rapid sampling while operating at the high pressures relevant to the
present study can be accomplished by allowing the product gases after pressure let-
down to expand through a sonic orifice as a supersonic, adiabatic free jet into a
differentially-pumped vacuum system. The rapid expansion into the vacuum
"freezes' the relative compositions of the product gases when the sampled gas at-
tains molecular flow. By skimming the core of the jet, a molecular beam can be
formed. The resultant beam is further modulated to discriminate between the in-




.2-

stantaneous behavior of the beam species and the same species in the background
ot the mass spectrometer vacuum envelope (15,16).

The adaptation of these techniques to the current purpose is set forth-below.
The char-carbon dioxide reaction system is used to illustrate the efficacy of the
approach. Other char-gas reaction systems and related studies are being pursued
in a similar manner.

2. EXPERIMENTAL

2.1. System Description

A schematic of the experimental apparatus developed for the current transient
kinetic studies is presented in Figure 1. Essentially, it consists of: (a) a
continuous gas flow, fixed solids, 'gradientless' (Berty-type) reactor; (b) an
automatic switching gas addition valve network for generating concentration per-
turbations under conditions of constant flowrate, temperature, and pressure; and
(c) a supersonic, modulated, molecular beam mass spectrometer for measuring the
transient behavior of the concentrations of the product gases.

A typical experimental run might proceed in the following manner. Steady-
state is first established with inert gas (e.g., argon) flowing through the reac-
tor (maintained at the desired temperature and pressure), and with reactant gas
(e.g., carbon dioxide) flowing through the purge line. At time zero, the inert
gas is instantaneously replaced by the reactant gas now flowing through the reac-
tor, and the reaction is thereby initiated. The switching is done in such a manner
as to insure the same volumetric flowrate through the reactor, in spite of the
change in gas species. This results in a well-defined step function increase of
the reactant to the reactor. The transient response of the reaction system to
this perturbation is then monitored with the beam sampling system at the reactor
exit.

The experimental system has been designed to operate at conditions relevant to
commercial coal gasification conditions (e.g., up to 500 psi at 1400 F, and even
higher pressures at lower temperatures, as determined primarily by the manufactur-
er's specifications for the reactor). Also, the reactor space time (the ratio of
the reactor gas phase volume to the volumetric flowrate) can be varied over the
range 0.01 - 1.0 min.

The preceeding, necessarily brief description is intended to convey only a
general overview of the apparatus and its mode of operation. For a thorough dis-
cussion of the important and interesting details of the development of the appa-
ratus, and the adaptation of transient kinetic techniques to char gasification,
see reference (17).

2.2. System Performance

Reactor mixing performance curves were obtained by imposing step changes in
the reactor feed from argon to carbon dioxide at constant volumetric flowrate,
pressure, and temperature, and recording the resultant transient response. Due to
considerable adsorption of test gases by the char, nonporous 3 mm glass beads were
used in the basket for these studies. The resultant data were all clearly expo-
nential, in accordance with well-mixed reactor behavior, and the corresponding time
constants were close to expected values. The total gas mixing volume deduced from
these experiments was found to be 241.4 cm3, which is quite reasonable in view of
the fact that the total internal reactor volume is 275 cm3, of which approximately
30 cm3 is presumed to be dead volume located beneath the impeller.

In order to assess the relative influence of interphase heat and mass transfer
on intrinsic chemical kinetic rates, the reactor internal recycle ratio, R, and
superficial velocity, vy, through the char bed were determined by measuring the
pressure drop across the char bed in the same manner as described by Berty (18);
i.e., R=A vo/q, where A is the cross-sectional area of the basket (20.27 cmz)
and q is the volumetric flowrate at reactor conditions. For typical experimental
conditions with space time v = 15 s, free gas volume Vg = 220 cm® (V, = 241.4 cmd
- W/pg, where W is the weight of dry char in the basket, pg is the s6lid density
and 241.4 cmd is the total free gas volume in the reactor from the glass beads
experiments), and impeller speed of 2800 RPM, the superficial gas velocity deter-
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mined from our calibration is v, = 13.72 cm/s (0.45 ft/s). With a flowrate of
q = 14.67 cm3/s the recirculation ratio is R = 19, which is sufficient to guaran-
tee good mixing and gradientless operation.

