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Abstract

Pulverized coal combustion is determined by char chemical reactivity, which depends of its morphology developed
during the devolatilization process. In this work, some empirical relationships were obtained, in order to determine
the composition of thin and thick walled char, as well as volatiles liberation, as a function of process variables
(temperature and time devolatilization) and coal properties (vitrinite content and vitrinite reflectance). Those
empirical models can be used to improve the combustion modelling and to simulate the char chemical reactivity. It
was found that the empirical models, to predict different char morphology, gave a good approximation from coal
properties and characteristic parameters of the devolatilization process, involving coal rank.
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Resumen

La combustion de carbon pulverizado estd determinada por la reactividad quimica del carbonizado, siendo esta
reactividad dependiente del tipo de morfologia desarrollada durante el proceso de desvolatilizacion. En este trabajo
se obtienen algunos modelos empiricos, para determinar la composicion de los grupos morfoldgicos de pared delgada
y de pared gruesa al igual que la liberacion de volatiles, en funcioén de variables del proceso de desvolatilizacion
(temperatura y tiempo) y propiedades del carbon (contenido de vitrinita y reflectancia de la vitrinita) que dan origen
al carbonizado. Estos modelos empiricos se pueden usar en modelos de combustién para mejorar la modelacion
del proceso de combustion y la simulacion de la reactividad quimica del carbonizado. Se encontréd que los modelos
empiricos para la prediccion de las diferentes morfologias del carbonizado produjeron una buena aproximacion a
partir de propiedades del carbon y de parametros caracteristicos del proceso de desvolatilizacion, involucrando el
rango del carbon.

Palabras clave: Carbonizados de pared delgada, carbonizados de pared gruesa, liberacion de volatiles, modelos
empiricos.
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1. Introduction

During the pulverized combustion, coal particles
are first pyrolyzed and after that burned. The
pyrolysis product is a solid having low volatile
matter and high fixed carbon content, which
is called char. After char formation, the solid
residue is burned at a burning rate affecting the
combustion equipment design. The burning rate is
function of char type; and its morphology depends
on pyrolysis conditions and characteristic of the
coal precursor. Then, it is particularly interesting
to predict the char morphological content from
devolatilization conditions and coal properties.

The formed char depends on maceral content, coal
rank, particle size, char formation temperature,
minerals presence [Cloke, 1994], microlitotypes
and litotypes content [Bailey, 1990], heating rate
during devolatilization, gas room [Chan, 1999] and
residence time [Jones, 1999]. It has been reported
that liptinite does not contribute significantly
to char formation, but contributes to liberation
volatile rate [Cloke, 1994; Valentim, 2004] and
to the flame stability [Shibaoka, 1969], while the
vitrinite and inertinite are considered precursors
of the formed char type [Shibaoka, 1985]. It
has seen that coal having high concentration of
vitrinite produces morphology like cenospheres
[Thomas, 1989]. Cloke, 1994 reported that the
type of formed char from vitrinite is influenced
by both coal rank and thermoplastic behavior of
vitrinite particles during pyrolysis. They found
that high coals rank produced network of thick
wall (crassinetwork) and cenospheres, while
the low coals rank rich in vitrinite generated a
variety of char type network of thin wall char
(tenuisphere). Meanwhile, the inertinite maceral
can produce almost all types of chars, from thin
wall cenospheres and pore networks to solid dense
[Cloke, 1994], but in general, inertinite produces
char having low porosity such as thick-walled
network and solids [Valentim, 2004]. Usually,
inertinites from low rank coal are swelled and
form thick-walled network chars and a mixture
of porous wall and solid, while inertinite from
high coal rank produce solid and fusinoid. It has
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been found [Menendez, 1995] that coals with
high inertinite content produces char with lower
porosity in comparison to those with low content
inertinite.

