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TRODUCTTION

Thzre has heen a growing and susiained interest in ceals aince the
OPEC {041 Producing and Exporting Couatries) oil embargoes in 1973
Coals have a high relaitlve abundar rical distribution

of gyathetic fuels.

Dispersive infrared speciroscopy has kv ionally been an

yuractarization since most organic and minevs

compouents absorb in rayrlon.
spectroscopy offzrs valuable information on the chemical composition of

coal, Quangirative use of the spectra provides a sort of funciional

]-.: .
ﬂ:
(el

group analysis of complex organic mab

ag coal. The princip

q

advantages of guantitative infraved specivoscopy are that the coal can

be chavacterizad as a whole, without destvucihive treatwsnt, and that a

5

vary small anount of cpal is suffic

o

cient for ths analysis,

The work veporiad here qualitatively and quantitatively

selected whole coals, principally

H

New Mexico coals, covering a range of cank., Information concerning the
g ey e PR - hol - Ta ma s Fhiaesd £ ey s acludas ¢
steucture of the seven whole coals as a funcilon of vank inciudas a

the molecular types of hydrocarbon
present, i.2. alipahiic and avomstic, azoad the type and distribution of
specific functional groups, e.g. aliphatiec C-H, phenolic OH, and



carbonyl modes, With thes

gvolutionary seguaass fon
J 4

volatile and wmedium volatile bhigum

ation

Cfer

Pk

2

Pt

uable tool
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infraved speclhroscopy can be useful for

]
o
w3
=
¥}
[¢]
or
el
[}
fo
[}
4]
o
f') o
c
Jamd
-
pea
e
g
8%

0f the corresponding sediment




FURDAMEGTALS OF IEFRARED SPHECTROS

Introduction

3

etailed accounitz of theoretical and applied infrared spectroscopy

are numerous in the litevature (Bmith, 1979:
al., 19705 and Potts Jr., 1963}, Infrared spectroscopy is similar %o

other absorphion measuremenis in that a specimen thin enough ©o b2

25 of the chemical bonds and the numbers of

those bonding tvpes. The iunfrared region used fov ties in
the 2.5 ©o 20 micy g ength range. For Lhis paper the common
conwention of expressing radiar rgy in terms of

ratheyr than wavelength will be followad, Wavenumber is the reciprocal

; ; . . -1
of wavelength and comaocly 2xpressed in uwnits of om .

Selactive absorption at certain feagy
spectrum is displayed bw wost organic and many inorganic subsiances.

hsorption haals oocur because quanta of enerzy are absorbed when

the atoms of a molecule show any velafive wovement that is accompaniad
:ncies proportional to

quanta of energy absorbed

nfrared ra

“F
(-0

(.

lestromagnetic spectrum. The precise frequencies are a function of the



trangth of the binding forces, and

molecule in &ay vibration
ciona of the positive and

on in question. The

‘ad absorption band is proportional

ro the sgquare of &

4
e
gm

mosnenit dur

the vibration. Thas absorp Lo the amount

of a 2a coashbituent preseat in the saaple.

Qualin Spectrophotometyy

Absorption bands ocourring at certain frequencies can ba corvelated
with atoms which ave common in molecules by
COMpATLNG Spaahis numbers of pure compounds. The absence of a
pars in the unmodified sample permits

conclusion that this group is either not preseni or is preseat only in
such a small concentration that it cannot be obssrved. This feature and

the possibility of deirecting structural differences has led to the use

raved specira as a means of attacking problems of molecular



The Bouguer-Besr law is usad in chically all absovption

b

analysis. The Bouguer—Beer las is

the following wayss:

where A is the absorbance; 1 represents the total radiant enexgy ©

£ 2 v

the incident beam; T is the transwmitted radiant =snsvgy after passag

b

through the sasele; T is transmittance; a is the absorption

. . A . S —
coefficient in ocw”/mgy b is the optical path leng
thickness) of the sample in centimeters; and ¢

Lo

the absorbing species in mgfew”. Figuve 1 shows a comparison of

in this study it is recognized thai absorbance is not mersly a
£ g gm F the - PR R PR N T | P PP T
factor of the wvariables ia equation 1 but is relaiad

CONCBNTY

sinion of coal in the pellet. Thevefore, equation ] can

93]
@
T

AriLien

where A is khe ah:

optical path length: o is
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Figure 1. Comparison of absorbance and transmission scales.

(From: Conley, 1972)



and ¢ ia the concentrabtion of the ceal in the pellei. Absorbance,

path length {pellet thickness), and concentration of coal ia ithe

pzlliet are measured values while the absorption coeffiziznt and

concentration of the ahsorbing species remain as unknowns., Henceforth
the product of the absorption ceefficient and conceatration of absorbiayg
= i
apecies, i.e. ac_, shall be simply referred to as absorptivity (2) in
<

Presently it is aot eyaluate the effecis of

&
3
o
&)
0]
e
L
'_.l
1]
or
o)
B
h
bz
{n
[e]
T
b
L4
]
janad
3

changing the absorption coeff or the concentration of absorbing

P

species, or both over a ranga of rauk, VPor example, if the absorption
coefficient is nok constant over a vangs oFf venk, then a change in the
absorption coefficient produces a change in the absorbance

.

changing the concentraiinn of the a theve

bsorbing species. Cug

UL

e nature of these changes.

Infrared 3n=ckh

of Complex Organic Solids

The infrared spectra of complex organic solid

nawber of rather broad bands which are due to well-kaown chemical

gury

groups. These broad banls can be correlated by comparison with the

specira of numerous simple substances {(Rouxhet et al., 1980).



Coals have the same types of bonds as kerogens, huaic subs

o]

r this reason the possibi

other natural polymers. F

haviag 2 fingsvprint, or unique set of absorption bands, doesn't ozecnr.

The real utility of infraved speciroscopy of complez organic solids

vests in the facih that the spectra differ from each other by Lhe
intensity of variouz hands., For example, the spectra of coals

{Roughet et al., 1%80).



1, of variocus agas

=3
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e
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Seven coals, listed in

2o, one ecpal is from

studied, Five of the seaven coals arve from New Mex

Es

Lllinois {Hevvin @), and one coal is from N

Seotia.  The ceal

E]
=4
o
o

S
3]
o

k“-

samples f£rom Illinocis and ia were chosen as veference samples.

The age of the coals from I1linois and Wova Scotia is Peunnsylvanian and

rg are Oretaceous. All

oo AT

those of Hew Mes

of humic coals of Horth Amsvica, that is

753
.
{4
o
[
e
L
[{
oo
o
E‘;;
]
ih.l 3
i)
~
]
4
T
v ]
8]
=
P
14
=7
H
=

Proximate-analysis data on an a

basiz) are indicated im Tabhles 31

ultimate analyses of Coals 1, 2, 3

.

atin

el

parformed by the Cosmevcial T znd Bngineering {CTE)

0%

Company. Proximate and ultimate analysss of Joal 4 were performed by

P

Survey (USGS), and for Ceals 5 and § by

the United States Geolosi:

f_‘?'"‘

Hazen Research, Inc,

=3
=y
[o3

saven coals waeve selected for this study on the basis of the

4 7

range in composition among the coals available o us

)

and

{zas Tablas

3). The coal rank ranges from sub~bituminous B (DT 47772) to low

valatile bituminous (DT 46772).
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Geologic Data and Sample Locality

(1%

Sample: Toal 1

Specimen nuaber: DT 47772

335

ndova

Locality: 3 County, New Mexico

Genlogic formation: Mesaverde Group

ad of sample: channel sample

Spacimen location: wunmamed coal bed, Una del Gato Field B8W, NW, Sec.

Specimen nuwber: DT 42771

Locality: Bernalillo County, New Mexino
Gaologic formation: Mesaverde Group
Gzologic age: Upper Sretaceous

¥ind of sample:s chanpel sample

Specimen location: upper seam, Caononcito Mine 8E, SW, NE, Sec, 8,

T 10, , R.2W., New Mexico.
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Sample: Coal 3

DT 418771-A

McRinley Gounty, New Mexico
Gaologic formatioms Crevasse Canyon Formation
Seologic age: Upper Cretaceous

o ?

£ind of sample: chanuel samples

et
[t

Specimen location: Grzen Seam, Gibson mewber, Melin’

!

ec.b, T.L6W., R.20W., New Mexico.

ez}

ez Coal &

=

acimen number: No~Tn

Localitys Beranalillo County, New Mewico
Geologic formation: Srevasse Ganyon Formation

Geologic ages Upper Cretaceous

.

Kind of samples grab sample

e

paciman location: unnamed coal bad, Tijeras Goal Field,

New Mexzico.

aea pumbers C=80

Localitys Tllinois
¥

LEv]
o3

Geologic formation:

Geologic age: Pennsylvanian

of sample: composite saumplea

Sample leocations Herrin &,

sle Surface Mine, Illincis.

v Mine 8W, HW,

Tocco Mine,
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Speciman aumber: O-16
Locality: Nova Scotiz

Geologic formation: 97

Geologic age: Pennsylvan

¥ind of sample: abandonsed st

Sample location:

DT 46772

County, New Mexico

Gaaple location: south of Bngle Fisl

5]
a@&
¥
0
o
P

T.148,, B.4W,, Yew M

e

zie

ian {Westphalian D)

Hub Seam, Prince Mine, Nova Scotia.

s

Eig
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Prozimate Analvsiz of Coal Specimens 3tudied on as

o
1y
[#]

Ssmple  Specimen Fized Volatile Calorific
Minber Carbon Mariter Moisturs Ash Yalue

{(BTU/1h)

40,167  39.23% 9.477% 11.14%

3
o]

3

et
froud
5
it

Tl
“and
~ob
3
)
e
(]
nd

Coal 2 DT 42771 & 7.28% 7.30% 9361

fon)
.
oo
on
st
L
G
)
£
5
5g

Coal 3 oL 418771~A 50.20% 38.16% 3.99% 7.65% 119is
Coal 4 Nia~Trn 51.2% 26.3% 1.1% 21.4% 11469

13733

o,
®

(%51
feeis
o8
g
s

[
(o>
58

C—-i1 53.65%  37.81%

!
g
.
(W]

Goal & =15 58.30% 34.01% 3.77% 3.92% 13229

Coal 7 DT 46772 66.15% 130352 0.63%7 19.37% 11825



Uitimate Analysis on As Racsived Basis of the Coals Sihudiad

Sampla  Speacimen

Number Number Bon  Hydrogen Nitrogen Sulfur Chlorine Oxygen®
Soal | oL o49772  54,29% 3.25% 1.25% 0.36% 3.08%  20.15%
Coal 2 DT 42771 59.%7% 3.83% 1.21%  0.73% 0.06% 19.07%

Soal 3 DT 418771-4 68.13% £, 82% 1.18%  0.427 0.04% 13.73%

Gnal 4 Hm—-Tm 64, 9% &4.5% 1.1% n.da 6.5%
Cosl 5 =3 76.62% 5,31% 1.a1% 1.95% e d. 6.17%
Goal & 0=16 T4.58% 4,977 1.48% 2.33% The e 5.95%

Gaal 7 DI-4077Z 68.19% 3.40% 0.52% 0,06% 6.39%




Ultimate Analysiz

Sample

Humber

(@]
<
)
oot
prse

3%

Goal

Coal 3

GCoal &

Coal 3
Coal &
Conal 7

Number

DT 47772

DT 418771~f

Nm~Tam

DT 45772

70.62%

77.10%

83,77%

30.7%%

85.77%

]
&=
[rut]
1
&

4,513

5.46%

4,35%

* puygen dep=wraiaad by difference.

e il

= pot determined.

e

1.4%

1.55%

1.6D%

1.11%

Sulfur

D.46%

0.92%

0.47%

on Dry, Ash-Free Basis of the Coals Stud

0.,07%

0.947

..

i Y
0.56%

iad
& Oxygen®

9.70%

1490
€
-
St
L8
o
&



METHODS

wd with a

steel,

£ the

opening). The nest of sieves used for sizs:

individual coals is used exclusi

for coals., Cong-and-guavitering of

the less than 20-mesh material is employed to obtain a 5 gram aliquot of

rhe material.

The 5 gram aliquot is placed in a cryogs

Freezer/Mill) with 2 swmall, steel

unit is then immevsed in a liquid nitrogaa {boilinmg pt. =195.8°C) bath.
Several minutes of waiting are requirad to lowsr the temperaiure of tha

hae coal sample is

1

coal sample to thait of the liquid nitrogen. Then &
pulverized to a fine puwder by the percussive zction of the small, steel
grinding rod. A six minute grinding fime iz used for esach 5 gram

'

aliquot. Solomon and Maias (1977) discuss the advanitages cryocrushing

of coal has over conventional grianding processes.

The finely pulverizad coal sample is placed in a silica~

dasigeator to dry at room temperature for two days., The dried,

L
o
)

~

verized coal sample is sieved using a 325-mesh (0.045 mm opening)

-zen and pan. The material passing the 325-mesh screen is storzd iuo a

siccator at room Lfemperature for five days.

)
Ly
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Twenty grams of potassium bromide {(KBr) is ground with an agate

)
;..l

k!

hand=oparatad

pestle in a agate mortar until a coarse ¥Br powder is

et 2 5
b

attainad, he coarsely ground KBy is stored in a silica-gel-filled

]

desiccator to dry at voom temperature for ssven daye.

-

An aligquot of the finely pulverized, dry coal is added to

approximately Fiva fimes (by weight) the amount of coarsely ground, dry

KBr powder, and the [wo components ave ground Lag

E=1

hand~operated agate mortar. Further addition of coarsely ground, dvy

WBr is made in fractional amounts Lo the finely ground material alveady

in the agate morktar. For z2ach coarsely ground, dried KBr addition to

he mixture, the mixzture must be finely ground bafore snother fraction

is added., This insures a homogeneous distribution of coal in the KBr.

Coal concentyation in KBr is chavacteristically on the order of

[
[

weight percent (see Append

11

The finely powderad mixzture of coal and KBr is again dried in the

.

a-gel-filled desiccator at voom temperature for six davys.

Approximately 0.100 grawm aliquot of the finely pulverizad

coal-KBr mixture is added to a stainless-stesl evacuable dis and presse

.

. " . - ; : : 2
into a pellat, The coal-KBr mixture aligquot is pressed at 6804 kg/ecw”

=4

(1,50 % 10" 1bs/en®) under vacuum for 5 minutes. The resulfant pell

is 13 wm in diameter. Two pellets are pressed from the finely

d, dried coal=¥Br mixture for each coal sauple

exception bhaing Coal DT 46772 in which three pelliets ave pressed. The

d



18

pellets are dried in a ailica-gel-filled glass desiccator at room

=]
3

temperature for seven days. ERobin and Rouxhet (197 suggest that

storing tha palle

ts in a desiccator for one wesk is useful as a standard

deying oeocedure, particularly wheu optimum quantitative dats

degsired.

The dvied coal-XBr pellets are weighed on an analytical bhalance
just prior to recordiag the infrared spectra on a Parkin-BElmer 421

e ¥,

double=~bean infrared grating specirvophotometer which is calibrakbed with
the Perkin-Blmer 421 spectrophotometer to obtain thras infraved specira
for each pellet of each =pal. The infrarsd spectra are vecorded in

rransmirtance (47) and converted o absorbance [A),

Consistent instr

tal conditions ware usaed for all spectral
analyses. The following instrumental conditions are ewployed for
recording infraced spectra:

Scan time * 11 minutes

Suppression ¥ 5
L

Artenuator speed = 1100
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Amplifier gain ~ 5.9
5lit p = 1000
Source current = 0.3 amp

~1 - -1
Scan range = 4000 cm © to approx. 550 om .
These spectrograph conditions are set to yield
allowing computation of band intensities,

The thickness {b) of each coal-tBr peller is measur

»
VLB

]

ion subseguent to

metric micrometer having 0.00lan p

the whole coal-E8r pellets are

of the spectra.

Appendix 1.

aformed spectra

2d

=184



DEAINERALIZATION PROCEDY

ot
=
=
el
]

Chemical deminsvalization of coal was accomplished by using HF-HCL
acids, Presumably, dissolution of many mineral phasas in coal occurs
upon BF-HCL acid tras the chemical
composition of the coal Hicaise,

An aliquot of finely pulvarizad (<325 mesh) coal sample is

{(PMP) beaker. To the beaker 4N RBC1 iz added so

[==\a
5
@
g
e
g
=i
(1Y)

that the coal i3z totally immevsed in the HCL solui
mizture is heated for about 2 hours at 70° €. Garefully decant off the

HGL Liguow. Add euough 4N HOCL-407 HE solution in proportion 1:2 to

complataly lmmerse the coal sampla beaker, and veact this miziure

£

for about 2 hours at 7070, Dzcant off the 4N HC1-40Z ®F ligquor. The

coal sample is subwmirisd to repeated treatments - 707C by 4N HCL and

subsequently by of 4N HC1-40% HF in proportion 132 until no
apparent veaction occurs. The procedure was rapeated & to 5 times

wter in the coal, he coal gsample

dapendeni on the amount of :

iz washed thoroughly by dis

The coal sample is dried for 1

. . o
nour at 1007¢.

Demineralized coal-K

the procedures describ

scanned using the sawme lostcamsatal conditions used for the whole
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ceal-KBr pellet scans. Data for the demineralized coal-KBr pellets are
indicatad in Appendix 2.

izabtion of four coals is

Chemical deminers

determinoe the coniribution wmineral walier has on

Jmd

sampleg. The atility of

2lected whole coa

L]

w

2

of the coals in this study is thab a

ater

amount of coafi 2 is gained in the band assigmaents, particularly in

regions where mia2val matter absorpiions

e

arfera with ahsorptions

ve . a . . . < . ; -
attributable to organic functionalities, e.g. the 1100-1000 cm



METHOD USED TO MEASURE ARSORPTION ON INFRARED SPECIRA

neral method employing peak bhsights for quantita

Jatarmination of absorbance is

method yields a valus f£or the

etching an arbitrarily

(L‘

The baseline wmethod coasists simply of sk
chosen line to represent tha bass Llinz of the absorption band. The
choice of a hasaline, Figuve 2, dzpends on the absorption

characteristics of other componsants in the coal. In all cases the

Daselioe drawe 1s chosen on the ive reproducibilitcy of
the poiants frowm which the baseline is constructed from among the speclra

being compared {Conley, p. 228, 1972). Though

e
4
w
=
e
-
=
L
=
)
2
=
=
]
i
=
o
=
¥,
o
2
<
=}
7]

procedures are arn

The sample standard deviatioo of the absorptivi

is on the ovder of a few parcent {(ssze Appeandix

band of a givan

- 'ba
LI

L), which indicakbes a satisfactory reproducibilicy of the measurements.

2

The abscorbance of the O0H streiching baad centered avound 3300 cm

et

ig determined by drawing 1 3700 em © to the apex at

1

approximatsly 3000 cna

stretching baad, s}

ith this baseline selectcion procedure for the OR

. G -1
hing region will be referved to as the 3700-3334 om © methed. An

alternative method, Jlezcribad by Robin and Rouzhet {1978), draws the

» -1
inz over the broad specikral range between 3700 cm * fo 2500 cm .
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BASELINE
A
I, =26]
e
log % = 0.46F
I =99

~ ¥ O%T (Ao on)

Figure 2. Baseline and absorbance measurement technique employed in this
study. I, is the radiant energy incident upon the sample and
I represents the radiant energy transmitted by the sample,

equation 1.
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{u

to as the Robin-Rouxhet method. For each method the

mn occurving around



adopited for this study is

i Eo the 074

distance from the baseline through the absorption band

T point on the spectrogram is measured using a willimeter scale. This

value; I, rapresaenis the rvadiant energy incident upon the sample. The
vertical distance from the absorption band maximum fo T poink on
v gspectrogram is measured using a wmillimeter scale, and this value, I,

The absorbance

represents the radiant snergy

°

is then caleulatad by ewploying equation (1),

It is wzll established that the basaline of coal absorption specira

ascends from low wavenumber to the high, particularly from 2000 teo 4000
i ‘ g . .

cm - (see Fig. 3. This phenomenon is attvibuted &o increased

approaches the

scattering of the radiation as the radiation waveleagih

particle size. The slope of the baseline also increases as rank

.
r
B
0

background absorpiion nesd he considered when the measured absorption

5
=N

band of one coal of a particular ran s compared o the same measured

In order Lo overcome thess

abgorplion hand of a

abhsorbance values are normaglized o a

,:d
m
L"“\
\T)
£
=
fald
1)
[l
e
]
o
L£2]
-t
g
(]
g
D
HY
il
=
B3
€@
i
)

354 units on a merric

coround = 0.044).

E‘?
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%,

Normalizing the weasuved absorption band iatsasities to a standavd

.
., N I'd
bagelins |

in this case 90.47 T) facilitaktes the comparison of magnitu

1.

of absorption band intensities within one particular coal or among

various coals or both.

Tt iz well established that zrianding KBr, a hygroscopic subsianca,

the adsorption of water on to the surface of the pulverizsd

KBy, This adsorbed waber ubiquitous in EBr pellets At room
temperature absorbs infrared radiation and thus coantributes to the 3400
and 1600 om * absorpiion bands. The contvibution of OH absorptions froa

the adsorbed water in the EBr pellalbs must be subtracked Lreom &

total absorbance near 3400 and 1600 em ™!, Subtraciing the

absorptina that vaesults from the adsorbad water in the KBr pell ets from

1

the measurad toital absorbance yields the absorbaace from the whele coal.

Briefly, the procedure followad ©o corvect for this adsorbed walexr

in the XBr pellets is describad helow. An aliguot of the finszly

b
U
Ly
Pe
r
It
A

cator-dried KBr was pressed into six pellsts comsisting

entirely of KBr. The six KB

=

pellets, each having a different thickness

hed

e

and hence concentration, were dried according to the procedurs descr]

above, Employing the insto conditions described in the

oreceading section, each pellaet was scannad twice from 4000 To
approximately 550 cmﬁla Rach H3r pellet was stored in a desiccaior at
room for 5 days betwesn spectral scans. The absorbances
near 00 em - were measuved and norwmalized to the refevsnce
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baseline as described abova, Figure & shows the result of plotiing the

~1

normalized measured absorbe ory) at 3400 cm as a Ffunctioa of rhe

and KBy concentvation {o) in @m/cmB

-

\ . . 2 , - .
absorptivity coefficient (2 = 30,1950 cw™/mz} at 3400 cm - of the KBr.

