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Abstract

The 0.3–26 mm (33,000–385 cm21) reflectance spectra of the ,45 mm fractions of a series of coal samples ranging from lignite to

anthracite were analyzed in conjunction with compositional information to derive spectral–compositional–structural relationships. The

reflectance spectra, particularly in the 1.8–4 mm (5500–2500 cm21) region exhibit a number of absorption features attributable to both the

organic and inorganic components. Quantitative spectral–compositional relationships were found which permit the derivation of properties

such as aromaticity, total aliphatic, aromatic content, moisture content, volatile content, fixed carbon abundance, fuel ratio, carbon content,

nitrogen abundance, H/C ratio, and vitrinite reflectance. In general, all absorption bands become less intense, and overall reflectance

decreases with increasing rank.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Coals are an exceedingly complex arrangement of

organic and inorganic materials [1–3]. Consequently,

characterization of coals often requires the application of

multiple analytical techniques to derive various parameters

of interest [3–6]. A variety of optical spectroscopic

techniques have been applied to the analysis of coal

samples. The spectroscopic technique with the longest

history is infrared transmission spectroscopy [7,8]. It has

been joined more recently by techniques such as diffuse

infrared spectroscopy [9–13], photoacoustic spectroscopy

[14–16], micro-infrared spectroscopy [13,17–20] and

attenuated total reflection spectroscopy [21], all of which

have the advantage of requiring less sample preparation,

thus opening up the possibility of incorporating these

techniques into process streams for continuous real-time

monitoring [22]. Collectively, these studies have shown that

a large number of coal properties can be derived using

optical spectroscopic techniques [23].

Coal properties which have been shown to be amen-

able to quantification using infrared transmission and

absorption spectroscopy include functional group abun-

dances [8,23–27], rank [7,28], aliphatic and aromatic

hydrogen contents [27,29,30], aliphatic carbon content

[17], carbon aromaticities [27,31], maceral composition

[32], compositional variations with rank [33], compositional

and structural changes accompanying heating [34], and

various utilization parameters [35–37]. Similar work has

been performed on the characterization of kerogen and

organic-bearing shales [38–40].

Diffuse ultraviolet, visible, and infrared spectroscopy

has been used to quantify rank [9,10,12,41,42], degree of

oxidation [9], degree of carbonization [10], type of

hydrogen bonding [12], air oxidation [43–45], for

characterization of macerals [46], and for analysis of

coal blends [47]. It has also been used to determine

water content and calorific value of peat [48] and

to determine level of thermal maturity in organic

matter [49].

The present study was designed to expand on earlier

work in the applications of diffuse reflectance spectroscopy

to coal characterization to determine whether various

utilization properties [37] are amenable to quantification

using reflectance spectroscopy, to search for additional

material properties amenable to quantification using this

technique, to examine in greater detail the shorter

wavelength regions (,2.5 mm (.4000 cm21)) for
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additional potentially diagnostic spectral features [16,50],

and to conduct a systematic spectral reflectance survey of a

range of well-characterized coal samples [36,37,51].

Bidirectional reflectance spectroscopy measures the

amount of light reflected from a powdered (or solid) sample

as a function of wavelength and for some fixed viewing

geometry. In contrast to other techniques such as trans-

mission spectroscopy, bidirectional reflectance spectroscopy

is simpler to perform [52], yields generally the same quantity

of structural and compositional information [11,13,53], and

avoids spectral interferences and structural changes which

may accompany KBr pellet production for transmission

spectroscopy [54]. At its simplest, no sample preparation is

required. However, due to the fact that experimental factors

such as changes in viewing geometry and particle size

variations can affect the derivation of quantitative sample

information, reflectance spectroscopy should normally be

performed at a fixed viewing geometry for a consistent

particle size distribution if the goal is to derive quantitative

information for a suite of samples [11]. This is the approach

that has been undertaken in the current study. A number of

previous studies have demonstrated that bidirectional or

diffuse reflectance spectroscopy is capable of providing

quantitative information on hydrocarbon-bearing geological

materials, for both the organic and inorganic phases [55–59].

2. Experimental

A total of 21 coal samples were used in this study. They

include eight samples from the Argonne premium coal

sample program [51], and 13 samples from previous studies

[36,37]. These samples are described in Table 1. All

samples were gently ground by hand using an alumina

mortar and pestle and dry-sieved to obtain ,45 mm grain

size fractions for spectral measurements (the effects of

varying grain size are discussed in Section 5). A consistent

grain size range was chosen in order to minimize the

spectrum-altering effects of grain size variations.

Given that coals are heterogeneous, it is expected that

many, if not all, of the coal samples would display some

variation in properties for replicate samples and splits. In

general, only single determinations were apparently made for

the various material properties for samples COAL10-22, and

in general multiple determinations were made for the various

material properties of samples COAL30-37. The analytical

data for which replicate analyses are available are provided in

Table 1. In the case of C, H, N, and O contents, H/C ratio, and

calorific values for samples COAL30-37, the results are an

aggregate of analyses conducted at 55 laboratories [51] for

which standard deviations are not available. Similarly H/C

ratio is based on the aggregate value. The standard deviations

are not large enough to appreciably affect the derived

spectral–compositional trends. The reflectance spectra were

measured at the Reflectance Experiment Laboratory

(RELAB) spectrometer facility at Brown University [60,

61]. The bidirectional technique basically involves illumi-

nating the sample with a collimated illumination source at

some angle normal to the sample surface ði8Þ and measuring

the light reflected from the sample at another angle ðe8Þ: The

interval from 0.3 to 2.6 mm was measured at 5 nm spectral

resolution and i ¼ 08 and e ¼ 308; relative to halon [62].