On the other hand, the devolatilization temperature
affects the formation of different char morphology
from coals concentrated in vitrinite. Chars of
thin-walled having high porosity were obtained
at low devolatilization temperature [Cloke,
1994], whereas thick-walled such as thick-walled
cenospheres, pore networks and mixtures were
obtained at high devolatilization temperature
[Rosenberg, 1996; Petersen, 1998].

Devolatilization time has also effects on the
char morphology. Tenuisphere, crassisphere,
crassinetwork and tenuinetwork decrease with
increasing devolatilization time, while inertoid and
fragments increase with time of devolatilization.
Regarding morphological groups, char of thin-
walled, and thick-walled decrease with increasing
devolatilization time [Rojas et al., 2008].

The aim of this study was to determine,
through empirical models, the composition
of char morphological groups of thin wall
(tenuisphere+tenuinetwork) and thick wall
(crassisphere+ crassinetwork), as well as volatile
liberation, as a function of devolatilization
variables (temperature and time) and coal
properties (content of vitrinite and vitrinite
reflectance).

2. Experimental

Parent coal characterization. Two Colombian
coals (La Yolanda and El Cerrejon) and one UK
coal (Thoresby) were used in this study. All these
coals were ground to pulverized fines specification
(75% under 75 microns). The proximate analysis
was carried out in a thermogravimetric analyzer
LECO TGA 601. Maceral contents for coal
samples were obtained by manual analysis using
an optical microscope (Leitz Ortholux II POL-
BK) with a 32 X magnification oil-immersion lens.
Random Vitrinite reflectance was measured using
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a photometer and 100 separate measurements,
each being taken from a homogenous area of
vitrinite on individual particles.

Char preparation. The -75 micron coal fractions
were fed to a tubular entrainment reactor
operating at three temperatures (900, 1000 and
1100°C) under a N, environment, three residence
times (100, 150 and 300 ms) with a heating rate of
10*K/s. A diagram of the devolatilization system
and equipment specification is presented by Rojas
[Rojas, 2005].

Char characterization. The proximate
analysis of chars was also carried out in the
thermogravimetric analyzer LECO TGA 601.
Morphology characterization of the char samples
was carried out using image analysis system
with Kontron KS400 automated image analysis
software [Lester et al., 2003a,b]. It identified
1000 char particles and characterized them with
regard to their external area, Feret’s minimal and
maximum diameter, pores number, wall thickness
percentage lesser than 3 and 5 pm, wall thickness
average, porosity and sphericity. The program
classified every char morphology according
to tenuisphere, crassisphere, tenuinetwork,
crassinetwork, mixed porous, mixed dense,
fusinoid, solid and mineroid. With this analysis, it
was established the proportion of thin-walled char
as the addition of tenuisphere and tenuinetwork,
whereas the proportion of thick-walled char
was the accumulation of tenuinetwork and
crassinetwork. Images of char characteristics
have been reported by Rojas, 2005 [Rojas, 2005].

Volatile liberation. It was employed an indirect
method to evaluate the wvolatile liberation
percentage using the ash of precursor coal and char
as a tracer [Badzioch&Hawksley, 1970; Barranco
et al., 2000, 2003]. The volatile liberation (V)
was determined by the equation 1:

— 100 * (Achar B Acoul )
’ _A *(loo_Acoal)

char

%100 (1)

Where A and A, represent the ash of char
and coal percentages respectively.

Empirical models. The empirical models
were obtained using an ANOVA analysis with a
Design-Expert 6.0 software. Linear regressions
evaluated the char of thin wall, char of thick wall,
and volatile liberation as a function of process
variables (temperature and time devolatilization)
and coal characteristics (vitrinite content and
vitrinite reflectance). Those independent variables
were used because they mainly affect the coal
combustion process [Wuet al., 2003; Barranco,
2001]. The form of the linear regression with
some parameters is given by:

Y =a,+a X, +a, X, +....... +a,X, (2

Where Y represents both volatile liberation and
wall char characteristic; X,X,. ,X,temperatura
and time devolatilization, vitrinite and coal rank;
and q,, q,, a,, ...., a, regression constants. In
order to evaluate the variance and significance
of results, it was estimated the F distribution
and the multiple determination coefficient R?
[Montgomery & Runger, 1999].