The influence of interphase mass transfer limitation on measured kinetics for
a particular set of experimental conditions can be assessed from the Damkohler num-
ber, Da = kjCg (1-8)/kpa,/RT), which is the ratio of the reaction rate, (as repre-
sented by the ﬁinetic rate constant for the oxygen-exchange reaction; see below), and
the effective interphase mass transfer coefficient for CO, which can be estimated
from the j-factor for interphase mass transfer, jD (e.g., see (19),p.395). For the
experimental conditions used in the current work, it was found that 1 x 10~%<Da< 9 x
10~%. Since Da<<l, the reaction is definitely not limited by interphase mass trans-
port. The relative importance of intraphase diffusion is considered in the Discussion.

The interphase heat transfer limitation can also be evaluated from the Damkohler
number by making use of the Chilton-Colburn analogy between mass and heat transfer in
packed beds (e.g., see (19), p. 396). For typical reaction conditions, assuming a
heat of reaction of +41.23 kcal/g mol for the overall CO; - char gasification reac-
tion, the estimated temperature difference between the_surface of the char, Tg, and
the bulk fluid, Ty, is § x 10-6 < (Tp-Tg)/Tp < 4 x 107°, Thus, for a high opera-
ting temperature like 972 K, (Tp - Tg) can be as large as 4°C. Actual temperature
differences between the solid and gas in the char bed are expected to be less than
this due to radiation. Therefore, it can be conservatively stated that the inter-
phase heat transfer limitation is not significant in the current studies.

Based upon the preceeding performance data and numerical estiamtes, the par-
ticle size of the activated coconut (Fischer) char selected for the experiments re-
ported on here was > 14 mesh. With an average particle diameter of about 1.6 mm,
the resultant superficial velocity through the char bed at maximum impeller RPM
should effectively eliminate interphase heat and mass transfer gradients, and pro-
vide a relatively high internal recycle ratio for space times in the range of 12 to
20s, that were found to be optimum for the current experiments.

3. " KINETIC MODELING

The general treatment of transient kinetic models is outlined by Bennett (20)
and Cutlip et al. (21). In essence, the transient mass balances for the species
in the reaction system yield a set of differential equations which defines the
model for the particular mechanism assumed. Integration of this system of equa-
tions results in the transient curves of the various species, which can then be
used for parameter sensitivity studies, and also for parameter estimation by com-
parison with corresponding experimental data.

In order to illustrate this approach, consider the simple two-step mechanism:
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which is imbedded in all known CO, gasification kinetic mechanisms, and was found
to adequately represent the data in the current work.

If Cgys Co, X, 8, and P, represent, respectively, the active site concentra-
tdonin g mol/g mol C, the initial total g mol of carbon, the fractional conversion,
the fractional surface coverage of the complex, and the partial pressure of spe-

cies i in the gas phase, the following rate expressions result for the preceeding
mechanism:

T = Csoco(l'x)[kl(l'e)PCOZ] 1)
r, = Csoco(l'x)[kze] 2)
Assuming a gradientless reactor, a mass balance on each species yields:
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where & = VP (due to the increase in gas volume upon reaction)
g COZE
Pt = total system pressure, atm
co.= partial pressure of CO; in the feed (also total pressure of

2f reactor if feed is pure COZ), atm

T = Vg/q; reactor space time evaluated at reactor conditions, min
Vg = reactor gas phase volume, cm3
q = volumetric flowrate at reactor conditions, cms/min
T = reaction temperature, K
R = universal gas constant, atm.cmS/K.g mol
The units for the rate parameters are k, = [min_latm_l] and k, = [min_l].
The initial conditions for a pure CO, feed at time t = O are:
:cozj§c0=e=x=° 5
AT t

Equations 1 through 8 constitute the model for the reaction system with dependent
variables PCOZ’ CCO’ PAr’ 6, and x, and parameters CSO, kl’ and kZ‘

From simulated CO transient response results, it was found that the active
site concentration, cso’ has a pronounced effect on the production of CO, but the
shape of the transient curve remains relatively unchanged. However, the shape and
position in time of the "overshoot'" of the CO responses for both mechanisms are
quite sensitive to the kinetic rate parameters k; and k,. The effects of k; and
k, are qualitatively illustrated in Figure 2. It is noted that the "overshoot" is
due to large values of kj, while the ''leveling-off'" is associated with large ko
values.