Table 1a

Coal samples used in this study

Sample ID Source Type Locality

COAL10 ISPG 597/88 Lignite Bienfait, Saskatchewan, Canada

COAL11 ISPG 601/88 Lignite Costello, Saskatchewan, Canada

COAL12 ISPG 581/88 Sub-bituminous Highvale, Alberta, Canada

COAL13 ISPG 587/88 High volatility C bituminous Coal Valley, Alberta, Canada (Mynheer/Val D’Or seam)

COAL14 ISPG 914/88 High volatility C/B bituminous Quinsam, British Columbia, Canada (No. 1 seam)

COAL15 ISPG 917/88 High volatility C/B bituminous Prince Mine, Nova Scotia, Canada (Hub seam)

COAL16 ISPG 99/88 High volatility A bituminous Phalen Mine, Nova Scotia, Canada (raw coal)

COAL17 ISPG 97/89 High volatility A bituminous Phalen/Lingan Mine, Nova Scotia, Canada (Phalen/Harbour seam)

COAL18 ISPG 577/88 High volatility A-medium volatility bituminous Byron Creek, British, Columbia, Canada

COAL19 ISPG 579/88 Medium volatility bituminous Quintette, British Columbia, Canada

COAL20 ISPG 605/88 Medium volatility bituminous Line Creek, British Columbia, Canada

COAL21 ISPG 589/88 Low volatility bituminous Smoky River Coalfield, Alberta, Canada (No. 4 seam)

COAL22 ISPG 103/89 Anthracite Mt. Klappan, British Columbia, Canada

COAL30 APCS #8 Lignite Beulah Zap seam, North Dakota, USA

COAL31 APCS #2 Sub-bituminous Wyodak-Anderson seam, Wyoming, USA

COAL32 APCS #3 High volatility bituminous Illinois # 6 seam, Illinois, USA

COAL33 APCS #6 High volatility bituminous Blind Canyon seam, Utah, USA

COAL34 APCS #7 High volatility bituminous Lewiston-Stockton seam, West Virginia, USA

COAL35 APCS #4 High volatility bituminous Pittsburgh #8 seam, Pennsylvania, USA

COAL36 APCS #1 Medium volatility bituminous Upper Freeport seam, Pennsylvania, USA

COAL37 APCS #5 Low volatility bituminous Pocahontas #3 seam, Virginia, USA

Note. ISPG indicates samples obtained from the Geological Survey of Canada’s Institute of Sedimentary and Petroleum Geology. APCS indicates samples

from the Argonne Premium Coal Sample Program. Compositional data for these samples can be found in Refs. [36,37,51].
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The interval from 1.8 to 26 mm was measured at 4 cm21

spectral resolution and i ¼ 308 and e ¼ 308 relative to

brushed gold. The spectra were also corrected for minor

(,2%) irregularities in halon’s absolute reflectance in the

2-mm region and dark current offsets. The two sets of spectra

were merged in the 1.8–2.6 mm region. The sample spectra

were measured in an environment chamber under dry air

conditions. No additional attempt was made to purge the

samples of adsorbed water, for instance, as it was felt that

additional sample processing might inadvertently alter the

composition of the samples, and the desire was to examine

the spectral reflectance properties of ‘raw’ samples. This

approach probably results in enhancements of the depths of

H2O-associated absorption bands due to the adsorbed

component, some of which would be removed by exposing

the samples to the dry air environment.

The wavelength positions of absorption bands were

determined by fitting a third order polynomial equation to

between 10 and 20 data points on either side of a visually

determined minimum or center. Absorption bands for

which no continuum removal was applied are termed band

minima. In some cases absorption bands were isolated by

dividing the spectrum by a straight-line continuum tangent

to the reflectance spectrum on either side of an absorption

feature of interest. The wavelength position of minimum

reflectance of features isolated in this way are referred to

as band centers. Absorption band depths were measured

using Eq. (32) of Clark and Roush [63] relative to these

continua.

3. Reflectance spectra of coals

The reflectance spectra of some of the coal samples

used in this study over the interval 0.3–26 mm are shown

in Figs. 1–3. In the 0.3–2.6 mm region (Fig. 1), distinct

Fig. 1. Reflectance spectra (0.3–2.6 mm) of a number of coal samples.

From top to bottom at 2 mm: COAL10 (lignite), COAL14 (high volatility

C/B bituminous), COAL21 (low volatility bituminous), and COAL22

(anthracite).

Table 1b

Compositional properties of coal samples used in this study [51]

Sample ID Aromaticity

factor

Standard

deviation

(number of

measurements)

Moisture

content

Standard

deviation

Volatile

content

Standard

deviation

COAL30 0.69 0.05 (12) 32.24 0.8672 30.45 2.4189

COAL31 0.62 0.04 (11) 28.09 0.7043 32.17 1.2241

COAL32 0.71 0.02 (10) 7.97 0.0656 36.86 0.7566

COAL33 0.63 0.03 (11) 4.63 0.1215 43.72 0.8061

COAL34 0.75 0.02 (9) 2.42 0.1990 29.44 0.3539

COAL35 0.72 0.03 (11) 1.65 0.1094 37.20 0.4274

COAL36 0.80 0.02 (10) 1.13 0.0725 27.14 0.5156

COAL37 0.85 0.01 (12) 0.65 0.1111 18.48 0.6508

Sample ID Fixed

carbon

content

Standard

deviation

Mean vitrinite

reflectance

Standard

deviation

(number of

measurements)

COAL30 30.7 3.4153 0.28 0.04 (49)

COAL31 33.0 2.0377 0.31 0.08 (50)

COAL32 40.9 1.0850 0.46 0.05 (24)

COAL33 52.8 1.0399 0.50 0.05 (50)

COAL34 52.2 0.6749 0.77 0.05 (50)

COAL35 52.0 0.7193 0.72 0.04 (50)

COAL36 58.7 0.7390 0.99 0.07 (50)

COAL37 76.1 0.8314 1.42 0.06 (50)

Note. Fixed carbon content taken as the remainder after subtracting moisture, ash, and volatile contents. Standard deviations taken as the sum of the

standard deviations for moisture, ash, and volatile contents. The standard deviation in fuel ratio (not listed) which is the ratio of fixed carbon to volatile matter

can also be determined from the standard deviations for the constituent determinations.
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absorption bands generally only appear in the lowest

ranked samples, in the 1.4, 1.9 and 2.1–2.6 mm regions,

and generally diminish in intensity with increasing rank.