3. Results and discussion

Coal and char characterization. The
characteristics of the three coal samples are
shown in Table 1. According to the vitrinite
random reflectance, La Yolanda coal is the highest
rank, while El Cerrejon coal is the lowest rank.
La Yolanda coal has both the highest fixed carbon
and vitrinite content, Thoresby coal has the
highest ash and liptinite content and El Cerrejon
coal presents the lowest ash and major inertinite
content (semi-fusinite + fusinite).

Table 2 shows the volatile matter (dry basis, db),
ash content (db) and volatile liberation percentage
(db) of chars obtained at the devolatilization
temperatures and time used in this work. The table
2 shows that in general the chars presented lower
volatile matter in comparison to the precursor
coals, which indicates that the coal samples were
not completely devolatilized. Those volatile
remains in the chars play a significant role in coal
combustion, especially when the ignition of the
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remaining volatile matter of chars takes place,
helping flame stability [Vargas et. al, 2013]. As
it is seen, the volatile content of the La Yolanda
coal decreased from 28.8% to 9.2%, Thoresby
coal from 26.7% to 10.0, while Cerrejon coal
from 35.6% to 15.8% db. It was observed that
in general for all the chars, there was an increase
of the ash concentration. In general, the volatile
liberation was higher than 31%.

Morphological characterization of char groups is
showed in Table 3. In general, for all coals there is
abundance of thick wall chars, presenting Yolanda
coal the highest proportion. Those findings
suggest that La Yolanda chars are less reactive
than the other chars, which agrees with its high
rank. Chars from Cerrejon coal presented the
lowest composition of thick wall and the highest
proportion of thin wall, which indicates that

they can be the most reactive. It should be noted
that Cerrejon coal is the lowest rank of the three
coals. Chars from Thoresby coal showed that its
morphological groups were between the obtained
for La Yolanda and Cerrejon coals, suggesting
that those chars have intermediate reactivity.
Concerning the effect of devolatilization time at
constant temperature on the char morphological
groups, it is seen that in general for the three
coals, chars of thin and thick wall decreased with
increasing devolatilization time.

Obtaining empirical models. Empirical models
were obtained to determine the percentage of
volatile liberation and chars of thin and thick wall
in terms of two sets of independent variables. The
first one consists of vitrinite content, time and
temperature of devolatilization, while the second
one included the three above plus the coal rank

Table 1. Proximate, petrographic and vitrinite reflectance of coals

oo M T
% VM FC A VM FC Vitrinite Liptinite Inertinite VR,
La Yolanda 0.98 28.8 55.6 156 341 659 95.6+1.84 0.0+0.0 4.4+1.30 0.98
Thoresby 3.15 26.7 50.6 227 345 655  78.4+3.68 32+1.58 1844258 0.70
ElCerrejon 8.77 35.6 52.8 11.6 403 597 80.4+354 0.8+0.80 18.8+2.60 0.55

¢ Percentage dry basis; *Percentage dry ash free; VM: Volatile matter; MMF: Mineral matter free; FC: Fixed carbon; A: Ash,

VR: Vitrinite reflectance.