Once the raw data (i.e., transient curves of the modulated signals for m/e =
44 and 28) are corrected to yield the net CO production curve due to reaction
(from the fragmentation coefficient measured for CO,), and then converted to CO
partial pressure data (from the relative sensitivity measured for CO and CO,), the
next step is to determine a best parameter set for the proposed mechanism. “This
is done by minimizing the least squares objective function,

2 n N ~ 2
$ = kzl 151 U Oyi -y 277sd 9)
(where the subscript ik represents the ith variable at time k, with:
i = 1i,...,n; the number of variables used in the
optimization process,
k i,..., ; the time intervals
Yik = experimental point (partial pressure data),
yik = predicted value from the model,
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using a Marquardt-type technique (22), coupled with a Green's function method (23)
to determine the necessary first order sensitivity coefficient matrix, S = 3y/3g.
In essence, the parameter estimation procedure consists of solving the « Yo
equations resulting from minimizing the objective function, Equation 9, based on
local linearization of the model about the initial guess parameter set, B . This
solution yields the vector of parameter changes, Ab;, which in turn give?othe next
best estimate of the parameter set to minimize ¢. %his procedure is repeated until
the objective function meets an acceptable preset tolerance. In the current work
only one variable, Pqqy, was used in the optimization of the objective function for
parameter estimation ?rom the experimental transient data. This was done because
this variable is the most sensitive to the particular model used, while PCO2 and
PAr are less so.
4. RESULTS
The CO transient responses for the cxperimental runs conducted with two par-
ticle sizes of activated coconut (Fischer) char are presented in Figures 3 and 4.
In these figures, the characteristic '"overshoot'" of the oxygen-exchange reaction,
R1, as well as the '"leveling-off" of the transient curves due to the carbon gasi-
fication reaction, R2, are clearly evident. As predicted by transient response
simulations, smaller space times result in a sharper ''overshoot" and a lower
quasi-steady-state level of CO at longer times. Higher temperatures favor greater
CO production but the *overshoot" becomes progressively less sharp.

The inhibition effect of pressure on gasification is not clearly evident in
these figures, but becomes more so upon analysis of the quasi-steady-state gasi-
fication rate attained after "leveling-off" of the transient curves.

From the stoichiometry of the overall reaction:

—
C + CO2 -~ 2 CO R3)
For continuous pure CO2 gas feed, the "steady-state' gasification rate is given by
w - zLodc 1 dfco] _ FCOss . ost 10)
ss dt 2C dt ZCO(l—x)RT ZCORT

for negligibly small carbon conversion (i.e., x = 0).

Equation 10 can be rearranged to
PCO2
P sS 1
co

[ |

co 2C RT

2 _ l o

W ss q

The (Pcq /PCO)ss in this expression can be evaluated from the quasi-steady-state
values 2 obtained at the end of the transient period. A plot of the right-hand
side of Equation 1l versus Pcq at constant temperature is presented in Figure 5.
The observed linear dependence”SS of the gasification rate on CO, partial press-
ure suggests a ''steady-state' rate expression of the form:

PCO PCO
e 12)
sS Iy Ja
or y JlPCOZ
sS 13)

1+ (jl/jz)Pcoz

Equation 13 is the same steady-state rate form observed by Ergun (24), with

i1 = kC and j, = k,C and clearly shows the inhibiting effect of pressure on

the gasi%?cation rate.
Several models were fit to the transient data: the Blackwood and Ingeme model

(25), seven parameters; the Shaw model (26), five parameters; the Mentser and

Ergun mechanism (27), five parameters; the Ergun mechanism (24), four parameters;

and the two-step mechanism found appropriate in the current work (three parameters).

Due to the low levels of CO present in the reactor under the current experimental

So”’

10



— e ——————

R r——

—6-

conditions, only the latter model fits the data accurately since the others all
have CO reaction paths which are superfluous for our data.

The resultant parameter values for the two-step mechanism exhibited distinct
Arrhenius temperature dependence. Numerical fits of all the data as a function
of temperature yielded the following expressions:

k= 6.13 x 101! exp ' lééﬁggg min"lagm ! 14)
and k2 =9.98 x 109 exp l :ﬂiiggg min_l 15)

Also, for the first time in the same experiment, the concentration of active car-
bon sites expressed as g mol/g mol C, was determined for the coconut char to be:

-9 27,000
C = . et A Al 16
so 1.70 x 10 7 exp RT )
This indicates that the active site concentration has a negative "activation
energy''. In other words, at higher temperatures, initially active sites become
deactivated; viz.,
C. —~ C. R4)
. 1. .
active inactive

This deactivation phenomenon agrees with some of the findings of Duval (28) and
Blackwood et al. (29), which are discussed further below.