The 1.4 and 1.9 mm features are associated with free,

bonded, and/or adsorbed water [16,64]. Absorption bands

in the 2.1–2.6 mm region can be attributed to metal-OH

overtones in clays as well as combinations and overtones

of C–H fundamentals [56,64,65]. Weaker bands are also

sometimes present in the 1.7 and 2.3–2.5 mm region. The

1.7 mm region bands are weak, on the order of ,1% depth;

they are first order overtones and combinations of the

various aliphatic C–H stretching fundamentals [50,56].

They are generally difficult to resolve [17]. Absorption

bands in the 2.3 mm region can be assigned to either

various organic combination and overtone bands [56] and/

or OH-associated clay absorption bands [66]. Band depths

in this region for the samples used in this study do not

exceed 6%.

The major spectral differences in the 0.3–2.6 mm region

coal spectra relate to the overall spectral shape. With

increasing rank, overall reflectance generally decreases and

the spectra become flatter [67]. This is due to the fact that

increasing aromatization results in the absorption edge due

to electronic transitions in aromatic molecules moving to

longer wavelengths [10,16,31,41,64,68]. It has been found

that the intensity of absorption in the 1.6 mm region is a

function of fixed carbon and inertinite content [10].

In the 1.8–7.8 mm region, coal reflectance spectra are

dominated by a series of absorption bands in the 2.7–

3.5 mm region and a broader region of absorption in the

5.6–6.6 mm region (Fig. 2). The absorption bands in the

2.7 – 3.0 mm region are attributable to bound and

adsorbed water [65,66]. The fine structure evident in

some of the coal spectra in this region can be attributed

to various distinct types of OH bonding [69]. Even small

amounts of OH (on the order of 0.1% OH) can give rise

to absorption bands in this region [70].

The 3.2–3.5 mm region is characterized by absorption

bands attributable to aromatic C–H stretches (at 3.28 mm)

and CH2 and CH3 stretching fundamentals (in the 3.4–

3.5 mm region) [8,24,25]. Increasing rank (and hence

aromatization) leads to an increase in the depth of the

aromatic band near 3.28 mm relative to the aliphatic bands

in the 3.4–3.5 mm region. The 5.6–6.6 mm region is more

complex. Candidate absorptions include an H–O–H bend,

carbonyl and carboxylic groups, and aromatic ring stretches

[8,24,66]. The precise assignments of absorption bands in

this region have been the subject of numerous studies in the

past [24]. The longer wavelength regions (.,7 mm) are

characterized by low overall reflectance (Fig. 3). Distinct

absorption bands are generally only found in the 11–14,

18.5, and 21 mm regions. The bands in the 11–14 mm

region are attributable to aromatic C–H out-of-plane bends

[24], and these become more prominent with increasing

rank and aromatic content. Bands in the 16–25 mm (400–

600 cm21) region have generally been assigned to various

mineral absorption bands [8,29,71].

4. Spectral–compositional correlations

In general, reflectance spectra provide much the same

structural and compositional information as transmission

spectra. Thus, we expect the quality and quantity of

information which might be derived from reflectance

spectra to be roughly comparable to that available from

transmission spectra. The ensuing discussion emphasizes

the shortest wavelength spectral–compositional corre-

lations which are found.

In terms of deriving correlations, as discussed below,

some of the sample properties appear to be strongly

correlated with spectral parameters. The trends which

have been found are of variable quality and utility. The

intent of this study was to provide a survey of the potential

Fig. 2. Reflectance spectra (1.8–7.8 mm) of a number of coal samples.

From top to bottom: COAL10 (lignite, vertically offset by þ0.2 for clarity),

COAL14 (high volatility C/B bituminous; vertically offset by þ0.1 for

clarity), COAL21 (low volatility bituminous, no vertical offset), and

COAL22 (anthracite, no vertical offset).

Fig. 3. Reflectance spectra (7–26 mm) of a number of coal samples. From

top to bottom: COAL10 (lignite, vertically offset by þ0.2 for clarity),

COAL14 (high volatility C/B bituminous; vertically offset by þ0.1 for

clarity), COAL21 (low volatility bituminous, no vertical offset), and

COAL22 (anthracite, no vertical offset).
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utility of bidirectional reflectance spectroscopy for coal

characterization rather than to develop rigorous quantitative

correlations at this stage.

4.1. Aromaticity factor

The aromaticity factor ðfaÞ is defined as the ratio of

protonated and non-protonated aromatic carbon atoms

relative to total carbon (normally derived from FTIR or
13C NMR spectroscopy) [24,27,37,72]. Given that this is

a ratio, some of the difficulties inherent in proper sample

preparation for quantitative analysis (particularly for

FTIR analysis) can be minimized [24,73]. As described

above, the aromatic C–H stretching absorption band is

present at 3.28 mm, and the aliphatic fundamental bands

are present in the 3.4–3.5 mm region (with overtone and

combination bands in the 1.7 and 2.3 mm regions). Thus,

we expect aromaticity to be positively correlated with

band depth at 3.28 mm and negatively correlated with

aliphatic band depths. These correlations are in fact

present; however, anthracite exhibits lower than expected

band depths, probably due to its low overall reflectance.

The strongest correlations with aromaticity are found with

the depth of the aliphatic absorption feature at 3.41 mm (as

measured relative to the local reflectance maximum near

2.25 mm), as well as with the ratio of the 3.28–3.41 mm band

depths (Fig. 4).