Given the weight of ¥Br in a whole caaluﬁn?picm) -KBr pellet, the total
2

sellet weight (ses Appendix 1), and rhe density of the KBr (= 2.717
3 . . as " .
gm/ow”), the product of thickness (b) multiplied by EBr conceatration
{2) of a ziven pellet consisting entirely of Br can be readily
A

. “ ; . -1 B
calculataed., The normalized absorbance {Acory) at 3400 cm ragulbing

from the water adsorbed on the KBr in fhe whole coal_KSFe(CH)[—
i)

pellat then can be caleulated us Aoore = 0,195 (bygv)(cgvrﬁa
wbd £ i)
wirine the conktribubtion water adsorbad on the EBr has on the measaced

o
total absorbance of the whole coa,*K,Fe(CN) ~EBr pellet allows one Lo

i the measured total absorbance thus

gubstract this contribniion

leaving the absorbance vesulting frow the coal. The same procedure was

. ) w]
followed to correct for waisr {(OH} absorptions near 1600 cm ~. The

rom O absorptions

i”ﬂ

. . - A -1 2
normalized absorbance near 1600 cm ~ resulting |

associated with the ¥8r was calculated using: Acorr = $.1010

All the abscrptivity valuss for 3400 and 1590 cm = listed

dices 3 and 4 and plotied ai 3400 and 1530 cmﬂl have bean

et

JKBI)(CKBI)°

correcced for this OH absorbance.
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3.000

2.500

2.000

1.500

1.000

0.500¢

H ! ! ) 1

Figure 4.

2.50 5.00 7.50 10.00 12.50 5.0
be (gm /cm?) X 1072

Absorbance (Acorr) at 3400 ecm-1 of pellets consisting entirely
of KBr normalized to a common baseline, described on page s
as a function of the product of pellet thickness (b) and KBr

concentration (c). Absorptivity (a) at 3400 cm-1 for the KBr

pellets studied is 0.1350 cm?/mg.



Potassivm fervicvanide (K, ve
to calibrate the position of the

spectra of the whole coals on

2117 ex” ! in i

-

cyanide component of the porfassium ferricyanide.

characterisiic of
Calibration of the infraved spectrophotometsr with a polystyreae film in
addision to the constant position »f the UsH absorption peak at 2117
,.,_'}- R P . . g L LA K - k) b} -

Ciil permils 4 precise weasurement of the position oFf sach absorption

T

band in the spectra of Cthe whols zsoals studied.



B OANALYSLIE OF WhOLL COAL INFRARED SPECTROCRAME

Introduction

fualitative applications of infrared spectroscopy arise from the

a0 3 1

agbsarvation that many atomic grounings, such as

~0-1, SC=0, ~C-
il

and largew groups, exhibit absorpiion baods at positions maianly

independent of the rvest of the wmolzcales these absorption bands ave
raeferved to as the charasctarisiic frequencies of the group, or simply

group fraguencie Group fregquencies are vibratious that ave associated

with certain structural wnits. This concept of geoup fregusncies may

3

appear to be in conflict wiih the soncept concerning vibratious o

molacules, that is, 2 molecule vibrates as 2 unit and the vibration of
one parit of the molecule cannot be considered to be isolated from the

vibrations of other parts. Newvertheless, the approzimste constancy of

position of group fra: oies has been well established and forms the

basis for the structural analysis of compounds {Alpert et al., 1970).

ih

The appearance and analyvais of sbsorption spectra can often be used to
determine or werify the spatial configuration of the aioms within a

molecule {Friedel and Queiser, 1966).
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=

Infrarad spectra of coals have absorption bands chavacterisitic o

well def

groups and chemical bonds., In Table 4, a suzvey

of the positions of characteristic infrarved absovption bande and their

chavacteristics, such as band shape, zosition, intensity, and sccurrence

szated for sach coal in the f£ollowing pages.

The terms vesolution, distinet, strong, medi

15, and waeal are used

to describe shaorntion band character gualivatively. Hach descriptive
term is defined bhalow.

>

Resolution is a3 qualitative term

ou
(o

zscribing the physical appearvance

and development of absorption bands. Generally, shavp absorption bands;

i.e. absorption peaks, are raferred to as being well olved, whereas

[l

broader, mors dispersed absorption bands {43 opposed to absorption

4

peaks) are refervad to ag moderately vesolved or poorly resslved

Resolution implies nothing about absorption band asymmetry.

refers to an absorpiion band that is clearly separated

=
T

.
Disting

from other absorption bands in the viciniiy, The term distiact is used

)

when therz is no doubt an absorption band exzists.
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Q.

The tevws strong, medium, and wesk, use

D

band Latensity, ave gualitative statements of



s

Survey of the Posit

and T
Band ?o§iti0q Azsignment
{cm *}
3708 Kaolin, minerals
3600 a) minerals

b} =DR ;

3400

c) =-DH stw,
{phenolic
~0H. 0000y
alecoholic,
carboxylic

AY
i tish]

3190 to ar. =CH st
3000
2973 {Sh} “'C“,., str.

b

2]
]
i8]
Wit
[#]

~CiH,,

inns of Characteristcic

2d Absorption Bands

Refereacas

Murchison (1966); Farmer (1974); Vaan
der Mavral and Beutelspacher (1976);

Solowmon and Miknie {1980).

a) Solomen and Miknis (19397,

b} Rokin
(19300,

Rouxhet (197633 Duraad

a) Brown (1955),

b) Friedel and Queiser {1956).

=) Cannon and Suthervland (1%45);
Orehin et al. (1931); Cannon
(1953); Brown (1955); van Vucht

et al., (1335}); Friedel and
Queiaer (195633 Roy {1957); Rac
2t zl. {1952): Osawa and Shih
{1971); Robin and Rouxhat (1976}

Rouxhet ot al. (1%79);
al. (1981b>.

Painter ef

aon and Setherland (1945): Camnon

{1953) Br O (1955): wan Vucht al,
{19553 del and OQueiser {1256}
Roy (195?33

Dorand (1980).

Cannon and Sutherliand {19453 Canuon



0 = 0 str.

a) =OH def
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.
tmolecular

water)

) ar.  0=C

str.

(1953} Browa \1953), van Vact
al, (1955}; Friadel and JQusise
(1956); Roy (1957); Hurchison (
Painter and Coleman {1979); Eeu‘
et al. (1979)3 Durand (1980); Pa
et al. {125ia,b).

et al, {1951} C@nm@ﬂ (195335
1 and Queiser Rov
57); Rao et al, (1 d;wij
al

1953); Rao (1963); wolfhumy {1964);
3

MﬁfLUAEOQ (1966); Dorrence {1974)
Painter et al. (198la,»).

a) Marray (1972): Ro “i and Rowuzhef

£12763; Painter and Coleman
{19793,
{1958): Robin and Roughel
Painter and Coleman
Paginter et al. (1981a,b).

) Triedel and Carison (19727,

a) Durie et al, (1367).

) Browa {1955); Friedel and Queisar
{1956); Roy (1957)3; Ran et ala
(19623 Fujii (1963); Fujii
Tsuboi (1966); Friadsl et al.
(136733 Fujii et al. (1979);
Painter and Celeman (197933 Painter
et al. {1981a,b).

) Cannon and Sutherland {1945});
Orchin et al., {1951)3 Browa (1935);

van Vucht et al. (19353); Zlofson
(1957)3 Rcy (1957); Pierron 2t al.
(1959): Rao et al. (1962);



1540 and
1660

1509

1375

1390 to
975

36

a) ar. acids

aituﬁloa

b) ar, 0=C str.

a) ar.>C=0.str,
with non-
cyclic
substituen

L) carbonaktes
{mivnerals}

N p
B) ar..0=0Clstr.

“3H3 sym def.

a) =0=0= str.
{phenols)
-0H daf.

th hydroxyl

Oz Jcha]ows i and Lawsoa (136
de Ruiter and Tscnaﬂlor {
Oberlin st al. (1974); Pa
and Coleman (197973 Pam
{19813,b).

a) Durand {1930).

b) Lowry (1963).

a) Elofson {(1957}; Roy (1957); Rouxhet

et al. {1979); Durand (1930);
Painter et al. {(1931a,bl.
b} Soleomon and Mikanis (1930).

a) Cannon and Sathecland (1945); Brown
{1955): Friedel and Queliser {1955);
Elofson (1937): Boy (1957); Bent et
al. (1964%3 Osawa and Shih (1971);
arand {(1930); Painter et al,
(1981B).

b) Brown (1955); Painter en al,
(1931b).

Cannon and Sutherland (1943)3 Orahin
et al. (1%51); Brown (1955} van Vuchn
et al, (1955); Friedel and Queiser
{1956): Elofson {1957): Roy (1957);
Colthump et al. (1934); Durand (1980);
Painter et al. {1931b).

a) Brown {1955): Rlofson (1957)3
Friedel {1953); Colthump et al.
(1964); Osawa and Shih {1971);
Siskov amﬁ Petrova (1974);
Murchison (1976); Darand (1920);
Painﬁer et al. (1931bh).
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b)) O=0~ str.
{alcchola)
C:) Cal D""JQ! = AU

2) Car-0-Car str.
f) gilicates
arhonstes
{minerals)
200 to a) ar C=0 ap def.
700 ar skaletal
vibes
b} silicate
minerals,
carbonats
minerals.
o) ale:CH? rock
7290 aLZICH? daf.
{CH2)u"ns4

by Brown (1255); “i”%ov and Petrova
int a

{iﬁf’¥° Turand {1980); Painter ek
al. (1981b).
¢} Bwown (1955); Roy (1957); Rao
{1963); Painter et al, (1981Bk).
4) Brown (195533 Feiedel and Queiser

(1956); TFriedel
at al. (1964).

(19583 Colthump

e) Cannon and Sutherland (19
{1955); Friadel and Jusis
Roy f1957}, Friedel {1958}

Colthump et al. {19043; Osawa and

4533 Brown
Ers { 955)

Shih (1971): Durand (1980); Painter

et al, (1931h).

Browa (1961)3; Murchison
3 Facmer (1974); Van der
and Beutelspacher (19782,

Orchin et al.

(1851
(1952); Cannon (195
(1955)3 wan Vucht Y
Friedel and Qusiser (I

{(1957)s Friedel (1956
at al.
{1979); Durand {(1980);
al. (3931b).

5 ﬂjiquwr
{1964); Rouxhet et al,

Pginter &t

per {1974)3; Van der Marel and
autelspacher (1976); Solomon and
Miknis (1993)3 Blliets (1981)

Faq

:».i

{1568): 1

Kuehn et al

Drushel et al.
al. (1981b):

Cﬁs‘i
o

Rao (1962): Tissot and Welte (1978);
Durand {(1980).
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= def. = deformation; op = out of

al, = ali
plane ben

TR

: rics

ngs: rock ¥ rooking wmedey and str. = stretching mode. sh
shoulder ~-- a shoulder occurs as a prowminent point of inflexion om a
more intense absarption band., Absorption ba 5 defined as a region of
the absorption spectrum in whieh rhe absorbance passes through A waxiaum

{Conley, 1972).
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]
he 3400 cm © Band Range

This absorption band is present in all seven coal samples. The
ahsorption band occuass as a very broad band extending fvom approximately
3650 cm Y to 2700 cm L with an absocption maximum ocourring at
approzimately 3330 cwm *. In all sevan coals, the absorptieon band

aopaars £o be skewed toward the low wavenumber {low frequency) side of

ol

the sahsorpiion maximsm, Coals 2~§ have absorption baads of wmoderates

[

skewness relative ko Sozl 1 which is slightly skewed, and Soal 7 which

is rather strongly skewed toward the low wavenumber side of the

Lon suggests that stronger aand morve

absorpiion maximum, This infs

axtensive hydrogen-bonded groups (hydrogen-bonded phenslic-hydroxyl

1)

groups) occur with iacreasing rank based on reported carbon values

(Colthump et al., 1964; Bellamy, 1958 Priadel, 1953).

a3

1
The absorption wmaximum at approximately 3300 om © decveases

regularly in absorption intensitcy with Coal 1 having a wmoderately strong

absorption intensitv and progressively decreasing with increasing vank
P ¥ g 3
% abeoyption in Coal 7. These data suggest that at

to a we WA

. N . -1 . . .
approximately 86%Z cavrbon (daf) the 3330 cm = absorption maximum becomes

axtremely difficult or impossihle to distinguish from the background
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ot

Nualitative analysis of the spectral iaformation for this ssries of

&

f’r

v
p
T

48

2N LVa

o

coals suggests that strvonger, more 2% rogen~bonding and

decrease s=hydroxyl group conteat of coals attend increasing
rank.

2049 em™ ' Band

-1

low wavenumber side of the 3400 am band in Tozls 4=7, Coals 1-3 do

not show a distinct absorpiion band here but this does unot preclu the
axistence of absorptien due to the stretching of aryl {Ar) CH grouaps for

3

these coals. Three possible sxplanations for ths Larck of a distinct

in Goals 1-3 ares 1} Coals 1-3 may have very few

abgorption

aromatic componsats in thelr stracture, i.a. lacgely devived from lower

ovder orzanismsy 2) the zromatic CR absorption band actually may b2

nragent in Ooals 1-3 2d by the stroag OB absorption band
typieal of low rank coals; 3) if a reasonably high degree of

acvomaticity is assumed for sub-bituminous C-high wvelatile A hituminous

humic coals {Coals 1-3) then thz lack of an absorpiion band near 3040

.
cm

hin these coals are highly

would suggest that the aromatic uniis

substituted,

The 3040 cm b absovption band has g slightly broal character

although the baad appsars to be rather symmetrically distributed about

the maximaig.
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This absorptina band is discernible as a shoulder of weak intensity
on the wove intense 2920 cm

. =

The absorption maximum of

Range 2920 fo 29

.

his distinci absorption band occurs with moderals inteasity for
Th 11 pl band 3 d Ly £

sach cozl, A gradual dacrease in absorption band intensity apparvently

o

occarsd with increasing rvank from O i oo GCoal 7. The abaorption

maximam occurs at approximately 2920 cm L for coals 1-3, shifts o

-1 . . . .
approximately 2915 ow for Coal §, and finally oceurs at oxlmately

.~J

2914 cgfl for Coals 4, 53, and 7. This observed noy shift of the

maximum to lower wavenuwbers, correlative with inereasing rank, wmay
indicate a stronger bonding chavacter for the alkyl CH moisties in
higher rank coals.

1

Very minor beoadeniang of the 2920 cmAl absorption band iz obvious

for each coal, The2 hand hroadening generally is symmaitrically

<

distributed about the absorption max Iz is well established that

different bond lengths eld a broadeniag of the overall abscrption

.
i

7

band. The observed symastrical broadening of the 2920 cm * absorption

band may e attributed to a normal {(Gaussian) disivibution of wvarious
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alkyl CH boual lezagths presumed Lo exist in most coals.

3

- o o e -1 . .
The 2910 cm ~ absorption band of Coal 7 is poerly rasolved and not

distinet from the 2850 ew ~ sbscrption bhand {(Figure 3, Coal 7).
]
2850 cm © Band

a3 a maximum absorption intansity at

-1 Y
approgimately 2550 cm for esach coal. The 2830 em * absorption band

: . . . -1
generaily is not as well resolved as the accompanying 2920 cm &
absorpiion band described above. The 2850 band distinciion is

> 3

batter developed in Coals 1-3 than in the other coal samples. The 2850

cm b absorption band becomes broader and less clearly resolved from the
2920 et absorption baad progressing from Coal 1 to Coal 7 with

increasing carbon {daf} wvalues. Generally, i band broadening

is symmetrically distributed about

Coals 1-%4 have s broad ahsorption shoulder at approximately 2520

- o -1 7 . 14 = - b =
2m superposad on the 2830 ecm ~ absovption band, whereas for Coais 57
the 2820 emt absorption band is absent. The appearance of the 2320

et absorption shoulder in Coals 1-4 and not in Co=

may be
attributed to alkoxy (-OCHq) functionalities {Bmiih, 1979; Alpert et

wirhin the strvucture of lower rank coals.

al., 19703 Bellamy,

These alkoxy moieties may repress {1} primarvy features of organic

marerials econtributing to the focmstioan of coals, (2) a secoandavy
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faature resulting frvom oxidation during sample preparaiion, or (3) both.
Ozidarion of Coals 1-4 is consistent with the obseyvaition that more
immaturs organic matter is more suscaptible to oxidation effects during

preparation than higher rank (Coals 5-7) organic matter (Durand and

i o -1 , . ., - y .
The 2830 com ~ absorption band intensity ranges from medium in Coal

H

1 to weak in Coasl 7 which is roughly inversely corrvaelative with

increasing rank.

1700 cmul Band

fhe 1700 cnm 1 absorption band occurs as a shoulder on the 1590

absorpiion hand for Coals 1-4 and 6. The absorption band MAZLIMUM 0CCUTS

]

. wm
at 1700 cm © for Coals 2 and &4, and shifts to 16320 o 1 for Coals 1, 3

and &.

The 1700 ca * absorption intensity is

nag for Goals 1-3 while
Jesreasing markedly to a weak absorption intensity in Coals 4 and 9,

Figurs 3.
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1560 cm * Band

The 1660 cw absorption band occurs 23 a shoalder on the 1530 cm 3

absorption band for Coals %Z; 3, 5 and 7 only. The absorption shoulder

¥

for Coal 2 is poorly resolved from the 1350 em™t absorption band. The

absorption suoulder becomes bettzr resolved as carbon (daf) increases.

1590 cm © Band

The 1590 em absorption band is for many coals the most prominant
spectral featuve (Fuejii et al., 19703 Durie et al., 1967; and

-

Czuchaiowski and Lawson, 1963). This absovpiion band is present in all

-1

seven cogl samples. i 1599 om absorption band occurs as 2

significantly distinci, broad absorption band g2asevally symmetrically

barad about the absorption maximam. The absorption band mn:
_"T
is centeved around 1580 cm * for Coal 7 wheraas all the other coals have

i centered at approximately 15390 cmt. Coals 1-3

an absorption mawx

slightly broader bandwidins than Coals 4~7 where the degres of band

wroadening is such that Coals 1, 2 and 3 ars about equal to each obher

-~y

and gresater than Ceals 4, 5, 6 and 7 which are also equal to each other.

e} .
The apparent better vasolution of the 1660 cm * shoulder with
increasing vank, descwibed above, may be explained Ly the progressive

loss of carbsayls and carboxyls coupled with a frequency shift to lower

E=4
&

avs 8o that increasing rank permits enhanced resclution »

WA U
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1
1440 cm ~ Baad
The 1440 em b absorption bhand is

absorpition baad fov Coal 1 to a

Coals 23

-1

intensity £or to 7.
ocoars ab approximately 1440 cm
better devaloped absorption shoulder than

resolved.

tugly better-v
to be symasivically distributed about the
18

resolved absorption band

wavenunber side of the absorption max

the pattarn:

1375 em -

Band

L)

intensity for each of the

caoals.

[

approxnimately 1375 cm © for =ach of

The absorption band charactev ranges from 3

for sach coal sample,

Coal 1 although not complad

absorption maximun for

absorption band ocouvs as a distinet

present for all

shoulder on the

well resolved absorption band

AR LIRIR

The absorption b

Coal 2 has a

absorption band

absorption band

The maximum OCI

the coals.
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s =] e .,
The 1375 cwm * absorvption band for Coal 1 has a mediom intensity
absorption and very broad bandwidih, i.2. nad enough io have ths 1440

cw © absgorption band appear as 2

-1

lder on the 1375 cm * absorption.
The 1375 cm - absorption band £o9v Coal 2 has a much narvower bandwidth
P . -1 . PR L
and is bebier rasolvaed from the 1440 cwm - absorption band than Coal 1,
~ ey a7 AR q - = "'.—g %, E )
whersas Goals 3-7 show the 1373 cm © band as a well resolved and

distinct fvom the 1440 et abgorption band,

for Coal 1 appears to be

the asbsorption waximom. Coals 6 aad

7 show only a wery slight skewnass Ln the same direction as Coal 1.

Soals 2 and 5 show the absorption band as being symuetrically broadened

=1

about the absorption maximum, Coals 3 and 4 show the 1375 cm

UJ

absorption band o be agqually and slightly skewed foward the low

)

wavenumber s3ide of the absorption

The absorpticon band intensity is moderaiely shvong and conspicuous

for Coals 1-5, whevaas for Coal 7 the absorption band inteunsity is wealt.

126% cwm & Baad

The 1265 cm * absorption region for Coals 1-6 A3 4 VRUY

bread, poorly resolved shoulder on the more intense

{
-
\
k%
[y]
=

absorption. Th absorption region for Cozl 7 shows no

improved resolution, but unlike the other coals, the band occcurs as a
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hioh point of minoy absorption within a broad region of greater
ga p P 2 g
and 1000 cm lg as shown in Figure 3, A

T

i

s

betwaaa 1500 cwm 1

el

absorpiion
abgorpiion region preva

ngity fovr the 1.

B

medivm zbsorption int

foar Coals 1-6, whereas a weak

The position of the absorption maximsa shifts from 1275 wavenumber
The absorption maximum occurs

1

1255 wavenumber with ilacreasing rank.
(=]

21y 1255 for

[0

imately 1273 el for

.
* for Goals 5 and 6.

