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ABSTRACT

A detailed phenomenclogical study of the gasification behavior of a North Dakota
lignite was undertaken and the fundamental parameters that determine char reactivity
were investigated. Differences in reactivity of up to three orders of magnitude were
obtained by varying the conditions of coal pretreatment and pyrolysis. Pretreatment
inciuded demineralization with HC] and HF, ion exchange with ammonium acetate
and back exchange with calcium acetate. Pyrolysis temperature, residence time and
heating rate were varied in the range 975—1475 K, 0.3s—1 h and 1¢ K/min—10° K/s,
respectively, The observed reactivity differences were rationalized in terms of variations
in the concentration of carbon and catalyst active sites.

INTRODUCTION

Coal chars in general, and lignite chays in particular, are heterogenous
and complex materials and a complete fundamental understanding of their
gasification behavior is an ambitious goal. It is not a trivial matter to design
experiments that will allow a systematic study of the individual parameters
that may affect char reactivity . Any kind of treatment of a coal (e.g., drying,
acid washing, pyrolysis) usually results in changes in more than one of
its properties. One of the key issues in coal gasification is to identify and
measure the surface(s) on which this heterogeneous gas—solid reaction
occurs. The present study was undertaken in an atfempt to make a con-
tribution in this field. Its major findings have already been reported [1—
5]. The purpose of this paper is to report some important additional and
complementary findings and to present a synthesis of this work.
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EXPERIMENTAL

Figure 1 depicts a block-diagram scheme of the overall experimenial
approach. The solid lines represent the flow of material and the broken
lines the flow of ideas. The goal of the coal pretreatment and pyrolysis
steps was to obtain major reactivity differences among the resulting chars,
This was accomplished by selectively altering the composition of the coal’s
inorganic constituents (block 1) and by varying over a wide range the py-
rolysis temperature—time history of the chars {(block 2), as indicated by
feedback loops (1) and (2). Ultimately, the observed reactivity differences
(block 4) were to be relaied to the relevani physical characteristics of
the chars {block 3), as indicated by the dotied line between blocks 3 and
4. Feedback loops (3) and (4) indicate that the pretreatment and pyrolysis
conditions were also adjusted in some cases so as to produce major differ-
ences in some of these characteristics. The objective was to establish quan-
titative correlations between the observed reactivity behavior and some
of the fundamental, yet measurable, properties of the chars.
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Tig, 1. Block diagram representation of the overall experimental approach.
Coal prefreatment

The raw (as received), size-graded lignite (PSOC-246; 70 X 100 mesh,
mean particle size ~170 um; 200 X 270 mesh, mean size ~60 pym) was
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subjected to acid washing and jon exchange. Demineralization with HCI
and HF removed essentially all the inorganics, both the discrete minerals
and the exchangeable cations [2]. Ion exchange with 0.5 N ammonium
acetate (NH,Ac) removed selectively only the cations (principally Ca®*),
and left essentially intact the discrete minerals. About 10 g of coal was
mixed with 300 ml NH,Ac and stirred at room temperature for 1 h. The
coal was filtered, washed repeatedly with 50 ml of fresh solution, and
subjected again to a 2h ion exchange with 200 ml of fresh solution, fol-
lowed by the washing procedure, Five additional ion exchange cycles were
used. The iotal exchange time was about 30 h. The filtrates were collected
after each cycle in order fo follow the kinetics of ion exchange. The final
washing was performed using a dilute solution of NH,Ac (0.1 N). The coal
was dried overnight at <383 K in a vacuum oven and resieved. Portions
of demineralized {dem) and NH,Ac-exchanged lignite were subsequently
back-exchanged with 1.5 N calcium acetate {CaAc) in order to selectively
load only Ca®* onto the carboxyl groups. About 70 g of coal were mixed
with 500 ml of solution and magnetically stirred on a hot-plate apparatus,
The exchange was effected at 335 K in a period of about 8 h, after which
the solution was filtered and the coal washed thoroughly with distilled
water, The coal was subsequently dried overnight in a vacuum oven and
resieved. The amount of exchange was determined by atomic absorption
spectroscopy (AAS). The cation-exchanged coal (~0.1 g) was mixed with
50 ml of 0.1 N HC, shaken for 24 h and the filtrate was analyzed by AAS.