4.2. Aliphatic (CH3) or (CH/CH2) abundances

Aliphatic groups are expressed in the reflectance spectra

in the 1.7, 2.3 and 3.4–3.5 mm regions. Painter et al. [25]

discussed in depth the difficulties inherent in deriving

absolute abundances of aliphatics from analysis of trans-

mission spectra. A search for correlations between the

reflectance spectra and CH3 or CH þ CH2 abundances

failed to yield any strong correlations. One reason for this

lack of correlation may be that the organic absorption bands

in the 1.7, 2.3 and 3.4–3.5 mm regions are composed of

multiple overlapping bands which does not allow for

sufficient discrimination of CH3- versus CH2- versus CH-

associated absorption bands.

Fig. 4. Aromaticity factor ðfaÞ versus: (a) depth of absorption band at

3.41 mm measured relative to the local reflectance maximum in the 2.5–

2.7 mm region; (b) ratio of the depths of the 3.41/3.28 mm absorption bands

measured relative to a straight line continuum tangent to the reflectance

spectra on either side of these features.

Fig. 5. Total aliphatic content (CH þ CH2 þ CH3) versus: (a) depth of

absorption band at 3.41 mm measured relative to the local reflectance

maximum in the 2.5–2.7 mm region; (b) ratio of the depths of the

3.41/3.28 mm absorption bands measured relative to a straight line

continuum tangent to the reflectance spectra on either side of these features.
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4.3. Total aliphatic (CH/CH2/CH3) abundance

When total aliphatic groups (CH þ CH2 þ CH3) are

considered, a number of useful correlations with spectral

reflectance properties appear. The best correlations exist

between total aliphatic abundance and depth of the absorp-

tion feature at 3.41 mm (as measured relative to the local

reflectance maximum near 2.25 mm), and the ratio of the

3.41–3.28 mm band depths (Fig. 5). These relationships are

not unexpected as all of the spectra were measured for

,45 mm grain size fractions, thereby minimizing the effects

of grain size variations. Good correlations were also found

between total aliphatic content and depth of the 2.31 mm

feature, absolute reflectance at 1.6 and 2.31 mm, depth of the

aromatic band at 3.28 mm (with the exception of anthracite),

and difference in band depth between the 3.41 and 2.31 mm

bands. These correlations are also expected given the

mechanisms leading to absorptions in the 2.31 and

3.41 mm regions and the fact that absolute reflectance

generally decreases with increasing aromatic (and decreas-

ing aliphatic) content [73]. Microspectroscopy was found to

be incapable of measuring aliphatic content in individual

macerals due to high light scattering and low absorption in

the 1.7 mm region [17]. The 1.7 mm region has also been

found to be less suitable than the 2.31 and 3.41 mm regions in

the macroscopic study because of the weakness of absorption

bands in this region (Fig. 1).

4.4. Aromatic (CyC) abundance

Changes in aromatics abundance are expected to most

directly affect overall reflectance as well as the depth of the

aromatic-associated 3.28 mm band. The latter relationship is

due to the fact that increasing aromatics abundance shifts

the absorption edge to progressively longer wavelengths and

reduce overall reflectance [10,16,41,64,68]. While a weak

negative correlation was found between overall reflectance

at selected wavelengths and aromatic abundance, the best

correlations which were found relate aromatic content to the

depth of the 3.28 mm band (relative to the 3.41 mm aliphatic

band) and the ratio of the depth of the 3.28 mm aromatic

band to its absolute reflectance (Fig. 6). In addition, the

aromatic absorption bands in the 11–13 mm region all

exhibited weak positive correlations with aromatic content,

but were not as well constrained as those involving

exhibited greater scatter than those in the 3.28 mm region.

4.5. Vitrinite, inertinite, liptinite abundances

No strong correlations were found between spectral

properties and major maceral types (vitrinite, inertinite,

liptinite abundances). This is not unexpected, as maceral

types are based more on morphological than compositional

criteria. The only weak correlation was found was between

absolute reflectance of the 3.41 mm absorption band and

inertinite content (positive correlation). The expected

correlation found between inertinite content and reflectance

at 1.6 mm [10] was also found but too much scatter is

present in the data to allow this relationship to be used to

reliably predict inertinite content.

4.6. Moisture content

Moisture in coals may be present in a number of forms

including structural water (OH), adsorbed, or free water. Each

of these forms will be expressed in unique ways in reflectance

spectra [66,74]. In the absence of sophisticated spectral

deconvolution algorithms, simple spectral parameters may

not accurately represent the total moisture content and would

not capture the full information content concerning water

types which are inherent in the spectra. Even simple measures

of band depths, however, do provide a reasonably accurate

measure of moisture content for the samples studied. Strong

positive correlations were found between moisture content

and absorption band depths at 1.9 and 2.95 mm. The 1.9 mm

band is attributable to a combination of an O–H stretch

and H–O–H bend. Thus this band is only present when

Fig. 6. Aromatic content versus: (a) depth of absorption band at 3.28 mm

measured relative to a straight line continuum tangent to the reflectance

spectra on either side of this feature; (b) depth of absorption bond at

3.28 mm (measured relative to a straight line continuum tangent to the

reflectance spectrum on either side of this feature) divided by the absolute

reflectance of this bond.
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the sample contains H2O molecules as opposed to OH. The

correlation which exists between the depth of this band and

moisture content suggests that much of the moisture is present

as H2O (Fig. 7). In the 2.95 mm region, the coal samples with

the highest moisture contents exhibit spectra which are

characterized by a broad and relatively featureless absorption

band in this region (Fig. 2). The depth of this feature is also

correlated with moisture content (Fig. 7). Given that the

1.9 mm band is a combination band, its depth is not nearly as

great as for the 2.95 mm band; its depth increases gradually

with moisture content and peaks near 14%. The 2.95 mm

band, being a fundamental band, is much stronger, and band

depth increases very rapidly over the first few weight percent

moisture, peaking around 75% band depth. With decreasing

moisture content, band depths at 2.9 mm decrease and more

spectral structure (i.e. more resolvable absorption bands),

attributable to specific minerals appear (Fig. 2).