CSoals 1-3, at approximat

(]

4, and approzimatsly 1255 cm

n band occurs as a very broad absovption

i
i
ot
i)
o
o]
o
-t
i
bad
o

coals. The absorption wmaximen for chis band
¥

-1 for all the coals here studied.

appears at 1170 cm

The ahsorption intensitcy of absorption baand ranges
= absorption band is the wmost

from medium to strong. The 1165 oa
1 vagion for CGoals 2, 3, 5, and

the 1500-1000 cm

intense absorption in ]
ineralized coal spectra, Figura 5, of those coals with

* - S dm
7) suzgesit the

oy i1
8. The

initially high mineral matter contents {Coals 4 and 7
o] -1
mately 1165 cm ~.

stence of an intense absorption maximum a

(=D

59 4
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The syvamstry of the 1165 ca 1 gbsorption band is difficult to
determine adequately is the region of the spz=ctrum where

=1

minaral matter (primarily phyllosilicates) influences band shape and
intensity {(Vaa der Marel and Beutelspacher, 197635 Faraer, 1974).
Gpeciral information from the demineralized coals suggsst that the broad

. -1 . 2 1 : 4
1165 cm ~ absorption band for Coals 1 and 5 ig s2lightly skewed toward

=%

S R

the high wavenumber side of the absorption maximum. Coals 2, 3, 4 and

-1

show the 1165 cm © absorption

to be moderately skewed toward the
high wavenuabar side of the absorption manimum, whereas for Ooal 7 the

absorption band is symmeitrically distributad about the absorption

magimin. Possible oxidation effex

formation, resulting from tha coal demicneralization technique may

influence the charvacter of the prominent 1165 cm 1 absgorption band. Th

o]

qualitative aspects of coal modificatioa resuliting from rthe coal

demineralization technigque are discussed in wmors detail below.

1100-1090 cm © Band

This broad absorption region is 2asily discernible in all the

coals., The absorption maxima for coals with high mineral watiter coutent

o - -1 - . .
occur at approximately 1090 cm L and 1035 cm T, which is correlative

with kaolinite mixturss {Van der Marel and Beutelspachewr, 1076 and

wsa

Farmer; 1974). The 1090 emt and 1035 ou 1 absorption mazima are well

regolved, distinct absorption bands showing minor to no baand broadening.

o2
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940 cmfl

|
The 240 em * absorption band

aoal 4, it appears as a distin

oceurs for Coals 4 and 7 only. For

ok, well resolved absorpiion band
. . . ; -1
symmetrically broadened about the absorption maximum. The 240 cm
absorption band for Coal 7 occurs as a distinct shouldsr on the

1100-1000 cm™t absorphion region.

intensities charachevize the

Band

The 915 em absorption ba

absorpiion band for Coals 1, 2, 4,

appears syvmmetrically distributed about the 915

-

i i

i

Modevately weah absorption
J [%

absorption baund for Coals 4 and 7.

cours as a well resolved, distix
and 7 oniy. Slight band broadening

219

i . .
absorption maximuwin.

he shsovption intensity ranges from weak for Coal 1 to modavataly weak
for Goal 7.
-1
860 ecm  Band
1 [2 ¥4 -1 : LR Tl 2 I £ [ £
The 860 cm * absorption band is found ia spectra of Coals 4, 5, 6

and 7 only. The 550 em™t band for

band of moderately weak intensity.

als

symuetrically d

absorption band

stributed about the 8560

Goal 4 is a distinct, well resolved
Ooal 4 shows slight baand broadening
""'] 2 = o
cm - absovption maximum. The

for Coals 5, 6, and 7 occurs as a distinet shoulder of
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poor resslution and wmedium intsunsify

F =

1
820 cm ¢ Band

The 820 cm > absorption band exclusively ozourcs for Toal 7. The

. -1 . ) e e .
820 cwm ~ absorption appears as a vather distiaci, well rasolved

% 2

absorpiion band of weak intensity. Gensrally, the 820 cm ~ absorption

band broadening is symmetrically distrvibuied about the absorpiion

LA TR .

ha 795 cm - absorption band is present for Coals 2-7. The 795

ci t abaorption band for Coal 2 apsears as a weal, poorly resolvad

i

gshoulder with an apparent band bro= s moderately akewed

towards the n maximum. The 795
cm - absorption band for Coal 3 shows slightly better resolution with

the weak absorpiion baand more distinci thaun compared to Ooal 2. The

absorption band for Coals 4-~7 ocours as a well resolved, disitinct

doals 4, 5 and 7 show the 795 cm t
2

absorption of medium inten

3

abzorption band to be slizghily to woderately skewed toward the low

wavenumber side of the absorption mazimum, whereas for Coal 6 the
absorption band is shkewed towards the high wavenumber side of the

absorption maximum,
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- -
740 em © Rand

] - . - e w s ~1
The 740 cm - absorption band occurs for Coals 2-7. The 740 cm

absorption band for Coal 2 occurs as an almost wa:ds

absars i band of extremely weal absorption intensity. Coal 3 shows

1
& 1

harp, very well resolved absorption

¥)

‘}Il

40 cm * absorption band as a

3

band of distinctly weal intensity. The 740 ek absorption band fox

Coal distributed about the mazimuom. Ooals 5 and &

Lo
ete
v}
@
s
5
1]
In
4
=
Xl
)
ot
F—-..l
<

have a 2, well resclved, broad absorption band of moderately weah

-,

int=nsity. The absorption band for Toals 5 and 6 is skewed sli

. . . . -1
towards the low wavenumber side of the absorption m pns  The 740 cm

absorption band for Coals & and 7 occurs as a very well slvad, sharp,

distinci band of medium intensity. Ooals 4 and 7 generally show the 740

)

sa7b hand to be symmetrically distcributed about the absorpiion nagimum,

635 am—l Baud

=3
juy
D
oy
oo
LW ]
15
=]
a

absorption band only ocaars for Ceals 4-7. Coal 5

1

shows the 685 cm -

"
3

absorption band as a poorly resolved, distinzst

1,

absorption baud with considarabls s

broadening symmetrically

o

distributed about the maximum. The 885 cm 1 abgorption vand for Coals
&, 5 and 7 occurs as a wall resolved, distinct absorption band of wedium

intensity.
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Determination of absorpiiou band symmetry about the absorption

gh non-specific

mazimmm 1s nob possible in this region of

background, Also, an instrumental grating change at 665 cm * further




CHEMICALLY DEMINZE

in the chemical composition of the organic matter
to 2 minimum. Chemical demineralization wethods permit good recovery of

the nrganic matter which showe minor wodificabion, except for wecent

organic matter such as peat and zoil (Durand and Wicaise,

B
Ly
©

Azid Digestion Effects on Minerals

to cause the dissolution of

Hydrochloric acid

carbonatas, sulfides, sulfates, oxidas hydronides, whereas
hydrofluoric acid (HF) results in the dissolution of silicates.

Principal limitations eacountered with this

follows:

a) dissclution of 21l the winevals doesa't oceur. Mineral species
frequently remaining afier the acid digssition method are heavy oxides

{2.2. vutile and ziveon) and iron sulfide such as pyrite and marcasite

b) an organic coating may encase 2 mineral prevsabing sclution.



54

Acid Digestion Effects on Organic Matt

e

yydrochlorie acid (HOL) aad hydrofluoric acid (HF) tead o

nlyze organic matter. Less svolved {(ilmwature) organic maiter

[
fo2]

more stroazly hydrolyzed by HEL-HF acids rhan wmore mature organic

matiter, The hydvolyiinc =ffect on organic matter is generally low for

ancient sediments (Durand

Reactions other than hydrolysis may occur with the HCI-

;.4‘

demineralization method. Oxidatiouw of ths o

9

ganic matter occurs if the
9, .
temperature exceads 7070, especially when the whole coal-acid

preparations run dry {(Smith, 1951).

Conceivably, chlovine and fluorine fization could occur by addition

»

and substitution reactions. This halogen fixation also could occur by

beaorption of HCL and BF in the microporosity of coals. The |

a2lihood
that this %1% occur s a function of the veactivity of the coal which

decreases with increasing rank. OChlorine and fluovine

fixation

parallels the ability of coals to be hydrolyzed. Siunce our coals range

ron sab-hituminous B to low wolatile bituminocus coal the likelihood o

"

chlorine or fluorine fizarion or both is low.



QUALITATIVE #07ECTS OF THE CHEMICAL DEMINERALIZATION METHOD

ON THE CDALS STIDIED

Chemical demineralization technigues w on the saven coals

iv order to astablish whizh abzorsiion bands in whole coal spzctra have
Iy

absorptions partially or totally due to mineral species. Only four

gee Fig. 5) comprising the range of spectral changes ara

discussed below,

It is well established that absorption bands centered close to
3700, 1100, 1030, 1005 and 915 em™} alwost certainly belong to kaolinite

or a mixtars econtaining large amounts of kaolinite (Solomon and Miknis,

19805 Van der Mavel and Bentelspacher, 19763 Farmer, 1374; Murchison,
. = - . ° - 2 -
1966), The 1100-1000 cm * absorption region 1s the reglon of the IR

.

gpactrum where the OH {strateh) absorpbion band, attributed to alcohol
b

-

fanctions, and ~C-0-0% (deformainion) absorption band, attributed fo

21 demineralization

ether functions, also occur. T
methods for coals permit a more confidemt aad definitive functional

group assigament for particular absorption bands.

Figure 5 she infrared spectra of four demineralized whole

coals {coal samples 2, 4, 5 and 7). The most coaspisuous differsence
and demiueralized coal spectra

- -1
prioca in the 1100-1000 com © rsg ion.

b
M
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e
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e that zn absorption maximum of

1

[5]
ey

intensity occurs at

3

|
approximately 1180 cm * for =ach coal. On the low wavenuubsar side of

-1

fhe 1160 cm - band maximum, the absorpiion decreases at a steep angle
s 1 L Ay -1 :
{(for the recording scale used) toward the 1009 cm © range in the

demineralized coals. Th= anszle of decrease lies between the range of
approzimately 352 o 60° from the horizontal {abscissa) on the charth

gcale uzed for the demineralized coals.,

The qualitative a;

deminsralization method for =2ach coal

balow. AlL obsarvations ar=a basad on

coals and the chemically demineralized coals.

e

The

spactrun fov deminevalized Cosl 2 suggests a comple

]

removal of mineral species from th= coal. HNe apparsnt absovptions ave

LY

i R
observed in the 3700 cm ~ and 1100-1000 cm ! regions of the apackrum
which would suggest phyllesilicate mineral species are present. A broad

maximum occurs af aporoximately 1160 cm © within
¥ b

-~ S ony ®
ion regiou beimwean 1500 cm -1 and 1000 cm * {(Figure 5).

srption inervease in the 1740 cm -1

Cozl 2 was

=
e
3

. o . .
absorption {20=0) band suggesis thar

demineralization method. A slight but
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nokeworthy absorpiion increase in the 1300-11920 cm

i"“

ccte on organic mabber, then

-

these hydrolysis effects should appear as an absorphion increase in the

1409 ca absorption band. A slight absorption decvease

3490
et absorption band is noted for each chemically demiusvalized coal.
This information suggesis fwo possible explanations to account for this

obsarved absorption decressai

.

w3
wa assume that the 3600 em - absorption band, characterisiic

e

s
=4

(s

of hydratad aad hydroxyl-bearing minerale, is broad enough teo influencs

the 3400 et absorpiion band, then the diszsolution and removal of rhese

hydrated and hydroxyl-bearing minerals could yield no incraase or would

2) If wa aszsume negligible OH and N3 group coantvibutions to the

1

3400 cm * band from mineral species, then any change in absorption as a

consequence of chemical demineralization wmust be the vesult of
hydrolysis or oxidation. This may explain the apparent slight

L

absorption decyrease of the 3400 cm ~ ab ion band for chemically
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damineralized coals. This casa

most plausidle for all our coals

for the following weasonq:

- . u . . . . ! -1 . .
1} Absorption countributions to the 1300-1100 cm * absorpiion vegion

due Eo minawal species (e.g. carbomates and silicates) enhance the

1300-1160 et absorption band intensity in whole coals. The chemically

-

. . . ) -1
11izad coal spectva show an incrveased 1300~1100 cm © absorpiioa

oossible hydrolysis or oxzidation or both has occurved.

b) Comparing whole coal spectra 2d coal spectra

supports the assumpbion that ooly minor OH and NH group contvibutions to

7=

the 3400 cm absorption band occur from mineral species. This was

pested by attempting to covrelate ash content and absorption iarensity
- 1 g @ o

of the 3400 cm ~ absorption band. No reasoansble epreslation was found.

Thus the absorpiion for the 3400 com 3 absorontion band is primaril
i i

iced to OH and HH groups o

affinities. Quantitative

data will further confirm this observation later in this paper.
A1l sevan chemically demineralized coals show a slight abserption

dacrease ar the 3400 cm_l band. This slight absorption

demineralized coals in the 3400 cm

hydrolysis of the organic matiew has oceurrved with demineralizab
possibly reflects the ramoval of hydrated or hydroxyl-bearing minerals.

7 1 1

his ig consistent with the faei that hydweol

]

vais aeffects on organic

matter are generally low for ancient sediments (Durand and Nicaise,

et
o]
L3
<
S?
°
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e} ALl four demineralized ooal spectra show vavying degrees of

1aity for the 1700 em * {(>.C=0) absorption band,

This absorpbina increase in the 1700 cm absorption band for

d coals iadicates varying degrees of oxidation vesulted from

e
{i
=
e
fam
(]
5
i—'
JZ‘]
0]

i alization techalque. Oxidation effects may be

coals with the anids in an

gignificantly reduced by reaction o

inert atmosphera.

Tha spaciral evidence prasented above tends to suggest that

le more than

1

oszidation effects modify the organic matter of coa
‘Avolysis effects., If hydrolysis of the organic mabter does oozcur in
the seven coals, then ths =ffecis are of minor extent since no
significant spectral change attributable to hydrolysis of organic matter

15 sbvious.

Coal

, . \ . -1 . .
v weak absovption band at approximately 1030 cm ~ is obvious

region of this

4 coal. A weak absorption band at 240 cm bis

ot

on the ateeply inclined background in the 1100-1000 cm

chemically deminsralize

suggests

The presence of thase two weak absorpiion baads

only partial demineralization of Coal 4 occurred because the
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»

1

broad moderately

it

zgolved absorption maximum ocours ab

I

oy

“1 * o
approximataly 1160 cm ~ in the broad absorpition region raean 1500 and

1000 em b, The spactrun of Coal 4 shows that slight oxidation and

hydrolysis has occurred with chemical demineraliza

p— | o o 4
increase of the 1300~1100 cm * absorntion band. A slight
x o<

abhsorpiion increase for the 1700 cm : absorption band is noticable

suzzasting some oxidation of the organic matter has occurved.
The 3400 em * absorption band shows a slight absorptioun decrease
indicating a slight loss of hydroxvl (OH) and NH groups.

Coal 5

The infrared spectrua for Coal 5 suggests a

mineral species from ihe coal. HNo apparent absor

.

¢

sihutable to mineval species are obvious. A broad, modarately

. . . ; -1 .
rasolved absorption maximum occars alk aporoximately 1160 cm in the

) . -1
broad abscrption region bhetween 1500 and 1000 <m .

. . . . -1 -
A minor absovption increase in the 1700 ow - band suggests that

slight ozidation of the organic matier occurred with deminsralizaiioa.

.

w1 . . . "
in the 1300-1109 cwm © region indicates the

A minor absorption ingrsa
orzanic matter oxidizad and hydrolysized slightly duving

demineralization.
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absorption band shows a slight loss of
e &

hydroxyl (0H) and NH groups.

4 very broad, minor absorpition band is superposad on ihe siteaply

Dy

inclined backeround absovrotion in the 1100-1000 o= garstion Tegion
L=~ i 'y

4 coals. A very weak absorption band at 340

of chemically deminsral

-1

two weak absorption bands

e

iz discernible, The pressance of

il

el

only partial demineralizaiion of Goal 7 occurred sisce rhese

T

two particular absorpiion bands arve correlativa with phyllosilicates

{kaolinire) wmixtures.

Oxidation of the organic matter oceurved with the chemical
deminaralization mathod since a moderabe absorpiion increass for the

1700 em - absorption band is obwiocus. Coal 7 shows that minor oxidation

H
r
@
o
=Y
5
o
5
o
ﬂ/
N
i

resolved absorption maximum occurs

broad region hertween 1500 and 1000 cm ~.

r -1 . . . .
The weak 3400 cm - absorption b: a very slight absorption

ng minor lossas of hyd




ADDITIONAL QUALITATIVE SPECTRAL FEATURES OF CHEMICALLY

DEMTILRALLIZED COAL SPECTRA

7,

The apparent success of the chemical demineralization ms

appears £o b= 2 function of the initial miansval matter (ashl) comtent of
the whole (raw) coal, GCoals with initially high mineral matter {ash)
contents {exceeds 20% ash, moist., free basis), i.2. Ooals & and 7,

show only partial demineralization after the ACI-HF acid attack, wheresas

.

cpals wiil

inirially lower mineral mattar {(ash) conteais {less than 15%

2

ash, moist., free basis), i.2. Coals i, 3, 5 and &, show complete

H

demineralization of rhe coals after the acid attsck. These observations
ara basad solely on the speciral formation shown on the infrared

Therz are no spectral features on the chemically deminevalized coal

orine and fluorine fixation did occur

Vibrational frazquencies for sulfide minerals, =z.3z. pyrite (Fesz)

e .
and marcasits {Fed generally lie below 400 cam = (Farmer, 1974).

2)’

¢

fulfide wmineral absorption contributions to absorphion baads

apectra are not encounterad since all coal spectva were vracorndad from
"1 2 PR | “’1 i *, . 1
4000 ca * {(2.51m} Lo approximately 550 cm ~ (718.2um). Moreover, the

rather low sulfur values veported in the uliimate analysis for Hew

s

Mexico coals suggest that if pyrite is present in these coals it is



small amounts.

64

The presaace of mineral species ramaining

cid digestion method have little quantitative imporitance

of conal other than as diluents.

later analysis

is and oxida

1ly decreass

f.n.

creasing rank.

fion effecis on the ovganic matter of tha sevaa
with incrsasing with

consistent with less evolved (immaturs)

zed thaa more svolved (mature)

w
o
=
[#]
j]

3
et

&
=

4
£
=
&
hul

g

5
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OUANTITATIVE ANALYSIS OF WAOLE COAL TN

BPECTROGRAMSE

DUANTITATIVE ANALYSIS OF ASSORPTIVITIES AT A GIVEN FREQUENCY PLOTTED

AGATNST PROZIMATE AMALYSIS DATA

Absorptivity at 3400 cw”t versus Fixed Carbon Comteni

-1 against fixed carbon (FC) walues

lotting absorptivity at 3400 cm
on an ash-free basis, Figure 6, demonstratss thai a curvilinear relation

aaaaared by the 37003000 el method (see pp.22-2Y or

is apparent

a-Rouxhet mathod for determining the absorvbance of the wvery broad

sw™! band., Both methods of weasuring the 3400 cm* band show

. . . PR -1 . . .
similar treads, that is the 3400 cm ~ absorptivity for the whole coals

~

studied regularly decreases with increasing fised carbon (ash-free
basis) conteni, l.2. 1lncreasing raak. The major difference between the

o measurement methods is the Robin-Rouxhet method axhibiis #a more

=

xnid decrease in absorptivity with increasing fixed carbon than the
; -1 . . .
3700-3000 cm ~ method. This difference between the two measurement

methods decreases wiih increasing rvank. The general tvend or

relationship betwsen the 3400 cm ! pand and fized carbon (ash—free)

content is the wost noteworthy festure of Figure 5.

-1

Regression analysis of tha Jdara for the 3700-3000 cm - method fit

to an ezgponsntial egquation has a 0.985 correlation coefficient. The

exponentcial sauation best describing this fit is: Iin a = 0,407 - 0,069
P )
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Figure 6. lMean absorptivity values at 3400 cm-1 plotted against fixed

ke
Y

carbon on an asi-free basis for Coals 1-7. indicates the
Robin-Rouxiuet metaod of measurement and @ indicate the 3700-
3000 cm-1 method of measuring the 3400 cm-1 band. Vertical

bars indicate tne sample standard deviation.
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(4¥C, ash-frea).

- . s - P
Absovptivity at 3400 cm ~ us Calorific Value

e

il ¥ 5 3 L
Plotting absorptivity for the 3400 cm * band versus calorific value

¢
#h

{BTU/1b) on an ash-free basisz, ve 7, shows a linear tvend exists fov

2

both measurement methods. A4 bast-fit correlation line having a

ation coefficient of ~0.%44 i3 shown in Figure 7 for the

gorre!

azthod. The linear corvelation line for the

Robin~Rouxher maasaraa

Robin-Rouxhzt method is defined by the equationt a = §.266 - 1.66X107

1
i

{(811/1b, ash-fraze)., The 37003000 cwm = wmethod of measursment shows a

similar general limear velatiom for the waluss, although the corvelation

1

coefficient for tha 3700-3000 em &~ method is -0.912.

=N

ng absorptivities there is a

The data suggest Chat with deczreas
correspondingly significanit increase in calorific values attending

increasing vank. Gxtrapolation of the best-fit corvelation line to the

5
- ;o z o - . . _ N -
abscisaa {i.e. a = 0.000 ew®/mg) fov the Bobin-Rouxhet method suggeasts

that whole coals with calorific vals greater than or equal to 16025

1

BTU/1b {(ash~frae} should show no discernible absorption in the 3400 cm
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Figure 7. Mean absorptivity values at 3400 cm—1 plotted as a function

of calorific value on an asi—-free basis for Coals 1-7.

ala

* indicates the Robin-Rouxhet metiod of measurement and (4}

indicates tiile 3700-3000 cm-1 method of measuring tine 3400 cm-1

pand. Vertical bars indicate tie sample standard deviation.
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Absorpiivity at 3400 em™ wersus Volatile Matier Content

Ficure 8 demonstrabtes thait a curvilinear relatioashin sxisis for
o o

abhsorption band measurement methods. The daka suggest a vathiey
ty accompanied by a small decrease in
volatile matver (VM, zsh-frz2) content occurs in low-rasak whole coals,

i.e. Coals 1, 2, 3 and 5, wheress whole coals of higher rank, =2.g.

Goals 4, 6 and 7, show small decreases in absorphivity with relatively

dacreases in volatile mziter {ash-free) content. Thesa

s 3 and 5) studied

-
[R]

suggast that the low-rank whole coals (Coals

loose significant quanktitizs of hydroxyl{OW)=-containing volatiles during

sarly changes of incre the loss of

hydroxyl-conbaining

2,

spplying rezcassion analysis to the data from the 3700 - 3000 cm

S

surement method used here vields an exponential best-fit o
f Ex

with a 9.9%4 correlation

line, In a = 0.0835 (%4VM, as!

versus Moilsture Conteant

Plotting absorptivity at 3400 cm b yersus moisture content on an

ash—free basis illustrates absorptivity

hoath band wmsasurement methods,

the coal and absorbad by the Xy during preparation enhances the



Figure 8.
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(ash— free)

Plot of mean absorptivity values at 3400 cm-1 as a function

of volatile matter on an asn-free basis for Coals 1-7.