Coal pyrolysis

Raw and pretreated lignite were devolatilized in N, (99.99% purity)
under widely varying conditions of pyrolysis temperature (975—1475 K),
residence time (0.3 s—1 h) and heating rate. Slow pyrolysis (10 K/min)
was carried out in a conventional horizontal-tube furnace. Rapid pyrolysis
(~10% K/s) was cairied out in an entrained-flow furnace (reactor) described
in detail elsewhere [6]. The residence time in one pass through the 66-cm
isothermal zone was estimated to be about 0.3s for 70 X 100 mesh par-
ticles and about 0.5 s for 200 X 270 mesh particles. Coal was fed contin-
uously through a water-cooled injector. The char particles were received
into a water-cooled collector and separated in a cyclone for subsequent
analysis and reactivity studies. Char recycling up to five times through
the reactor gave pyrolysis residence times of as much as about 3 s, In order
to obtain longerresidence-time chars, a different collector was used. A
ceramic crucible was fixed on top of a cylindrical mullite tube with high-
temperature cement. The bottom of the tube was sealed with a rubber
stopper provided with two holes, one for the cooling gas (N,)} connection
and the other for a temperature-controlling thermocouple. The sheathed
thermocouple (Pt vs. P{/10% Rh) was directly contacted with the ceramic
crucible, The top part of the tube had slit-shaped holes drilled into it in
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order to permit the cooling gas to flow around the crucible (thus enhancing
sample cooling) and out of the tube. In this mode of operation, about
2 g of coal were injected as a baich. The chay particles were received in
the crucible at the bottom of the isothermal reaction zone and allowed
to devolatilize further for up to 30 min. The collector was then lowered
to a nonheated zone within the furmace, less exposed to radiation from
the walls but still not accessible to O, from the surroundings. Simultane-
ously, the flow of N, through the collector tube was turned on to enhance
the cooling of the sample. When the temperature had dropped below 375 K,
the collector was removed from the fumace.

Char reactivity measurements

Intrinsic, chemically conirolled reactivities [2] of the various chars
were determined by isothermal thermogravimetric analysis {TGA) mostly
in 0.1 MPa air (dry grade), but also in 0.1 MPa CO, (99.5% minimum purity)
and in H,0. Steam was introduced by bubbling N, (99.999% purity) through
the fritted disk of a sealed wash bottle filled with distilled, de-aerated
water maintained at a constant temperature of 208 K. Its saturation pres-
sure at this temperature is 3.1 kPa. A Fisher TGA unit (Model 360) was
used [1,2].

Char characterization

The extent of lignite devolatilization was measured using the ash-tracer
technique. Elemental analyses of selected chars were also performed. Micro-
pore volumes were measured and surface areas were estimated from CO,
adsorption isotherms at 298 K. A conventional volumetric apparatus was
used. X-ray diffraction and O, chemisorption measurements are described
elsewhere [2,3].

RESULTS AND DISCUSSION
Coal pretreatment and pyrolysis

The efficiency of pretreatment was determined by monitoring both
the ASTM ash and the caleium content of the coal. The latter, being the
most abundant cation present in the lignite, decreased from about 1.5 wt.
% (dry) in the raw coal to about 0.011% in the dem-coal and 0.08% in
the NH,Ac-treated coal. (Ninety percent of ion exchange occurred in the
first 6 h). The respective ash yieldswere 9.7, 0.2 and 2.4%. Selective ion
exchange with CaAc resulted in a loading of about 2.9% Ca.