It is of interest to compare the values of the activation energies obtained in
the present study for the two steps, Rl and R2, with corresponding values reported
in the literature. Table I summarizes the results of previous investigators.

It is evident that the apparent activation energy for the two common kinetic

steps varies cons1derably from one study to another; with E| ranging from -27 to
+76 kcal/g mol and Ez from -17 to +93 kcal/g mol. This variation can be at least
partially attributed to differences in experimental data analysis techniques, as
well as the particular reaction mechanism assumed.It should also be noted that in
all these studies, the rate parameters are reported as the product of the active
site concentration , Cgp, and the intrinsic rate constant, k. Hence, the apparent
activation energies also reflect any variation of Cg, with temperature. In other
words, the difference in the types of char and experimental conditions can account
for the wide range of activation energies evident in Table I. As indicated by
Johnson (30), C so 1S expected to decrease with increasing coal rank. In fact, this
general trend is substantiated in the case of k,Cg, by the large activation ener-
gies observed for the high purity carbon (e.g., Ceylon graphite, Spheron 6 carbon,
activated carbon, and graphite) used by Ergun (24) and Mentser and Ergun (27),
vis-a-vis the much smaller temperature coefficients found for coconut char by
Gadsby et al. (31), Long and Sykes (32), and also in the current work.

Differences in activation energies can also be attributed to presumably catal-
ytic impurities in the char. This effect is especially pronounced (for kyCgy) in
the work of Long and Sykes (32) with coconut char where E2 changed from 38 to 66
kcal/g mol upon removal of mineral impurities with hydrochloric and hydrofluoric
acids.

On the other hand, Mentser and Ergun (27) argued that the constant activation
energies obtained in their work with different forms of high purity carbon were
due to a constant number of active sites, C sq» independent of temperature, and
thus reflected the true activation energies %or the reaction steps. This hypothe-
sis is not at all unreasonable since Cy, should not decrease indefinitely with
coal rank, but rather the active site concentration should attain some constant
asymptotic value for the high purity carbons. If the activation energies reported
by Mentser and Ergun are the "true" temperature cocfficients for Rl and R2 (with
Ey = 53.0 kcal/g mol and E; = 58.0 kcal/g mol), then their results agree reasonably
well with the intrinsic activation energies found in the current work (E; = 55.5
kcal/g mol and E, = 44.8 kcal/g mol).

11
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Other differences in El' and E,' are probably numerical in origin. For in-
stance, Golovinma (33) fitted several simplified forms of the same gasification
rate expression to data (i.e., due to possible changes in mechanism at various
conditions), and reported different E' values for three different regimes of
pressure and temperature. However, the negative activation energies obtained are
indicative of improper analysis of kinetic data. In addition, the fact that the {
same rate form can give rise to different apparent activation energies in differ-
ent temperature regimes but over the same pressure range (see Table I , as
reported by Golovina, also argues against the inherent validity of the proposed
rate expression and the reaction rate - controlling zone claimed by the investi-
gator.

The effect of intraphase mass transport resistance on the rate constants is
now addressed. First, there was no discernible difference in the gasification 1
rate behavior of the 1.6 mm and 2.68 mm coconut char particles. Also, the result-
ant mode! parameters for the two-step mechanism exhibit essentially the same temp-
erature dependence for both particle sizes. However, chars generally exhibit a
polymodal pore size distribution with most of the internal surface area available
in pores of molecular dimensions (super micropores) (34). Thus, even though the
insensitivity to particle size indicates no bulk diffusional limitation (i.e., in
the macropores), if diffusion in the micropores were the limiting resistance to
char gasification, particle size would not necessarily have any effect; i.e.,
the characteristic size of the microporous material in both particle sizes is
similar. In addition, micropore diffusion is known to be activated (35). Thus if
its rate is comparable to the kinetic rate, or rate-controlling, its activation
energy would be included in the overall apparent activation energy.

The diffusion parameter (diffusion time constant) of CO in the micropores of
WYODAK 35 x 60 char at 800°C is given by Debelak and Mal1to (36) as D/r2 = 1.68
min-! for fresh char (i.e., x = 0). The coconut char gasification rate at 800°C
and 1 atm in pure €0, af given by Equation 13 with the rate parameters reported
here, is 1.16 x 10‘3m1n Thus, if the microporous structure of the WYODAK and
coconut chars are at all similar, the observed gasification rate is too small by
three orders-of-magnitude to be micropore diffusion-controlled. Even at the
highest possible constant asymptotic gasification rate (i.e., at high pressure) of
4.02 x 10 3min-! at 800°C, the reaction is still definitely reaction rate-controll-
ed.