* indicates the Robin~Rouxhet mecthod of measurement and @
indicates tne 3700-3000 cm-1 method of measuring the 3400 cm-1

band. Vertical bars indicate the sample standard deviation.
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Mean absorptivity wvalues at 3400 cm-1 plotted as a function

kS

of moisture on an ash-free basis for Coals 1-7. * indicates
the Robin-Rouxhet metnod of measurement and @ indicates the
3700-3000 cm-1 method of measuring the 3400 cm-1 band.

Vertical bars indicate the sample standard deviation.
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absorbance of the broad 3400 ¢m band.

-~

for the data obiained using the

]
)
b
5
m
GG
[y
o)
9]
£ ¥
e
)
o
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&
o
S
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+
5

3700-3030 cmml band measurement wmethod vields the relation, defined by a

jis]

agh-fres) + 0.010, with a 0.923

s

regression analysis on the Robin-Rouzhet band

ralation having z 0.9%08

)
fu
et}
!a
(xl
it
[
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4
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e
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sovrelation cosfficient. Oonsidering the correlation Sov the 3700-3000

-+

o - wethod
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the 3400 em ™t region. BExtrapolation of the rectilinesr o

to the ordinate {i.2. Meist. = 0.00%) vields an absorptivity of (.010

) .
em”/mg which strongly suggests moistuve {molecular water) is nok
only factor influencing the absorptivity of this band., This obsarvaiion

is consistent with the conclusion of other investigators, for instance

Solomon and Cacangelo (1982), and Robin and Rouxhet {(1976).

Absorprivity at 1790 cnm L yersus Fixed Carbon Content

- .. -1 .
Figure 10, the ploit of absorptivity at 1700 cm * versus fixed

1

carhon content on an ash-free basis, shows absorptivity val

ool
(i
[
[¢)
4
]
jul
]
o]

with slighr in-sveases in fixed carbon countent. Low-rank whole coals

oals 1 and 2) have relativelv high absorptivity values while

rank whole coals {Coals 6 and 4) have low absorptivity valuas.
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Figure 10. Mean absorptivity values at 1700 cm-1 plotted against fixed
carbon on an ash-free pasis for Coals 1-4 and 6. Vertical

bars indicate the sample standard deviation.
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rraad, The rectilineay corvelation line for these dara

3.927. The curvilinear {exponential) corvelation line is describad by
1o oa = 7.424 - 0.183 (%FC, ash-free) with a 0.958 corrvelation
efficient.
The high slope of

e corvelation lineis) for

approximately 40% to 65% FC {ash~free) may indicatz

carhoayl{2C=0) or carbozyl moiety cleavage {or losse
Figurs 10 7llustrates that at approximately 65% FC (ash-free) no

absorption should he distinguishable for the 1709 it spectral ragion

if carbouyl or carboxyl groups are present in high wank whole

]

then these functionsl groupe are present ia quanbtities

anough t2 he uadeiected by the spectrophotometer, or as rank increases,
the carbonyl or carboxyl absorpticn shifis to lower frequencies {e.g.

approx. 1660 cmfl)n Further suppoi this statement follows in the

gection on pages il . The rence of the 1700 cmt band in

whole coals with greater than or egual to 65% FC (ash-free) indicates

nxidacion of the coal has occurred, Oxidaition effects on lower rank

whole coals, i.e. whole coals with less than or equal to

b, are difficult to assess on the basis of this study.
3

o

{ash~f
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Absorprivity at 1706 en ) varsus Calorific Value

s e e -1 Lo
Plottiag absovptivity at L1700 cm * versas calorific values on an

basis {Fig. 11) shows a lis best-£it relationship, defined
by a = 0.868 - 5.9x107 (BTU/1b, ash-frze) with a correlation
coefficient of -0.968. The linear best-fit relation demonstratbes that
as absorptivity dzcreases the ash-frze calorific value shows a
sorrespondingly significant increase. Low-rank whole coals {Coals 1 and

2) have relatively high absovptivities whereas higher raok whole cogls
3

{Goals 4 and 6) have low absorptivitiaes.

rapolation of the
A . . 2 ;
rectilinear correlarion line to the abscissa (i.e. a2 = 0.000 cm™/mg)

|
suggests thal uo absorption should be disceraible at 1700 cm * for whole

onals with calorific values greatsr than 14700 BTU/1b (ash-

wd .
the 1700 ecm © band is discern

aible in a whole coal with a wather high
value {(more than 14700 BTIU/Lb, ash-free), then the whole coal

Absorptivity at 1700 cm—l versus Volatile Mattsyr Coubkeal

Pizure 12 shows that a curvilinear relation, defined by 1In a =
1.335 (7VM, ash-free) — 15.699 with a 0.945 correlation coefficient,
characterizes this evolubionary trend for the whole coals studied. This

plot of absovpiivity at 1700 cm -1 versus volatile matter content on an

mwasis shows that as volatile waiter decreases with iucreasing

rank absorptiviiy rapidly decreases. In general, low-rank whole coals
TRt b J 2 3
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Figure 11. Mean absorptivity values at 1700 cm-1 plotted as a function
of calorific wvalue on an asii-free basis for Coals 1-4 and 6.

Vertical bars represent the sample standard deviation.
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Figure 12. Mean absorptivity wvalues at 1700 cm—1 plotted against volatile
matter on an asih-free basis for Coals 1-4 and 6. Vertical

bars indicate the sample standard deviation.
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L3

have vather high ties while higher raunk whole coals have

rihy that Coals 2 and 3 have
similar wolacile matter content, although the absorpiivity for Coal 2 {a
= 0,320 cm”/mg) is approxzimately 2.5 times larger than the absorptiviiy
for Coal 3 {a = 0.129 ca™/mg). This disparity in absorptivity values
for whole coals of similaxr wolatile matter content in part can be

£

tributed Lo experiment:

\L'.

and in part to the natural variability

o~

in coal pavaaetars that occur even in whole ocals of the sams rank.

g £

Sevaral other linss o st that Coal 3 is slightly more

mature than Ceoal 2 in r volatile matier conktents, Table

]
s

5 _ 3 -1 .
Absovptivity at 1660 cm * versus Molsture Jontent

Figure 13

sbsorptivity at 1660 cm

o
ash~frae basis., The linear besit—=fit correlation lins, d: by a =
{ZMoist, ash~free) — 0.0049% with a 0.989 correlation coefificiant,

4

demonstrates that as moisiuve content decreases with

corresponding decreases iu sbsorptivity occur. Low-rank whole coals,

e.g. ©oals 2 and 3, have high absowptivities whereas higher vank wholae

coals, Coals 4, 5 and 7, have relatively low absorptivities.
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Figure 13. Plot of mean absorptivity values at 1660 cm-l versus moisture
on an ash-free basis for Coals 2-5 and 7. Vertical bars
represent the sample standard deviation. ? means not

confident of mean absorptivity value due to insufficient data.
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high corvelation coefficient

Figure 13 suggests thai the principal

resulis from hydroxzyi{dR) functional groups (OH
molecular water within the coal and a2 minsry amount adsorbed in the XBr.

forence is comnsistent with the work of others %Rouxhet =@ al.,

1980 Painter and Coleman, 1979; Robin and Rouxhet, 19763 Murray and

»

Evans, 1972  who have assigned the 1660 cwm * band to mclecular water (OH
banding mode).
=

correlation line to the abscissa, i.2.

iztrapolation of the

5 D _ .
0.000 cw®/ag, vields a moisture (ash-free) value of approximately

7ith moisture conteants less than or egqual to

shance at 1660 em™t. A possible

0.116%, Thus whole ~on

.127% should reveal no observable

explanation for the nom-zero intercen: of the correlation line with the

L

abscissa may veflens the effect of wmolsture adsorbed by the Kir ium

addirion te sexperimental errors,

]
Absorptivicy at 1680 cm * versus Calorid

a9 cmml versus calorific value on an

Plotting absorptiviiy atb

5]

ash-free basis, Figure 14, reveals a limear vz2lation demcnstrating that

as absorptiviiy decreases calorific value shows a correspoanding

5

inereasa, The linear corvrelation linz is a = 1,003 - £.5%10 {BTU/1b,
ash-free) wirth a 0.994 correlation coefficient. No discernible

4

absorption band occurs in the spac and 4, Low-rank whole

kS
o
-
0y
T
<
a1
o
[}
)
1—-4
W
-
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Figure 14. Mean absorptivity values at 1660 cm-1 plotted against calorific
value on an ash-free basis for Coals 2-5 and 7. Vertical
bars represent the sample standard deviation. 7 means not

confident of mean absorptivity value due to insufficient data.
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coals have while higher vank whols coals have

~

relatively Exirapolation of tha ~ovvelation line to

yizlds a calorific value of

approximately 15425 8YTU/1b {ash~free). Therefore wholsz coals

iecator—dried at voom tempavature with calorific values move

1,

ae

154235 BTU/1b {ash~Ffrze) should exhibit no dis le absorption in t

1660 ¢ © regiou.

ash~free

When absorptivity is plotied against calorific value on

o

basis, the significantly high linear correlation cosfficient for the

correlation

P —? - L L ] P |
1660 em * (¢ = -0.994) in addition to the high

3 et (o= ~0.944)

coefficients for the 1700 cm - (r = =0.968}) and
gions suggest calorific walues of whole coals are an inverse function

of oxvgen functionalities.

Ahsorptivity ait 1590 em™l versus Fixad Carbon Countent

« @ < r - 1 *
Figuwe 15 shows absorptivity at 1590 cm © ploited against

carbon content on an ash-Ffraz 5. An exponential velation, defined
by In a = 1,010 - 0.040 (%FC, ash-fra=) with a 0.963 corrzlation

coefficient, illustrates that as fiwsd carbon increases with increasiag

Small changes in f£ixed carbon on an

ash-free basis resnl: in sigaificantly large changes in absorpiivity for

whola coals with 45% to 60% FC (ash~free}. Whole coals in this study

with wore than 60% FC (ash-free) ar2 characterized by small changas in
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Figure 15. Plot of mean absorptivity values at 1590 cm-1 versus fixed
carbon on an asi-free basis for Coals 1-7. Vertical bars

represent tne sample standard deviation.
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absorptivity which directly corraspond to small changss in fixed carbon.

Log-rank whole coals have high absorptivities whereas highev—vank whole

coals have relatively low absorptivities. Extrapclation of the

curvilinzar covralation lias to 100% FC (ash-free) yields an

absorptivity of 0.0487 This is a vational estimated

sbsorptivity value for the following reason. The functionmal groups
contributing £o the band near 1590 cum b are summarized in Table 4.
Brown (1955), Browa aad Hirsch (1955}, and others demonsirsted that the

avoms ity of high rank, humic, whels coals (i.e. move than or ejgual

icantly increases with

o

aliphaticity and

. . . , -1 .
alicyelicity atiend increasing rank. The 1590 om © band typical of most
coals and kerogens in part srises from ring vibrations (2C=Clstrataeh)
characteristic of single- and coadensed-ring aromatic compounds. The

-1 . . .
1590 cm - band intensity geuerally is weak in condensed polyaromatic

hydrocarbons containing more than three rings and alkyl~substituted

&
1

{Rellamy, 1958; Conley, 1972). Brown (1955, p. 751) states

0% QL

"4 vary pronounced absorption band unear 1600 cm Lis preseni in hs

spectra of all the coals {coals ranged from 74% o 94% carbon, moist.

ash~free), sxcept in the anthracites, where the high background

obliterates the spectra in this region.” Thus comsidering the

by Brown coupled with evidence for increasing aromaticily

o . . o . ) - . ] _.,1 1
accompanying increasing rank suggesi that a weak 1590 cm band
hypothetically should persist in whole coals with extremely high carbon

{ash~free) contents, e. anthracite and mzta-anthracits. Magnitude of
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" . . : 2
the estimated absorptivity valu= {a = 9.0487 cn”/wg) should be evaluatad

by Fourier Transziorm Tafrarved (FTIR) s roscopy techniques om a large
nuimber of anthracites and meta-anthracites in order to substaniiate the

accucacy nf this caleculated absovptivity.

i.0x107% (%37, ash~frze) with a -0.914 correlarion cosfficieunt, also

&
o
e
]
el
&
]
i
o
)
[0
(23
I3
g
{D
1]
o
v
&
=
A1)
p]
=te
=
<
i
5
ol

elationship betwe2a absorptiviity at

Extrapolation of

the absrcissa yislds a fized carbon value of

approximately 87.2% FC (ash~free). This case does wot

and ss is not given any forther attention.

Considerable dispersion of the points about a curvilinear best-fit
corvelation line occurs when plotiing absorptivity at 1590 cm * against

volatile matter, Figure 16, In general, absorptivity decreases

correspond to decws ia volatile matter conbtent accompanyiag

increasing rank for the seven whole coals studiad. Coals 2 and 5 have

i—-n‘-

similar volarile matter content, Table 2, although Coal 2 (a = 0.421

T\‘)

ez
;..al.
r..

cm” /qd) haz an absorptivity twice ac

La

rze as the absorptivity of Coal 3

2 . . , \
fa = 0,213 ca“/mg). This valationship strongly suggests that all the

dats are not indepeadsal particularly for the 1390 cm_l band.,
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Figure 16. Mean absorptivity values at 1590 cm~1 plotted against volatile
h matter on an ash-free basis for Coals 1-7. Vertical bars

indicate tne sample standard deviation.
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4 ~

Absorprivicy ai 1590 om © versus Moisture Content

Plotiing absorpéivity at 1594 against moistare conieant on an

on, definad by a =

[
r=te

ash—fres basis, Figure 17, waveals a linear vrelat

o

g 7 e - 4 . 1 -
3.66X10 © {(ZMoist, ash—free) + 0,124 with a 0.950 correlation

coefficient, which demonstrates that az moisture contenb decreases

absorptivity decreases., Low-rank whole coale harss high absorptivities

m

. .

higher raunk whole coals have relatively low absorpbivi

25 .

or
i

ctrapolation of the rectilinear corrvelation line to the owvdinate, i.e.

moist = 0.00%, shows an absorptivity of 0.124 cmzfmg which is
attributable ©o deforwaiional modes of functional groups other than
hydroxyl (OH) groups of wolecular watsy. These data and the rzsultant
interpretation of the 1599 st band support the assertion offarad above

~

to explain the presence of this band in whole coals of every rank.

Absorptivity at 1590 om ~ versus Calorific Valus

4 curvilinear relation having good covrelation appears whan
plotting absorptivicy at 1590 cm™ L against calorific valus on aa
ash-fraz hasis, Figure 18, In general, absorptivity decreases with
increasing calorific value and rank. Figure 18 shows small changes in
calorific value {ash—£frae) result in relatively large changes in

absorptivity for the 9000 to 13800 BTU/1b region while swall changes in

0

to wvalue vesult in relatively large changes in absorptivity

‘n

calorif o

the more than 13800 BTU/1b (ash~free) whole suala, TLow-rank whole coals
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Figure 17. Mean absorptivity values at 1590 cm-1 plotted as a function .
of moisture on an ash-free basis for Coals 1-7. Vertical

bars represent the sample standard deviation.
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Figure 18. Plot of mean absorptivity values at 1590 cm—1 against
calorific value on an ash-free basis for Coals 1-7. Vertical

bars indicate the sample standard deviation.
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)

have high absorptivitiar sgponding to low calorific walues

{ash=free) whereas high~vank wnola coals have low absorptivities

values {ash-free).

attending high calor

Linear vegression analysis on the data reveals that a ractilinear

~0.961 correlation coefficiant,; can he used to describe the iaverss

~1

rzlationghip between absorptivity at 1590 cm

Extrapclatiang this rectilinear correlation line %o ihe
R 2 . ‘s . . ,
= 0,000 ew™/mg, has ne practical utility since as previcusly noted the

2 e

15390 cwm © band is present in the spectra of all coals. This rectilinaar

" 3 _'.a o @
zlationship between absorptivity at 1590 em ~ and calorific value

(BTU/1%) on an ash~free basis shows absorpti

increasing calorific values or with increas

Absorptivity at 1440 ent versus Fixed Carbon Content

igure 19 shows absorptivity at 1440 st plotted against fixed

2,

carbon on an ash—free basis. A lin2ar relation, defined by a = 0.530 -

b .:’ , 3 b - - o >
5,87X10 - {%FC, ash~frees) wiih a 0.984 correlation coefficient,

1

hat as fixed carbon increases absorptivity decreases

lo

demoustrabas
correspondingly. Low-rank whole coals characteristically have high

abgorptivities while high-vank whole coals have velatively low

i

absorptivities. Extrapolation of the rectilinear corvelation line to

the abscissa (s = 0.000 ew™/wg) vields a fixed carbon value of 90.3%
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Figure 19. Mean absorptivity values at 1440 cm~1 plotted as a function
of fixed carbon on an ash-free basis for Coals 1-7. Vertical

bars represent tine sample standard deviation.
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suggesting that no absorbance shonld be discernible in whole coals with

£y

3

he atrong, ubigquitous

-

more than or egqual to 90% FC {ash-free).

electronic absorphion characterizing high-rank whele coals (anthracite),

here masks the zero absorhance (Brown, 1955) corresponding ©o wors than
9 &2

or equal to 90% ¥ (ash~free), These data support the contention th

whole coals with high carbon conteats, such as anthracite, have ihe

carbon atoms arvanged 1tly in polyaromatic elusiters and stacks

onstituents

k]

with alkyl (0=H) groups represeniing quantitativaly winow

I -1 .
Absorptivity at 1440 cm * versus Volatils Matier Content

Figure 20, the plot of absorptivity at 1440 cm Yoversus wolazile

matier on an ash-free basis, shows absorptivity decreases with

decreasing volatile matter. High-rank whole coals such as Coals 4 and 7

P

have relatively low volatile matter conte ]

g and thus low

“’:‘
i

H

absorptivities, whereas low-raok whole coals such as Coals 1, 2 and 3
have relatively high volatile matier contents and nigh
absorpti ies,

\, J

An exponential correlation line, defimned by ln a = 0.05381 (%VM,
ash-free) - 3,992 with a 0.977 correlation coefficient, shows that small
changes in volatile matter content for whole coals with approximately

more than 35% volatile matter result in significantly large changes iu

absorptivities. The loss of wolatile components counivibating to the
&
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Figure 20. Mean absorptivity values at 1440 cm-1 plotted against volatile
matter on an ash-free basis for Coals 1-7. Vertical bars

indicate the sample standard deviation.
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H

1440 em * band absorption for whole coals with less than 354 volatile

.

per apparantly occues wors graduslly than for whole coals with

contents,

relatively greater volatile

Extrapolation of

i.e. VM = (.00%, vields an absorptivity of 0.020 cm“/mg suggesting that
as volatile matter {ash-free) content of whole coals appro 3270 a

o

weak but detectable ould persist. This absorptivity value

highly aromatic natnre of

seems unyeasouably b

ile matter (ash-fres) such as

o

whole coals containing virtually no vols

. »

R , . -1 . . )
metaranthracite, since the 1440 cm © band is generally assizned to alkyl

-1 (CH, ~ CH, asymaetrical bending 3 deformational modes

Lot

Linear regression analysis
-3
7.59%10 2 (Z¥M, ash-free) - 0.086 with a 0.913 corcelation coefficient.

Nl

This also may be used 2o describe ihs

ship between absorpbivity
-1 . s X .

at 1440 cm - and volatile macter content and shows absorptivity

decreases with decreasiug volatile matter. Extrapolation of the

rectilinear best-fit covraelation line to the abscissa {a = 0.000 cwm™/mg)

elds a volatil: matter value of 11.3% which corvesponds to

ie

7

sce should be detectable in

an oy equal to 11X volatile maiter

alectronic absorpblon in high-rank whole coals

(ash-frze).
{(Brown, 19553) does not parmit a direct determination of the less fhan or

equal to 11% volatile matier wvalue. This ralationship between
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3
absorprivity at 1440 cm © and volatile matter suggests that the

a
=]
l‘J -
)

absorptivity at 1440

22
I}

the whole coal.

vaorptivity at 1373 em * versus Fixed Carbon Content

Figure 21 shows absorptivicy at 1375 em plotted against fizxed
carbon content on an ash-free basis, An exponential curvilinear
velation, defined by 1n a = 1.068 - 0.252 (%¥C, ash-free) with a 0.930

.

covrelation coefficie amons Lrates that as

[y
Pt
T
e
jin)
]
o
Q
S
H
=
]
D
o]
o

in abgorptivity attend
relatively small fucreases in fixed carbon {ash-fras) for fixed cavbon

contents ranzing

>
y w2

to approzimately 31%.
Extrapolation of the exponential corvelation line to LO0Z FC {ash—-free)

elds an 0.0165 This absovptivify value i3
I J

nreasonable for of 1007 carbomn.

Alteraatively a linear besit-fit corrslation line, defined by a =

0.546 - 6.55%1077 (2FC, ash-free) with a -0.930 corselation coefficient,

. . , . q=r 1
describes the iaverse relationship beltwsen absorprivicy at 1375 cm ~ and

.

correlation line &o

1 k]
i

fixed carbon. Extraposlation of =

ety
i
=
0
B
[a]
et
)
A

s
o

i)
the abscissa {2 = 0.000 on®/mg) yields an 83.4% FC value, which suggests

that whole coals with more than 83% FC (ash-free) should exhibit no

. ]
discernible absorbance at 1375 cm *. The stroang electronic absorption

4

hare in high-rank whole coals {(Brown, 1935) obliterates the

LR

wor
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Figure 21. Plot of mean absorptivicy values at 1375 cm-1 versus fixed
carbon on an ash-free basis for (Coals 1-7. Vertical bars

indicate the sample standard deviation.
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absorbance corresponding

than 837 FC (ash-free). In light of

the preseant knowledge of coal structure, the 33% FO (ash~free) valus,

e d
which corwespouds Lo ao discernible absorbance at 1375 em *, 1is

creditable estimate for thia relavionship.