Table 2. Volatile matter, ash and volatile liberation as a function of time and temperature devolatilization for the used coal

Coal Devolatilization VM, % db Ash, A, % db VL’ % daf

time, ms 900°C  1000°C  1100°C  900°C 1000°C 1100°C  900°C 1000°C 1100 °C

La Yoland 100 15.5 12.5 10.7 21.8 2.4 229 335 361 37.7

a Yolanda 150 15.9 11.9 9.9 21.6 22.5 28 331 362 37.4

300 16.1 9.2 10.9 213 22.6 233 317 367 39.0

100 15.8 13.4 12.8 31.1 322 323 348 379 38.1

Thoresby 150 13.6 11.7 11.9 31.2 32.8 331 350 397 40.5

300 10.9 10.0 10.7 34.1 33.0 326 430 403 39.2

- 100 22.8 21.7 17.6 17.5 17.8 185 376 390 41.5

El Cerrejon 150 19.9 18.4 178 182 188 189 406 429 433

300 19.8 16.4 15.8 18.3 19.2 195 410 443 453
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Table 3. Char of thin and thick wall as a function of time and temperature devolatilization, % v/v.

Devolatilization ~ Devolatilization La Yolanda Thoresby El Cerrejon

time, ms temperature °C Thin wall ~ Thick wall ~ Thinwall  Thick wall ~ Thinwall ~ Thick wall
900 10.6+2.79 783+3.73 31.7+4.16 61.1+£436 50.7+447 453+445

100 1000 6.0+2.12 81.4+348 30.1+4.10 609+436 43.1+443 51.6+447
1100 6.8+225 78.0£3.70 32.5+4.19 585+440 29.1+4.06 62.1+4.34

900 11.6£286 782+3.69 279+4.01 61.9+434 509+447 451+445

150 1000 40+1.75 77.8+3.71 2754399 61.9+434 424+449 52.1+454
1100 1.6+1.12 71.3+4.04 2244372 68.1+4.17 246+3.85 693+4.13

900 4.8+191 758+3.82 17.8+342 713+4.04 283+4.03 64.5+428

300 1000 22+131 7334396 1744338 693+4.12 46.1+445 51.5+447
1100 22+131 651+426 202+3.58 69.1+4.13 16.1+3.29 73.7+3.94

given by random vitrinite reflectance. Table 4
presents the independent variables set, the empirical
models, the multiple coefficient determination and
the F factor for each observed variable.

Table 4 shows that for the first model (equation a),
both time and temperature devolatilization favor
the volatile liberation percentage. However, the

presence of vitrinite content decreased volatile
liberation. The second relation (equation b)
shows a similar behavior for temperature and
time devolatilization, but the presence of vitrinite
content and vitrinite reflectance have a negative
influence on the liberation of volatile. The vitrinite
reflectance parameter (coal rank) corrected the
effect of the vitrinite content, indicating that

Table 4. Empirical models of some char characteristic for three used bituminous coals

Dependent variable  Independent variables Empirical model R? F
Devolatilization temperature, 7°
Volatile liberation, ¥,.  Residence time, ¢ V,=40.80-0.26V + 0.0187 + 0.012¢ (a) 0.364 12.06

Vitrinite content, V'

Devolatilization temperature, 7'
Volatile liberation, V»  Residence time, ¢
Vitrinite content, J’

Vitrinite reflectance, VR0

Devolatilization temperature, 7°
Residence time, ¢
Vitrinite content, J’

Char of thin wall, P

Devolatilization temperature, 7°
Residence time, ¢

Vitrinite content, V'

Vitrinite reflectance, VR,

Char of thin wall, P »

Devolatilization temperature, 7'
Residence time, ¢
Vitrinite content, }

Char of thick wall, Pga

Devolatilization temperature, 7°
Residence time, ¢

Vitrinite content, V'
Vitrinite reflectance, VR,

Char of thick wall, Pgh

V,=22.17-1824VR +0.12V + 0.0187 + 0.012¢

Pg= -28.16 +0.0847 + 0.0197 + 0.020¢

(b) 0731 2049

P,=201.33-1.49V -0.044T - 0.046¢ (c) 0.545 17.98

P,=12391-7575VR,+0.085) - 0.0447-0.046r (d) 0.826 32.98

(e) 0.15  6.62

P,=-20.48 +47.59VR, - 0.15V + 0.0197 + 0.020¢ ® 0.339 8.28

v, =3, v,=23, F-critic=3.03; *v =4, v =22, F-critic=2.82
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volatile liberation decrease with coal rank. This
result agrees with the structure of the coal because
of high rank coals have low volatile content,
therefore the volatile liberation is low during
the devolatilization process. The above results
are important to improve an actual pyrolysis
process, which aims to release the volatile matter
of the coals, using high residence times, high
temperatures and medium rank coals.