All of the spectra exhibit additional narrow absorption

bands in the 2.7–2.9 mm. These bands are attributable to the

various clay minerals which are present in the samples and

which normally make up the bulk of the mineral matter in

coals [51,75]. The wavelength positions of the various bands

could be used to distinguish the different clay minerals [66].

4.7. Ash content

Ash content refers to the abundance of material

remaining after combustion and includes organo-metallic

components (minor) and inorganics such as clays, pyrite,

and quartz (major) [51]. Given that ash content is non-

specific in terms of associated spectral characteristics, no

correlations are expected (or were found) between the coal

spectra and ash content. A lack of correlation is not

unexpected given the diversity of mineral types which are

found in coals and the variations in mineralogy that may

accompany rank [76]. Nevertheless, infrared spectroscopy

can be used to identify and quantify the abundances of

various minerals in coals [77].

4.8. Volatile content

Volatile content refers to the material lost upon

combustion (after drying) and is generally equated with

the organic (hydrocarbon-bearing) fraction. Thus it is in

many ways comparable to the aliphatic content in terms of

expected spectral correlations. The best correlations found

relate volatile content to the depths of the 2.31 and 3.41 mm

absorption bands as well as the ratio of the 3.41/3.28 mm

absorption band depths (Fig. 8).

4.9. Fixed carbon content

Fixed carbon content is defined here as the non-volatile

matter in coal minus the ash. More precisely fixed carbon is

the product of pyrolysis under some set of standard

conditions. Because of the fact that the carbon samples

derived from different sources, the definition of fixed carbon

as defined here was used to enable intercomparison of the

samples. Spectrally, it is expected that fixed carbon should

be similar to aromatic carbon as fixed carbon is correlated

with aromaticity [78]. This is in fact the case. The best

spectral correlations for fixed carbon content involve the

depth of the 3.41 mm aliphatic absorption band (inverse

correlation), the ratio of the 3.41/3.28 aromatic/aliphatic

band depth ratio, and the ratio of the 3.28 mm band depth to

its absolute reflectance (Fig. 9). Ito et al. [10] found that

reflectance at 1.6 mm was inversely correlated with carbon

content. A similar relationship was found in this study, but

the scatter in the data precludes the use of this relationship

for more than broad categorization of fixed carbon content.

It was found to be not as well constrained exhibit a higher

degree of scatter compared to the other spectral parameters.

4.10. Fuel ratio

Fuel ratio is defined here as the ratio of fixed carbon to

volatile matter [36,79]. This ratio is dependent on

Fig. 7. Moisture content versus: (a) depth of absorption band in the 1.9 mm

region measured relative to a straight line continuum tangent to the

reflectance spectra on either side of this feature; (b) depth of the absorption

feature in the 2.9 mm region measured relative to the local reflectance

maximum in the 2.5–2.7 mm region.
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the spectral properties associated with both volatile matter

and fixed carbon. Given that both fixed carbon and volatile

matter contents can be derived from associated spectral

variations, fuel ratio is derivable from the variations in the

coal reflectance spectra. The best correlation for fuel ratio

involves ratios of aromatic (3.28 mm) and aliphatic

(3.41 mm) band depths (Fig. 10). As can be seen in

Fig. 10, for the 3.41/3.28 mm band depth ratio, when the

fuel ratio is less than ,2, the band depth ratio cannot be

used to constrain its value. This is probably attributable to

the fact that the 3.41 mm absorption band is probably quite

close to saturation for the samples with the highest volatile

matter content. This is borne out by the fact that using the

Fig. 9. Fixed carbon content versus: (a) depth of absorption band at 3.41 mm

measured relative to the local reflectance maximum in the 2.5–2.7 mm

region; (b) ratio of the depths of the 3.41/3.28 mm absorption bands

measured relative to a straight line continuum tangent to the reflectance

spectra on either side of these features; (c) depth of the absorption band at

3.28 mm (measured relative to a straight line continuum tangent to the

reflectance spectrum on either side of this feature) divided by the absolute

reflectance of this band.

Fig. 8. Volatile content versus: (a) depth of absorption band at 2.31 mm

measured relative to the local reflectance maximum near 2.25 mm; (b)

depth of the absorption band at 3.41 mm measured relative to the local

reflectance maximum in the 2.5–2.7 mm region; (c) ratio of the depths of

the 3.41/3.28 mm absorption bands measured relative to a straight line

continuum tangent to the reflectance spectra on either side of these features.
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2.31 mm absorption band in the ratio (2.31/3.28 mm) allows

for discrimination of fuel ratios as low as ,1 (Fig. 10).

4.11. Carbon (wt%)

In contrast to proximate analyses, ultimate analyses are

less sensitive to structural properties of coals. There are a

number of confounding factors which probably impede the

derivation of widely applicable and reliable spectral–

elemental correlations. However, given that composition

and structure are often related (e.g. a high C content, or

C/H ratio would imply a higher rank), some elemental

information may be derivable from the reflectance spectra.

These results should be used with caution as they may only

be strictly applicable to the types of coals included in this

analysis. Gilbert [41] found that the carbon content of coal

vitrains could be distinguished on the basis of reflectance

below ,0.5 mm. However for whole coal samples, while

overall reflectance at 0.4 mm increased with increasing

carbon content, the correlation was not strong enough to

permit its use as a reliable predictive tool. For the whole

coal sample spectra used in this study, correlations were

found between carbon content and the depth of the

3.41 mm aliphatic band (negative correlation), absolute

reflectance at 1.6 mm (negative correlation), the ratio of the

3.41/3.28 mm band depths (negative correlation), and the

ratio of the 3.28 mm band depth to its absolute reflectance

(positive correlation). Of these, the latter two are the most

highly correlated and hence most useful for predicting

carbon content (Fig. 11). Reflectance at 1.6 mm was also

found to be negatively correlated with carbon content by

Ito et al. [10].