2 - > g

. ., -1 « . .
Absorptivicy at 1373 cm ~ versus Volatile Matter Content

-1 . s ,
Plottiag absorpitivity at 1375 cm * against wolatile matter

a

contani

o an ash-free basis, Figure 22, shows absorptivity decreases wikh
decreasing volatile matter. An exponential curvilinesr correlation

line, defined by in a = 0,065 (IVM, ash-free) ~ 4.343 with a 0.927

ey

correlation coefficient is meot shown in Figare 22. Hzirapolation of

arponential correlation line to the ordinate, i.e. VM = 0,00%, yiel
H 2 PO 3 1°1

an 9,013 cm®/mg absorpiivity. Here again considering the high

aromaticity chacaciteristic of high rank whole coals with virtually no

volatile matter {ash~free) such as meta-anthracite, the 0.013 cmzfmg

absorptivity does nob appasr fo be a1 creditable estimate of the

0

absorptivity for high-rank whola coals (whola coals with less than

approximately 154 volatile matter), or coals with a rank equal t

higher than low wolatile bituminous coal., 4B

-

correlation line (shown in Tigu

. 2 . . -
to the abscissa {a = 0.000 cw™/ug) vislds approximately 1.5% wol

'ﬂ
matter {ash—frasz} snggesting that the 1375 cm * band persists as

O or

zNOTE:  extrapolation of

re 22

"
Lhe

2)

atile

=

discernible absorption band wup to ithe meta=anthrasiits rank., The intense

4
i

seonic absorption

here in high-vank whole coals (anthracites)
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Figure 22. Mean absorptivity values at 1375 cm-1 plotted as a function
of veolatile matter on an ash-—-free basis for Coals 1-7.

Vertical bars indicate the sample standard deviation.
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not permit s direct determinstion of the approximataly 1.5% volatile
matfer value, This casz seems to yield a worz plausible value than the

pravious case although work by Rouzhet et al. (1980) shows that the

Ty n

absorhance of aliphatic functional groups becomes immeasurably smal

1
A

e
=)

anthracite (wvolatile matter range for anthracits is a than 2% but

lags rthan 8%).

he relationship betwesa absorptivity ai 13753 cw ! and volatile

s ta

matter {ash-free) may he more apparent than real since as noted by Bent

wo §
et al. (1964, p. 9), "the intensity of the 1375 ecm ~

some extant on the natare of the attached molecula. .

of the methyl group adsorpiion vemains fairly constant provided that it
is attached to a system of saturated carbon atoms, but tends o be less

wad fo an aromatic carbon atom

°F

inteasa when the methyl group is atiac

system." According to Rouxhet =t al. (1980) the 1375 cu ! band is

mainly due to symmetvisal bending of methyl (~CH.) groups with only

ha el

nagligible contributions from methylena (JCH,} groups. The contribution
2

of methylene groups to the 1373 cwm * band becomes mors significani when

i

methylene groups are close Lo an oxygenataed funciion (Framcis, 1951, pp

44-945),

loss of many oxvgenated funciionalities is rather rapid
for low-rank whole coals, i.e. whole coals with rank less than high
volatile A bituminous {Rouxher et al., 1%30; and Rouxhet et al., 1979%).
In other words, many oxvgenated functionalities inhersnt to organic

tion of coal.

matter in low-rank whole coals are lost early in the

=

=3
=2
)
=
)
a
O
ot

£ ko some extent may explaian the rapid decrease in absoypiivity
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at 1375 cm ! for whole coals with wove than approximarely 387 VM
{ash=f{rea), i.2. rank less than high volatils B bhituminous coal. The

tionship between absorptivity at 1375 em L and wolatile

exponential re

on an ash-free basis perhaps reflects concomitant losses of

rzenated functionalitbies and hydrocarbons in whole coals covering a

wide range £ vank. The range of vank covared in this siudy is from
gub~bituminous to low volatile bituminous.

Absorptivity at 1250 om © versus Fized Carbon Content

Plokking absorptivity at 1250

an ash-free basis, Figure 23,

coyrreaspond o increasin

i carbon content. A linear relation,

defined by a = 0,490 -~ 5.36%1072 (IFC, ash-free) with a -0,

=]
L

correlation coefficienn, illustrates thal the low-rank whole coals

gtudied have high absgorpiivities and conversely h

whole coals

have low absorptivities. Extrapolzition of this inverse lineaw

correlation iine to = 3,000 cm /mg) yields 83.6%

i
€2

{ash~frea) which suggests wholse o

Vi
{
teed
al

with approximately 83% FC

-1

{agsh—free) should exh le absorbance ai 1253 cm ~.  The

intense electronic absorpiion here in high-vank whole zoals (Brown,

1955) oblitevates the zero absorbance covvesponding to move than 83% FC

{ash-free).
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Figure 23, Plot of mean absorptivity values at 1250 cm~1 against fixed
carbon on an ash-free basis for Coals 1-7. Vertical bars

represent the sample standard deviation.
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Absorptivity ant 1! varsus Volatile Matter Qontent

L]
£

Figure 24 shows the plot of absorprtivity at 1250 cm © vevsus

volatile matter content on an

An exzponential

that relatively
gradual decreases in absorptivity attend decveases in volatile matter

content for the range between apo tely 35% VM and 7% VM {ash-frase)
BE y

while abeorptivities rapidl

matter content for the greater than 357 VM {ash-frae}

24 .

apnlation of the exponential best-fit curvilinear covrslation

4

line to the owxdinate, il.2. VM = 0.00%, yields a = 0.0032 @mzfmg$ The
low absorptivity value approaches the lower Llimit of detection for the
instramental conditions employed aad thus probably represents
experimental errors rather than the absorptivity expecied for whols

-

woale wisth virtually no veolatile matter. It can be rationally infer

from the data that absorptivity at 1250 cm 1 may appirozach

dawrd as

coals.

-1

Abgorptivity at 795 cw * wersus Fixed Carbon Conteat

Figure 25 shows the plot of absorptiviiy at 795 cm? versus fixed

carbon coatent on an ash—free basisz, vilinear best~fit coxrelation

line in Figure

ptivity increases with increasing fize

carbon comntent. OCoal 2 with approximately 49% FC has an absorptivity {(a
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Figure 24. Mean absorptivity wvalues at 1250 cm-1 plotted against volatile

matter on an asa-free basis for Coals 1-7. Vertical bars

indicate the sample standard deviation.
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Figure 25, Mean absorptivity values at 795 cm~1 plotted as a function
of fixed carbon on an asih~free basis for Coals 2-7. Vertical

bars indicate the sample standard deviation.
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= 0.0115 on® /ﬂ?) approximataly 2,
L0231 ew™ /mv} with approximatzaly 53% FC (ash-free). For the whole

coals containing @0 than approximately 53% 7¢ {ash-free) but less than

approximataly 33% FC (ash-free) absorptivity increases are
correspondingly small for moderate increases in fixed carbon (ash-fraa)

cont=sni, Higherank whole coals such as Coal 7 have velatively
absorptivities, whereas low-rank whole coals zuch as Goal 2 have very

low absorptivities ko mo distinguishable absorptivity at all---such is

zase for Coal 1. Extrapolation of the curvilinear best-fit

sovralation line to the abscissa {a = $.000 cmzjmg) yields appeoxiaately

“

sing that whole coals with less than or equal to

aciable absorbance at 795 cmulz

47% #C {ash-fra=)

47% 0 {ash—free) should exhibit oo

o

Ahsorptivity at 740 em ! versus Tixed Carbon Content

The plot of absorptivity at 740 cm — wersus fixed carbon content on
P

aa ash-free basis is shown in Figuve 26. A rectilinear bhast-iit
. . -3 .
lation line, defined by a = 1,27X10 ~ (%¥FC, ash-free) ~ 0.052 wi

o >
-5

a positive relationship between absorptivity increases and incrzasing

fizad carbon {ash=free) contenk oucar
w TS Tl e T a7 Hy -3 e .
Extrapoelation of the raciilinear bhest=-fit correlatioun line Lo the

sbscissa {a = 0.000 cmz/mg) vields 41.2% FC (ash-frae} saggesting that
whole coals with less than or equal te 41% FC (ash-free) should exhibit

2,
7

istinguishable absorbance an 740 cm *, Coal § has a relatively low

1
=

no d
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Figure 26, Plot of mean absorptivity values at 740 cm-1 against fixed
carbon on an ash-free basis for Coals 2-7. Vertical bars

represent the sample standard deviation.
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tivity in velation to its fixed carbwa content (approx. 60.7% FC,
suggests Coal 6 has fewer substitated aromatic vings

with £our adjacent hydrogen ate

10 the othsr whole coals of simlilar

fized carbon {ash-free) conieni, such as Coals 4 and 5 in Figur

a 26,



QUANTITATIVE ANALYSIS OF ABSORPLLYIT

B8 AT A CIVEN FREQUENCY

PLOTTED AGATINST ULUIMATE ANALYSIS DATA

Absorprivity at 3400 cm -1 versus Carbon Content

e Y
Figure 27 shows the plot of absorptivity at 3400 cm *, measured
: . ; -1 .
according to tha 2700-3000 cm - band measurement wmethod, as & funciionm
clemental carbon oa a dry, ash-frze (daf) basis. The linear

1 liage in Figure 27, defined by a = 0.275 ~ 3.06%1072 {72¢,

daf) with a -0.957 correlation coefficient, demonst
absorptivity decreases corvespond to small inereases in elemental carbon
and rank. The linsar correlation line {not shown in Figure 27)

ationship between absorptiviby ait 3400 e

describing the inversas ve
and elemenial carbon {daf), measured according o thz Robin-Rouxhetb

ad, i a = 0,497 - 5.66%X107° (%G, daf) with a ~0.960 correlation

Independent of the measuvement method employed regression

analysis illustrates that an iaverse relaticnship with strong

s

~1

correlation exists hebwsen absorptivity at 3400 cm ° and elemental

-ion line to the

carbon {daf). Extrapolation of the linear corrals

ab

i)

cisaz, a = 0,000 cmz/mg, for the 3700~-3000 cmml method yields

approximately 89%4C {daf) while the Robin~Rouxhet method yields

poronimately 88%ZC (dafi. These data suggest that whole coals anTe

than or equal o daf) will have no datectable absorbance. Gannon

{1933}, ¥riedel and Queiser {1956), and Elofson (1957) showed the 3400

p— |
£ s

cm © absorbance is extremely wask for whole coals with more than ox
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Figure 27. Plot of mean absorptivity values at 3400 cm—1 measured
according to the 3700-3000 cm-1 measurement method against
carbon concentration for Coals 1-7. Vertical bars indicate

the sample standard deviation.
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Absovptiviry at 3400 cmml versus Hydrogen Coafsunt
Plotting absorptivity at 3400 cam 19 measured accornding Lo the

3760-3000 cu " mathod, against elemental hydvogen ou a dry, ash-free

basis, Figure 28, reveals a parabolic ralatioaship. The parabolie
ralavionship illustraies that low-rax coals (Coals 1 and 2) with

r2latively low elemental H (daf) have comparatively high absorptivities

while slightly higher rank whole coals (Coals 3-6) with moderate
{approx. 5.4% to 5.8% H) but similar =lewmsatal W (daf) have decreasing
abgorpiivities corresponding to inereasiag rank. The highest rank whole

coal studied {(Coal 7) has an elemental hydrogen {daf) value similar to

that of low-rank whols coals (e. Coals 1 and 2), alrbough the

Ze

i

2
high-rank whole coal has a very low absorptivity (a = 0.005 cm”

. . 2
elative to high abs tivities (Cpal 1 has a = 0,064 om™/mg and Coal 2
A 2 -
has a = 0.054 co™/mg) characitsriziag the low-rank whole coals. In other

words, whole coals of vastly different rank bui similar elemental H

{d4af} contents show high absorpiivities corresponding to low- whala

coals and low abscrptivitiss aitending high-rank whole ceals.

Absorprivities plotted in Figuve 28 were determined by using the
-1
3700-3000 em * band measuavemeni method. A parabolic trend very similar

. . o~ . -1
£o the parvabolic trend for fhe 3700~3000 ow * method appears when

3400 cm © wmeasured according o the

‘_
r<'=
N
o
&
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Figure 28. Mean absorptivity values at 3400 cm-1 measured according to
the 3700-3000 cm-1 measurement methnod plotted against hydrogen
concentration for Coals 1-7. Vertical bars represent the

sample standard deviation,.
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Robin-Rouxhet method as a fuaction of elamental hydvogen (daf).

Vi,
¥

beorptivity at 3400 cm I yersas Oxygea Jontent

T

bsorptivity at

Plotting a a=ding to the

3700-2000 et mzthod, as a

Juygen on a dry,

. a0

agh=free basis, Figuvae

ngkrates that absorpiivity dscreases

E

ing oxygen content. A linear cowvvelation

3

genavally corvrespond teo decres

line, defined by 2 = 2.563%107° (%0, daf) ~ 2,9%107

a,

correlation ooe he relationship batween absorptivity

-1 E m1
at 3400 cwm * and elemental oxygen conbteni. The low-rvank whole coals

stuadied such as Coals 1 and 2 have high =lemental oxygen contents

—

{approzimately 22-25% 0, daf) and thas abgorptivities, whereas ihe

higher rank whole cosls, such as Coals 4

contents {appv
Extrapolation of the linear correlation line to the abscissa, a =

0.000 cmzhngg yields an e {daf) value of 1,1% 0,

coals with less than or equal to 1.1%Z ©

. . -1
absorbance in the 3400 om

3

The linear sovend 12 ralationship hebw

-1 . . .,
3400 cm & and elemental oxygen, Figuvre 22, 1s compaiib
trend veported by Osawa and Shin {1%971) and Soclomon and Carangelo

71382), Figure 30. The abseacs of a datactable absorbance at 3400 =om

for whols coals with less than or equal to 1.1%7 0 {daf) suggests that if
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Figure 29, Mean absorptivity values at 3400 cm-1 measured according to

tihe 3700-3000 cm-1 measurement method plotted as a function
of oxygen concentration for Coals 1-7. Vertical bars

indicate the sample standard deviarion.
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3450 (em?mg)

A
c S

0 15 20 25
Oxygen (wt % dmmi)

Absorptivity for a number of coals at 3450 cm-1 as a function
of oxygen concentration in the coal. ————, Solomon and

Carangelo (1982); o« -— — , Osawa and Shih (1971).
(From: Solomon and Carangelo, 1982)
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this 1.1% 0 walue do2s not eniirely represent expaviasatal errvor; then
strongly bonded oxygan faaciionalities {linkages) other than hydroxy

snole coals. The apparent high

and 7, i.e. whole coals with more

ta loosely
bound {weakly bonded) oxyzen groups &ssosiated with the mineral matter

{2.g. phyllosilicates (=0H), carbouakss (=C0,), sulfates (-80,), etec.)

.

P

e

within the whole coals, thus influencing the eslemental

oxygen values wmetad for the vltimate

.

varsus Hydvogen Contant

Absorptivity at 295!

Figure 31, the plot of absorpii

nydrogen on a dry, ash—free basis, bgorptivity generally

=T

increases with increasiag slemental hydrogen contesni. The relationship

1

betwesen incrsasing absorptivities at 2955 cm © and alzmental hydrogen

g cribed by a linear corrslation
. oy R g . i
line, defined by a = 1.35%10 = (%Y, daf) - 0.046 with an 0,332

covrelation coefficient, shown in Figure 31, Extrapolation of the
linear corrvelation lins ©o the abscissa yields approximarely 3.4% 8
{daf) which suggests whole coals with less than 3.4% H {daf),
independent of vank, should show no detectable absorbance at 2955 em L,
An infrared study of pyrolysie products of lignite {(Rouxhet et al.,

1979) revezled no detectable absovbance in the 2930-2880 cm_1 raglon

ocears in lignite after pyrolysis up to 655°C., Zero absorbanca ia the
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Figure 31. Mean absorptivity values at 2955 cm-1 plotted against hydrogen

concentration on a dry, ash—-free basis for Coals 1-7.
Vertical bars represent the sample standard deviation.
? means not confident of mean absorptivity value due to

insufficient data.
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2930-2860 cm ! region covvesponds £o 3.477% B (daf) in the pyrolysis
produss of the lignite {Rouxhet et al., 1979). Figure 32 shows the
[

velationship between the absorption coefficient (¥al) for the 2930-2860

cm - reglion and elemenial hydrogen These data ars cowmpaiible

L) )

with the results reported hera.

Krd

Figure 31 deserve mention here.

veral remarkable features of

Virst, Coal 3 has 5.46% A (daf) while Coal & has 5.38% B (daf) and are
of similar wvank, althongh the absorptivity at 29535 cat for Coal 3 (a =

Ly
A » ° - - o
3.0384 cm™/mg) is zimataly 1.6 times greater than the 2955 cm

:

. . n 2 e
ity for Ceal § (a = 0.0244 cew™/ug). Coals 2 and 7 have 4.51%

"'»’

abgorptivi

{4aF) and 4,35% {dafi) hydrogen respzoctively, bai ave of vast

rank--Coal 2 is sub-bituminous 4 or high volatile ¢ bituwinous and Coal
7 is low volatile bituminous--suggesting that whole coals with similar
hydrogen contents and similay or different rank may yield highly

ble absorptivities for the weak 2955 cm ~ band. Thersfors

s = -1 o .
tivity at 2955 cm © is a function of the hydrogen content {daf

whole coals apparently does not have a stroang correlation with

certain rank parameters such as elemental carboa (daf) or volatile

makter {ash~free) comtents.

Methyl (“uig} zroups in high volatile bituminous rank whole coals

P

consiituke approximately 0.037 {3.7%) weight fraction (daf) of the whole
coal {Solomon, 1951, p. 642, The 2955 cm * band is only detecred as a

¥

shoulder on the move proainsnt 2515-2850 et band, illusirvated in
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. Fig. 32.— Corretation between K, and the hydrogen content (weight o):

®: kerogens of series [, O: kerogens of series 11, A: kerogens of series
HI. O coals.

(From: Rouxhet et al., 1980.)



119

Figure 3, suggesting that the wmethyl content Is small in the whale coals
S e

i3 interpretation is compatible with the general conclusion

al. (1984) and Mazumdar (1972},

&
o

of 2th and Tachamler (1963}, Bent

Absorptivity at 2915 cm © versus Hydrogem Content

ra

Figure 33 shows absorptivicy

elemental hydrogen on a dry, ash-

correlation line, Figure 33 shown in general to illustrate the weak

.
e oo
s A8 B

increasing absorptivity at 29153 em * and increasing

correlation |

elemental hydvogen. Coal 2 {sub-bituminous A or high volaiile ©

vainons) has an elemental hydrogen content very similar o Oozl 7
(low volatils bhituminous), although the absorptivity for Coal 7 {a =

2 R @ o 3 3
0.0185 em®/mgz) is approximately 2.8 times less Lhian that for Coal 2 (a =

“/wmg). Coals 2, 4 and 6 have similar absorptivities but

a1 -1 .
2915 cm - absorptivities apparvantly are not a function of vank and

elemental hydrogen coatent. The rather ' ahsorpbivity for Coal 3

indicates that much of the hvdrogen is assocciated with aliphatic {alkyl)
k ¥

0

moieties {Snlomon, 19351},
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Figure 33. Mean absorptivity values at 2915 cm-1 plotted against hydrogen
concentration on a dry, asin-free basis for Coals 1-7.

Vertical bars indicate the sample standard deviation.
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Eav )y

p

i Lontent

T
Absorphivity at 2850 cm © versus Hyd

The plot of absorp

hat i

Figure 34 demonstrates that absorptivities at 2830 cm ~ are not »

By low volatile

functioa of since Coals 1 (sub~bituminouns B) and 7 {

bituminous} have comparable elemental hydrogen coatents and

absorptivities but have vadically diffevent elemental carbon contenis

-=5 meagure of rank. Variations in sbsorptivity at 2350 e among
whole coals with similar elemental hydrogsn coantents, such as Coals 1, 2
and 7, and dissimilar slemental carbon contenks appavantly are a
function of whethar mosi of nwydrogen is associlataed principslly with
aliphatic or avomatic functional Recalling that the 2550 e
baad wmainly results from asymmatric and symmetric stretching of
aliphatic (alkyl) CH,, groups, Coal 7 has a significantly lowver

ans than Coals 1 and 2, even though Coals 1, 2 and 7 have
comparable elemental hydrogen countents, which prasumsbly indicates that

mach of the elemental hydvogea in Coal 7 is associated with avomatic

(arvyl) moieties (polyaromaiic structuras) rather than aliphatic (alkyl)

(8 moisties characteristic of Coals 1 and 2. The weak, poorly resolved

3040 em * band characteristic of aromat 0-7 stretching modes does not

permif confirmation of this staizment although data for the 3400 canl
band, Figure 28, and the shgorption region betweea 900-700 cm ~, Figures

=

58 and 59, characteristic of aromatiec C-H out-of-pla

f)

R
DG Fl
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Figure 34. lean absorptivity values at 2850 cm-1 plotted as a function
of hydrogen concentration on a dry, ash-free basis for Coals

1-7. Vertical bars represent the sample standard deviation.
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modes, support this statement.

. . -3 ~
Absorptivity at 1700 cm ~ wex Carbon Content

-l ; \

ing sbsorptivity at 1700 cm © against slemental carbon content
on a dry, ash-free basis, Figure 35, raveals a linear ralation
demonsteating that absorptivity rapidly decreases with slight ilncrasasas

in elemental carbon attending increasing rank. The linear covrrvelation

H

[N

Line is a = 1,745 — 0.021 {(%4¢, daf) with a -0.972 correlation

coefficient. PRxtrapclation of the linear corvelazion line to the
abscissa yields 83.6% C {daf) suggesting that whole coals with more than

or aqaal to 84% C (daf) should reveal no distinguishable absorbar

1700 em 1 unless these whole coals have oxidized.

far zero

o]
e

absorbance Lz consistent with results of pyrolysis experinents on

lignite reportad by Rouszher =t al. (1979},

Absorptivity at 1700 cm versus Oxyvgen Content
o4 v

. |
Figure 36 shows absorpiivity at 1700 cm * plotted against elemental

oxygen content on a dry, ash-frese basis., A linear relation; defined by

H

= 0,013 (%0, daf) - 0.140 with =2 9.969 correlation coefficient,

e
p—
et
5..

rates that absorptivity corrvespoundingly decreasss as oxygen

content decreases with increasing rank. Extrapolation of the linear

corvelation line to the abscissa yields 7.8%Z 0 (dafl suggesting that
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Figure 35. Plot of mean absorptivity values at 1700 cm-1 against carbon
concentration on a dry, ash-free basis for Coals 1-4 and 6.

