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Abstract

There are a large number of factors affecting the gasification reactivity of chars, including
physical structure (e.g. surface area and pore structure), catalytically-active mineral matter,
and chemical structure which includes the extent of crystallinity of the carbonaceous matrix
and also the nature of the functional groups that comprise the char structure. This work
focuses on the latter, using Raman spectroscopy to investigate the relationships between
intrinsic reactivity and char chemical structure. An Australian bituminous coal char and a
Chinese lignite char were characterised in terms of their intrinsic reactivities with CO, and
H,O (separately), under conditions where chemical processes control the observed reaction
rates (Regime I). Unreacted and partially-reacted chars were characterised using Raman
spectroscopy and gas adsorption for determination of chemical structure indicators and
surface area respectively. Raman spectra suggested that the ratio of small to large aromatic
rings decreased with increasing carbon conversion, and for the bituminous coal char, this
seemed to be linked to the reactivity behaviour of chars made from the bituminous coal. The
intrinsic reactivity of chars made from the lignite seemed to have a less significant correlation
with Raman features, possibly due to the relative influence of catalytic activity of inorganic
species.
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1. Introduction

Coal gasification involves two primary steps: pyrolysis of coal (devolatilisation) to produce
char, tar and gases, and subsequent gasification of the residual char. As char gasification is the
slowest step in the coal conversion process, char reactivity is an important aspect of
understanding coal behaviour under gasification conditions. Char structure is a key property
affecting its reactivity behaviour, and it is known to change with carbon conversion.
Therefore, a good understanding of physical and chemical char structure, and how they affect
char reactivity behaviour, is important.

Chemical structures of char can be characterised with the help of advanced techniques
including X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
Raman spectroscopy. X-Ray diffraction techniques have been used to determine the extent of
crystalline features in chars, and to relate them to reactivity, and it is clear that there is a
strong negative correlation between char crystallinity and reactivity [1-2]. Recently, Raman
spectroscopy was used to analyse coal char structure, and some correlations were made with
aspects of char reactivity [3-10]. The evolution of char structure during gasification has been
shown to be affected by thermal annealing [11], the preferential consumption of smaller
aromatic structures [12], the changes in the structure of the unreacted portions of the char with
the occurrence of gasification reaction [13], and the interaction of char with volatiles or the
transformation of smaller aromatic structures to larger aromatic components [14-15]. Many of
these changes in chemical structure are expected to affect the reactivity of the char.

The ‘intrinsic’ reactivity of a char is characterised by the reaction rate determined under
conditions where chemical processes alone control reaction rates. Data are usually normalised
to some measure of the total surface area of the char, so that they reflect the inherent nature of
the carbon surface (including any influences of mineral matter and other impurities). Studies
of intrinsic char reactivity have revealed information regarding the mechanisms of char—gas
reactions, e.g. [16], aspects of kinetic descriptions of char gasification systems [17] and how
these are affected by product gas concentrations [18] and increased partial pressures of
reactants [19, 20]. Previous studies have begun to investigate how individual reactions, and
reactants, interact at a reacting char surface [21]. These factors an important consideration
when applying such fundamental kinetic information to industrially-relevant systems where
reactant (and product) gas compositions in the vicinity of reacting char particles vary widely.

Although char structure-reactivity relationships are widely researched, there are few data
allowing isolation of the relationship between intrinsic reactivity and char chemical structure.
This initial study uses Raman spectroscopy to characterise the features of the chemical
structures of two coal chars, and relates these to the low-temperature, intrinsic reactivity
behaviour of these chars with CO, and H,O.
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2. Experimental

2.1 Sample Preparation

Two coal samples were used in this work: a lignite from China (Coal C) and a bituminous
coal from Australia (Coal A), both crushed and sieved to a particle size of -1.0+0.6 mm. To
prepare reference chars, coal samples were loaded into ceramic boats into a horizontal tube
furnace (HTF) purged with N, at 1.5 L/min. The sample was heated from room temperature to
the desired temperature at a heating rate of 6°C/min and held for 3h. Chars were produced at
two temperatures in this work: 900 and 1100°C. The proximate and ultimate analyses results
of the coal and char samples are presented in Table 1, and the ash analyses of raw coals in
Table 2.