4.12. Hydrogen (wt%)

As was the case for carbon content, few well-defined

correlations exist between the coal reflectance spectra and

hydrogen content. The best correlation which was found is

Fig. 10. Fuel ratio versus: (a) ratio of the depths of the 3.41/3.28 mm

absorption bands measured relative to a straight line continuum tangent to

the reflectance spectra on either side of these features; (b) ratio of the depths

of the 2.31/3.28 mm absorption bands (the depth of the 2.31 mm absorption

band is measured relative to the local reflectance maximum near 2.25 mm

and the depth of the 3.28 mm absorption band is measured relative to a

straight line continuum tangent to the reflectance spectra on either side of

this band).

Fig. 11. Carbon content versus: (a) depth of the absorption band at 3.28 mm

(measured relative to a straight line continuum tangent to the reflectance

spectrum on either side of this feature) divided by the absolute reflectance

of this band; (b) ratio of the depths of the 3.41/3.28 mm absorption bands

measured relative to a straight line continuum tangent to the reflectance

spectra on either side of these features.

E.A. Cloutis / Fuel 82 (2003) 2239–2254 2247



between hydrogen content and the ratio of band depth to

absolute reflectance of the aliphatic 3.41 mm absorption

band, as well as the sum of the 2.9 and 3.41 mm absorption

bands (Fig. 12). As was the case with the carbon ratio,

hydrogen can be present in a variety of forms in coal,

therefore use of these correlations should be undertaken

cautiously. Infrared transmission spectroscopy can be used

to study the various forms of hydrogen bonding which occur

in coals [12,29,69].

4.13. Nitrogen (wt%)

Nitrogen contents in coal are generally low (,1%) and

nitrogen content has not been found to be correlated with

rank [79]. Nitrogen-associated absorption bands are

expected in the 3.0–3.3 mm (due to N–H stretches), 6.2–

6.6 mm (due to N–H bends), and 7.1–7.4 mm region (due to

C–N stretches) [80]. The only resolvable candidate absorp-

tion band which was found to correlate with nitrogen content

appears at 7.26 mm (Fig. 2). There is a weak positive

correlation between N content and depth of this band (Fig. 13)

suggesting that it is in fact a C–N stretching band. Its depth is

uncorrelated with other elemental abundances. The scatter in

the data suggests that nitrogen is probably present in a variety

of forms; i.e. bound to other atoms besides C, as expected.

However, it appears to be useful for placing gross constraints

on nitrogen content, under the assumption that C–N is the

major bonding mechanism. Partial least squares regression

analysis has been used to correlates changes in spectral

properties with the nitrogen content of peat [35].

4.14. Oxygen (wt%)

Fuller et al. [9] used the intensity of an absorption band

at 5.83 mm (1715 cm21), attributable to carbonyl, to

determine degree of oxidation of coals. This band occurs

on the wing of the intense 1600 cm21 6.25 mm

(1600 cm21) general absorption feature which is attribu-

table to a number of absorption mechanisms [25]. A

reliable mechanism for isolating this band in the reflec-

tance spectra to determine actual band depths could not be

found. However, positive correlations were found with as-

received water content and overall oxygen content (on both

a moisture and ash-free, and a dry and mineral matter-free

basis, as well as with total oxygen by difference) with the

depths of the 1.9 and 2.9 mm bands (Fig. 14). Strong

correlations were also found between all combinations of

the as-received water contents and the various oxygen

abundance determinations. Given that much of the

oxygen in the organic fraction of the coal is probably

bound to hydrogen (as well as carbon), the depths of the

1.9 and 2.9 mm bands are an indication of the total

hydrogen-bonded oxygen content., reflecting the fact that

the majority of the oxygen in the samples is present in

the inorganic phases. A number of investigators [28,

43–45,81,82] have also used small changes in the

intensities of various oxygen-associated bands to track

Fig. 12. Hydrogen content versus: (a) ratio of the depth of the 3.41 mm

absorption band (measured relative to a straight line continuum tangent to

the reflectance spectrum on either side of this band) to the absolute

reflectance of this feature; (b) sum of the band depths at 2.9 mm (measured

relative to the local reflectance maximum in the 2.5–2.7 mm region) and at

3.41 mm (measured relative to a straight line continuum tangent to the

reflectance spectrum on either side of this feature).

Fig. 13. Nitrogen content versus depth of the absorption band at 7.26 mm

measured relative to a straight line continuum tangent to the reflectance

spectrum on either side of this feature.
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oxidation and unravel oxidation pathways; however, the

expected magnitude of these band variations as a function

of oxygen content and other confounding spectral–

compositional effects suggests that this approach, while

appropriate for tracking oxidation effects, is not suitable for

deriving total oxygen content. The ability to derive oxygen

content in the organic phases is complicated by the fact

that the ratios of oxygen-bearing species vary as a function

of rank [83]. Partial least squares regression analysis has

been used to correlates changes in spectral properties with

the oxygen content of peat [35].

4.15. Sulphur (wt%)

Sulphur in coals may be present in a number of

forms including sulphides and in the organic phase [84].

Sulphur-associated absorption bands are generally weaker

than those associated with other atoms. When coupled with

the fact that coals generally contain low abundances of

sulphur (usually on the order of a few percent or less), sulphur

content determination using reflectance spectroscopy is

unlikely to yield useful results. The only evidence for

sulphur-related spectral features in the reflectance spectra is a

very weak band near 3.97 mm found in the sample with the

highest sulphur abundance (4.83 wt.%). This band is in the

region expected for S–H stretching vibrations and does not

appear in the other coal spectra.

4.16. H/C ratio

The H/C ratio obtained from ultimate analyses is strongly

correlated with aromaticity [85], and hence should be most

highly correlated with aliphatic and aromatic organic

absorption bands. This is in fact the case; the best positive

correlations were found with the depth of the 3.41 mm

aliphatic absorption feature and the ratio of the 3.41/

3.28 mm band depths (Fig. 15). This is consistent with

previous studies which found correlations between aliphatic

band intensities in transmission spectra and H/C ratios [37,

39,86]. There was also a general increase in absolute

reflectance at 1.6 mm with increasing H/C ratio. Once again,

much of the scatter in the data is probably attributable to the

fact that the reflectance spectra are more sensitive to

Fig. 14. Oxygen content versus: (a) depth of the absorption band near

1.9 mm (measured relative to a straight line continuum tangent to the

reflectance spectrum on either side of this feature); (b) depth of the 2.9 mm

absorption band measured relative to the local reflectance maximum in the

2.5–2.7 mm region.