Based on these observations, it is concluded that the activation energies for
the parameters k) and k; found in the present study are intrinsic and in agree-
ment with the general trend reported in the literature.

The negative ''activation energy" exhibited by the active site concentration
is consistent with the results of Duval (28), who presented strong evidence that
active sites on a graphitic lattice disappear spontaneously with reaction temper-
ature by a process termed thermal 'healing" or "annealing'". Thus, in effect,
active sites are subjected to two modes of depletion: reaction with a gas phase
molecule and thermal neutralization. Boulangier (37) also noted the same effect
in carbon - CO; and carbon-steam systems. A similar trend was reported by Black-
wood et al. (29) and Johnson (30) in studies of the effects of coal-char prepara-
tion temperatures. Blackwood et al. (29) correlated their results for hydrogen
gasification rate constants in terms of k = k* exp (E,/RT.) exp(-E,/RT,), where

Tg and T, are the gasification and char preparation temperatures, Tespéctively.

For brown coal chars gasified in hydrogen at 25 atm with T these workers
found E = 20 kcal/g mol. It is noted that there is a dlrect aﬁalogy between
T, = T, in these char reactivity studies and conditions in the current work where-

b; the coconut char was held at the reaction temperature in an argon atmosphere for
relatively long periods of time prior to imposing the concentration step change

to reactant CO,. Thus, the temperature dependence of CSo found by Blackwood et al.
(29) agrees we%l with that found by Duval (28) and in the present study. Black-
wood et al. (29) proposed that the decreasing reactivity with increasing temper-
ature is due to rearrangement of the carbon structure into a more stable ring

12
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lattice, thereby reducing the availability of free m electrons for the formation
of complexes at edges, and stabilizing previously unstabilized bonds.
6. CONCLUDING REMARKS

The efficacy of applying the experimental apparatus and transient response
techniques to heterogeneous char-gas reactions has been successfully demonstrated
for CO, gasification. This approach promises to be a valuable tool for determin-
ing mechanisms and rate parameters for direct use in modeling, design, and analy-
sis of new or existing gasification and related systems. A similar approach is
being taken in studying gasification reactions with other gases and mixtures.
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Comparison of Kinetic parsBeters fron Different nvestigators
Reference Carbon T(°C) Platm) K(Ceo * Ayoxp(-E" 7RT) KCop * Apexp (~E'/RT)
Trpe & (min-Tata T} E' (keal/gmol) A RIRTTT BT (keal/gnol)
[ Y] cocomt char 700-830 0.0t - 1 7.6 x 10° 8.8 2.4 2 10° 28.7
. Gy coconut char 700-800 0.07 - 0.2 7.6 x 10° 8.8 5.6 x 10° 38.0
with {mpurities extracted 3.8 x 1010 68.4 2.3 x 10% 66.0
3. (24) activated carbon  (a) 700-1000 1 - - 5.5 x 10° 59.0
activated carbon  (b) 900-1150 1 - - 8.28 x 107 59.0
ceylon graphite (c) 1000-1400 1 - - 155 x 107 9.0
4. (29)  cocomt char 790-870 240 2.7 x 10! 78.0 tas x 1082 760
5. () Spheron & 750-850 1 1.5¢ x 10° s3.0 s.asx 107 580
6. (30) high volotile bitumin-  870-980 1-35 3.56 x 10° .4 sazx10'? 5.0
ous coal char (Pittsburgh scam) N
1. By graphite 1380-1530 1 €7 x 10 5.0 - -
" 3-10 7 x 108 75.0 3.5 18.0
Note: " 2-40 472 10° 75.0 1.9 x 10 56.5
1730-1927 1 sax 107t -27.0 - -
A }—zl—’ " 3-10 3.8 %107 -27.0 67.2 245
co’nin ata . 20-40 3.8 ¢ 107 -21.0 017 -3.0
Ao | —4— 2030-2330 1 9.5 x 102 40.0 - -
camin " 3-10 9.5 x 107 40.0 rax0 e
- " 20-40 9.5 x 10% 0.0 3.0 12.5
8. (38) susmary of various chars - - - 32.5 to 61.7 - 1.9
9. Present activated coconut 680-770 8-30 1.0 x 10S 28.5 17.0 17.9
work

D) wemst o}

Figure 1. Schematic of the experimental apparatus for
transient kinetic studies.
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