Table 1. Proximate and ultimate analyses of samples

Proximate analysis, wt/% Ultimate analysis, wt/%(daf)
Sample
Mad Ad Vdaf FCad C H N S
Coal C 17.6 10.1 472 39.1 68.5 4.6 1.0 2.6
HTF900-CoalC 34 15.8 3.7 78.3 97.4 0.9 1.6 2.2
HTF1100-CoalC 2.7 15.6 1.5 80.9 99.7 0.7 1.5 2.2
Coal A 3.0 11.2 39.4 52.2 82.1 5.5 1.8 1.0
HTF900-CoalA 2.6 233 1.9 73.3 97.6 1.0 1.9 1.1
HTF1100-CoalA 0.4 21.7 <0.1 78.0 99.7 0.7 1.1 1.1
Table 2. Ash analyses of coal samples
Ash composition (wt%)
Sample

8102 A1203 Fe203 CaO MgO T102 SO3 Kzo NaZO P205

Coal C 30.2 14.5 9.7 18.2 4.9 1.2 18.6 0.6 0.9 0.63

Coal A 479 26.5 7.49 7.86 0.59 1.91 6.08 0.33 0.09 1.29

2.2 Reactivity Measurements

Reactivity measurements were made using a laboratory-scale fixed bed reactor, which has
been described previously [22]. It is a quartz reactor, which suspends approximately 1.0-1.5 g
of char on a quartz frit, into which a thermocouple is inserted to measure the temperature of
the sample bed. Reactant gas is passed through the sample, and measurements of gas
concentration and flow rates are used to determine reaction rates.
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The specific reaction rate (ps) is the as-measured reaction rate, and was calculated using the
expression in Equation 1:

(1)

where, W is the sample mass (daf) remaining at reaction time t.

At pre-determined levels of conversion (1%, 10% and 20%) the sample was cooled and rate
measurements made as a function of temperature. The rate of cooling was sufficiently rapid
to provide a series of rate vs temperature data, without any significant change in conversion.
These data were used to determine activation energies for the reaction system, which in turn
were used to normalise the reaction rate to a common temperature.

2.3 Char characterisation

FT-IR/Raman spectra of chars were recorded with a Perkin-Elmer Spectrum GX FT-
IR/Raman spectrometer [12-15, 23]. The char sample was firstly diluted and ground with IR
grade KBr to a concentration of 0.5wt%. This diluted sample was then used to record the
Raman spectrum. An InGaAs detector constantly cooled in liquid nitrogen was used to collect
Raman scattering using a back scattering configuration. The excitation Nd:YAG laser
wavelength was 1064 nm, the laser power was 150 mW and the spectral resolution was 4cm’™.

The recorded Raman spectra in the range between 800 and 1800cm™ were curve-fitted using
the GRAMS/32 Al software with 10 Gaussian bands (Table 3) representing the typical
structures to be found in chars. A detailed methodology on the band assignment has been
reported previously [23]. One example of spectral deconvolution is given in Figure 1. Of the
10 bands, the assignment of the six main bands (G, Gg, Vi, Vg, D and S) will be summarised
here briefly [12, 14].

The G band at 1590 cm™ mainly represents aromatic ring quadrant breathing, and the
contribution of graphite Ezzg vibration is minimal because of the lack of true graphite
structures in such low temperature chars [12, 14]. The D (1300 cm™) band represents defect
structures in the highly ordered carbonaceous materials and, more importantly, aromatics with
6 or more fused rings. The overlap between the D and G bands has been deconvoluted into
three bands: Gg (1540 cm™), Vi (1465 cm™) and Vg (1380 cm™). These bands represent
typical structures in amorphous carbon (especially smaller aromatic ring systems) as well as
the semicircle breathing of aromatic rings. The S (1185 cm™) band mainly represents
Caromatic—Calkyl, aromatic (aliphatic) ethers, C—C on hydroaromatic rings, hexagonal
diamond carbon sp® and C—H on aromatic rings.

Surface areas of the chars were measured using adsorption of CO; at 273 K and data analysis
using the Dubinin-Radushkevic (DR) method.
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Table 3.Summary of Peak/band assignment [2]

Band Band position, cm™ Description Bond type
name
GL 1700 Carbonyl group C=0 sp”
2
G 1590 Graphite E22 9> aromatic ring quadrant breathing; alkene C=C Sp
Gr 1540 Aromatics with 3—5 rings; amorphous carbon structures sp
Vi 1465 Methylene or methyl; semi-circle breathing of aromatic rings; sp’, sp’
amorphous carbon structures
Vr 1380 Methyl group; semi-circle breathing of aromatic rings; sp, sp°
amorphous carbon structures
D 1300 D band on highly ordered carbonaceous materials; C—C sp*
between aromatic rings and aromatics with not less than 6 rings
Sp 1230 Aryl-alkyl ether; para-aromatics sp’, sp’
S 1185 Caromatic—Calkyl; aromatic (aliphatic) ethers; C—C on sp°, sp°
hydroaromatic rings; hexagonal diamond carbon sp3; C—H on
aromatic rings
Sk 1060 C-H on aromatic rings; benzene (ortho-di-substituted) ring sp
R 960-800 C—C on alkanes and cyclic alkanes; C—H on aromatic rings sp’, sp’
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Figure 1. Curve-fitting of a Raman spectrum of the HTF 900-Coal A char from reaction in

steam to a conversion of 1%.
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3. Results and discussion