Vertical bars represent the sample standard deviation.
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Figure 36. Mean absorptivity values at 1700 em-l plotted as a function
of oxygen conceutration on a dry, ash-free basis for Coals
1-4 and 6. Vertical bars indicate the sample standard

deviation.



whole zoals with approximately less than or equal to 7.8%2 O (daf) should
show no discernible absorbance an 1700 em 1 unless oxzidation has

occurred., Figures 37 and 38 show the chemical modifications

is and pyrolysis of

various tvpes of organic i.e, kerogens. Seriszs IIL and IlIa in

Figure 37 vepresent kevogens derived mainly from high

in a woastal marine enviromment {Rouxher and Robin, 1978). The resulis
ained ia this study support the resalis wraported by Robin and Rouxhet

{1973) and Rouxhet =i al.

"
N
i
Ll
Y
(sl
e

Absorptivity at 16580 cm ! versus Carbon Content

e plot of absorptivity at 1660 cm ~ as a function of slem

carbon oa a dry, ash-frees basis, Figure 39, demonstrates that increasin
carbon content attending increasing vaonk resalis in correspondingly
rapid absorpiivity decreases at 1660 ew -, The imverse linear
correlation line in Figure 39, defined by a = 1.812 - 9.021 (%G, daf)

with 3 -0.995 corvelation coefficient, describes the rzlationship

baty

. e -1 ; =y
o1 absorptivity at 1660 cm ~ and elemental carbon (dai)

Extrapolat of the linear correlation line o the abscissa yields 86%
¢ (daf), suggesting that whole coals with mors than or equal to 867 C

{daf) should reveal no discernible ashgorbance at 1660 cm l@
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Figure 3F. Correlation between K, 4,4 and the oxygen content )
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(From: Rouxnet and Robin, 1978.)
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Fig. 38.Plot of K4, (mg~! x em) as a function of the oxygen content {weight %) for the siarting

samples and the products obtained by pyrolysis {dashed lines): (@) raw sparopolicnin, (A) oxidized

sporopollenin and (8) lignite in thick bed. The full lines relute 1o pyrolysis of kerogens with an import-

ant contribution of spores and algae (left) and kerogens originating from higher plants (right) (ROUXHET
' and RosIN, 1978).

(From; Rouxhet et al,, 1979,)
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Figure 39. Mean absorptivity values at 1660 cm-1 plotted against carbon
concentration on a dry, asn-free basis for Coals 2-5 and 7.
Vertical bars indicate the samp-)le standard deviation.
? means not confident of mean absorptivity value due to

insufficient data.
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Absorptivity at 1660 et versus Hydrogen Content

>

Figure 40, the plot of absorptivity at 1560 cn! versas elemental
hydrogen content on a dvy, ash-free basis, shows the relationship
between absorptivity at 1660 cw ! and elemental hydrogen, A linear
correlarion line excluding Coal 7, defined by a = 1.340 - 0,221 (%H,
daf}y wirh a -0.972 correlation coefficient, illustrates that as

elemental hydrogen conbent incrazases absorptivity rapidly decreases.

Coal 7 has a relatively low elemental hydrogen content and absorptivity

PPy

which does noi conform to the apparent trend established by Coals 2, 3,

&02) and 5. Subsequeni graphs, 2.g. Figures 56, 53 and 59, show Coal 7
to bz wove arvomatic than the other whole coals studied., Thus wholz
coals with similar elemenial hydrogen contents and widely different
absorptivities, i.,e. Coals 2 and 7, suggest that Goal 2 with a high
absorptivity has a greater abundance of this oxygen—containing {(highly
conjugatad C=0) functional group, presumably associated dominankly with

~

aliphatic moieties, than Goal 7 which has a low absorpiivity and

presumably these oxygsa-containing functional groups are associated

i
dominantly with aromatic moieties {a2,g. Ar-C-Ar). Poor resolution of

9 e

the 1700-1600 cm&l band using conventiosnal (non-Fourier aform) IR

spectroscopy dozs mob ait an unequivocal interpretation of this band

in the whole coals studied., Moreover, extvapolation of the linear

L

corvrelaition line to the abscissa yields 6.17 B (daf) suggesting that the

absorptivity becowes undetectable in whole coals with move than or equal

to 6.1% B {daf). This avpears to be inconsistent with the concept of
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Plot of mean absorptivity values at 1660 cm-1 as a function
of hydrogen concentration on a dry, ash-free basis for Coals
2-5 and 7. Vertical bars indicate the sample standard

deviation. ? means not confident.of mean absorptivity value

due to insufficient data.
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attending ilucreasing rank in

whole coals with more thaa or equal to 84% C (daf), Figure 41.

Therefore a relation, shown by the dashed Lline in Figure 40,

more precisely charactarizes the

i ~1 . . ‘o ; )
1450 cm & and elemental hydrogen than the rectilinear corrslation line.

Also the curvilinear correlation liae

[
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Absorprivity at 1660 em ! versus Oxygen Conient

3
Plottiag absorptivity at 1460 cm * 23 a function of slemental

2 on a dry, ash-free basis, Figure 42, demonstrates

oxvgen conteal corresponding to increasing rank vresults in rapidly

decraasing absorptivities. A linear correlation line, dafined by a =

0.020 (%0, daf) - 0.114 wich a 0.992 corrslation coafiicient, describes
the relationship between absorptivity at 1660 cm L and elemental OLFE2L.

Extrapolaiion of the linear correlation line to the abscissa yields 5.97%

0 (daf) suggesting that absorbance at 1680 cm ~ heao

=
Lk

5

indis:

whole coals with less than or egqual to 5.9%
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Figure4]. Variation of the hydrogen content of coal with increasing
rank in the normal path of coalification

' ® Australian brown coals, O Indian coals, ® American coals, Jcoals
of Alberta, A from van Krevelen3, A British coals24 x German

brown coals (From: tlazumdar, 1972.)
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Mean absorptivity values at 1660 cm-1 plotted as a function
of oxygen concentration on a dry, ash-free basis for Coals
2-5 and 7. Vertical bars indicate the sample standard
deviation. ? means not confident of mean‘absorptivity value

due to insufficient data.
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Absorptivicy at 1590 cm-l versus Garbon Coniedai

cy at 1590 cm™t

An inverse rectilinear

relagionship, defined by a =

1,345 - 0.020 (%G, daf) with a -0.986

corralation coefficient, demonstrates that absorptivity decreases

antal carbon increases attending increasing rank.

WL

correspond Lo =ilaw

Matrapolation of the linear correlabion lime to the abscissa, a = 0.000

]

By
e oy, vields 92.8% € (daf) suggesting that whole coals @

e

or equal to 93% C (daf) should yield no

-] . . . .
cm ., This intsrpretation appears incon

~

of Browa (1955) and others as previously uoted in the discussion Loy the

. - c o : et :
plot of absorptivity at 1590 cm ~ versus fixed carbon content, Figurs

-
15, pages 82 to 85, The absorption band near 1600 cau * is

£~

the spectra of all whole coals, except in highly asvomatic whole coals

vound attributed £o

such asz anthracites, where an inksnse bac
electronic absorption ia highly conjugated materials obliterates the

the 1600 cm ! region. The apparent vapid decrsase in

at 1590 cmml attending coalifilcation presumably
y 3 P 5

lossas of highly coajugated hydrogen-bonded C=0 (carboxyls) in addition

©

to increasing average ring size (Obevrlin 2%t al., 1980).

.. L =1 _
Absorpiivity at 1590 cm ~ versus Hydrogen Content



135

6.00 , T . :
5.00~—
T 4.00~
9 i
=
o> 3.00-
&
™~
o
E
[&]
S 2.00~
10
o
1.00
0 18.0 36.0 54.0 72.0 90.0

% Carbon ( daf )

Figure 43. Mean absorptivity values at 1590 cm-1 plotted against carbon
' concentration on a dry, ash-free basis for Coals 1-7.

Vertical bars represent the sample standard deviation.
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Figure &4 shows the plot of absorptivity at 1530 et versas

8. A curvilinear trend, in

e
]

elemental hydrogen on a dry, ash-fvae hag

[N

8

general, illustrates that absorptivity rapidly decreases as elemental

AQigh-rank whole coals, such as foal 7, with

o

may have elemental hydrogzea coatents
Ly y ¥ 2

2z ralatively high aromaticd

similar to lower rank whole coals such as Soal 2, wi

lower degraes of avomaticity. Absorptivity character of the 1530 cnm

g

ond permits a distinchion to be made beiween high-vank aad low-rank

shole coals containing similar elemental hydrogen coutenis., ¥
demonstrates that absorptivities are relatively low for high-rank whole
coals {Coal 7) whereas low-rank whole coals (Coal 2) have velatively

high absorptivizies.

Content

Absorptivity at 15390 cm

Figure 45, the plot of absorptivity at 1530 cul as 2 function of

ash-free basis, illusktvatss absovptivity

elemental oxyg

RN 3
decreases ganerally correspond to decreasing elemental oxygen. A linear

best~fii zorvelation Line in Figure 45, defined by a = 0.017 (%0, daf) +

. S
[

itive

&3

12 PO

{

b
)d .
V
‘J'J

0.046 with a 0,951 covvelation coefficient, descr

ralationship between absorpbiviiy at 1590 ewm * sud 2lzmental oxvgen.
P 2 ¥ ye

a2t al, (1970} reported absorptiviiy at 1500 o - plottad against

&

°

Fujidl
elemental oxygen (daf) inm Japanasz coals yields a linear trend very

similar to the linear tfeend shown in Figurs 45. Extrapolation of the

5] L

linear best-fit corvelation line to the ordinate, %20 {(daf) = 0.00%,
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Figure 44. Plot of mean absorptivity values at 1590 cm-1 versus hydrogen
concentration on a dry, asih—-free basis for Coals 1-7.

Vertical bars indicate the sample standard deviation.
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Figure 45. Mean absorptivity values at 1590 cm-1 plotted as a function
of oxygen concentration on a dry, ash-free basis for Coals

1-7. Vertical bars represent the sample standard deviation.
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. - 2, . . ..
yields a = 0.046 cw™/mg, suggesting that whole coals containing
virtually no oxygen exhibit a pronounced absorbance at 1590 cm 1. Tnis

-1

;2 L the 15390 cm ~ region,

paraistent and pronounced absorb:
characteristic of IR =sp=zcirva of all whole coals, is ascribed to
ahsovptions of functional groups coabaining no oxygen, possibly the’l=C_

vibratiog of aromalbic struchuras,.

1
Absorptivity st 1440 cm * versus Carbon Content
Figare 456 is the plot of absorptivity at 1440 cm 1 as a function of
2lemental cavbon on a dry, he linear best=-£ic

correlation line io Figuve

0.933 - 9,52x10“3 (10,

daf) with a ~0.8566 correlation coe ient, describes the inverse

-1

relationship between shsovotivity at 1240 cm and elemental carbon
p i ¥

liustrates that

P

{daf). This linear best—fit correlation line
absorptivity an 1440 emd significantly decweasss with small increases
in alemental carbon {daf) and increasing rank. Extrapolation of iLhe

9,

b he abseissa, a = 0.000 cmzjmg, yields

-

~fit correlation line ©o

\D

s
97.9% € (daf) suggesting that whole coals wiih more than or egual to 938%
C {daf) should show ao distinct absorbance at 1440 e L. Figure 47
shows vitrinites containing 987 € (daf) have approximataly 0.6% H (daf),
ar atomic B/C approximaialy equal to 0.07, suggesting a paucity of

£9

hatic {alkyl) hydrocarbons. Whole coals with appoximately 98% €

£}

alip
{(daf) have a highly aromatic (graphitic) nature {Elliott, 1981; Oberlin

et al., 1980} and possess relatively few aliphatic {alkyl) hydrocarhons,
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Figure 46. Plot of mean absorptivity values at 1440 cm-1 against carbon

concentration on a dry, ash-free basis for Coals 1-7.

Vertical bars indicate the sample standard deviation,
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possibly present as cross—links and bridges in the coal sivucture

{8olomon, 1991; Whikehurst, 19783 Larsen and Kovac, 1278). Thus the

conclusion thal whole coals with more oy eaual ko 987 € (daf) show

]
-4 . PR - .
inct absorbaance at 1440 cm * apvears conasistent with available

zanacalization since an intense background absorption ocouvs ia this

highly conjugated

Absorptivity at 1440 em L versus Hydrogen Content

Figure 48 is the plot of absorptivity at 1440 em ~ as a funcrion of

elemental hydrogen ou a dry, ash-free basis. A& curvilinear {crudely
parabolic) relation with considerable scatter, Figure 48, illusitvaies

that, ia geaeral, absorptivity correspondingly decreases with incwreasing

elemental hydrogen {daf). This apparent abe

increasing elemental bydrogen coubent may in part reflect decraasss in

total onygen content attendling coalification resulting in relatively
slight increasass in olemental hydrogen and carbon conbents, and in part

reflects the natural variability of coal parametasrs that occur even in

coals of the same rank., Furthermore, ths tharmocatalytic degradation of
the reactive aliphatic {alkyl) constituents of whole coals attendiang
coalification resulie in decreasing the aumber of aliphatic C-R

. -1 .
contributing to the absorbaace at 1440 cm *, Figure 41

shows that vitrain~rich whole cos ranikt can have
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Figure 48. Mean absorptivity values at 1440 cm-1 plotted against hydrogen

concentration on a dry, ash-free basis for Coals 1-7.

Vertical bars represent the sample standard deviation.
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similar elemental hydrogen {daf) contents, =.z. appromimately 4.25% 4
(daf) for high volatile bituminous {approximately 65% €, daf) and

2,

wracite (approximately 92%2 ¢, daf). This absorptivity change 28 a

tion of elemental hvdrogen and rank is compatible with the frend
shown in Figure &41. Therefore, high-rank whole coals (Ceals 4 and 7)

have relatively low absorptivities wherszas low-rank whole coals {Coals 1

d 2) are characterized by hizh absorptivicies, Figure 4
S L] x 3 &3

ol
v

Lyan

ligible elemental hydrogen losses occur, i.e. as measurad by the

o

near-constancy of the atomic B/C vatio at 9.80 + 0.03, for whole coals

~

with 652% to 84% ¢ {(daf) {Mazumdar, 1972), than ths observved decrease in

absorpilvi 1440 ew * for Coals 1, 2, 3, 4, 5 and 6 reflects

decreasing numbars of aliphatic C-H bending vibratioas per weight

thai the hydrogen becomes more

associated (bonded) with polveyelic aliphatic/avomatic rings., Bupport

of this implication iz gained from data on aromatic funciionalities in

~1
whaole coals, 2.g. Figuve 59, the plot of absorptivity at 740 cm =

ot

7

plane bending mode of 1,2 substituted aromatic groups’

a2lemental hydrogen (daf) content,

Absorptivity at 137% om L ersus Garbon Content
Plotting absowptivity at 1375 cm * versus elemental carbon on 2
dry, ash-free basis, Figure 4%, raveals a linear velation demonstrating
V] ¥ & 7

o

that as elemental carbon increases wit

;.4

v coalification absorptivity shows

2 corrasponding rapid dacyesse. The linear correlation line is a =
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Figure 49. Mean absorptivity walues at 1375 ecm-1 plotted as a function
of carbon concentration on a dry, ash-free basis for Coals

1-7. Vertical bars indicate the sample standard deviation.
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1.145 = 0.0125 (%ZC, daf) with a -0.985 corvelation coefficient.

Extea

polation of the lin to the abscissa, a = 0.000

amzfmgg vields 91.4% © {daf) suggesting that whole coals with more than

or equal to 91.4% ¢ {(daf) should show no distinguishable absorbance atb
| s . .

1375 cm . The intense background absorption characteristic of

-1

anthracites in this region of the specivam obliterates the 1373 cm

e values, For this reason, an

elemental carbon range where the 1375 cm
absorbance approachas zerd, i.e. the virtual absense of methyl
functional geoups, appears most difficult for whole coals.

These data ia Figure 40 are not consisteut with the experimental

it =4

the methyl content of coal vepocied by Mazumdar (1972),

n

assassment o

Pigure 50. Mazumdar (1972} oo methyl content of coal
appears to remain viriually counstant up to B4% carbon; alsl
incipieat demsthylation appeavs to s2t ia from this stage, its extent,
at least betweea $4 and 89~90% carbon, remains small {from 4.3 down to
)

4% of rhe total cavbond}." T submit that the data in Figure 49 vepresent

the enhancemant of the absorbance at 1i° by oxygen-containing

functioanal groups (Francis, 1951) ubiguitous in low~rank whole coals,

inn of high—-rank whole coals significantly contributes

whereas demethyl
. . . -1 - . .

o rapld absorptivity decreases at 1375 cm © observed with lucreasing

zlemental carbon content and coalificabion in addition to progressive

deoxygenation of the whole coals studied.
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Figure SO. Variation of the true methyl content of coal with rank
and its comparison with the Kuhn~Roth estimate

® values by Kuhn—Roth method, O values derived from pyrolysis
(Reproduced fram Mazumdar er a/8) ’

(From: Mazumdar, 1972.)



Absgorptivity at 1250 em * wargus Carbon Content

] .
Figure 51 is the plot of absorptivity at 1250 cm * as a fuaction of

elemental

e
L
ot
o
]
iz}
i
<3
o
[
rt
i
™a
-
a3

cavbon on & dry, ash-free basis.
correlation linz, defined by a = 0.915 = 9a80X10m3 (%G, daf) with a
0,864 corralation coefficient, in Figure 51 shows absorpitivity rapidly
dacrasses with correspoudingly smszll elemental carbon (daf) incrazasas
attending coalification. Extrapolation of the linear correlation line
to the abscissa yields 93.3% € (daf) suggesting wo distinguishable
absorbance at 1250 cm ¢ occurs im whole coals with more than or equal to
93% ¢ {daf), i.2. anthracites. Provided the 1250 cmml absorption band
primarly results Svom —C~0- siretching vibratious of pheuolic structuras

n) Bl

(Painter and Coleman, 1979 Hurchison, 1976; Biskov and

=
‘5‘.:
o
L' ;
O
fur)
By
ot
[}

s

egtrapolated valus of

Petrova, 19743 Brown,

consistent

.|
3 at 1250 cm & i

(o]
L

8
&
—
[N

[¥4]

approximately

with vnoxidized anthra rhan 93% © {daf) being
o

chavacterized by rather low elemental oxygen {daf) contents and

S

virtually devoid of phenolic structures. 3 of the intense

background absorption charvacteristic of aanthyacites, =zero absorbance 3t

: -1 . ) i . e
1375 em is not observed for whole ocals with more than 93% € {daf).

Absorptivity at 1250 cm * wersus Hydrogen Content
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Figure 51. Plot of mean absorptivity values at 1250 cm-l1 versus carbon
concentraticn on a dry, ashi~free basis for Coals 1-7,.

Vertical bars represent the sample standard deviatiom.



bgorptivity ab 1250 cm © as a function of elemental

basis, Figure 52, illusirates that a

linear {cradely parabolic) 203 dascribes the welationship betwaen

.

arv

-

1250 cm © and elemental hydrogen content. The

o

absorptivity a

carvilinear trend in Figars 52 demonstrates that, in general,

absorptivity dzorasases covrespond to increasiag elemental hydrogen in
lower rank whole coals (less than 84% €, daf) and decreasing =lemental

fal

hydeogen in high-rank whole cosls {mors than or equal to 84% 3, daf).

ng that whole coals of wastly different wank have similaw

lamental hydrozen contants, the decreasing absorpiivity trend in Figure

o

corvesponds remarkably well fo the twvaad shown in Figure 41. Thus

A

high-rank whole coals (more thaa or sgqual to 84%7 C, daf) typically have

o &

low absorptivitias lower vank whole coals {less than 847 €, daf)

are characterized by high absorptivities. The correlaiion betwean
absovptivity at 1250 em ! and elemental hydrogen (daf) in Figure 5%, and
a2lemental hydrogen (daf) and carboa (daf) countent, Figure &1, suggest

that hydrogen—containing functionalities, possibly hydrogen-bouded
phenclic sheastures {Elofson, 19573 Colthump, 19643 Murchison, 19753
Painter snd Soleman, 1979), influence the absorption charactzr of the

1250 cm—l region.

g
£

Absovrptivicy at 1250 em ™t versus 0
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Figure 52. Mean absorptivity values at 1250 em-1 plotted against hydrogen
concentration on a dry, ash-free basis for Coals 1-7.

Vertical bars indicate the sample standard deviation.
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A curvilinear tvend appsars when absovptivity ai 1250 cm is
plotted as a funciion of elemental oxygen on & dry, ash-free basis,

Figure 53. The curvilinear trend in Figure 53 demounstrabes absorptivity

with decreasging elemental oxygen and incveasing rank.

gradual absorptivity decreases attend dece2

slemental oxvegen for the whole coals in this study hav n 25,47
Vi ¥

o~

and aoproximately 10% O {daf). Whole coals with less than 104 O (daf)

show vary ranid absorptiviiy decvesasaes occur with small decreasas in
companying coalificaiion. Extrapolation of ihe

linear correlation line to the abscissa vields approximately 6% 0 (daf)

suggesting whole coals with 6% 0 (daf} should not show any
discernible 1250 cw™ ' ahsorba Thisz does not make sense in terms of

«

what 15 known of the stn of 2oal. The absorption at 1250 2m © in

aathracites is about 1007% and is d to a high degree of

g

condensation of arcmatic clusters {Brown, 1955).

Elemental oxvgen from minerals contained in whole coals with

L)
oF
3]
In
¢}
—
g
&
:“\
5
vy
<L
)
L
=

rapoviad high ash contents significantly contribu

.

by difference) reported ia the ultimate analysis of

Taped

whole coals, Table 31T, thus yielding abuoraally high slemental oxygen

gen
oy - + T : - L. o b
values., Oxygen—contalning groups 1in most minerals %e.g.