Figure 2 shows that after about 1s of entrained-flow pyrolysis of raw
lignite at 1275 K, the yield of volatiles becomes essentially constant at
50 + 3% daf coal. However, the ASTM volatile matter (VM) of the char
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Fig. 2. Variation of weight loss and residual volatile matter as a function of pyrolysis
residence time at 1275 K: « — weight loss, 70 X 100 mesh; o — residual VM, 70 x 100
mesh; & — weight loss, 200 ¥ 270 mesh ;2 — residual VM, 200 x 270 mesh.

does not decrease to zero even after 3 5. This apparent residual VM is prob-
ably due to O, chemisorption upon char exposure to air at near room
temperature after pyrolysis (and before the residual VM test). In fixed-bed
pyrolysis, the yield of volatiles (~45% daf) is consistently lower than the
maximum yield of about 58% observed in entrained-flow conditions or
the ASTM VM vield of about 53% daf. This is attributed to the secondary
reactions of cracking and/or repolymerization of the volatiles [7,8]. The
yield enhancement, due to entrainment and dilute-phase pyrolysis (@-factor
[91), for this lignite (which releases a relatively small amount of tars, com-
pared to bituminous coals) and under coal loading conditions of 4—5 wt. %,
is relatively small and considerably less than predicted by Nsakala et al
[10] for the same coal under similar conditions.

A limited kinetic study of rapid pyrolysis of the raw lignite in the range
975—1275 K [11] suggested that a better fit through the data points on
a first-order isothermal plot could be obtained by curves of constantly
decreasing slope (rate constant) rather than by one [6,2] or even fwo
[10] straight lines. This trend of changing (increasing} apparent activation
energy with conversion {12], also observed in ceoal liquefaction (partly
a thermal decomposition process) by Szladow and Given {13], is in agree-
ment with the intuitive expeciation that reactions with relatively low ac-
tivation energies (rupture of weak bonds [14]) are predominant in the
early stages of pyrolysis. When sufficient time was allowed for pyrolysis
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TABLE 1

Elemental analysis of raw, NH Ac., NH,Ac+Ca- and dem+Ca-coal and selected chars
prepared at 1275 K

Sample Content {(wt. %, dry) Atomic H/C
{daf}
C H N Ash 0+8¢
Coal
Raw 64,1 4.4 1.4 9.7 20.4 0.9
NH,Ac 64.6 4.5 2.7 24 25.8 0.86
NH, Ac+Ca 61.0 4.6 1.6 7.9 2561 0.98
Char® (raw)
R—03s 76.9 2.0 1.2 115 84 0.36
R —5 min 79.2 0.5 1.0 14.7 4.6 0.09
S — 30 min 84.2 0.4 1.4 13.0 1.0 0.07
Char (NHAc)
R—03s 81.9 2.0 2.2 3.3 10.6 0,30
R — 5 min 86.9 6.7 1.6 4.2 6.6 0.10
5 — 30 min 89.1 0.5 2.5 4.3 3.6 0.07
Char (NH Ac+Ca}
R-~03s 71.9 2.0 1.8 111 13.2 0.38
R~ 5 min 72,4 0.5 1.2 14.1 11.8 0.10
5 — 30 min 81.4 0.3 1.1 13.0 4.2 0.05

2By difference.
bR, rapid pyrolysis: 8, slow pyrolysis.

(of the order of minutes at 975 K vs. seconds at 1275 K), the ultimate
yield of volatiles was independent of temperature. Coal pretreatment had
no effect on yield in fixed-bed pyrolysis, in agreement with the recent
results of Hengel and Walker [15]. (In entrained-flow, short-contact-time
pyrolysis, Morgan and Jenkins [{16] recently showed that the exchange-
able cations affect bhoth the kinetics of evolution and the yield of volatiles,
for residence times up to 0.3s at 1175 K.) Table 1 gives the elemental
analyses of the raw and variously pretreated coal and selected chars,

Effect of pyrolysis conditions on char reactivity

Figures 3—b show a significant decrease in raw char reactivity, both
in air and CO,, with increasing severity of pyrolysis conditions. The same
effect was observed in steam, Shortresidence-time chars react in air at
rates which are 2—4 orders of magnitude greater than the ones predicted
by the coirelations of Smith {17] and Lewis and Simons {18]. The value
of activation energy of about 130 kJ/mol agrees very well with that found
by Smith and co-workers [19,20] for a brown-ceal char and by Dutta
and Wen [21]} for a series of chars produced from bituminous coals in
the Synthane, Hydrane and Hygas processes,
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Fig. 3. Effect of pyrolysis residence time (at 1275 K) between 0.3 s and 30 min on the

reactivity of raw char in 0.1 MPa air: ¢ — 0,35 {1.85); » — O h {slow pyrolysis); y -
5 min; 4« — 30 min.