3.1 Char Reactivity

Figure 2 shows specific reaction rate as a function of carbon conversion during reaction with
CO; (normalised to 900°C) and steam (normalised to 850°C). From Figure 2, we can see that
specific rates with CO, and H,O increase gradually with increasing carbon conversion for all
chars. The specific reaction rates of chars produced from coal C are higher than those chars
from coal A, for both CO, and H,O gasification, consistent with what one might expect based
on the relative ranks of the two parent coals. Chars from coal C were more than 30 times
more reactive than those from coal A in CO, whereas the difference was a factor of 5 for H,O
gasification.
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Figure 2. Specific reaction rates as a function of carbon conversion during reaction with (a)
CO,at 900°C, and (b) steam at 850°C (note dual scales used on the ordinate).
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Surface areas of chars at different levels of conversion are presented in Figure 3. There exist
very different trends of surface area development with increasing carbon conversions for the
chars made from the two different coals. For the chars made from coal C, we can see that
surface area does not change significantly with increasing carbon conversion, whereas surface
areas of chars from coal A generally increase with increasing carbon conversion. There is a
particularly rapid change in surface areas during the early stages of reaction; this is most
likely related to the consumption of reactive material leading to a rapid development and
opening of some of the previously inaccessible surface.

Chars produced at 900°C have higher surface areas than those produced at 1100°C. This is
also consistent with previous work in this area, which suggests that this is related to the effect
of temperature on physical and chemical changes in coal structure during heating.
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Figure 3. CO, DR surface areas as a function of carbon conversion during reaction with CO,
and H,O.

The use of intrinsic reactivity accounts for much of the surface area effects associated with the
specific or ‘apparent’ rate data, and better reflects the inherent nature of the char surface (and
any influences of mineral matter and other impurities). The intrinsic reaction rates of chars as
a function of carbon conversion are shown in Figure 4. Following the initial ~1% of
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conversion (where we have seen that surface areas are changing significantly) we can see that,
relative to specific rates, intrinsic rates are less affected by conversion. i.e the reaction
produces more surface area which has a similar “intrinsic’ reactivity characteristics to the
material removed by gasification. This is consistent with our understanding that changing
surface area during reaction is an important contributor, but not the complete reason for the
observed rate variations with conversion. The fact that the ‘intrinsic’ reactivity still
demonstrates some variation during conversion also suggests that there are other aspects that
are important to consider. This is particularly the case for Coal C.

The intrinsic reactivity of chars devolatilised at 900°C is higher than that of those made at
1100°C. This is consistent with our understanding of the effects of temperature on annealing
and its impacts on reactivity [24]. Chars from Coal C have a higher intrinsic reaction rate
than those from coal A, consistent with the specific rate data, although the magnitude of this
difference is less on an intrinsic basis. This reinforces the notion that there are a range of
rank-related factors (of which surface area is one) that contribute to the high relative reactivity
of low-rank coals.
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Figure 4. Intrinsic reaction rates as a function of carbon conversion during reaction with (a)
CO; at 900°C and (b) H,O at 850°C.
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3.2 Chemical structures of chars by the Raman spectroscopy

The chemical structures of these chars were characterised using Raman spectroscopy to
investigate possible links between intrinsic reactivity and char chemical structure. The total
Raman peak areas between 800—1800cm™ for chars obtained from the gasification with CO,
or H,O are shown in Figure 5. It shows that the total Raman peak area from measurements of
chars reacted with CO, and H,O increases with increasing carbon conversion, and that the
data from CO, reaction are approximately linear, whereas the results from the H,O reacted
chars are not.

Previous work [23, 25] suggests that the total Raman intensity is affected by the intrinsic
Raman scattering ability, light absorptivity of the char and the presence of O-containing
groups in the char. The influence of O-containing species may be the difference between the
linearity of the data for CO,-reacted chars and H,O reacted chars, as steam gasification is
likely to produce a more complex range of surface intermediates [26, 27]. Of more interest,
however is the data for specific features of these Raman spectra, which are discussed in more
detail below.