Regarding to results of thin-walled char (equation
c), it is shown that the time, temperature
devolatilization and vitrinite content affect
negatively the production of char of thin wall,
suggesting that the generation of thin-walled
particles during devolatilization is favored at both
low time and devolatilization temperatures. It can
be due to those conditions, coal does not reach to
reorganize its structure. This kind of morphology
is usually produced in coal of low rank and it is
in agreement with the obtained results. [Barranco,
2001; Wu et al., 2003].

Concerning the char of thick wall, equations
(e) and (f) show that there is an agreement with
experimental results, since the thick-walled
structures are favored by increasing the temperature
devolatilization, time devolatilization and coal
rank. The above results can be related to an actual
process of combustion in order to produce thin-
wall chars, which are ideal by its high reactivity.
Thin-wall chars were analyzed by TGA, which
showed to have low activation energy [Rojas et
al., 2005]. Chars of thin wall can be obtained at
short residence times and low temperatures in the
zone where devolatilization occurs. On the other
hand, it would be not convenient to use both high
residence times and temperatures in combustion
processes due to it produces thick-walled chars,
which are not very reactive and could generate
unburned as part of bottom or fly ash.

In general, table 4 shows a poor model
between vitrinite content, temperature and time
devolatilization with volatile liberation and chars
of thin and thick wall. This is caused by the
low determination coefficient R* and F factor.
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However, those models are improved when
vitrinite reflectance is involved.

The empirical models of volatile liberation
and char of thin and thick wall were correlated
with the experimental results for the two sets
of independent variables, such as it is shown in
figures 1 to 3. Figure 1 shows a vast data dispersion,
noted by the low determination coefficient R?
(0.364). However, when the vitrinite reflectance
is included at the statistical analysis (figure 1a),
there is an improvement of the determination
correlation (R?2=0.731), confirming that coal rank
has a good effect on the volatile liberation.
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Figure 1. Calculated and experimental values for volatile
liberation as a function of a) vitrinite content, time and
temperature devolatilization. b) Vitrinite reflectance, vitrinite
content, time and temperature devolatilization
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Figure 2. Calculated and experimental values for char
of thin wall as a function of a) vitrinite content, time and
temperature devolatilization. b) Vitrinite reflectance, vitrinite
content, time and temperature devolatilization

For the chars of thin wall, it is seen in figure 2 that
the determination coefficient increased from 0.54
to 0.82 when coal rank is included in the model.
Those results indicate that the coal rank is an
important parameter to produce char of thin wall.
In figure 3, it is also showed that for the char of
thick wall, coal rank plays also an important role
in that kind of morphology. However to improve
this correlation, another parameter would be used
such as inertinite content, moisture or volatile
matter from precursor coal [Wu et al., 2003].

gﬂ_

Calenlatad Pg

Caleualted Pg

B

Figure 3. Calculated and experimental values for char of
thick wall as a function of a) vitrinite content, time and
temperature devolatilization. b) Vitrinite reflectance, vitrinite
content, time and temperature devolatilization

4. Conclusions

Coal of high rank favors the production of
thick-walled chars during the devolatilization
process. Chars of thin wall are produced at
low devolatilization temperature and short
devolatilization time, chars of thick wall are
generated at intermediate times and temperatures,
and finally char solid type are produced at high
temperatures and long times devolatilization. It
was found that that besides the vitrinite content,
temperature and time of devolatilization, the coal
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range is an important parameter both in the volatiles
liberation and in the development of type char.
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