Fig. 15. H/C ratio versus: (a) depth of the absorption band at 3.41 mm

(measured relative to the local reflectance maximum in the 2.5–2.7 mm

region; (b) ratio of the depths of the 3.41/3.28 mm absorption bands

measured relative to a straight line continuum tangent to the reflectance

spectra on either side of these features.
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the speciation of elements rather than overall elemental

abundances. The fact that these correlations exist is due to

the fact that the overall structures of the coal samples in

terms of H–C configurations are all broadly similar.

McCartney and Ergun [87] found a negative correlation

between H/C ratio of vitrinites and their mean reflectance. A

similar negative correlation was found between H/C ratio in

the current samples and absolute reflectance at 0.4 mm.

However, the scatter in the data precludes the use of this

correlation for quantitative determinations. This is probably

due to the fact that the reflectance spectra of the whole rock

samples do not discriminate between vitrinite and other H-

and C-bearing components which can affect overall

reflectance.

4.17. Vitrinite mean reflectance

Vitrinite mean reflectance is positively correlated with

coal rank, and hence carbon content. As was the case with

carbon content correlations, the best correlations are found

between mean vitrinite reflectance and depth of the 3.41 mm

band (negative correlation), and the 3.41/3.28 mm band

depth ratio (positive correlation) (Fig. 16). There are also

positive correlations with absolute reflectances at both 0.4

and 1.6 mm, although not as highly correlated as the former

parameters.

4.18. Calorific value

Calorific value is a complex function of elemental

composition and hence is not expected to be directly

derivable from analysis of reflectance spectra. The only

correlations which were found for calorific value are with

the ratio of the depth to absolute reflectance of the 3.28 mm

(aromatic) band (Fig. 17). The correlations are not strong

enough to permit the use of these correlations for more than

gross estimates of calorific value, however. Partial least

squares regression analysis has been used to correlates

changes in spectral properties with the calorific value of peat

[35,48].

4.19. Petrofactor

Petrofactor is a parameter which combines maceral and

rank data in order to better relate coal properties to

reactivity. It is the ratio of the mean reflectance to the

sum (in wt%) of the vitrinite, (huminite in the case of low

rank coals), exinite, (or liptinite) and one third of semi-

fusinite (with the ratio multiplied by 1000) [36,88]. As this

parameter increases with increasing mean vitrinite reflec-

tance and vitrinite and liptinite content, it is expected to be

positively correlated with spectral parameters related to

aromatic content and rank. This is in fact the case;

petrofactor is negatively correlated with depth of the

2.31 mm (aliphatic) absorption feature, absolute reflectances

at 0.4 and 1.6 mm, and ratio of the 3.41/3.28 mm absorption

bands (Fig. 18). Once again, because petrofactor is a

function of a number of coal parameters which are not

explicitly expressed in the reflectance spectra, it should be

applied judiciously.

Fig. 16. Vitrinite mean reflectance versus: (a) depth of the absorption band

at 3.41 mm (measured relative to the local reflectance maximum in the 2.5–

2.7 mm region; (b) ratio of the depths of the 3.41/3.28 mm absorption bands

measured relative to a straight line continuum tangent to the reflectance

spectra on either side of these features.

Fig. 17. Calorific value versus ratio of the depth of the absorption band at

3.28 mm (measured relative to a straight line continuum tangent to the

reflectance spectrum on either side of this feature) to the absolute

reflectance of this band.
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4.20. Ignition temperature

Ignition temperature, defined as the temperature at which a

1% weight loss of the original coal occurs [36], has been found

to be correlated with spectrally derivable parameters such as

mean vitrinite reflectance, petrofactor, and H/C ratio. As

these are derivable from the reflectance spectra (as described

above), ignition temperature is similarly derivable from the

reflectance spectra. However, given that ignition tempera-

tures were only available for some of the samples, this

relationship could not be derived for the total sample suite.

5. Effects of grain size variations

The coal samples which were examined for spectral–

compositional relationships were of a consistent grain size

(,45 mm) in order to minimize the spectrum-altering effects

of grain size variations. In order to better characterize these

variations a series of grain size separates of COAL16 (,37,

37–63, 63–125, 125–250, 250–500, 500–1000 and 1000–

2000 mm) were characterized (Fig. 19). All of the key spectral

parameters such as absolute reflectances, band depths, and

band depth ratios varied as a function of grain size. However,

none of these variations was consistent across the entire range

of grain sizes examined. All of the spectral parameters

examined showed both decreases and increases across the

range of grain sizes examined. These results suggest that the

derived spectral–compositional relationships are only

strictly applicable for a consistent size fraction.

6. Discussion

The approach taken in this study is to focus on the use of

absorption band depths or intensities rather than areas and to

concentrate on simple spectral parameters such as band

depths or ratios. The main reason for this is that in many

instances individual absorption bands are highly overlapped,

creating difficulties in determining individual band areas.

Absorption bands are wider in reflectance than transmittance

[89]. Band areas have been used successfully in the past to

determine functional group abundances in coals from

transmission spectra [26]. Infrared transmission spec-

troscopy is a very useful tool for determining the presence

of specific functional groups and for studying the nature of

Fig. 18. Petrofactor versus: (a) absolute reflectance at 1.6 mm; (b) ratio of

the depths of the 3.41/3.28 mm absorption bands measured relative to a

straight line continuum tangent to the reflectance spectra on either side of

these features.