—wv— HTF900 Coal C
—A—HTF1100 Coal C
—v—HTF900 Coal A
—2A—HTF1100 Coal A

(a) - CO,
1000

750
~
x
c
S 500
o
|-
S
N
©
8 250 1 1 1 1
(4] v
X
@ 1000 |- (b)-H,0
a
T
o
— 750

v at

—
_— A

1

250

Carbon conversion (%)

Figure 5. Total areas of Raman peak (I1o1) as a function of carbon conversion following
reaction in (a) CO, at 900°C and (b) H,O at 850°C.
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The Raman spectra were deconvoluted into 10 Gaussian bands (see Table 3). The band area
ratio Ig/Itotr 1s shown in Figure 6; as described above, the G band at 1590 cm’! mainly
represents the aromatic ring systems. The I/l ratios are almost constant with increasing
carbon conversion, notwithstanding the changes that occur between 0—1% carbon conversion.
Many aspects of char chemical and physical structure are changing during these initial stages
of reaction; more work is required to fully understand the implications of the early-conversion
data in Figure 6. The data from higher levels of conversion, however, suggest that the
fundamental carbon matrix of chars is not changed significantly during reaction under these
conditions.
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Figure 6. Ratio of Is/Ito as a function of carbon conversion following reaction in (a) CO; at
900°C and (b) H,O at 850°C.

The band area ratio I(gr+vi+vry/Ip are shown in Figure 7, which is used here as a broad
indication of the ratios of small and large (> 6 rings) aromatic ring systems [12-14, 23]. As
shown in Figure 7, following an initial increase in the very early stages of reaction, the
[Gr+vr+vryIp band area ratio decreases with increasing carbon conversion for all samples.
This suggests that the smaller aromatic ring structures are preferentially consumed and/or
converted into larger ones during the gasification process, in broad agreement with the
published studies [10, 12-15]. Given the heat treatment histories of these samples, the
preferential consumption of smaller ring structures is the more likely explanation. Most of

10
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this effect is noticed in the first 10% of conversion, after which it seems that these smaller
aromatic structures have largely been preferentially removed by reaction. .

It is also worthwhile to note that the [igr+vL+vry/Ip band area ratios from chars at 900°C are
generally (slightly) larger than those from chars at 1100°C, which is consistent with our
understanding of the effect of increased temperature on annealing processes and,
consequently, the size of chemical features.
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Figure 7. Ratio of Iigr+vr+vry/Ip as a function of carbon conversion following reaction in (a)
CO; at 900°C and (b) H,O at 850°C.

3.3 Relationships between chemical structure and intrinsic reactivity

Combined with the data of intrinsic reactivity from Figure 4, we can see that there is a
relationship between intrinsic reactivity and Igr+vr+vry/Ip band area ratios for the chars from
Coal A. These results suggest that the intrinsic reactivity of char is related to the Igr+vi+vryIp
band area ratios of the chars, as intrinsic reactivity and Iigr+vi+vry/Ip band area ratios both
decrease during reaction. It is inferred that the smaller aromatic ring structures are an
important factor affecting intrinsic reactivity: when these smaller aromatic structures have
largely been reacted, the intrinsic reactivity is almost constant with increasing carbon
conversion.

11
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These links are not as clear for the lignite chars from Coal C. For those chars, intrinsic
reactivity increases with increasing conversion, whereas the I(gr+vi+vry/Ip band area ratios do
not. This may be related to the relative impact of carbon chemical features and the possible
catalytic activity of inherent mineral matter on the chars from the lignitic Coal C. As indicated
in Table 2, alkali metals, alkaline earth metals (especially, calcium, magnesium and potassium)
and iron are present with higher concentrations in coal C than in Coal A. It is generally
understood that the reactivity of chars from lower rank coals is more likely to be affected by
catalytic processes associated with organically bound alkali species. After accounting for the
typically large surface areas of these chars, these catalytic aspects therefore have a larger role
in determining the reactivity of the surface [28]. The proportion (and possibly the availability)
of the mineral matter species in the chars also increases with increasing carbon conversion,
potentially increasing the role of catalytic processes.

4. Conclusions

Measurements of the reactivity of a lignite char and a bituminous coal char with CO; and H,O
have been made, with the results discussed in the context of physical structure (surface areas)
and chemical structure, as determined using Raman spectroscopy. Two Raman features were
used to interpret relative coal char reactivity: the proportion of aromatic structures, and the
ratio of small to large aromatic rings. Whilst the proportion of all aromatic structures does
not seem to be related to intrinsic reactivity, the ratio of small to large aromatic rings
decreases with increasing carbon conversion for the bituminous char, in a similar manner as
the intrinsic reactivity of these chars. These results suggest that the proportion of smaller
aromatic ring structures is a factor affecting the intrinsic reactivity of bituminous chars. This
is not as clear for the chars from the lignite, suggesting that the catalytic activity of the
mineral matter in the lignite char is a more significant influence on char reactivity than
chemical features of the char structure.
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