The activation energy in CO, and H,0 was greater than in air: about
220 and 170 kd/mol, respectively. Dutta et al. [22] found, for a series
of chars gasified in CO, at 1100—1375 K, an activation energy of about
2560 kd/mol. However, at 950 K the rate for the short-residence-time (0.3
s) lignite char prepared at 1275 K is again about three orders of magnitude
higher than that obtained by extrapolation of their data for a Pittsburgh
HVab coal char (pyrolyzed in situ in a TGA apparatus). For the reaction
in 2.3 kPa H,O of a Montana lignite char, prepared by slow pyrolysis (1275
K, 2 h), Linares-Solano et al. [23] found essentially the same activation
energy, about 176 kdJ/mol. However, the shori-residence-time char produced
in this study reacted at the same rate in 3.1 kPa H,O at a temperature
150 K lower.



318

/l H
-
/0/

Ran (z/g/h}

T T T || H ¥y T 17

|
|
b»/.
//
]
B

T § 11

0.05 b \ A\. -

Fig. 4. Effect of pyrolysis temperature on the reactivity of raw char in 0.1 MPa air,
Residence time, S min: ¢ — 975 K;a — 1075 K;4 1175 K; v — 1275 K,

Pyrolysis temperature—time history thus has a decisive {(and sometimes
dramatic) effect on subsequent char reactivity.

Attempts to explain the commonly observed differences in gasification
reactivities of coal chars (and carbons in general) on the basis of their total
surface area (TSA) have not been successful {17]. Traditionally, the surface
area of both porous and nonporous carbons is determined by gas adsorp-
tion in conjunction with a suitable isotherm equation. In the case of coal
chars, the most extensively used ones are the BET and the Dubinin—
Radushkevich {(D—R) equation {24]. Thelr applicability in specific cases
has been a subject of controversy and still seems to be misundersiood.
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Fig. 5. Effect of pyrolysis residence time (at 1275 K) between .3 s and 5 min on the
reactivity of raw char in 0.1 MPa CO,: ¢ — 0.3 5;® — 5 min.

The crucial issue is the dependence of the mechanism of adsorption on
pore size. It is now generally accepted that if the pores arve very fine (close
to molecular dimensions), the proximity of the pore walls gives rise to
volume filling at low relative pressures. Many coal chars, and especially
those derived from lignites, possess a wide pore-size distribution and two
mechanisms of adsorption are expected to be operative: layer-by-layer
adsorption in the wider pores (as envisaged by the BET theory) and volume
filling in the very narrow pores (as hypothesized by the D—R theory).
Thus, the strict applicability of either one of these two isotherms alone
for calculating the true TSA of chars is subject to some uncertainty.

Figure 6 shows the effect of pyrolysis residence time at 1275 K on the
calculated TSA of the resulting chars. The D—R equation was used to
obtain the limiting volume of adsorption in the micropores [25]. Assuming
that the micropore volume is approximately equal to the monoclayer ca-



320

600 - ] e & ey =

400 —

3
Area (m™/g)
(=}

360 -

Surface

260

| | y

1
1.0 1.0 300

g

Pyrotysis Residence Time (8)