31

phvllosilicates (~OH), carbonaies (-603)3 sulfates (msaé}, common Lo

whole coals apparently do not significantly enhance the 1250 cam

gbsorbance -~ le coal spectra, Figure 3, with demineralized

Figure 5. Inferved from thase cons ationg is that if



153

24.0 i v RS T
/-1
x77 1
o 200 i~ : -
I 3
o
= *-
16.0 - ‘ -
o
E
o 5
£
L 1204 -
o)
w
o
O
8.0k -
%a
4.0 ‘ -
27
A,
] s L ;
0 6.4 2.8 19.2 25.6 32,0

% Oxygen { daf )

Figure 53. Mean absorptivity values at 1259 cm-1 plottéd as a function
of oxygen concentration on a dry, asi-free basis for Coals

1-7. Vertical bars represent the sample standard deviation.
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whole Coals 4 and 7 contained ash oo

Py

zoals studied, i.2. less or 2qual to L1%Z ash, then absorptivities

should remain an to slightly lowered from the absorpiivites shown

.

in Figuve 53, although the data points for whole Coals & and 7 would

1,

hift toward lower oy i.2. toward the ordinate.

0w

T

P -1
Absorptivity at 870 cm * versus Carban Conten

antal carbon on 3

Figure 54, absorpitivity at 870 cm ~ versus

1,

demonstrates rhat the whole coals studied
3

dvy, ash-fres basis

(daf} show a distcinct absorbance at 870 cm ls

ral

containing wmova than 80% C©

Coal 7, the highest rank whole coal studied, has rhe

}

bsorphtivity. Ooals 4 and 5 have very siml lar slemental carbon {daf

S]

O

. 2 .
iants although the absorptivity for Coal 4 (a = 0.0133 cwn®/mg) is

T
i

approximataely half than

L

or Coal 5 (a = 0.0259 cmz/mg), This disparity

in abgorptivities for whole coals with similar =lemental carbon contents

and hence similar vank »robably reflects the velative abundance of

Ly

highly subsiituted avomatic structures occurring even in whole coals of

the same rvank. A siangle spectrum out of & speetral scans of Ceal 1

yielded a weak but measureable absorption ait 3570 cm ~. Correlation of

1

absorptivity at 870 cm = with elemantal carbon (daf) was expected o be
-1

high since the 870 cm ~ band is attributed to aryl $-B out-of-planz

bending and aryl skeleton vibrational modes. Figare 54 shows this is

not the cass for the whole coals studied.
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Figure 54. Plot of mean absorptivity wvalues at 870 cm-1 against carbon

concentration on a dry, ash-free basis for Coals 1 and 4-7.
Vertical bars indicate the sample standard deviation.
? means not confident of mean absorptivity value due to

insufficient data.
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Absorptivity at 370 em ! versus Hydrogen Content

370 cmwl as a funciion of zlemental

Plotting absorptiv

asts absorpbivity

¢ .)
]
\J'l
@
e
G
<3
[t
)

hydrogen on a dry, ash-free basis, Figuvs
genarally decreasaes with elemental rogen {(daf) incrsases. The

apparent absorptivity decreas: atitending iacreasing elemeatal hydrogen

o

N
uce’
heke
o

0

{daf) in high-rank whole coals %C 5 95%) roughly corresponds to

decreasing rank as measured by elemental carbon {daf) contents, Figusr

- . £~

41, These data are consisitent with what is known of the structure of

c0al, whereby absorphion intensity increases corraspoad Lo rank

in the region between 900-700 em!

s the aryl C-H out~cei-plaaes

bending and arvl skeleton vibrational modes. Coals 4 2nd 5 are whole

coals with similar elemzatal hydrogen (daf) contenis and significantly

M 1,

absorption iantensity at 370 Figurs 35, indicating

significant diffevences ocour in the number of highly

jAS

structures in whole ceals with similar rank parameters.

o}
Absorptivity at 795 em © vevsus Carbon Content

Plotting sbsorptivity at 795 ca L as a function of elemental carbon

on a dry, ash-free basis reveals a linear frend demonst

P . -

absorpiivity incveases with incressin

o
z <

alesmental carbon and

e

The linear correlation line in Figure 54

3
s}

coalification, Figure 55.

o

defined by a = 1.65%1072 (20, daf) - 0,103 with a 0.955 correlation

o bne

j=dn

near correlation line i

T

2fficient. Extrapolation of
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Mean absorptivity values at 870 cm—-l plotted against nydrogen
concentration on a dry, ash-free basis for Coals 1 and 4-7,
Vertical bars represent the sample standard deviation.

? means not confident of wean absorptivity value due to

insufficient data.
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Figure 56. Mean absorptivity values at 795 cm-1 plotted as a function
of carbon concentration on a dry, ash—free basis for Coals
2-7. Vertical bars indicate the sample standard deviation.
? means not confident of mean absorptivity value due to

insufficient data.



159

”
o e o 4 = A B ) . -
abscissa, 2 = 0.000 cm®™/mg, vields 62.4%7 © (daf), suggesting whole coals

e Ty T i,

containing less than 53% ¢ {daf) show no distinguishable absorbance at

o - 1 ° - - 1 )
795 ca *. Absorptivity imereases aib 795 ou t corresponding fo

insreasing elemental carbon is compatible with increasing aromaticity

attending coalification in high-vank whole coals. This progressive

into polyoyelic
aromatic clusters {graphitic structurss). Van Vacht =t sl, (1955, p.

; ; e .
57) noted, " . . . thase baads (900-700 cm ~) are not vet present in
9 y 2

the spectra of young coal, nor in those of lignic znd bhrown coal. AL a

carbon cont2at ahove 31 per cent these bands become clearly percept
1.1

ible, but vanish again whea the carbon conteat increases beyond 24 per

cant, vrobably because they becowe masked by the gradually increasing

a9

a2lezctronic absorption.”

Absorptivity at 795 cm 1 yersus Oxygen Content

5 cm L plotted as a function of elemental oxygen

oa a dry, ash-free basis, Figure 57, reveals that absorptivity

R ¥ o

correspond to elemental oxygen decreases generally atb

rank, The linear correlation line, defined by a = 0,048 -

1544X10”3 (%0, daf) with a -0.904 correlution coefficient, describes the

et

inverse relationship bebwzen absorptivity at 795 cm

oxygea in Vigure 57, Extrapolation of the linear correlation line to

-
A5G-
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Figure 57. Plot of mean absorptivity values at 795 cm-1 versus oxygen
concentration on a dry, ash—-free basis for Coals 2-7.
Vertical bars indicate the sample standard deviation.
? means not confident of mean absorptivity value due teo

insufficient data.
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the abscissa vields 32% 0 (daf) suggesting no psresptible absorbance at
795 cm l pccurs in whole coals containing wmore than 327 0 (daf). The

. . . I -1 .
waak absorption iantemsibty at 725 om © characterizing lowrank whole coals

-

is attributed &9 highly substituted avomatic molecules, principally

vshenolic. As zcalificaiion proceeds, thas: highly substituted aromatic
mnlecules become less substibtuted, in addition to conkemporvaneous

2

condensation of these aromafic uanits into polycyclic aromatic clusters,

resulting in a stronger, but still weak, absorptioa innsasity at 795

»

coals. Recalling whole coals with high miney

]
W
PEN
=
el
ps]
=
o

1250 V8 oxygen conkent,; pages 150

154), it is reasonable to

ihat of the total slemental oxygen

veported, the elemental oxygen associatel with organic structures in
whole coals would displace the data points to the left, i.e. toward

ing whole

lower oxygen values. Farthermors; the data points

{ash) contents would slightly shiftc

coala with lower mineral
ordinate as 3 function of rhe quantity of swygen-bearing minerals
present in the whole coal, The vasult of shifting the data points

toward rFhe ordinate is a linear trend similar ©o the linear trend in

Figure 57.

vesting to note that the 793 cum -1 absorption band is not

enerally assigned to oxygen—containing functionalities.
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1 Oyt

tivity at 740 cwm © versus Carbou Coanbent

Figure 58, the plot of absorptivity at 740 cm © as a function of

elamental carbon on & dry, as elemental

and elemantal carvbon {daf)., Extrapolation of

absorptiviiy ab V40 o

)

the linear correlation line to the abscissa yields approx

aately 707 O

{daf) suggesting no absgorbance will be discernible in whole coals

o

coataining less than or equal to 70% © {(4af). This interpretation is

consistent with what s kaown of the structure of cozl,

”

The absorptivity for Coal 6 be rather low relative o

b4 Eng
i

the absorptiviries

coals studied. This way be

indicative of the welative scarcity of this subail

ad aromatic molsety
in Coal 6. Actually Coal 6 has a relatively high absorptivity for the

870 cm 1

absorprion band suggesting Zhat these more highly substituted
aromatic functionalities ars more abunlsnt {Jominant) relative to the

. . . .. . ] L s
less substituted arsamatic funciionalities absorbing near 740 cm ~. This

negligible differences exist in the magaitads of the

- .
ahsorption coefficients {a ) for the 870 and 740 cm = regions

coals.
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Figure 58. Mean absorptivity values at 740 cm-1 plotted against carbon
concentration on a dry, ash-free basis for Coals 2-7.

Vertical bars represent the sample standard deviation.
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|
Absorptiviicy at 740 em © versus Hydrogen Countent

The plot of absorpkivity at 740 cw ~ as a funciion of slemental

hydrogen on a dvy, ash-fres

general, absorptivity lnscreases correspond to increasing elemental
hydrogsn concents in whole coals with lass than 0 {daf) and

dex

hydrogen contents in whole ceals with more than ov
equal te 84% C (daf). Here again, ths carvilinear (crudely parabolic)
rend used to describe the valatiounship between absorptivity at 740 cm

lea

Py

o of the linear trend

bt

snd elemental hydrogen (daf) perhaps is a re

kf

ahown in Fisure 41, Coals 2 and 7 have similar clemental hydrogen
=4 fa)

although Coal 7, a dominaaitly polycyclic aromatic coal

¥

whereas Coal 2, a more aliphatic coal, has a
ralatively low absocptivity. Indeed comparing Figure 59 with graphs of
elemental hydrogen plotted as a function of alkyl functionalities, e.g.
1440 ca (Figure 48}, phenoxy and alkoxy functionalities, =.g. 17230
et (Figure 52), aund other funciiocual groups, 2.g. 3400 st {Figure

28) and 1590 em ! {Figure 44), reveals a trend for whole coals with high

that for whole coals with

:raas of avomaticity that
low degrees of avomaticity, i.=. principally aliphatic/alicyelic whole
coals. Stated differanily, aspparently highly aliphatic and alicyclic

whols coals are charvacterized by very low absorptivities for the 870,

- - —.i o
795 and 740 cm - bands and h

abhsocphivities for absovption bands

gensrally characteristic of non-aromstic functionalities; the opposite

trend is observed for ralatively highly aromatic whola coals. This
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‘Figure 59. Mean absorptivity values at 740 cm-1 plotted as a function
of hydrogen concentration on a dry, ash-free basis for Coals

2-7. Vertical bars indicate the sample standard deviation.
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tvand bacomes more obvious when the 1440 om 1 absorptivities a:

civities, Figure 70,

. ~1
against the 740 cm



QUANTITATIVE ANALYSIS OF ASBSHNUTIVITIES AT A GIVEN FREQUENCY PLOTTED

AGAINST ABSORPTIVITINS AT A DIFFERENT FREQUENTY

Introdaction

Plotking absorptivity at a given frequency against absorptivity at
t=2 I 4 © &

a different fraquency illustrates that systesanic changes in
absorptiviiies occur over a range of rank in whole coals. As a vresult

of inadequate knowledgs of iha uature of change, 1f changes occur, in

&

the absovption coefficien

apparsnt relationships batwsan | absorptivities at different

wavelengths reflect

ia the absorption coefficient, the
econcentration of the abssvbing species, or both. The graphe of

ahsorptivity at a given wavelength poltted as a funciion of absorptivity

Figuves 60-71, tend to suggest Cthat many
modes vary in a systematis fashion with rank. The systematic wariaiion

visztrates that much of the daia setr is

of absorptiv

not independenl hat ralated in some fashion.

Absorprivity ar 3400 cm -1 versus Al

Plotting absorpiivity at 3400 cam ~ as a function of the

4

=1 . . .
absorptivity at 1700 cm ~, Figure 60, demounstrates that decreasing

-

_ . - . . ., -1
abgorptivity at 1700 s ~ attend absorptiviiy decrsases at 3400 cm ~ as

rank increases. The exponeantbial covrelation line in Figure 60 is
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Figure 60. Mean absorptivity values at 1700 cm-1 plotted against mean

absorptivity values at 3400 cm~1 measured according to the
3700-3000 cm-1 measurement method for Coals l-4 and 6.
Vertical and horizontal bars ‘indicate the sample standard

deviation.
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kA [+ ¥4
74,881 agi}o

2

icient., BExtrapolation of the correlation line to the ood

: o 2 ; - -3
vialds an absorptivity value of 0.0035 cm™/fwmg for the 1700 cm * band.

This value 13 Incony aut with the results of pyrolysis experiments on

kerogens {Rouxzhzt and Robin,

of the catagenesis of kevegens {Brown, 19533 Rouxhet and Robin,
ek .
1978). These studies ravaaled that the 3400 cm © absorpiion baad

-1
persists long after the disappearance of the 1700 cm ~ bsnd; anless

ave strongly oxidized. Alternatively, linear

[}
P

regregsion analysis on the data veveals that s rectilinear relation,

defined by 2900 = 6323@(33400) = J3.130 with a 3,909 correlation

coefficient, describes the velabiouship between the absorptivil

ok

400 and 1700 cm T, The rectilinear corrvelation line extrapolated to

1

. . . . s - 2 .
the abscissa, i.e. absorptivity at 1700 cm ~ = 0.0000 cwm™/ng, vields a

ﬂ 7 - - - )
0.0165 cm™/mg absorptivity for the 3400 ca 3 band, This valuess 13 mors
compatible with the raesulis of other studies, e.g. Rouxhet st al.

1

{1979). This observed relationship be

21 the absorptivities at 3409

and 1700 cm 1 suggzests thai these data ars not independent. Notes

( SR

-
oals 5 and 7 exhibit no distiact absovption band at 1700 ecm

3 and Appendix 3).
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Absorptivity at 3400 cm 1 yersue Abzarprivity at 1660 em L

1‘ -
Figure 51, absorptivity at 3400 cm ~ plotied as a function of the

e}
absorptivity at 1660 cm *, demonsiy

-1

1660 et correspond o worptivity decreases at 3400 cm

rank increzases. This apparent relationship betwzen the absorptivities

Yy -1 . . e
at 3400 and 1660 cm - wmay be described by an szpouvential correlation

ling, defined by lu a

160

correlation coeffic

corralation line to the ordin

2 . 2 .. ., ]
1.0000 ca®/mg, vields a 0.0159 ca”/ag absorptivity for thes 1680 cm
haadl., This iz not consistent with what s kuown of the strucinze of
wholz coal. A vectilinsar correlation line, defined by 600 =
LD,

cm . The rectilinear correlation line =

i.2. absorptivity at 1660 s = 0,000 cmz/mg, yields a 0.0079 »m?/mg
absorptivity for the 3400 et Dand. This value is more consistant with
what is knowa of the structure of whole coal. This rslationship betwzen
absovptivities at 3400 and 1560 cm_l sugzests that this data set is not
independent but related in somz fashion. HNote: Coals 1 and 6 exhibited

no distinet absorption band ar 1650 cm ~.



171

35.0
30.0— -
25.0}- -
[aV]
|
o
200 -
g
~. 5.0 -
o
£
L
Q
{¢]
© !
D I0.0 f . o
5.0« -
7
| -G
i ! .
0 2.0 4.0 6.0 8.0 10.0

03400(Cm 2/mg) XIO_Z

Figure 61. Mean absorptivity values at 1660 cm-1 plotted as a function
of mean absorptivity wvalues at 3400 cm-1 measured according
to the 3700-3000 cm-1 measurement method for Coals 2-5 and
7. Vertical and horizontal bars represent the sample
standard deviation. ? means not confident of mean absorptivity

value due to insufficient data.
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Py | P,
Absorptivity at 3400 ca © wversus Absorptivity at 1599 cm !

The plot of absorptivity at 3400 em ! as a Function of abzorptivity

- o

at 1590 cm l? Figure 62, revzals a linear rzlation defined by 250 =

decrease with increasing rank. Extrapclation of the correlation lins o
the ordinate yields a 2.076 cmzlmg absorptivity for the 1590 ca ! band.

This valoe seems reasonable when coansidering that the 1590 et band is

for wany whole coals the most prominent spectral featurs,

~rad from this that highlv—conjugated phenolic hydro
& 5 Jug b ¥

-] .
groups enhance the absorption intensity of the 1520 cwm - baad. This

s

infevence is compatible wiih the conclusiocas reached by Painter et al.

.
2y

{1981a,b). The approximately 0.076 cw®/umg absorptivity for the 1590

1

cm ¢ hand in high-rank whole coals that exhibit no distinguishable

-] . .
absorbance at 3400 cm 7, 1.2. whole ceals with more than or egual o

89% ¢ (daf) Y%see Fig. 27, suggests that the 1590 et absorption band

in high-ranit whols coals is a vesult of other functionalities, e.g.

aromatic }0=C  siretching modes and highly-=

ajugated hydrogen-bonded
carbonyl groups (2C=0.,.00-). 'This linear relationship batwsea
absorptivities at 3400 and 1590 ant suggests that these daia ave

related in some way.
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Figure 62. Plot of mean absorptivity values at 1590 cm-1 versus mean
absorptivity values at 3400 cm-1 measured according to the
3700-3000 cm-1 measurement method for Coals 1-7. Vertical

and horizontal bars indicate the sample standard deviation.
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. .. -1 ) . -]
Absowpiivity at 3400 cm © wvevsus Absorptiviiy at 1250 am

Figure H3 shows that correlation line can Jescribe

ak 3400 cmml and those ap 1250

the relationship between absorptivi

em™, The logavithmic lime in Figure 63, defined by Byo5g =
ﬂ’0851n(334@0} + 0,459 3 0.972 correlation coefficient,

. . -1

demonstrates that decwvaasas Lo absgorptiviity at 1259 cm © corrvespond Lo
decreasas iu absosphtivity at 3400 em™ with inecee raging rank.

Bxtrapolation of tha corrvelation line to ihe abscissa suggests Chal the

| ; 7z "t 5
3400 cu - absorptivity asproaches 0.004% cm®/mg as the 1250 cm
.. - 2 . .

absorptivity apprvoaches zevo., Ths 0.0049 ca™/mg valus is not compatible

with what is known of the structure of wholz coal for the following

reason., Both the 33700 aw

1 1250 e absorption bands principally arise

y hydrogen—bonded phenolic hydroxyls (Painter and
Marchison, 19763 Siskov and Pairova, 19743 Brown, 1955), although the
1250 em™! band is invensicy suhanced by ather funcrionalities;

presumably avvl-aryl ethers {Rouxhet st al., 1980). Therefore, as ths

- o -1 .
3400 em™b absorptivity approaches zero the 1250 ca ~ absovptivity should

onding decrease, alihough the 1250 cm.“1 absowrph:

[}
ol
s
%
i
i
i
o
Ll
-“'\‘
!ﬂ
e

should ant be zero since ether groups ars believed to exist even in

anthracites,

Linzar vegvession analysis on the data raveals that 2 vectilinear

o = 3,2817¢ + 9.0336 with a §.92
1259 i1 33500 + 0.0336 with a §.92
ent, caa describe the rzlationshis
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Mean absorptivity values at 1250 cm-1 plotted against mean
absorptivity values at 3400 cm-l measured according to the
3700-3000 cm~1 measurement method for Coals 1-7. Vertical

and horizontal bars represent the sample standard deviation.
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, . - - s ] .
shadyoptivities at 3400 and 1230 cm ~. The restilinear correlatioun liae

rr
L-v( -
;
3
[
A
)
"
.
W
Lo
(W39
&
’r\
~
5
GG
i
9]
et

extrapolated to the ovdinate vields an absorp

_ i . , \ ,
the 1250 owm ~ band. This appears to be wors compatible with what is
known of he structure of whols coal than th

k)
£

ce of a covraelation betwe

>’r7 L] The xiste

(b‘

w1, 1

and 1250 cm 1g regardlizsss of the corvelation used, that the

data ave nob indepsndent.

Absorptivity at 1530 cm * warsus Absorptivity ak 1230 om

i -1 e 1
Plotting the 1590 cm * absovptivity as a Funciion of the 1250 ow *
absorpbivity, Tiguve 84, demonstrates that decceasss ‘u the absorptivity

= . . - -] . e
at 1250 om - aittend decreasss in the 1590 cw © absovpbivity as vank
increases, The exponential relationship batween the 1590 and 1250 cm

ig deseribed by In a P
J 1590 = P

i L‘
KX

y
]

absorptivities in Figure 4

°
(o)

21250) -

2.33 with a 0.981 corvelation goai tent, HExtrapolation of thea

.

. . . . -] .
rrelation line to ithe ordiaacs, i.e. 1250 em © absorpeivicy = 0.0000

2 : - 2 _ -1
oo™ /mg, vields a D.0971 cm™/mg absorptivity for the 15390 e¢m © band. The

1590 em © absgorptivicy of 0.0971 cmzfmg corvasponding to 0.0000 om” /qw

@

in high-vank whole coals presunably

|
for the 1250 cm ~ absorpiilv

resulis frow avematic (J0=C0 ring six

and posaibly highly

conjugated

rogan=bonded SC=0 groups. The axcellent corvelation

21 ihe 1590 and 1250 cm ¢ absorptivities suggesis that the data

ant independent but walatad in some fashion.
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Figure 64. Plot of mean absorptivity values at 1590 cm-1 against mean
absorptivity values at 1250 cm-1 for Coals 1-7., Vertical

and horizontal bars indicate the sample standard deviation,
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o] . -
Abgorptivity ab 1700 em ~ versus Absorptiviiy af 1590 cm !