Fig. 19. Reflectance spectra (0.3–4.3 mm) of different size fractions of

COAL16: (a) from top to bottom: ,37, 37–63, 63–125, 125–250 mm

fractions; (b) from top to bottom: 1000–2000, 250–500, 500–1000 mm

fractions.
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various types of atomic bonds [24,25]. More sophisticated

spectral deconvolution algorithms, such as multivariate

analysis, can be used for more detailed structural analysis

[35,90,91] and for derivation of hydrocarbon properties [92]

but the complexity and limitations of coal reflectance spectra

makes this a non-trivial task.

With increasing rank, resolvable absorption bands in the

0.3–2.5 mm region decrease in intensity until, in the case of

anthracites, no resolvable absorption bands are present in

this wavelength region [16]. In these cases, fundamental

absorption bands, which are more intense than the shorter

wavelength combination and overtone bands must be used

for quantitative analysis.

This study, as well as previous studies [37] have shown

that multiple compositional properties can often be derived

from a single spectral parameter (Table 2). This arises from

the fact that many coal properties are highly correlated [36,

37,85,93,94]. If these relationships are violated, then

spectral analysis may only be justified for determination

of the property which is directly expressed in the reflectance

spectrum (e.g. aromatic content from depth of the 3.28 mm

aromatic absorption band). A number of studies [23,36]

have shown that such spectral–compositional parameters

cannot properly interpret ‘anomalous’ coals.

This multiple interdependency also provides some

advantages for applying spectroscopy to coal analysis

because it allows for the derivation of coal properties

which are not directly derivable from absorption band

properties, such as rank, calorific value, or vitrinite

reflectance [23,36,37]. Consequently, the tractable compo-

sitional properties are not necessarily limited by the number

of resolvable spectral features. In addition, spectrally

derivable coal properties can be combined to yield more

complex indices of coal properties [95]. While this study has

focused on the correlations which exist between specific

absorption features and specific coal properties, alternative

approaches, based on techniques such as principal com-

ponents regression of diffuse reflectance spectra, have also

been found to yield good correlations for various coal

properties [96]. In addition, more detailed analysis of coal

and other hydrocarbon spectra can be used to elucidate

structural variations which affect functional group absorp-

tion bands [30]. Some derived spectral–compositional

correlations may be fortuitous and hence should be used

with caution. As an example, H/C ratio, which is weakly

correlated with some organic phase-associated spectral

features, is reflecting the H/C ratio in the organic phase

rather than in the whole rock sample. Thus, the usefulness of

all spectral–compositional correlations should be assessed

on the basis of what the applied spectral parameters are

actually measuring.

As discussed above, most of the coal spectra exhibit

distinct OH-associated absorption bands in the 2.7–

2.8 mm region which are attributable to specific clay

minerals present in the samples. The positions and

intensities of these bands could be used to identify

the particular species which are present [66]. The use of

coal spectra to determine the presence and abundance of

specific minerals is beyond the scope of this current paper.

However, this capability has been demonstrated using

transmission spectra [39,97,98].

The correlations derived from this study are strictly only

applicable to ,45 mm grain size fractions. Increasing the

grain size of the sample can cause spectral parameters such

as band depths, absolute reflectances, and band depth ratios

to exhibit non-systematic variations. These variations are

probably the result of changes in the ratio of surface to

volume scattering as a function of grain size, which will

Table 2

Strongest spectral–compositional correlations for coals

Coal property Spectral correlation

Aromaticity factor 3.41 mm absorption band depth (2 )

3.41/3.28 mm absorption bands depth ratio (2 )

Aliphatic (CH þ CH2

þ CH3) content

3.41 mm absorption band depth (þ )

3.41/3.28 mm absorption bands depth ratio (þ )

Aromatic C content 3.41/3.28 mm absorption bands depth ratio (2 )

3.28 mm absorption band depth:absolute

reflectance ratio (þ )

Moisture content 1.9 mm absorption band depth (þ )

2.9 mm absorption band depth (þ )

Volatile content 2.31 mm absorption band depth (þ )

3.41 mm absorption band depth (þ )

3.41/3.28 mm absorption bands depth ratio (2 )

Fixed carbon content 3.41 mm absorption band depth (2 )

3.41/3.28 mm absorption bands depth ratio (2 )

3.28 mm absorption band depth:absolute

reflectance ratio (þ )

Fuel ratio 3.41/3.28 mm absorption bands depth ratio (2 )

2.31/3.28 mm absorption bands depth ratio (2 )

Carbon content 3.28 mm absorption band depth:absolute

reflectance ratio (þ )

3.41/3.28 mm absorption bands depth ratio (2 )

Hydrogen content 3.41 mm absorption band depth:absolute

reflectance ratio (þ )

2.9 þ 3.41 mm absorption band depths (þ )

Nitrogen content 7.26 mm absorption band depth (þ )

Oxygen content 1.9 mm absorption band depth (þ )

2.9 mm absorption band depth (þ )

H/C ratio 3.41 mm absorption band depth (þ )

3.41/3.28 mm absorption bands depth ratio (þ )

Vitrinite mean reflectance 3.41 mm absorption band depth (2 )

3.41/3.28 mm absorption bands depth ratio (2 )

Calorific value 3.28 mm absorption band depth:absolute

reflectance ratio (þ )

Petrofactor Absolute reflectance at 1.6 mm (2 )

3.41/3.28 mm absorption bands depth ratio (2 )

Sign in brackets indicates the sign of the correlation.
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vary depending on the optical properties of the sample at

specific wavelengths [70]. As an example, an initial increase

in band depth with increasing grain size, followed by a

decrease in band depth could be due to band saturation [65].

The results derived from this study suggest that

reflectance spectroscopy could be applied to on-line

monitoring of coal properties in a process stream. Such a

capability has been demonstrated for oil sands [99,100]. On-

line FTIR (non-reflectance) analysis has also been applied to

coal characterization [22], and the results of this study

suggest that diffuse reflectance infrared spectroscopy could

supplant or complement these techniques for rapid quanti-

tative coal characterization.
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