Fig. 6. Variation of total surface area of raw chars with pyrolysis residence time at
1275 K: e — 200 X 270 mesh; # — 70 X 100 mesh,

pacity, TSA was then obtained using the classical BET approach, This
assumption is valid if the coniribution of feeder pores to TSA is small
compared to the micropores. It is seen that the calculated TSAs cannot
explain the reactivity differences observed in Figs. 3 and 5. The reactivity
differences for chars with residence times of 0.3 s and 5 min are an order
of magnitude grealer than the TSA differences, even after allowing for
up to 100% uncertainty in the calculation of relative TSAs. The same con-
clusion was reached in the case of dem-chars and carbons of varying crys-
tallinity and purity from Saran char to natural graphite [2]. McKee et al.
[26] have come to the same conclusion in their study of gasification be-
havior (in CO, and H,0) of chars prepared from variously pretreated sam-
ples of Illinois No. 6 bituminous coal.

Owing to the presence of inorganic impurities in coal chars, their gas-
ification should be regarded as a potentially catalytic gas-—solid reaction.
The overall reactivity expressed in Arrhenius form is then [27]

RT

where s represents the fraction of the surface on which catalysis occurs
and the subscripts ¢ and u denote reaction at catalyst and carbon sites,
respectively. The relative importance of these two parallel reactions

EC EU.
R =s54A.exp (— ﬁ)+ (1-s)Ayexp (— —)
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depends on the inherent activity and concentration of these sifes. Activity
depends only on the composition of mineral matter in the coal; site con-
centration depends also on the conditions of pyrolysis. We have shown
recently that with increasing severity of pyrolysis (higher temperature
and/or longer residence time) both the concentration of carbon active
sites (carbon active surface area) [2] and the concentration of catalyst
sites (catalyst dispersion) [3] decrease. In the case of dem-chars and rel-
atively pure carbons, the former was shown to be a good index of gasifi-
cation reactivity [2] suggesting the predominance of the uncaialyzed re-
action. For raw and Ca-exchanged lignite chars, the latter was shown fo
be a good index of reactivity [3], suggesting the predominance of the
presumably structure-insensitive catalyzed reaction [28]. The gasifica-
tion behavior of chars produced in several coal conversion processes of
commercial interest was also recently rationalized on the basis of differ-
ences in their active surface area (either carbon or catalysi) caused by
differences in process conditions [4].

it is concluded that the fundamental concept of active sites, developed
in the field of catalysis and carbon gasification, can be sucecessfully used
to gquantify and explain the complex gasification behavior of coal chars.

Effect of coal pretreatment on char reactivity

Figure 7 shows the effect of lignite pretreatment on char reactivity
[1]. Dem-char was taken as a “‘model compound” for the predominantly
uncatalyzed carbon gasification [2]. If was assumed that the high concen-
tration of carbon active sifes in this highly disordered carbonaceous ma-
terial masks the minor contribution of the catalyzed reaction to the overall
rate. Similarly, dem+Ca-char was taken as a “model compound” for the
predominantly catalyzed reaction of raw lignite chars {3]. Table 2 shows
the effect of pretreatment on char deactivation with increasing severity
of pyrolysis. It is seen that the extent of deactivation is significantly re-
duced in the absence of Ca. However, deactivation of dem-char is initially
faster. These were the initial results that suggested the later confirmed
possibility that the observed deactivation of dem- and dem+(Ca-chars was
governed by two fundamentfally different processes, i.e.,, a decrease in
carbon active surface area and catalyst crystallite growth (sintering), re-
spectively. It is inferesting to note that a very wide range of carbon gas-
ification reactivities [17] can be obtained using the same carbonaceous
precursor, in this case a lignite, by varying the conditions of its pyrolysis
and pretreatment. For exampile, a dem+Ca-char heated to 1275 K with
a residence time of 0.3 s had a reactivity which is about three orders of
magnitude higher than that of a dem-char heated to and soaked for 1h
at 1475 K. However, in all cases the observed activation energy was about
the same (125135 kd/mol), suggesting that the variations in rate ave due
to changes in the concentration of active sites.