The plot of abs: of absorptivity

-1 . . . -] .
at 1590 cm *, Figars 65, shows that the 1590 om - absorptivity decreases
ad to decreasing absovpiivity at 1700 ew * as rank inc

=]

The rectilineavr corvelatior

1700 and 15490 ox abaorptivities in Figure 65 is defined as a =

1598

90853(a]700) + 0,230 with a correlation cosfficient of 0,937,

Extrapolaiion of the correlation line to the ordinate, i.e. 1700 cm

O

. 2 o .
= 0.0000 cm™/mg, yields n 0.2000 cm™/mg absorptivi

&J?VfJ

. - -1 . . . . ; ; ;
the 1590 em © band. As shown in Figuve 65, Coal 4 has a 1590 cm

orptivity of 0.1676 cm?/mg, which suggests that the & salated

(vl

[¥r)

value of 0.2000 cn®/my for £he 1530 em} band i

3
_,

t"
b
[

epinion of the author that the ¢ value of the 1590 cm ~ absorptivity

corresponding to sevo abgorbance at 1250 cm 1 lias between 0.1800 and

%}

2, . ) -1 .
0.1000 em”/mz ia high-vank whole coals. The weak 1700 cm ~ absorptivity

G

for Qoal & (85.77% C, daf) may indicate slight oxidation of Coal 4

2
1
5

occurred. Hevertheless, the apparent correlation haiween

1596 e absorptivities suggests that thess &

Notz: Coals 5 and 7 exhibit no distinct absocption band at 1700 cm

{see Fig., 3 and Appeadix 3).

. - -1
Absoeptivity at 2955 cm

i
{
femi

versus Absorprivity at 2913 cm
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Figure 65. Mean absorptivity values at 1590 cm~l1 plotted against mean

absorptivity values at 1700 cm-1 for Coals 1-4 and 6.
Vertical and horizontal bars represent the sample standard

deviation.



inon of the

11 -

absorptivity at 2913 em ~, Figure 66, demonsitvaies that decrsases in

J\

absorotivity at 29535 cm * correspond to decrasses in absorptivity at

- - . . R e .
2315 em ©. The correlation line iw Figuve 66, defined by a,, .. =
2955
- .. ; . o
0.443(a + 3.7Z10 7 with a 0.994 correlation coef

731%’

the relationship betwean the 29533 and 2915 em ! absor

Extrapoiation of the corvelaticn line ko the ordinate yields a 0.0094

? . . o ;
{mg absorptivity band. This wvalus way be due to
rpt b v

he methyl substituszais on aromatie

exparimental ervors

auclei in high-rank whole Coals 1 and 7 have

aimilar hydwogen (daf) = and absorprtivites for
M >

the 2955 cm ' band {sas A wpoendix 43, but 4

Coal 1 iz sab-bituminous B rank and Coal 7
rank. This zuggzests then that the absorptiviiiszs plotted in Figure 656
are a fanction of hydrogen contents {daf} rather than a reliable
indicator of vank. This ohserved relationship between the 2935 and 2915

these data are related 1n some

|
cim absorptivities suggests

fashion,

Absorptivity at 2355 ua L yersus Absorptivity at 2850 cm

Figure 67, the ploi of tha 2355 cm | absorptivity as a function of
(= H
the 2850 cm b absorptivity, demonstrates that absorptivity decreases at

-1

25350 ﬁnwl corrvespond to absorp 7 decyeases at 2955 cm ~. The

corrvalation line in Figure 67,

32350 1.382(&2955) + 0.0053
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Figure ‘66. Plot of mean absorptivity values at 2955 cm-1 as a function
of mean absorptivity values at 2915 cm-1 for Coals 1-7.
Vertical and horizontal bars indicate the sample standard
deviation. ? means not confident of mean absorptivity value

due to insufficient data,
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Figure 67,
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Mean absorptivity values at 2850 cm-1 plotted as a function
of mean absorptivity values at 2955 cm—l for Coals 1-7.
Vertical and horizontal bars represent the sample standard
deviation. ? means not confident of mean absorptivity value

due to insufficient data.
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the relationship batween

the 2955 and 2850 ca trapolation of the corralation

L Il
]
a3
|=: -
L]
[k
3
o
D
)]
.
Ficas
w
‘I'

. . . 2 .. ; -
line to the ordinate yields a 0.0050 cwm™/myg absorptivity for the 2850
i
cin - absorption band., The magnitude of the absorptivity value,
detarainsd by extrapolation of the corrvelation line to the ovdiaate in

£ =

Figure 67, tends to suggsst that the extrapolated absorptivity value of

2 . " - -1 .. . .
0,0004 ew*/mgz for ihe plot of the 29553 cm * absorptivity against the

w2

Wt

2915 am * absorptivity, Figure 86, represents experimental arvors. Th
b & 3

significant absorptivity at 2850 et in high=-rank whols coals that
persisis as the 2935 cm ! absorptivity approaches o opaggests that the
deformational modes 2350 = band represent

methylene and ethylene cross-linkages in the complex haiarogenous

ceosa-linkad polymeric stirucitnval network of high-rank whole coals. As
is the case fou FPigurs 65, Figure 67 illustrates that the rvelationship

_ R . -1 . . ) .
between the 2955 and 2850 cm © absorptiviiles Iz 2 fanction of hydroge

econtent {daf) rather than The good correlation between the 2953
. ~1 . . .
and 2850 cwm © absorptivities sug; that the data are not ilndependent
i zd in some fashion.
-1 . .
Absorptivity at 1440 cw ~ versus Absorptivity at 1375 on
y . o o -1 . . - -}
Plotting absorptivibty at 1448 cm © as a fuaction of the 1375 om
-t
absorptivity, Figuve 69, illustvakes that the 1375 cwm ~ sbsorplivity

.
£

decrsases correspond to decreasing 1440 cm © absorptivities as rank

~n§
12 relationship between the 1440 and 1375 cm *
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Figure 68. Mean absorptivity values at 1440 cm~1 plotted against mean
absofptivity values at 1375 cm-1 for Coals 1-7. Vertical

and horizontal bars represent the sample standard deviation.



48 is described by a logaritimic correlation

@g1131m(a]37q) + 3,409 with a corrslation

Extrapolation of the correlation line to ithe

A

” -
yvields a 0.0267 cm®/mg absovptivity for the 1375 cm

3

75 em © absorpiid

A, This significantly high L ioy may in

GG
Lot

pari represant experimental errors and in part reflect the methyl

subsitituents on aromatic nuclei (Durie, 1982). The correlation

chowa in Figure 68 suggesis that not all of rhese danta

rather than hydrogen contear (daf) as is the case fov

ities ar 2955 and 2915 cwm ! (Fig. 56), and 2955 and 2350 cm *

Ahanrp

i
i
S
&

k]
Absorptivity at 795 om © versus Absorptivity af 740 on

e - - 4 ,
Figure 09, the 795 om * absorpiivity plotted as a function of the

. . -1
1025 that increases in the 740 ¢m

-1 s s
740 em * absorptivity, iilu

-1
absorptivity corys 2d o iacreases in the 795 cm & absorptivity as

o)
93
P
-
o

H

rank increases. The covralation line deszvibiag ralationship
befween tha 795 749 et absorptivities in Figure 69 is defined by
a,,, . = 3.007inla,, ) + 0,090 with a 0.897 corralaiion coefficient.
1440 740
x.:{"

Gxtrapolation of the corvrzlation lins ko the abscissa, i.e. 795 cm

absorptivity = 0.0000 cw®/mg, vields a 0.0044 cm™/mg absorniivity for
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vean absorptivity values at 795 cm-1 plotted as a function
of mean absorptivity values at 740 cm—1 for Coals 2-7.
Vertical and horizontal bars indicate the sample standard

deviation.



w1
the 740 cm © band. This observed relationship |

an the 795 and 740

cm © absorption bands suggest that these data are not independent but

2lated in some fashion. HNoze: Cozl 1 exhibits no diszseis wbaorphion

nd ar 785 and 740 cmml {see ¥ig. 3 and Appendix 3).

.., o a e -] - -1
Absorpiivity at 1440 2m * versus Absorptivity at 740 om
S .. . -1
* oabsorptivity 2s a function of the 740 cm

1

demonstrates that the 1440 om * absorptivity

N increases in the 740 cm > absovptivity as vank increasas.

-1

decragas.ws Wil

Tha covrelation line in Tigavrs 70, dafined by B0 = 0.2943 -
€ L%
n’ Y

fD
Py
w1
-
[}
fads
]

L ANLE A with a -0.915 covrelation co
74p) With ? 2

sarse ralationship between 1440 and 740 cut absorptivities.

Extrapnlation of the corrslatioa

~1 . . 2 .,
cm © absorptivity = 0.0000 om /mg, vields a $0.2943 cm /wg absorpitivity

w2 ordinate, iL.e. the 740

-1 . . .
for the 1440 om © hand, whereas extrapolating the correlation lime to

.

elds a D.0668% Pm?imr absorptivity for the 740 cm ©

Gt

Tha observed relationship betwszen the 1440 and 740 cm ~

o
o
=

=
e
ey
pele
%
-y
et

599 em™ ! versus Absorptivity ac 793 om
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Figure 70. Plot of mean absorptivity values at 1440 cm—-1 against mean
absorptivity values at 740 cm-1 for Coals 2-7. Vertical

and horizontal bars represent the sample standard deviation.
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absorptiviky as a

Figure 71, illustrates that decre:

absorptivitias correspond Lo increasing 795 cm

2 71, defined by a5 9g = 0.565

Labion coefficient, charasi
-1

en the 1590 and 795 cm © absorptivities as a

o the ordinate

function of vank. Extrapolation of the correlation

o]

1

vialds a 0.5650 cm” /ﬁ0 absorptivity for the 1590 em - band. The

1590 and 795 cm.i bands suggesis fhat

apparent relationship betwe

h data are not independaann bt velated in some fashion,

2 735 cu L band to methylene

-

ainter 2t al, (1931b) assignel ¢

4.

rocking modes, L.e. two—ad

O, units. If this assignmenk is
sorrect for the 795 em b band in ihis study, then in the contexi of what
is konown of the structurs of whole coal it is difficult to explain the

1o the 795 en Tt intensity which ax

rank (ses Fig. 55). Painter =t al. (1981b) state, "... ths intensity

ae a3 a function of rank

b

"1 T e
cm © mode shows only a mino

.

T b

{as does the 785 cm t band)." The resulis obrtained for the 795 cm ~ band

B

sz Fig. 56) in this study are oot consistent with these rveporitad by

1 P

Painter et al. (1981b}, in ais study illustrate that the

53} band intensity change as a

function of rank (as dosgs the 797 fﬁ“l band, Figure 536). The o

-

absorptivities fends to

725 ¢ * baad results from aromaiic OH out-of-plane
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pending wod i.2., 2 and 3 neighboring avomatic hydrogen, then this

would be more comparibl what is kanown of the structure of whole

coal,



CONCLUSTONS

1.

The ohsarvations described above confirm the uasafals of the sort

coals.

ntitative interpretation of the infrared spectra of

oy
becl
py
>y

-1 information on the chemical and structural character of whola coals

onsgidered

O

by infrared spectrophy

8. fualitative analysis of

§d

nformation on the general gquality of organic

and mineral components of whole coal. Some of the inf pion gained

from the quatiraiive analysis of the infrared spectra includes

=

structural information on the types of ouyg

whiols coals of

zroups in the whole coal.

vank, the absorptivity, haos 1ed as ac_, provides an index of

yariations in the number of mical bonds. The

e)
s
[

absovptivity within the same coal bed or in the same part of a2

particular basin is a af dimportant differences iun the 2oal

sty o composition. The results of this study show that when

=

comparing a series of whole zoal, quantitative infrared spectroscopy is

a nowerful tool for providiag iaformation on major functiounal gvoup

evnlution in complex orga #ials. The absorptivity at a

partisular Ffraquency plotted as a funciion of the abs 8
different frequency for a sevies of whole coals demon many

shion with rank. Coasegqusaitly, much of the

-~

in soma Fashion.
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ioms shown for the plots of absovpiivity at 2

The corrals

=

particular fraguency as a function of other pavay

trands astabl

genarally are consistaak

rarvestrial organic matter reproied by others.

infrared spacira doss not provide eazlr-z

-

molecular configuration of whole coaly

findings established by other aaalytical methods and previouw:

&

work on coals.

Infrared spact oo~line coal

2,

siion provided by

characterization,
the analysis of the infrared specica of

rapidly chavs
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#*21llets of This Study
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F e
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Data for Deminuralisel J0al=KBr Pellets of Thiz Study

Falleg Pellet Weight Weight Retfo
Gesple Specimen Weight Thickness in Pellet in Pellet KBr to
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Hamber Number {mz) {cm} g ) Tag) Goal
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D.1395
0.1278

0.0137
0.0137
0.0130
0.0157
0.0128
G.0135

0.3120
0.,0122
0.01G4

09,1421
0.1404
0.1437
0.1362
0.1491
0.1362
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0.0299
0.0284
0.6299
0.0243
£6.0231
0.0309
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J.1847
0.1808
0.1326
0.1744
.2083
05.1702

3.00561
0.0101
0.0053

0.0115
0.0115
0.0085
0.0104
0.0134
0.0085

0.0115
(0.0128
0.0162
0.0147
0.0097
0.0210

0,030z
0.0352
0.0324
0.0319
0,0302
0.0423

g6.1182
0.1203
0.1200
0.1221
8.,1173
0.1235

0.0070

0.0302
0.0251
0.0232
0.0251
5.0321
$.0212

0.0358
3.0302
0,0288
0.0334
§.0224
5.0403

D.118%
G.1173
0.1224
0.1215
G.1287
0.1079

0.0129
0.0060

0.0229
0.0216
0,0217
0.0225
0.0261
G6.0210

0.0313
£0.0320
0.0306
£.0306
03,0297
0.0320

00,2379
D.2301
0.2199
0.2119
0.2454
0.2368
0.2142
0.1974
0.2583

0.0135
D.0187
8.0219
0.0211
0.0228
0.0171
3.01535
0.0362

00427
0.0435
5.03381
0.0350
0.0441
0.0415
0.0331
0.03438
0. 0447

0.5291
0.0312
90,0253
0.0235
0.0313
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0.0128  £.0236  0.029%94%  90.0339 0.0172 0.0509
0.0103  0.9270 0.0332  0.0339 0.0166  0.0547
0.0112  0.0282  0.0312  0.0231 0.0182  0.0562
0.G122  0.0255  0.0344 0.,0251 $.0182  0.0463

0.0174  0.0316  0.0274  0.0372 0.0235 G5.0506 749
$.0080 $.0352 0.0221 0.0141 0.0502
0.0589
0.0431
0.0589
0.,0175  0.0158 0.0199
0.0155 G.0140 0,0255
0.0178 3.0199
0.0166 0.0251
0.0140 3.0275 585
G.0266 06.0219
0.0279
0.0304
0.0186

# = measured according to the 3700-3000 co ! method.
= measured according to the Robin-Rouxhet method,

corrected for water absorphion associated with the KBr.

Generally, if six absorptivities are measurved for each coal
sample {on 2 or 3 pellets), two (or one) of the measured
absorpiivities appsar to be too high and/or too low. The
anomolously high and/or low measured asbsorptivities for a
particular coal at a given fraquency are listed as the

lasi two (or one) values in Appendix 3. The other (gensrally 4)
measured absorpiivity wvalues vary slightly from éach other,.
These vather tightly clustered, measured absorptivity values are

chosen to be most representative of the coal.



Arithmetic Mean(¥) and Sample Standard Deviation(Sxz) of
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Toal 1

0.0641
0.0131
0.0648

v 0.0145

0.0939
0.0133
G.0956
0.019%

0.0133
0.0006
G.0173
0.0069

0.0100

x 0.0011

5.0102
0.0023

0.3332

z 0.0043

0D.0331
0.0047

0.2302
0.0058
0.2795
$.0112

(cmzfmg) Normalized to a Common Basaline

Goal 2

0.0538
3.0011
0.0534
0.0044

00,1130
0.00060
0.1172
0.0110

0.0160
0.0010
0.0169
0.0030

0.0301
0.0042
$,0306
0.0059

Coal 3

0.0490
0.00692
0.0504
0.0108

0.0601
0.0066
0.9523

0.0115

0.0384
0.0051
0.0390
0.0065

0.0001
0.0060
0.0898
0.0036

0.06438
3.0056
0.0649
0.0093

0,128%
0.0022
0.1284
0, 0040

Coal 4

0.0153
4.0022
0,0143
0.0049

0.0197
5,0034
0.01%0
3.0053

0,0121
0.0014
G.0113
0.0023

0.0269
0.0028

0.0312
0.0008
0.0514
0.0024

G.0332
0,.0040
0.0384
0.00453

0.0067
G.0067
0.0065
0.0012

Coal 3

0.0252
0.0031
G.0263
0.0067

0.9300
0.0021
0.0318
03.00530

0.0179
0.0021
0.0180
0.0033

6.0316
5.0023
0.0311
0.0032

0.0605
0.0023
0.0604
0.0052

0.0449
G.0023
0.0469
0.0073

Coal 6

0.0247
0.0070
0,0249
0.0094

G5.0335
0.0092
G.0330
0.0109

0.0170
3.0010
0.0176
0.0042

¥

-

3.0
0.0

[

2
0

[ %11

0.0441
0.0057
0.0431
0.0081

0.0345
0.0050
.0339
0.0060

0.0333
0.0007
0.0402
3.0111

Absorprivities

Coal 7

0.0053
3.0028
0.0053
0.0035

(0.0104
0.0026
95,0103
0.0034

9.0111
0.0013
G.0110
5.0025

73,0095
0.0024
0.0100
0.0044

0.,0185
0.0042
0.0183
0.0050

0.0173
0.0232
0.0175
0.0049

3400%+

3400"+

2955

2915
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o
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D.0135

11,3046
0.0147
0.32045
0.0200

0.2244
0.0110
0.2236
0.0141

0.1746
0.0091
06.1736
0.0137

3.1297
0.0076
0.1299
0.2130

0.1031
0.0057
0.1032
0.0092

0.0085
0.00607
0.0092
0.0024

0.3317
0.0038
0.3326
0.0086

0.4211
0.0075
0.4193
0.0179

0.2347
0.0044
0.2342
0.0054

0.2316
G.0047
G.2306
.0063

G,2138
0.0052
J.2136
0.0062

3.2035
0.0021
0.2042
0.0041

05,1676
0.0046
0.1579
0.5057

0.1313
0.0026
0.1321
0,0044

0.0145
0.0014
05,0149
0.0022

0.1824
0.0039
0.1826
0.0131

i
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1
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0.2225
0.0021
03,2216
0.0048

0. 1840
0.0022
0.1851
0.0053

0.1876
00,0023
0.1861
3.0057

0.1940
0.0045
0.1929
0.0075

0.1722
3.0021

0.1406
0.0032
B.1413
0.0049
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9.1676
0.0033
0.1718
0.0148

0.1266
0.0025
0.1251
G.008%

0.0887
0.0032
0.090]1
0.0068

3.089%94
0.0027
0.0704
0.0058

0.,1071
3.0033
$.1103
0.0100

G.1300
0.0041
3.1831
0.0112

0.1806
0.0044
0.1835
0.0133

3.0072
2.0026

3.0105
0.0014
0.0105
0.0019

0.0418
0.0043
0.0415
0.0048

0.2130
D.0014
$.2130
$5.0024

0.1829
G.0015
0.15820
0.0047

-1231
0.0043
0.1232
0.0053

0.1344
0.0012
0.1339
0.0044

06,1577
0.0056
00,1574
0.0063

0.1263
0.0032
N.1266
H.0070

0.1202
0.001¢
0.1203
0.0022

0.2608
0,0055
0.2595
0.0138

0.1942
§.0067
0.1931
$.0105

0.1549
0.0019
0.1546
0.0073

1.1689
0.006%
0.1884
0.0085

0.31901
0.0046
0.1896
0.0110

0.1555
0.0064
0.1545
0.0098

0.1260
0.0023
0.1195
0.0069

5.0085
0.0049

0.0074
§.0011

0.0261
0.0059
0.0251
5.0077

0.1105
0.0033
0.1105
0.0059

0.0534
5.0026
0.0524
0.0073

0.0419
0.0023
0.0429
0.0035

0.0157
0,0025
0.0155
0.0031

0.0449
0.00192
0.0449
0.0032

0.15693
0.0045
0.1691
0.0074

0.22840
0.0129
0.2271
0.40174

0,0200
§.0022
0.0215
3.0064

3.0405
0.0032
0.0403
0.0038

1560

1590+

1440

1375

1250

1155

1099

1030

940

915
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it
i

G.0138 0.023% 0.0222 8.029%6

,
b

5% 0.0021 0.0030 0.000¢ 0.0038
% 3.0143 0.0262  0.0226 0.02%) 870
5x 06,0040  0.0042 $.0018  0.0054
e 5.0231 0.0324 G.032 0.0311 0.0406
Sx 0.0026  0.0021 0.0032 0.0007 0.0038
E 3.0115 0.0272 0.0337 0.0318 0.0310 0.040% 793
8% 3.00L0 0.0033 00,0046 0.0062 0.0009 00,0050
X 0.01146 0.0269 0.0326 92,0295 0.0176  0.0525
5% 0.0011 D.0013 D.0027 00,0051 0.0008 00,0043
% 0.,0120 0.0278 G.0321 0.0296 0,0130 0.0522 740
8% 3.0031 0,0025 0.0033 0.0062 0.0031 0.0055
Ee 0.0169 0.0240
5x 0.0010 0.0034
% 0.0180 9.0149 0.,0241 685
Sx 0,0044 0.0013 0.6042

% = measured according to the 3760-3000 cn” b method.

= measured according to the Robin-Rouzhet method,

+ = goryvected f£ov water absorption assocciated with the ¥Br,

Wotet Hach coal in Appendix 4 has two sets of arithmetic mean{x) and

sample standard deviation. The first sei contains the avithmetic

mean and sample standard deviation of those values most represen—

a

tative of the measurad absorptivities for a given absorpiion band
in a particular coal. The second set contains the avithmelbic
mean and sample standsrd deviation of all the measured absorp-

tivities for a given absorption band in the same coal.

.

*%Generally, the data show there is only a slight difference hetween the

(]

arichmetic mean values for a given absgorption band in a particular coal.
This suggests that the arithmetic mean of the rightly clustered absorp-

tivity wvalues may be employed Lo accurately represeni the apparvent ab-

sorptivity of a given absorption band.
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arithmetic = F o=
n

)

{43

.

egtimates of the population standard

[}
e
)
F

deviations

from the sample daga,