=
o
T

I I T |

Rmﬂ'\ (g/g/h)
et
<
4/
=
/
Pl
@
1 ] 1

o2 b \ A\ l\\

A ®

C.1F | i | 1 i

1.5 1.6 1.7 1.8 1.9
,lxl.Og{K_l)

e

Fig. 7. Effect of coal pretreatment on char reactivity in 0.1 MPa air. Pyrolysis tempera-
ture, 1275 K; residence time, 0.35;  — dem+Ca; ¢ — NH,Ac+Ca; » —raw, « —NH,Ac,
v — dem.

The insensitivity of activation energy of char gasification to the pre-
treatment of coal, ie., to the relative absence or abundance of catalytic
species, was further investigated. The graphitized carbon black V3G, whose
reactivity is reported elsewhere [2], was treated with concentrated HNO;
in order to introduce some carboxyl groups on its surface [29]. Subse-
quently, the protons on the carboxyl groups were exchanged by Ca** and
Ba®* using a 0.5 M solution of CaAc and BaAc, respectively. This treat-
ment resulted in a loading of less than 1 wt. % cation. The pretreated car-
bons were then heat-treated at 10 K/min to final temperatures of 975
and 1275 K. The reactivities of the carbons obtained are reported in Fig. 8.
It is seen that the catalytic effect of Ca- and Ba-species (CaO and, presum-
ably, Ba0) is manifested again in the increase of the pre-exponential factor.
The activation energy of about 190 kJ/mol remained unchanged. Otto
et al. [30] observed the same behavior in the case of alkaline-earth-catalyzed
steam gasification of SP-1 graphite.



TABLE 2

Effect of coal pretreatment on char reactivity in air

Pyrolysis conditions® Ratio of reactivities?
In presence of Ca In absence of Ca
{dem+Ca} {dem)
ta=1h
Tp =1275- 1475 K ~6 ~1.6
tp=1lh
p =975 - 1475 K ~100 ~b
T, = 1275 K
ty=03s-1h ~20 ~8
T, = 1275 K
tp=0.3-18s ~1 ~2

*t, = pyrolysis residence time.
Tp = pyrolysis temperature.
bReactivity at minimum temperature {time}/reactivity at maximum temperature {time)

It is seen from data presented in Table 1 and elsewhere {Table 1, Ref.
[1]; Table 2, Ref. [2]) that char deactivation in all cases is accompanied
by a decrease in the H/C ratio of the chars, suggesting a qualitative rela-
tionship between active site concentration and H content. This is in agree-
ment with the fact that the presence of H prevents alignment of carbon
crystallites and thus the formation of a less disordered chay.

The possible effect of interaction of Ca with the discrete mineral matter
(e.g., clays), as a mechanism of catalyst deactivation was also investigated.
As shown in Fig. 9, contrary to the case of K-catalysis {5,26,31], it does
not seem to be important. In the NH,Ac+Ca-chars this interaction would
have resulted, for example, in the formation of inactive Ca-aluminosili-
cates and, therefore, in a decrease in reactivity compared to dem+Ca-chars,
where no such interaction is possible.

Two additional factors need to be considered when assessing the validity
of using dem+Ca-char as a model compound for raw lignite char: the pos-
sible effects of other cations, especially Mg [32], and the effect of demin-
eralization. The former has been recently addressed by Hengel and Walker
15], who concluded that Ca activity was not affected by the presence
of Mg in the lignite. The latter is related to the possible inhibiting effect
of Cl if retained in the coal and char after acid (HCl) washing. Hengel and
Walker [15] report for a Montana lignite (PSOC-833) a higher reactivity
of raw char compared to dem+Ca-char, even though the latter contains
more Ca (4 vs. 4—7%). They also report a higher reactivity of NH,Ac+Ca-
char vs, dem+Ca-char at similar Ca loadings and attribute this behavior
to Cl retention during acid washing (0.42 vs. 0.04% in the raw lignite)
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and subsequent catalyst poisoning. In the present study, performed on a
North Dakota lignite, dem+Ca-chars were generally slightly more reactive
than raw and NH,Ac+Ca-chars, as expected on the basis of their higher
Ca content. No chlorine retention was detected, which is consistent with
the apparent absence of catalyst poisoning.
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